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FOREWARD

In the last ten years particle physics in the energy range between
100 MeV and 1000 MeV has enjoyed a continuing growth even while large pro-
grams were developing at higher energy machines., This activity at inter-
mediate energies has been due to significant theoretical contributions,
most notably the prediction of parity non-conservation in weak interactions,
and to advances in particle detectors, accelerators and beam handling devices.
Recently, intermediate energy physics has shown particularly vigorous acti-
vity in a new direction, the use of pions as nuclear probes, and in the re-
juvenation of mesic x-ray research by application of new techmiques.

It was felt that the growth and diversification of intermediate
energy physics precluded a thorough treatment of even the most vital phases
of this field in existing conferences, and thus a Conference on Intermediate
Energy Particle Physics was organized and held in Willfamsburg, Virginia, on
February 10-12, 1966. I‘h;e Conference was open to all physicists, both ex-
perimental and theoretical, interested in the physics of protons, pions and ~——
muons in this energy range., The response to the Conference, and the sub-
stance of the papers presented, indicates the extent to which intermediate
energy physics is developing as an active field of research.

In preparing these proceedings, it was not possible to submit all
the discussions to the participants before publication. Therefore, any
errors which persist are the responsibility of the Editor.

Our thanks to the Sponsors, the Scientific Secretaries, the Con-
ference Registrars and typists, and those students who aided in various
aspects of the Conference.

H. Funsten

R. Siegel
R
R
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WELCOME ADDRESS
Davis Y. Paschall

President of the College of William and Mary

Gentlemen of the Wiiliamsburg Conference:

The College of William and Mary is honored to serve as host for the first -
and, we hope, highly productive - Williamsburg Conference on Intermediate Energy
Physics. We loox forward to yocur visiting with us for the next several days,
especially since the College will on Saturday be celebrating Charter Day, the
two hundred seventy-third anniversary of the founding of this institution by the
British Monarchs for whom it is named.

In the informational material which was prepared for your use, you may
already have read some of the history of this institution, and of the man who
was certainly one of our most notable graduates - Thomas Jefferson. You have
also perhaps seen in your informational material the description of the now -
almost - forgotten scientist who was Jefferson's great teacher and whose name
has been ascribed to the new Physical Laboratory —- William Small. It may not
have come to your attention that one of the three original buildings of the
College is one called the Brafferton. This edifice - still in use - was con-
structed to house a school for the Aborigines established in a bequest by Robert
Boyle, who I am told, did some original research in the behavior of particles
moving at energies considerably lower than those you will consider during this
conference.

In mentioning these names, I would simply make the point that Jefferson, so
renowned as a statesman, was in his time the example of the broadly educated

man -- scientist, craftsman, literary creator, and philosopher -- that we take



as our standard of excellence today. Jefferson viewed man in his infinite
potential, and set the basic image and purpose of this college to be that of pro-
viding the broadly educated person.

Jefferson's other insistent standard was that education should keep at least
abreast, and preferably in advance, of the continually changing need of society.
Therefore, in his reorganization of this College in 1779 he introduced what were
then radical concepts of education--including a greatly expanded curriculum in
"natural philosophy" which was developed into the science faculties of our present
college--and a break in general with the university oriented system of the
European tradition.

In the eighteenth century, this campus and this community rode the crest of
the wave of the enlightenment. The Society for the Advancement of Useful
Knowledge was a group which stimulated a continuing dialogue on all dimensions of
human knowledge. The founding of Phi Beta Kappa on this campus is a well-known
story. The role played by college students and faculty in the movement for
independence and a new nation is also well known.

But in welcoming you today I wish to emphasize that we consider a conference
such as this to be perfectly in keeping with the Jeffersonian tradition. Both
in its subject-matter and in its response to the intellectual needs of the
twentieth century. In Jefferson's day, the times called for intellectual bold-~
ness and the scientific mind. Can we seriously dispute that the need is still
the same today?

The College greets you cordially, and assures you of our joy in the

stimulating association made possible by your presence here.
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EFFECTS OF NUCLEAR STRUCTURE IN MU-ATOMIC SPECTRA -~ ?‘
R I
H. L. Anderson and R. J. McKee N )
Bnrico Fermi [nstitute for Nuclear Studies, University of Chicago . )
S

C. K. Hargrove and E. P. Hincks

ivision of Pure Physics, National Research Council of Canada, Ottawa

Presented by H. L. Anderson

It is appropriate to remark ot the beginning of this conference that we are seeing a
revival in the subject of mu-mesic x-rays,and that in view of the fact that our chairman is Professor
Rairwater, [ am impelled to remind you that his was the original classic work on the subject. It
was Fitch and Rainwater in 1953 who made a careful study of mu mesic x-rays and used them to show that
the charge radius of nuclei was some 20% smaller than was thought previously. The some conclusion
emerged from the Stanford electron scattering measurements at just about the same time. Thus, both

experiments showed that the radius of the nuclear charge is given by R =1, A]/ 3

with r= 1.20 fermis.
 think it is quite remarkable that this value of r, has changed very little over the years. [ also re~
mind you that the importance of the muon as a nuclear probe was pointed out as early as 1949 by

John Wheeler who wrote obout it in a number of remarkable papers that still serve as the basic guide
to the subject today. Wheeler pointed out that from measurements of mu mesic x-rays one could
determine such things as the nuclear quadrupole moment as well os the fine structure splitting. Sub~
sequent papers by Wilets and by Jacobsohn showed that even for a nucleus whose spin was zero,

dynamic quadrupole effects due to the nuclear rotational states would produce a particularly complex

hyperfine structure whose study could reveat a number of features of the nuclear structure.
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The revival occurred as a consequence of the successful development of the Li-drift
Ge-detector a little more than two years ago by Dr. A. J. Tavendale at the Canadian Chalk River
Laboratories. Tavendale's detector gave an improvement in resolution by a factor of 10 or even
more over sodium jodide and made accessible many of the interesting phenomena that had been an~
ticipated by Wheeler, by Wilets, and by Jacobsohn. This session is devoted to these new investi-
gations.

['d like now to describe some of our work at Chicago done with my Canadian collabora-
tors and one of my graduate students. About a year and a half ago we persuaded Dr. A. J. Tavendale
to bring down one of his better Li-drift Ge-detectors, and our work began. ['d like to show on the
first slide (Figure 1) why the muon is so useful in exploring the shape of the nuclear charge distribu-
tion. The dotted curve shows the distribution of the nuclear charge density in Pb, while the solid
curves show the various mu-atomic wave functions. You see that the 1s wave function penetrates
quite deeply into the nucleus in a heavy element like Pb. The .'Zp]/2 wave function also penetrates
a fair amount, the 2p3/2 also penetrates a good deal, but a different amount. Even the d state wave
functions penetrate a small amount. By measuring the 2p - Is transition energies and the d-p transi-
tion energies carefully, it is possible to obtain more about the charge distribution than its mean
square radius. Additional detail about the shape of the nuclear charge distribution can be obtained
as Hill and Ford pointed out many years ago. The additional detail in the muonic x~ray analysis
makes more meaningful a comparison with the kind of analysis that Hahn, Hofstadter, and Ravenhall
carried out on the electron scattering measurements.

The next slide (Figure 2) shows some of our spectra obtained in the region of the 2p -3 1s
transitions. This is just the actual data as seen in a 1024 channel analyser set to take the upper part
of the spectrum at 2 kev per channel. The lowest curve is for Au. The 2p]/2 - ls]/2 fransifign is— -
labelled (1), the 2p3/2 - 151/2 transition is labelled (2). These are the double escape peaks, so-
called. The lines labelled (3), (4) are the same lines in single escape. Here you see the same in

Pb 206 and here you see the same for the case of Bj.
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The next slide (Figure 3) shows the lower region between 1000 and 2400 kilovolts set
to obtain the d - p lines. The labels (1) and () mark the f - d tramsitions; their splitting is clearly
seen here. The labels:5 and 6 mark the d - p lines in double escape. No. 7isone of the d - p
lines in single escape, the other one is there also but not oo evident in this slide. No. 8 marks
the Compton edge due to the 3d5/2 - 293/2 transition. No. 9 is the other Compton edge due to
3d3/2 - 2Pl/2' No. 10 is the fuii energy peak of the 3&5/2 - 2p3/2 tronsition. These little pocks
3 and 4 are crossover transitions corresponding to 5f - 3d. In our work we used 2048 chonnels, 1024
of them set in the region of the 2p —31s transitions, and 1024 set in the 3d - 2p region. We also had
another 800 channel analyzer to explore other parts of the spectrum at the some time.

One problem that we had was that the peaks were not quite symmetric. This can be seen
in the data of Figure 4. We believe this was due to an inefficiency in charge collection due to im-
perfections of our crystal. In analyzing these curves we supposed that the line shape was basically
Gaussian in form but with a ﬁucﬁon of the events reduced in amplitude according to an exponential
low. We could obtain good fits by suitable adjustment of the three parameters such a description
makes available. In the case Zp, /, - 15, , transition in Pb 206, the fit shown in Figure 4 is the fi
that was obtained by superimposing similar curves with amplitudes adjusted to take into account the
isotopic composition of our particular sample of the Pb 206. (We had a sample of Pb 206 with 88%
of 206 and smaller amounts of 207, 208, and 204.) We allowed the shape parameters to vary, and
we introduced an isotope shift that was proportional to the difference in the atomic weight of the
isotopes, and then tried to fit simultaneously the Pb 206, and a sample of natural Pb. In Figure 4A,
the large peak belongs to the isotope 206. In Figure 4B, the large peak belongs to the isotope 208,
and 1 think it is almost evident from these two curves, one above the other, that there is a shift and
that the energy of the transition in Pb 206 is higher than that of Pb 208. Figure 4C and 4D  show

analogous fits for the 2p3/2 - 151/2 transitions. The isotope shift is clearly evident here as well.
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The value found for the isotope shift was 8.4 kev. On the other hand, if the A]/3 rule were to
hold strictly, i.e. if the particle density were the same in both isotopes, you would expect the
Pb 206 - Pb 208 isotope shift to be 15 kev. The result is that the shift is less than the constant density
rule by about 55%. This is actually in very close agreement to numbers that have been obtained
much earlier by Brix and Kupfermann from optical spectra analysis. We have here o confirmation
of the result of the isotope shift measurements known for sometime from optical spectra.

Figure 5A shows our analysis in the case of the d lines (of Pb 206); Figure 5B the analysis
in the case of the f lines. Our method is to take the six energies, two for 2p - 1s, two for
3d - 2p and two for 4f - 3d and use them to determine two parameters of the nuclear shape assuming

this to be of the Fermi type,

e(r) = CO {l +en(r§_ ])jz

(The electron scattering people use a slightly different notation writing: n (rE -1)= (& 2- c) )

In our analysis we used as parameters, r and 1/n, where o is the reduced equivalent radius,

°
_'5 2N/2 .-1/3
43 <r av A

we use r because it is this quantity that is primarily determined from the muonic x-rays energies.
Figure 6 shows how one can take the energies of the lower p line and the upper d line
to determine o For the isotope Pb 208 we could determine from such a plot that o= 1.196 and a
little less than 15. Pb 206 really requires a slightly different scale here, in the ratio of the cube
roots of the atomic weights. The circle indicates where Pb 206 should lie if both 206 and 208 were
spherical and had the same particle density. Figure é shows that the observed shift is 55% of
that expected from the simple model. Our final determination of the shape parameters were ob-
tained from a least squares fit to the six energies mentioned, instead of only the two represented in

Figure 6.
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Figure 7 shows some of our results in the case of Au. As you know Au has o nuclear
spin of 3/2 and a quadrupole moment. The upper 2p —?1s line is broadened and split by quadrupole
interaction, and there are four lines, with total angular momentum F = 3,2,1,0. Our analysis uses
the same shape as the ones deduced from the analysis of the Pb isotopes. The quadrupole splitting
is left as a free parameter in finding the best fit. The result of the analysis is given in Figure 12.

Figure 8 shows the lower line in Au which ogain is slightly split. There are two states
F=2and F=1. These are normally taken os degenerate, but if account is taken of the interaction
between the states with the some F values in p]/2 as well as in P3/2 the degeneracy is removed.
The splitting is too small to be observable, but anyway the analysis takes it into account.

Figure 9 shows the 3d—2p transitions in Au. The upper line seems relatively simple,
but there are 4 lines which are, however, only slightly split. The lower line (Figure 10) is more
complicated and has 8 components. The fit uses two free porameters, the fine structure splitting
and the quadrupole splitting.

Figure 11 shows a determination of the quadrupole moment from the quadrupole moment

from the quadrupole splitting. We write the quadrupole splitting energy,

2

o= o i e [nit)
The observed splittings are GQ times angular momentum factors. Our measurement really determines
the product of the infrinsic quadrupole moment Qo and a penetration factor. The penetration factor
is model dependent and our determination of Qo assumed the nucleus to be a uniformly charged
ellipsoid. This allows us to avail ourselves of the formalism of the theory of Bohr - Mottelson for
the purpose of calculating the matrix element. The penetration function depends on value of the
nucleus radius, which in turn can be determined from the transition energies of the main lines.

Figure 12 summarizes our results for the four nuclei: Au 197 and Pb 206, 208, and Bi 209.

We have given six energies here; the 2p]/2 - 151/2 transition energy, and the p splitting. We've
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given the 3d3/2 - 2p]/2 energy and the difference between the p and d fine structure splittings
which is the number that's measured experimentally, and similarly for the f energies. Taking
these numbers with these errors, we made a least squares fit to determine the parameters of the
charge distributions in each case. The energies calculated with these parameters may now be
compared with those observed. The difference between the experiment and the calculation is given
in the brackets. [t is seen that the fit is on the whole pretty good. We have been puzzled by the
small inconsistency obtained in the value of Ap for Au 197 and for Pb 206.

Figure 13 summarizes the interpretation of the data in terms of the two parameters of
the Fermi type of nuclear charge distribution. Note the high precision in the determination of T
and the remarkable consistency of this quantity among the four nuclides studied. The shape para-
meter % is less well determined by these measurements. The errors in s and 1/n are strongly cor-
related so we give the correlation error for these quantities. Using this we can deduce the alterna-
tive parameters r, and t for a direct comparison with electron scattering values. The discrepancy be-
tween these results and those from the electron scattering analysis becomes apparent if one uses the
electron scattering parameters to calculate the muonic x-ray energies. The discrepancy is small in
the case of Bi but for Au the 2p - 1s transition energy is 90 kev higher if one uses the parameters
from electron scattering. In the case of Pb 208 the discrepancy is 70 kev. Such calculations are
model dependent as Ravenhall will show later in this session.

Finarlly, we show a number of slides showing how the dynamic quadrupole effect reveals
itself in thorium. Hincks, Johnson, and [ had seen evidence of this effect in our early work with a
Nal spectrometer but we were unable to make a useful analysis. Telegdi and his collaborators working
with Raboy and Trail's superior Nal spectrometer made a clear observation of the effect and could
establish the sign of the quadrupole moment. Here we show the additional detail made possible with

Ge detectors. We are not satisfied with the present data~--we need much better statistics to do a
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proper job of the analysis. Figure 14 shows the lower 2p - 1s complex of lines and our fit accord-
ing to the theory of the dynamic quadrupole effect. The upper 2p - Is line shown in Figure 15 is
even more complex. Figure 16 shows how the calculated spectrum depends on the value of the
intrinsic quadrupole moment of Th 232. Our best fit to the data is shown above. It corresponds to
a value Qo = 8.9 barns. This may be compared with the value of 10 barns obtained from coulomb
excitation measurements.

Figures 17, 18, 19, and 20 show our data for Bi and its analysis in terms of a static quad-
rupole moment. (There wasn't time to show these.) The value fQ for Bi given in Figure 12 cor-

responds to A2 = -3.15 (in the notation of LeBellac, Nucl. Physics 40, 645 (1963) ).
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Figure 2. 2p - 1ls muon x-rays in bismuth 209, lead 206 and gold 197.
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Figure 3. Muon x-ray spectra from lead 206.
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Figure 4. 2p3/p - 151/2 muon x-ray spectra for lead isotopes showing data

reduction methods.
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Figure 11. Ouadrupole moment
in Au 197 deduced from quadru-
pole splitting and r.

Figure 12. Muon x-ray energies
in Au 197, Pb 206, Pb 208,
"Bi 209.

Figure 13. Nuclear shape para-
meters deduced from muon x-ray
energies.
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Figure 14. 2p - 1s tramsitions in
thorium, lower lines showing quadru-

pole effect due to interaction with
rotation states.

Figure 15. Upper linmes of the 2p - 1s
transitions in Th 232.

Figure 16. Comparison of observed fit with
calculated spectrum of Th 232 2p - 1ls transitions.
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Figure 17. 2p - 1s upper lines in Figure 18. 2p - 1ls lower lines in Bi 209
Bi 209 showing quadrupole broadening. showing magnetic dipole effect.

Figure 19. 3d - 2p upper lines in Bi 209. Figure 20. 3d - 2p lower lines in Bi 209.
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S, Devons

I must confess to a certain diffidence in talking to you on this subject
when there are ciearly so manv experts in the andience. My oan involverent in
this type of work has been maintained by the very enjovable nature of this tyve
of experiment - a certain old-fashioned charm which is not alwavs a feature of
contemporary exverimental physics, and especiallv experirents requiring large
accelerators.

I'm sure that any of you who have done this kind of experiment, and I hooe
there are lots of you who will do more, will find that it is really a very
pleasurable occupation.

You micht ask then, why is it necessary to have such large teams of peoole
to do this work. %ell, Dr. Anderson cave the answer. He said, "You have to
work romd the clock because of the competitors nowadays.” And nobodv can work
24 hours a day. I think the nature of the work is also such that it's not the
sort of thing that you can mut on a computer and hooe for the best, because
thinas hapoen in front of vour eyes and vou want to be there to see and chance
them, So, of the people involved, let's say that some worked while others sleot
and others slept while others worked. Anmd so in this way both the fun and the
burden were shared. But evervbody was awake when they were in the lab, I think:
Now, it's quite impossible in the 29 odd minutes left to do justice to all the
work that has been dones much of it analyzed and the rest being amalvzed. So, I

vroocose instead to try and do a service here by putting down some of the salient

*This renort is based on work done in collaboration with D. Hitlin, E. Macagno,
K. Range, T. Tchao and C. S. "M, Department of Physics, Columbia University, Peqram
Laboratory and R. C. Cohen, C. Nissim-Sabat and J. Rainwater, Devartment of Physics,
Colurbia Uhiversity, Nevis Laboratories and supported by A.E.C. Contract AT 30-GEN 72

and O,N.R. Contract 266(72).
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features, The work we've done has been rather in the nature of a survev of manv

problems of different sorts, rangina from monic x-rays in carbon to those in

uranium,

The interesting features, I think, that are worth putting on record

this morning, are 4ust those that indicate where the real high resolution is

important, where precision is important, where accuracy is important. So if

you'll allow me, I'll just make a little table here.

Muantity
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ﬁmefacmmdaocuxrme:mmsxmsforﬂlemm-mxclearmteracum,
mdthexrvanat:.mwit:hatzm.cmmba-, clearlyumcatethesm-tofdaminof

“hich I will describe, we used detectars of about six an’'s. The resolution was
pretty acod, 'memoh:timof&medetectarsvans,ofmrse,mmamqy
meolntimwas7t08kevmtheenezwraue5toﬁlev,mdbetteratlmer
e\ergieS(zt:OBkevathOhev). Effim'enq,also,vari&sﬁmx;tmtﬂlesoectnm,
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qoodademcturasany,Iﬂﬁrk,inallﬂnatreqimem:epc,ofmse,forﬁxe
oresent limited size,which limits the efficiency,
Sinceﬂieidealnuq:oleisc]earlyabadazmmtimbeaseﬂnsizeof
ﬁ\eomitistnpard:lewiﬁ\ﬁxesizeofthenm]eus the departures from the
wumdlarqeamwrysmmﬁmmdemﬂaedlf‘emmﬂuseffectfm
motmetolsotme('lsohmesiuft')mbewvemutelamemheaWPIEEm&.
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monooole field, Ibe:ploitﬂlee!tttaordinawresolutimofﬂmedetectcrsto
ﬂefullwehave,ﬁmefazeamaysmedsinqleorseparatedisoups.

hvperfine structure effects, both static and dynamic; the magnetic hvperfine

structure effectsy and,ofmse,ﬁxeﬁ.nestnx:hne solitting is quite clearly
seen, Iﬁzi:ﬂ:we'vesemit&thanofaboutza. Fiqure 1 shows the standard
layout, Fiqtne2slnmstheazranqamtwemedmammmbeanamidxwasmta
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record breaker, at least not for high intensity anyway, so we used our detectors
directly in the beam. We took extreme precautions to eliminate electrons
which are rather cbnoxious with these detectors, (more so than with Nal counters) .
We had a pair of detectors which operated essentially independently. Fiqure 3 is
a picture of the detector system. Gemini® indicates that there are two detectors.
There is a constant feed of licuid nitrogen.

Fiqure 4 is a standard 0060 calibration spectrum. This eneray is a difficult
:egimforﬂuesedetectom,buthereyoucanseemoverallpicmxeoftheresmnse
of the detector.

Pigure 5 is a montage of different spectra for calibration purposes, randing
fmolsdumtocosoy and there were oﬂlerspectratakeninthereqim from 1
Mev down to 50 kev.

Figure 6 illustrates a pleasing technique which was possible, and convenient
because the resolution is so hich. You don't have to do each element at the time,
vYou can do like Moseley did, in ordinary x-ray spectra. You can out a whole strimy
of materials in and easily pick out all the seoarate lines, You can avoid a lot
of systematic errors this way.

Fiqure?listssmeofthezesultsofmeasurmentsofKaniLx—mysusim
these "sandwiches" and comparison with calculations.

Figure 8 shows a rather more detailed analysis of a deformed nucleus - W182 -
which has a sizable quadrupole roment, It has correspondingly low lyina 2* states,
of the order of 100 kilowvolts. I should mention here that excitation of the
nucleus can occur, (dynamic quadrupole interaction) and so to regard the nucleus
as a static dbject is, as has been predicted many years ago bv Wilets and bv
Jacobsen and we now know fram many experiments, no longer an aporoximation. But
the dynamic effects vary greatly, depending on the level structure of the mclei.,
In this case,where the level structure of the nuclei is camarable with the fine

structure splitting, the interaction is hichly develoned. ™hen the muon comes
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dom to the 1s level, sometimes the nucleus ig excited, sometimes it isn't, In
fact,ﬁneo&ild:elled]ins:epmmtmestateof&emnlananiﬂem

labelled lines the other. These effects are noticably different even for the
similar maclei w22, WiB4 and w'%, and a detailed disamsion of this will be
presented later this morming by Dr. Rmge.

Fiqure 9 shows isotope effect in K-x-rays of Na42, na'*, ana na'®®,

Fiqures 10 and 11 illustrate the BiZ’> lines and a calibration line of 0%
at 6.13 Mev. You can see (Fig. 10) the widths of these twp "lines™ are quite
cbviously different, as is the structure of the lines, This width of the Bi
line is attributed to magnetic hvperfine interaction. To analyze this in terms
of an exmerimental line that is itself broad naturally places a great premium on
getting the highest possible resolution. We had a resolution there of about 8
kilovolts, So magnetic hyperfine structure, even in favorable places, is close
to the limit of the resolution of the tecmicque. I think this is about as high
a resolution as anybody has achieved in this enerqy region; about 8 kilovolts,
But even this is none too good.

Piqure 12 is an attempt to analyze the bismith line, The analysis is based,
(as well as on the comoner quadrupole interaction), on certain models about the
magnetic moment, how it is distributed over the muclear volure - vhether it's
given by single-particle model with or without confiquration mixing, The com=
panents of the line which build up this broad line are given. You see the dif-
ferenoca between the line width and the actual line. There is some evidence of a

double bunp here; this is actually a voint. There's some evidence from the structure
of confiqurational mixing, but you see the difficulties as well as the nossibilities

Of the method. I should also remark that this example, BiZC° which has a large

magnetic moment is one of the most favorable cases for stidying this effect - the
80 called Bohr-Weisskopf effect,



Figure 13 shows the L x-rays of Bizo9 which again have a rather interesting
feature, Here are the broad lines due to hyperfine effects and fortumately there's
0

anuclearexcitedlimfrantmacmalmcapb.uebyBizgleadimtoan@ccited

208 nucleus that is 2,6 Mev. This gives a nice sharp line right in this reqion,

b
S0 one can see quite clearly there that the broadening is not instrumental at all

there! There's a real gamma ray line with the zero broadening and the two "broad-

ened” muonic x-ray lines, So one can actually do a fairlv orecise measurement;

althouwgh still limited by statistical fluctuations which were nearly always an

all important feature of our measurements.

Fiqure 14 is a rather complicated spectra where the limitation is not only
due to resolution but clearly statistical. The deformed uranium nucleus vields
lots of camponents in the 2p-ls transition, and the analvsis is here quite clearly ‘
limited largely by fluctuations.

Fiqure 15 is a cawparison of some observed and estimated enerqy differences
between camponents of the transition., For example, the number 44.7 kev, as
compared with 44.2 kev and 45,0 kev, represents the excitation of the first
rotational state of U°, This number 44.7 kev is taken from nuclear tables,
the other two values are from the x-ray spectrum., There is no significant dif-
ference. But there is no reason whyv the two nurbers should be identical because
these are not the same dbjects. In one case there is a bare uranium nucleus (one
can iqnore electrons!), and in the other there is a uranium nucleus with a muon
around it - and thereby hangs an interesting tale which I don't have time to re-
count, Suffice to say that with a little more statistical accuracv and a little
more resolution, one could in fact studv the difference between these two enerdies,
which is now just at the limit of what the experiment can seek.

Fiqure 16 is a curve showing optical isotope shifts which have been measured
over the last couple of decades and showing how the measured isotome shift varies

13

and campares with the so-called "theoretical” value 4ust using A™" law. You see
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marked changes, due to shell effects particularly in the region of the deformed
muclei, One knows the general interpretation of the effect. One is measuring
the apparent mean square radius, and this varies both because of a change in
density of the mucleus and because of a change of sphericity, or departure from
sphericity, and sometimes there is one and sametimes there is the other. Same-
times they add; sametimes they subtract and you get the characteristic variation
of the isotope shift with a mmber of neutrons. The crosses are some measurements
we have made with muonic x-rays. The other points of the curve are the optical
ones, Below is the attempted theoretical curve to explain the optical curves,
Now vou see the crosses generally, (althouch the analysis is not complete in
the stage, and there are many subtleties which one has to lock into carefully)
agree with the optical values. 2And this brings me to one of the general remarks
I'd like to make: namely the relation of this tyne of stidy to optical spectros-
copy and particularly isotope shifts. The optical isotope shifts have still, in
the best measurements, a higher accuracy than the maonic x-ray ones. Mareover,
they can be made with samples on the order of 100-thousand times smaller than
required for the muonic x-ray measurements, or at least a thousand times in these
experiments that we've dne. And as I menticned, we always used either single
occuring isotopes or single isotopes separated because with a high resolution,
if you mix isotopes you can smear everything out. However, this means having
50 or 100, or at least 20 grams of isotope which is not alwavs feasible, The
ootical measurements, on the other hand, are limited by the knowledse of the
electronic wave functions whereas, in princinal, the muon wave functions are much
gimpler. They're not entirelv simple becanse the departure from the coularbd
field is much biqger here and you must be very careful. At least samebody has
to be very careful. In the optical case, one has the many-electron oroblem, which
is in orincipal more complicated - so you micht say a big function of the mon
work will be to normalize some of these optical data and make them much more
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valuable, And then you can extend the measurements using the optical method
to the isotopes which are in too small abundance to be practical for the muonic
*-ray work.

There is another feature, of course: the approximations that enter in
interpreting the two sorts of data are quite different. Dr. Anderson mentioned
that polarization effects, which involve, in principle, all the higher states of
the nuclei are cuite different in these two energy regions of optical and muonic
x-rays. And as far as I know there is no evidence here as to just how different;
maybe somebody at the conference will tell us just how small these effects are,
4udged by theory; and even more important in this context, how different they are
from one isotope to the next, The estimates made so far indicate that they're
very small; of the order of few kev; and ane assumes that in qoing, for example,
from tungsten 182 to tungsten 184 the change in polarization effect must be in
order of magnitude less than the polarization effect itself. And that brings
you down into the level of experimental error, so you don't worry about it!
There appears then to be a very strong interaction, between the optical data and
the nuclear data, and to a large extent, you might say fortunately, this is
complementary and not corpetitive. I hope we'll hear more about this.

One final remark: In many cases, which I haven't time to discuss, for the
muionic as distinct from the optical (electronic) atom, it's quite inappropriate
to consider this sort of system as a nucleus and the muon as an cbject which inter-
acts with it 'occasionally.' One is dealing now with a new tyoe of abject which
is a new sort of nucleus - nucleus plus muon, And this cbject as a whole has
excited states, it has properties and one has to consider it very often in this
way. Now in most cases one can try to sevarate this thing out naturally into two
parts in order to make it tractable, However, there are some interesting cases

where this separation is, in a sense, false - one has to lock at interaction of
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the mxon and the structured mucleus all as one cbiect. These interesting cases
are just about at the moment at the edge of what is resolvable or what is possible
by virtue of the limited intensity of maon beams., But no doubt here or in other
places there will be better mun beams, better Li-drifted detectors, more pecple
and these problems will son be explored and they will be discussed at the next
cnflarence.
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ure 3 - Detector system - two detectors are enclosed in Gemini;
Chicken Feeder is a constant feed of liquid nitrogen.

0Q

Figure 4 - Co®0 calibrations spectrum using a Ge Li-drifted detector
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Figure 5 - Montage of different spectra for calibration purposes.

Figure 6 - Multiple element target assembly.
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Figure 8

w182
and

experimental muon x-ray spectra
energy level diagram.
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Figure 12

Analysis of Bi29% 2p3/2 to 1s51/2 line.
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Figure 13 -

Figure 14

L x-rays from Bi209,

U238 muon X-rays.

Devons
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Figure 15

Figure 16 -

- 23 g x-ray energy differences,

experimental and theoretical.

Optical isotope shifts showing variation with
theoretical fit using A3 Law. (From: Elton,
L. R. B., Nuclear Sizes, Oxford, 1961)
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HUGHES: I'm wondering whether the lines that the Columbia group saw were asymmetric

like the ones Anderson mentioned.
DEVONS: 1In first approximation - no.

WILKINSON - I'd like to ask Dr. Anderson whether the sense of the discrepancy
between the predicted energy from the electron measurements and the muon energy

measurements was the sense that you expect from polarization effect.
ANDERSON: I don't really know.

TELEGDI: I would like to ask my colleague, Prof. Andersom, what he meant when
he said that lead 206 and lead 208 were measured simultaneously, or ordinary

lead and lead 206 were measured simultaneously,

ANDERSON: The lead 206 and lead 208 were not measured simultaneously, they

were analy z2d simultaneously - that is the computer was asked to find the best
fit in both spectra, 1looking at the data of lead 206 and lead 208 and asking
for a best simultaneous fit of that data. The measurements were not taken
simultaneously in the mode of the Columbia or of your own work, but the measure-

ments were taken interspersed.

BREIT: I have a few things to remark on, all short. The first is that the
smaller radius of the charge distribution actually was strongly suspected and
definitely down in form of numbers, in connection with the old measurements of
Stuler and Shuler and Kupferman on the atomic spectroscopic shift. The value
of rho that was used f;om alpha particle information was definitely too large
and T remember that fits had to be made using not just quadratic parabolas but

higher order parabolas for the charge distribution. On the other hand one should
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remark that in the atomic spectroscopy one gets a combination of the change of
radius, and the value of the radius, and the great advantage of the mu mesic atom
1s that one gets the total isotope shift and not the change in the isotope shift
as one increases A. Another thing that occurs to one is that the remarks on
polarization in both papers so far do not seem to distinguish between even and

odd isotopes and that even the description of what the experimentalists apparently
understand by polarization is the standard thing that one usually finds in print.
There is a closely related phenomenon consisting of the excitation of low lying
levels in work at Yale by Gendenan, Arkin and others showing that there are
conditions in the atomic problem in which low lying levels can produce appreciable
effects provided there are correlation effects in the wave functions. In
connection with the isotopes of lead, there is the fact that lead 207 - at least I
didn't hear it mentiouned in the Chicago description - does not really indicate a
polarization effect. Because the levels of odd-even nuclei fall lower, there are
some excited levels falling lower than those of the even-even. A third point which
is not a question is that atomic spectroscopists have used separated lead 208
which has been possible to obtain from manufacturers. There was a concern on

Long Island where one can get it. Presumably you need here a much larger quantity
and for that reason there is more difficulty but I thought I would mention it in

case it might be a help in separating the effects of the three isotopes.

TELEGDI: Pb 208 and 206 and 207 are available both from natural sources and from
Oak Ridge. The three isotopes have been measured separately and the data will be

shown to you in a contributed paper.

DEVONS: I didn't show all these data, but we have other examples of odd-even

shifts too, in tin isotopes and one or two others. The odd-even effect is just
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similar to what one expects from atomic spectroscopy. I think the polarization
effects is a cover up term for the sum over all the highest states which one
can't see as individual dynamic effects. I think everybody is aware of the
rather crude term, but how big it is or how much it changes from one nucleus to
a neighboring isotope is really the problem that one is faced with. One assumed

that it is small,

ANDERSON: First about the isotope shift. In our experiment we had only two
samples but we assumed that the isotope shift of the lead 207 was shifted somewhat
less than that taking the optical spectra value from a paper of Itrudel and using
that as part of the analysis. So we make no claim about the odd-even effect, but
as you've already heard Telegdi's group has made such measurements with properly
separated isotopes. I wanted to also correct my Answer to Wilkinson's remark. 1T

think the direction is right but I have no statement to make about the magnitude,

MRS, WU: We saw lines distinctly in Snlls, Sn119, and Sn120, 1n snll9 all 1lines
are level with Sn!l8, There is a 6 kev difference between Sn118 and Snl20, Thig
is the first very pronounced example of the even-odd staggering effect. The second
effect is the polarization effect. Now this is very difficult. In order to see
this effect, apart from other effects, we have chosen something which is particu-
larly sensitive to the deformation effect and this we have also seen. This will

also be published.
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Remarks on the Theory of Mu-Mesic At:ous‘r

D. G. Ravenhall

Department of Physics, University of I1linois, Urbana, Illinois

I would like to associate myself with the sentiments expressed by
the previous speakers. The audience contains many people who have
contributed much more to this topic than I have. My remarks will be
confined to a couple of aspects of the problem.

The model which forms the basis for the mu-mesic atom calculations
presented at this conference represents the nucleus as a charge distri-
bution, and the meson as a Dirac particle which interacts through the
Coulomb interaction, The basic physical picture is very simple. It
is this simplicity which makes mu-mesic atoms such an attractive tool
for exploring nuclear structure. The degree of sophistication with
which the model has been applied has depended very much on the accuracy
and extent of the experimental results available, Now that electric
quadrupole and even magnetic dipole hyperfine structure is observed so
clearly, the application of the model, with its assumed charge and
current densities, can be carried out to an appropriate degree of accuracy.
Calculations of such a kind are reported at this conference. The diffi-
culties encountered are mainly computational, so far as I am aware, and

there is no point in my discussing them here. They are best considered

*
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as part of an analysis of particular experiments, and there are a number

of these that we shall enjoy during this session. My contribution will

be to comment on the basic model and to remind you of the level of accuracy
beyond which a more refined description of the nucleus may be needed.

The basic assumption that the muon is in all observable respects a
heavy electron is well borne out by measurement of its spin and total
magnetic moment., As regards its interactions, the most recent comparison
of muon-proton scattering with electron-proton scattering, by Cool et al.,l)
puts the upper limit on any difference in structure of the interaction at
0.3 F. 1In replacing the nucleus by a static, perhaps deformed, charge
distribution an additional approximation, neglect of nuclear polarization,
is involved. It produces the largest contribution to the uncertainty in
the theoretical predictions. The same approximation is made also in
electron-nucleus scattering, and a comparison of results obtained from
the two methods may show to what extent this omission is detectable.

That comparison will be made later in this paper. Some comments on calcu-
lation of the vacuum polarization contribution to energy shifts will be
made also.

Whatever dynamic model is used to describe the nucleus itself, the
Coulomb interaction between its constituent parts and the muon will cause
virtual transitions to excited nuclear states. It also induces virtual
transitions of the muon to other Coulomb orbits. Physically the effect
is the distortion or polarization of the nucleus by the Coulomb field
of the muon, and the effect of the extra electric field so caused on

the motion, and energy eigenvalue, of the muon. Nuclear polarization was
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originally estimated to be a large effect, but the most detailed and

2 and recently by Scheck,” give

reliable calculations of it, by Lakin'
for nuclei around Lead an energy shift for the 1s state of order 3-6 Kev.
These calculations were made with non-relativistic, point-nucleus Coulomb
wave functions for the muon states and they are for the ls state only.
Lakin's calculation employed for the electric dipole contribution the
photo-nuclear giant resonance cross section, through sum rule techniques.
He relates the monopole contribution to a classical nuclear compressi-
bility. Scheck considered the additional contribution arising from the
single proton states of Bismuth, which contribute about the same shift
as the collective effects considered by Lakin. At a stage where, in
experimental measurement of Ka lines, precision has reached this order
of magnitude, a re-examination of this question is very desirable.a)

The other large correction needed by the simple model is due to
vacuum polarization. The strong Coulomb field of the nucleus creates
virtual electron-positron pairs which form a space charge around the
nucleus, modifying the Coulomb field a little. Usually an approximation
is used which treats only to lowest order the interaction of the electron-
positron pair with the muclear Coulomb field (the Uehling term). The
expectation value of the modifications in the Coulomb potential is calcu-
lated for each muon state. The presence of this effect in the precisely
known 3d-2p transition in phosphorus, where finite-size effects are

unimportant, is already well established.s)

The effect of vacuum polari-
zation on the 181/2 state is large: -~ 80 Kev in Lead. One would expect

that the Born approximation for the electron-pair and the nucleus would
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be very poor for heavy nuclei, since the expansion parameter is (Za)z,
which can be almost 0.4 and that here might be an important uncertainty.
But a calculation by Wickmann and Krolle) of the higher terms shows that
in Lead they are less than 1 Kev. Point-Coulomb Dirac states are employed
for the electron pair, but probably that is not a bad approximation for
electrons, I cannot give a physical reason for the tremendous reduction
in magnitude of these higher terms, but am glad that it enables us to use
the simpler forms of the Uehling term with confidence.

Despite the earlier promise to eschew computational details, the
method by which Clark, Herman and 17) include the vacuum polarization
effect is perhaps worth mentioning. Calculation of an expectation value
involves an extra process after the eigenvalue of the desired muon state
has been found. From.the foregoing physical picture, it is reasonable
to add the vacuum polarization potential to the nuclear Coulomb potential
in the Dirac equation. The eigenvalue obtained now includes automatically
the vacuum polarization shift. (It also includes all the higher order
effects of the Uehling term-~all ladder diagrams--but since the expansion
parameter is Za2 these higher terms are very small, of order 0.1 Kev in

Gold.) One can show that to a good approximation this potential is

Vv.p.(r) = (2a/3n)[£n({e/Cr)-5/6] Vooui(D)

cou

where {e is the electron Compton wavelength, C is Euler's constant, and
Vcoul(r) is the nuclear Coulomb potential. This is only an approximation
to the Uehling term, and the remainder, which can be evaluated occasionally
to check, is around 0.6 Kev for the 1ls state in Gold. It should be possible
to include the effect of the nuclear quadrupole field on the vacuum polari-

zationa) in the same way.
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It is interesting to conclude by making a comparison, in as detailed
and accurate a manner as is presently possible, of the mesic atom results
with the electron-scattering conclusions. In this way we can see to what
extent the corrections we have discussed have yet become appreciable.
Electron-scattering experiments up to now are useful mainly for spherical
nuclei. Two nuclei which are spherical, and for which data exists from
both kinds of experiments, are Gold and Calcium.

In Gold, an early analysis of electron scattering cross sectionsg)
led to a series of possible charge distribution profiles, all pretty much
equally preferable. They can be arranged in a linear fashion with a vari-
ation essentially describing the amount of charge in the tail of the distri-
bution. The mu-mesic x-ray energies for the 2pll2 - 101/2 and 3d3,2 - 2p1l2
transitions, and the fine-structure splitting 2p312 - 29112, predicted by
this progression of charge distributions are seen in Fig. 1 to vary mono-
tonically. The experimental values of these energ:les,lo) vhen plotted on
that figure, then select three separate places in the progression. It is

a measure of the agreement of the electron-scattering and m-mesic x-ray
techniques that the region selected, in between the Fermi and the parabolic
Fermi shapes, is the same for all three energies. We note that the uncer-
tainty in the 2p1 72" 1s transition energy as predicted from electron
scattering is about + 35 Rev. (This comes from the uncertainties in the
parameter values of, for example, the Fermi distribution.) This compares
with the experimental uncertainty of + 9 Kev.ll) It will be useful to have
new, more extensive electron scattering measurements on some spherical

nucleus in this region to improve the precision.
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Nuclear polarization effects of order 3 Kev are still small compared
to these errors, but not too small to worry about, The vacuum polarization
contributioms to the calculated levels are quite large, ~ 29 Kev for the
2p1/2 - 1s1/2 transition. It is interesting to note that for these transi-
tions also, omission of vacuum polarization would significantly impair
this agreement,

Calcium is a spherical nucleus (probably) which has received extensive
attention from electron scatterers, and there are mesic x-ray measurements.
The two effects we have dwelt on, vacuum and nuclear polarization, are
reduced from their values in Gold, but the precision of the predictions

and experiments is also improved. The two experimental values for the Caho

2p — 1s energy are (782.8 + 3) Kevlz) 13)

and (780.7 % 0.8) Kev. The electron-
scattering result predicts (782.1 + 2) Kevla) which is in fine agreement.
Vacuum polarization contributes 6,0 Kev to this value, and without it there
would be discrepancy of about two standard deviations.

Nuclear polarization effects are expected to be smaller than in Gold,
and if the calculations there are scaled according to 22, they predict
around 0.2 Kev shifts., This is still small compared to the errors quoted
above. More detailed and precise measurements are possible on the differ-
ence between the charge densities of the isotopes 0340 and Caaa. The
level structure of these two isotopes is quite different, and to the extent

that low-lying levels contribute to nuclear polarization in either type of

experiment, one might expect perhaps to see such an effect in the difference.
15)

The measured difference in 2p = ls x-rays is (0.6 # 0.3) Kev ™/,

(0.9 £ 0.3 Kev.16) From electron scattering one obtains charge distribution

17)

differences which then give for this difference (0.7 + 0.3) Kev. The
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agreement is good, but the errors are large enough still to leave room
for a nuclear polarization effect. Vacuum polarization makes a negligible
(0.02 Kev) contribution.

Thus nuclear polarization, not an especially welcome complication of
our simple mu-mesic atom model, is not as yet an essential element of the
theory. But it is just around the cornmer, and more complete investigations

of it are very desirable.
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Fig. 1

Ravenhall

A comparison of the electron scattering predictions7’9) for energies
¢ . ; 10)

of gold mu-mesic atom states with experimental measurements. The

abscissa is a conceptual parameter which characterizes the difference

between the various acceptable charge distribution in reference 9.

There are various ordinate scales for the different transitionms.

There is complete agreement among the three energy differences as to

the "best" charge distribution.
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RAINWATER: I thought the presence or nonpresence of vacuum polarization had
been settled in our measurement on the 3P-2P phosphorus x-ray. Do you feel

that it isn't completely sertled?

RAVENHALL: No, I only wish to comment on it in this particular context. I guess
that it is much more sensible than to worry about whether it really were there
or not, to look at it where the nucular effects are quite small. I'm sorry, I

should have mentioned that.

TELEGDI: I would like to make a comment to Dr. Ravenhall, and in particular,
also to the audience, that these numbers that you have discussed on the isotope
shift in calcium. Somebody in the light of the two previous papers might think
that they were obtained by the most recent techniques. As a matter of fact, they
were obtained by the old-fashioned techniques, and there is large room for
improvement, which will come, at least a factor ten. Secondly, I have been
extremely attracted by one sentence that you dropped casually that had to do
with the quadrupole vacuum polarization effect. I have been puzzled myself

by the following physical problem. Namely, if you have an ellipsoidal nucleus,
the gradients of the electrical field near the tips of this ellipsoid are

larger than they would be if it were spherical, and I believe that the mean
gradient comes out to be larger. Now vacuum polarization to some extent ig the
consequence of how much gradient you have over a Compton wave length, and 1
would like you to confirm that if one takes this formalism and simply introduces
a spheroidal electro-static field one get the correct vacuum polarization. What
is the real theoretical situation to allow for this particular distribution? Now

before your answer, I would like to make a third statement, which is quite along
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the lines of our chairman. The Columbia work has established vacuum polarization
quite conclusively. Now if you take the mass of the muon for granted, say from
g-2, accepting quantum electrodynamics at that level, then both the measurements
performed at Columbia and Chicago on that famous Phosphorus transition by a
further extension of Rainwater's critical absorber technique, verify the vacuum
polarization in that particular phosphorus transition to 5%, which in itself

is a valuable physical result. And I expect your answer to the second point.

RAVENHALL: The point about the fact that the data on calcium was obtained with
sodium-iodide crystals: I would like very much to find out just how much the
accuracy there can be improved, and to what extent does it depend on other
things. But on the vacuum polarization problem, I'm referring to the fact that
if you expand the nuclear field, there is a monopole contribution, the vacuum
polarization term, and then there's a quadrupole contribution, which is then
presumably to be included in the quadrupole charge density, which is the thing
you take matrix elements of when you do the splitting. I think both of those
can be included in this way. I have not, as yet, included the quadrupole term

that way but the monopole term we have included for some time that way.

ELTON: I just want to point out the uncertainty between the various charge
distributions can be looked at from a slightly more fundamental point of view.
The Fermi distribution isn't God given, it isn't even Fermi given. To me it
seems a much better way to get distribution by generating wave functions in a
shell model potential, a Saxon-Woods potential and then getting the charge
distribution from that. Such a distribution fits the data of the electron
scattering very well. It is interesting that it has a shorter tail than the

Fermi distribution. It's more nearly like the Gaussian distribution for which
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have a hankering because I looked at it twelve years ago. I think that
alyses really ought to be done in terms of wave function and I will talk
re about that when I give my contribution, which happens to be a totally

fferent session.

REIT: All I wanted to say is that as long as the calculation of nuclear
olarizability effects is made with a single proton, one does not really settle
che question of even the order of magnitude because of possible correlations

>f the motions of protons within the nucleus. The calculation I had been refer-
-ing to for thg optical case dealt with the difference in effects similar to
:hose in the calcium isotopes, but for heavier nuclei where the effects become
Larger and were not confined to an expansion around the nucleus but were con-

cerned to what happens within the nucleus, particularly with the monopole effect.

HUGHES: Polarization of the nucleus by its interaction with the muon in muonic
atoms contributes significantly to the g-value of the muon in muonic atoms.
Ml transition type nuclear polarization may have been marginally observed for

Jne or two low % nuclei.
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Since the previous speakers have discussed the theoretical bdackground
of muonic x-ray experiments and made the comparison between electronic and
muonic spectra I shall limit my remarks to comments on the experimental data
we have obtained. However, before doing that let me just mention the way
in which we plan to interpret our deta. For extensive help and guidance
in this part of the work we are deeply indebted to Dr. D. G. Ravenhall of
The University of Illinois, who must indeed be considered as one of our
collaborators.

The Dirac equation is solved for & point muon in the field of a finite
nuclear charge distribution to get the unperturbed muonic wave functions
and energy levels. A correction to the potential for the effects of vacuum
polarization is made in the manner described by Dr. Ravenhall. The final
eigenvalues and eigenvectors include the effects of the mixing of nuclear
levels through the matrix elements of the gquadrupole interaction. The
intensities are derived in the usual way under the assumption that (1)
only E1 radiation gives an appreciable contribution, (2) the l&f.-{ /2 and

Lt /e levels are not split by hyperfine interactions, (3) these levels are

T , _
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populated as 2J + 1, and (4) the only mode of deexcitation is from f—p-d—+p-—>s
states.

Let us now look at some spectra. The spectrum shown in Figure 1 of the
K x-rays from Prlul is one of the simplest. Since praseodymium is mono-
isotopic, the spectrum is not complicated by isotopic shift and since the
nucleus has a very small quadrupole moment their is no observable broadening
caused by quadrupole interaction. 1In fact, the lines shown here, as well as
the L.lines, do not appear to be broader than the corresponding calibration
‘lines. The magnetic interaction in spite of the rather large M= 4.5 is
not large enough to be readily observable.

For those nuclides with large gquadrupole moments the spectra are much
more complex. Several examples are shown in the next few figures. 1In
Figure 2 is shown the K x-ray spectrum of muonic H0165. The strong line
at the left arises mainly from 2p%,_>15% transitions that result in the
nucleus being left in its ground state. The overall spread of the spectrum
is determined mainly by the fine structure splitting of the 2p levels.
However, s knowledge of the effects of nuclear excitation (the dynamic
quadrupole effect) and of the splitting of the muonic levels caused by the
static gquadrupole interaction is necessary to interpret the spectrum com-
pletely. The peak at 375h.3 keV, where this value is the full energy
minus 1022 keV, is caused by several transitions all dependent upon the
excited state of Ho165 at 94.7 keV. The Ho165 nucleus is left in this state
about 27% of the time.

The next two figures show more examples of similar spectra. The K

159

x-ray spectrum of Tb is shown in Figure 3. Terbium is monoisotopic and
has a ground state spin of 3/2 and excited states at 58 and 137.5 keV.

The intrinsic quadrupole moments of o159 and Hol65 are very nearly the same.
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The more compact appearance of the terbium spectrum is the result of the
smaller fine structure splitting of the 2p levels. The K x-ray spectrum

of Tal8l 15 shown in Figure 4. Tantalum is also monoisotopic. Its ground
state spin is '(/2 and it has nuclear levels at 136 and 301 keV. Ta.181

is considerably more distorted than T'b159 or Ho165 and its A and Z are

much greater. Both of these properties produce & spectrum that has a greater
spread in energy than those of H0165 and Tb159, It should be noted that

281 vould be about 136 keV if the

whereas the fine-structure splitting for T
nuclide were spherical, the er'zerg'y difference between lines that result
basically from 2p1/2 —+1Sl/2 transitions and those from 2p3/2——;>181/2
transitions is sbout 192 keV.
The next figure illustrates two different effects, the isotope shift

and a higher order K x-ray line. In Figure 5 are shown the Ko and Ko

spectra for natural cerium. It should be noted that the Ko spectrum is
shown through its full energy peaks, that for the Ko through its double
escape peaks. Natural cerium is composed four isotopes, but two of these make
up 99.5% of it. Cell‘LO makes up about 88.5% and cel*2 apout 11% of the
natural element. The shoulder on each of the K. lines corresponds to the

spectrum for Celhe.

A better measure of this effect is of course, available
from the double escape peaks that correspond to these transitions, but this
portion of the observed spectrum was chosen because it allowed the inclusion
of the Ko spectrum as well. The separation of the two peaks in the latter
shows the fine-structure separation of the 3 p levels in cerium. This
separation is about 20 keV.

In Figure 6 is shown the K spectrum for indium which is 95% Inl11>.

Any deviations from a simple two component spectrum must therefore be

interpreted in terms of additional interactions between the muon and the

Inll> nucleus. It is clear that a definite bulge appears on the high energy
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side of the 2p3/2 _>lSl/2 line. A comparison of the 2Pl/2 — lSl/2

line with a calibration line of nearly the same energy proves that this
x-ray line is broader than a single line should be. Since the J = 1/2 levels
involved in this transition are not split by electric quadrupole interaction,
a splitting arising from the magnetic dipole interaction is required to
explain the additional width. This will be discussed in more detail later.
The next figure, Figure T, shows the L x-ray spectrum for indium recorded

at the same time as the K spectrum just discussed. Here the structure of
the 3d5/2 4293/2 line is immediately noticeable. Such a splitting appears
to be consistent with the known nuclear properties of In'l>. Both Inll3

and In115 have similar nuclear properties; the magnetic moments are about
5.5 nuclear magnetons, the ground state spin is J = 9/2 for both, and the
quadruple moments are about + 0.8 barns.

The K x-ray spectrum of iodine is shown in Figure 8. Two points are to
be noticed here. As with indium, but in a more noticeable way, there is
structure in the 2p3/2 —?'lsl/z line. There is, perhaps, some slight
broadening of the 291/2 -—}-151/2 line. Higher resolution studies are needed
to explore this point more fully. The second point to notice is the nearly
equal intensities of the two K lines. The ratio of the integrated intensities
is about 1.2, far from the statistical 2.0 one might expect. The L. x-ray
spectrum of iodine is shown in Figure 9. This spectrum was recorded with
0.863 keV per channel rather than the 3.30 keV/cha.nnel used for the K lines.
The 3d3 /2 —2DP1 /2 line is about the same width as the nearest calibration
line, the 1173 keV line of Co6o. The 3d5/2 —}-2p3/2 transition shows
conciderable structure. The 3d3/2 -_~;.2p3/2 transition which is weak is’ in
this case’not even resolved from the structure in the 3d5 /2._‘r2p3 /2
transition. A very preliminary analysis of the structure observed in the
K and | 1lines of iodine is only in qualitative agreement with what is

expected on the basis of the known nuclear parameters.
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Iet us now turn to two heavy nearly sphereical nuclides, Au197

and Bi299. Both have small static guadrupole moments and it should be

possible to interpret their spectra rather well in terms of the fairly

simple model given by Wheeler many years 8go. The K x-ray spectrum of

Au197 is shown in Figure 10. Here for the first time we see the structure

of the 2p3 /2 —159 /2 transition fairly well resolved for what we may consider

to be a nearly spherical nucleus. Au197 has a ground state spin of J = 3/2

and a guadrupole moment of Q = + 0.58. The pattern of lines in the 2p3/2 —_—

153 /2 transition should consist of basically three components in the ratio

5:10:1, with a spacing of about 14 keV between each of the weaker lines and

the strong one. The measured value of this separation is 18.9 + 0.4 keV.
Before moving on to the last element to Dbe discussed let us examine

one particular calibration line that was used for many of the measurements.

This is the 6.128 MeV line that follows the beta decay of Nl6. The spectrum

is shown in Figure 11 in which incidentally, the value of the energy of the

line is an old one. The ordinate has a logarithmic scale and four distinct

peaks are clearly evident. The first peak on the left 1is the double escape

peak of the 6.128 MeV line, the next peak is its first escape and the peak

on the far right is the full energy peak. The peak to the left of this full

energy peak is the double escape peak of the much weaker transition at 7.120

MeV. The observation of the full set of peaks corresponding to a particular

gamma. ray provides a fine set of calibration points for spectra in this region.
Besides calibration measurements and the measurement of the spectrum

that arises from accidental coincidences one other spectrum is of interest

in the study of muonic x-rays. This is the capture gamma ray spectrum.

Tt is studied primarily to be sure that no capture lines are counted as x-rays,

but it is clear that a knowledge of the capture gamma rays can lead to a

better understanding of the process of muon capture as well. Ths most well
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known capture line is that at 2.614 MeV observed in ﬁhe middle of the
x-ray spectyum of bismuth (this can be seen in Figure 16). In Figure 12
can be seen two other capture gamma rays that follow the capture of & muon
is bismuth. The line at 583 keV is directly related to the 2.614 MeV line.
The former feeds the level in szo8 from which the latter arises. The line
at 571 keV corresponds to the transition from the first excited state of
Pb207 to its ground state. Thus it is clear that at least two different
nuclides are formed following muon capture in bismuth.

Iet us now consider the muonic x-ray spectrum of bismuth in some detail.
The M x-rays are shown in Figure 13. Under the assumption that any hyperfine
splitting of the U4f and 3d levels can be ignored, the spectrum should consist
of three lines with relative intensities of 1, 20 and 1l in order of increasing
energy. The actual integrated intensities of the three lines shown in Figure
13 are 1.9, 20, 13.9 in good agreement with those Just noted. This agreement
is known to vanish for the X lines. The spectrum of K X-rays in bismuth
is shown in Figure 1k. It is clear that the line formed from the 2p3/2 —_—
18y /o transitions is not nearly twice that of the 2pl/2-—e~lsl/2
line. In fact the ratio of integrated intensities is only about 1.h.
Careful observation of the K lines of Figure 1k along with a comparison with
the calibration line shows two other features of the data. First, the line
at the higher energy is split into two pesks. On the basis of Wheeler's
simple prescription, four lines are expected with a spacing between high and
low energy pairs of about 7 keV. The observed spectrum is roughly consistent

with this prediction. Another reason must be found for the added width of



Muonic Atoms 57
the line that corresponds to the 2p1/2-—->~1sl/2 transition. The magnetic
dipole interaction can provide the mechanism. IeBellac has computed the energy
level shifts for the 2p and 15 levels in bismuth. This spiitting is shown

in Figure 15; no gquadrupole interaction is included. An examination of the
x-ray spectrum might be expected to show more of the detail of the spectrum
that, of course, is the result of both magnetic dipole and electric quadrupole
interactions. The L spectrum is shown in Figure 16. Here, the splitting

of the 2p3 /2 level is clearly shown in the line formed from the 3(15 /2 —_—

2p3 /2 transitions, the P‘b208 capture line is a dominant feature of the central
part of the spectrum, and some indication is seen for the weak 3d3/2 —+2p3/2
transitions. There is also a slight suggestion of structure in the 3d3 /2._-)—
2py /2 line. Preliminary attempts to fit these data with the published nuclear
quadrupole moment and the magnetic splitting as evaluated by LeBellac have

not be'en successful. Some examples that show the effect of varying Q,

the quadrupole moment are shown in Figure 17. (The ordinate is logarithmic.)

The lower curve is the computed spectrum with a line shape, obtained similtaneously,

folded in for a value of Q = - 0.34, a value listed in the recent compilation
of Fuller and Cohen. The upper curve represents the same spectrum, but

with Q increased by sbout 30%. That this is nearly consistent with the data
is clear, but it certainly does not give & gquantitative fit to the data.

A further increase in Q is clearly needed. Another way in which the fit
could be improved is through a reduction in the magpetic splitting since

this interaction does tend to wash out the pattern. Such a reduction would,
of course, be constrained by the requirement that the computed width of

the 2py /2—-}151 /2 be compatible with experiment. This analysis will

be done in the near future. As & final point it should be noted that the

intensity ratios of the various components of the L x-ray spectrum of bismuth
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are not compatible with the simple statistical expectation. The ratio,
corrected for changes in counter efficiency, of the transitions from the

3d5/2 level to those from the 3d3/2 level is only 1.09. It is certain that

some of the simple assumptions made about the mode of deexcitation are wrong.

*
S. Raboy now at Harper College, State University of New York, Binghamton, N.Y.

**C. C. Traill now at Brooklyn College, Brooklyn, N.Y.
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Figure 2 - Hol65 gk X-rays
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Figure 3 - Tb!5% K X-rays
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Figure 5 - K X-rays from cerium
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Figure 6 - K X-rays from indium
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Figure 7 - L X-rays from indium




66 Coté et al.

Figure 8 - K X-rays from iodine
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Figure 9 - L. X-rays from iodine
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Figure 12 - Muon Capture in Bismuth Spectrum
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MEASUREMENTS OF THE M1 AND E2 MUONIC h.f.s.
OF Bi209, AND OF THE MUONIC ISOTOPE SHIFTS FOR 3

206 207 208

Pb s Pb and Pb

V. L. Telegdi

University of Chicago and Harvard University

I will talk about an experiment, or rather two muonic x-ray
experiments, which we (R.D. Zhrlich, D. Fryberger, D, A. Jensen,
C. Nissim-Sabat, R. J. Powers, B. A. Sherwood and myself) have
carried out at Chicago. There considerable overlap between thié
material and that presented by previous speakers.
The two topics that I wish to discuss now are: (1) the muonic
hyperfine structure in bismuth (this was also covered by the pre-
ceding contributed paper as well as by Professor Devons) and (2) |
the muonic isotope shifts in the lead isotopes 206, 207, and 208. i
In both these investigations, for reasons which will become J
quite apparent and which I will try to be specific about, we {
used a technique which was originated by Devons, Cohen, Kanaris,
and Nissim-Sabat at Columbia. This technique was originated in

a study of muonic isotope shifts, turned out to be particularly

useful in studying the hyperfine structure of muonic bismuth,
where the emphasis is on the (very small) dipole splitting. The
technique consists in having a variety of targets, in our parti-
cular case up to four, bombarded by a single muon beam and, by
the arrangement of suitable counter, tagging the stopping muons
according to the target which they hit. The rate is low enough

that one can do this and view, with a single x-ray detector, an

PRECEDING FAGE BLANK NOT FILMED.
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ensemble of targets which yield either muonic x-rays of very
similar energies (as in the measurement of isotope shifts) or

use muonic x-rays from one of the targets as a line shape cali-
bration for the others (as in the case of the magnetic hfs in Bi,
where the splitting is of the order of the line width). Let me
briefly mention one more technical point, one which has been
made easy to explain by the talk of the preceding speaker: when
you stop a muon in matter, especially in a heavy element like
bismuth, you get both muonic x-rays which are prompt and capture
gamma rays which are delayed. While these captured gamma rays
are on the one-hand a nuisance, they can on the other hand be
used as an energy and line shape calibration. Generally one takes
the muonic x-rays with as short delay as possible with respect to

the muon stop signal so as to not include the capture as a back-
ground gamma ray; one then has to make separate delayed runs in
order to record the captured gamma {gys. In our experiments, not
only did we look at several targets at once (for instance, in the

6

case of Bi, we combined a bismuth target with a Pb20 target), but
we measured for every photon event simultaneously by the pulse
height and the time. So we obtained two dimensional spectra; the
information derived electronically was stored on magnetic tape
which can then be analyzed either for a fixed time interval, or
a fixed energy interval sequentially. This proved to be very
®nvenient.

Let me now turn to the case of the hfs of bismuth. As

Professor Devons pointed out, the magnetic dipole (Mi) hfs effects

are generally much smaller in a mesic atom than are the electric
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guadrupole effects, a situation which is inverted with respect to
the atomic case. As Professor Devons said, the Ml splittings that
one has here, are of the order of a few kilovolts. It is clear
that if you wish to determine splittings of this sort, you have to
have the highest resolution. Now, the very best Ge(Li) crystals

3 cieth o T o
used in thic s SUln 83 in par

Columbia work, have 8 kilovolts resolution (FWHM). The Ge(Ii)
detector used in our experiments does not exhibit this exceptional

resolution, but gives only 12 kiloveolts, There is, however, a

<
second problem, namely that one has to know the precise shape of

the line shape for the analysis of the Bi spectrum, we are not

using the famous 016* line, which all the speakers have talked

about, but rather another muonic x-ray, the Pb206

Pb206

Ku line. Our

sample is practically monoisotopic, 88% ( I should thank

here Professor Siegel for the loan of a radio-lead target.) We

thus determine, under identical conditions, the line shape of a
muonic x-ray that is not perturbed by any kind of hyperfine effect,
and the corresponding transition in the element for which we wish

to establish the broadening due to M1 hfs. Let me say just a few
words about the physics of the M1 hyperfine structure. The split-
ting, i.e. the interaction energy E(Ml) if you wish, is proportional
to wz(o) in the case of a point-like moment. This is the famous
contact interaction in an s-state. Now if you want to work out the
interaction energy for a finite nucleus, you have to average this

over the entire nuclear magnetization. This yields

E(ML) ~ <w2(?u)a(ru-ﬁ)>mag
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wherelﬁ is a nuclear coordinate and ru is the muon coordinate. Now
this averaging leads to a reduction, because the magnetization
.ﬁ(R) is extended. So (1) leads to a reduction due to the finite
extension., This reduction may to first order be computed by assum-
ing that the nuc%igr magnetization M(ﬁ), is distributed like the
nuclear charge p(R). This assumption is obviously a patent false-
hood since the charge distribution p(ﬁ) is due to all the nucleons,
whereas the magnetisation is due Jjust to a few. Sometimes, a
reduction so computed is called the Bohr-Weisskopf effect. What

I would propose to call the true Bohr-Weisskopf effect, is however
a more subtle effect, namely the dependence of the hyperfine inter-
action on the specific details of the nuclear magnetization, viz.
orbital vs. spin magnetization. Unfortunately, both in our experi-

ment and to my knowledge, in every other muonic x-ray experiment,

one can detect the reduction of the Ml hyperfine interaction from
a "point" value (which it would of course be idiotic to assume) to
the "extended" value which is reasonable; but we cannot detect
reliably, and I don't think anyone else can either, the difference
between the predicted values based on the simplified assumption

(M ~ p) and on more realistic assumptions based on specific
nuclear models. So this point may perhaps be the subject for some
future investigation if further technical break-throughs should
occur. And let me say that Bi, having a large Z, a large magnetic
moment and a small quadrupocle moment is the most favorable nucleus
for these investigations. In fact, it is interesting and amusing

to note that the atomic (Ml) hyperfine structure was also first
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studied in a quantitative way in a pioneering paper, I think by
Goudsmit and Back, in the bismuth spectrum, probably for the same
reasons.

The first figure 1s at best of some entertainment value. You
see the chicken feeder (N2 reservoir), as it is called at Columbia.
Below it the crystal is positioned in the muon channel beam of the
Chicago cyclotron. The thing specific to our setup 1s that the
entire linear system, save the preamplifier, is thermostated; this
we found ito be very useful. The four-target arrangement mentioned
earlier is barely visible - note the two tagging counters on either
side.

In Figure 2 you see the muonic X spectra simultaneously

209 ana Pb206 targets. Lead 206 is spinless, and

recorded from Bi
serves as the reference line. We are not particularly interested
in the absolute energies, but we happen to agree with those
measured by other people. The line widths of the two Pb206 K-
lines, both unaffected by magnetic or other hyperfine effects,
should be the same; they are so to within 0.5 kilovolt. Now, a
Ka2 transition, takes place between two levels of j < 3/2, and
should hence exhibit a purely Ml (as opposed to E2!) hfs. There-
fore, the lower Bi K-line should be broader than the two Pb206
K-lines that are equal, and the upper Bi K-line, which connects
the p3/2 state to the sl/2 state should be broader than either of
them because it is affected electric quadrupole (E2) and magnetic
dipole (Ml) effects. The spectra are indeed as predicted,using

essentially hfs interaction constants as computed by ILeBellac.
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The E2 constant scales however with the "known" quadrupole moment
of Bi, and I warn you that atomic quadrupole moments are uncertain
to at least 15% because of various uncertain corrections. The

punch line of Fig. 2 is that we use the Pb20°

lines as a calibra-
tion for our instrumental line shape under real running conditions.
The Bi and Pb prompt spectra are taken simultaneously. Included
in Fig. 2 1s the predicted line shape (14.5 keV width) for a
nucleus with extended magnetization, and the predicted line shape
for a point nuclear magnetic dipole (18.9 keV width). We can clear-
ly rule out the point magnetic dipole, as the finite dipole gives
a much better chi-square fit; but we cannot make any safe state-
ments about refined nuclear models.

Further corroboration of the same effects is obtained by look-
ing at the L x-rays (Fig. 3) roughly in the manner covered by the

preceding contributed paper. Here you see two things. Between

the two L~peaks, in the long region where nothing is supposed to

occur, and you see in the prompt spectrum a delayed gamma-ray
(2.615 keV), which is the one everybody has been mentioning. Now
if we extract from our two-dimensional spectra events falling in
this energy region at late times, we see very beautifully that
this is indeed a capture gamma-ray. So, whereas in the Bi K-

spectrum we use a simultaneous Pb206 spectrum for line shape cali

ration, we use in the L-spectrum this capture gamma ray, delayed,
for the same purpose. The summary of our Bi data is that we do
have good, quite solid evidence for the finite magnetization; but‘
who could have doubted that? Also our data indicate a preference
for 0.45 barns, for the quadrupole moment of Bi209 (this is a

rather high value).
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I shall now turn to the muonic isotope shifts in lead. Fig.
4 shows a superposition of the muonic Khl lines from the lead
isotopes 206, 207, 208. Our targets (thanks to the AEC) were all
of 90% or higher purity, and thése lines are the actual data taken

simultaneously, following the technique introduced by Devons et al.

Fig. 4 shows only the statistically most important Ka, line, bub
we have corresponding data on the Ka2 line, and for the L x-rays
as well. In this Figure see very clearly the shifts from one
isotope to the next, and by determining the centroids of the lines
one can determine them quite accurately. I shall summarize our
results in the form of a Table.

The payoff in this business comes in comparing these results
to the corresponding ones obtained in optical spectroscopy. In
the latter field, the shifts are usually expressed as a ratio of

two constants, Cobs/cth' The theoretical value, Cth’ is computed

assunming the Al/3 law, and is plagued by uncertainties (a) in the
extrapolation to the series limit, (b) in the normalization of
the electronic wave functions. The comparison with muonic data
can hence serve to (a) check the extrapolation procedure, (b)
determine the absolute normalization of the wave functions. It
is interesting to note that our shifts depart from theory (which
here is presumably reliable) in good agreement with the atomic
data. In particular, for the (206-207)/(206-208) ratio, where
the normalization drops out in the atomic case, we have excellent
agreement with the optical data. The old time spectroscopists
seem to do a good job. In particular the fudge factor B, which
is put equal to unity in determining the individual atomic shift

within a given isotope pair in desiring C /Cth’ seems to have

obs
been guessed right.
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TABLE I
Muonic Ka, Isotope Shift (keV)
Observed Theory**
206-207 3.74 £ .32 7.0
206-208 9.41 + .30 14,0
Muonic Isotope Shift Ratios
£
Muonic Atomic
(206-207 ) ops 8 Cobs
(206-207) 11, = 0.53 % 0.04 Ei;;' = 0.46 * 0.07
206-208
q?i?"“SEZEEE - 0.67 £ 0.02 B Cexp _ 0.60 % 0,07
(206-2 )th Cin
206-207 -
(2067207 Dope 0.397 * 0.036 {206-20T)obs - 0,58 + .01
(206-208) o1 (206-208) ,

* ¥
Assumed Fermi charge distribution with half density radius

¢ =1.11 x AY2 fm. andkskin thickness t = 2.4 fm.

*

From a review by Brix and Kopfermann, Rev. Mod. Phys. 30, 517
(1958) based on optical measurements by Steudel, Z. Physik 132,
b2g (1952).
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Figure 3. L x-rays

Figure 4. Muonic Ka; x-rays of the lead isotopes.
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THE ANOMALOUS INTENSITY RATIOS IN MUONIC LEAD AND BISMUTH- \<:“ }

Jorg Hufner .
. ‘:;)
} 3

University of Heidelberg, Germany

The energies of the muonic X-rays are quite well understood in terms of
parameters of the nuclear charge distribution. But there are some problems con-

cerning the intensities of the muwonic X-rays. In Pb and Bi, e.g., the intensity
I

(p3yp> 1 8y,))
L2y = 1y,
But rhe most recent experiments yield about 1.5. Within the experimental error

is expected to be 1.9 (using statistical arguments).

ratio

this value is the same for different Pb isotopes and for Bi(e.g.l).

The calculation, which is reported here was intended to explain this
phenomenon. It started from the following idea: The free muon is slowed down
in the target and finally captured into some bound state of the muonic atom.
It then cascades from level to level, emitting y-radiation and Auger electrons.
The y-transitions (essentially E 1) depend strongly on the transition energy.
How this energy dependence affects the intensity ratio (1), is illustrated with
the help of Figure 1. The figure shows the lowest levels of muonic Pb. The
2s + 2p transition is a good example for the energy dependence. If the energy
dependence of this E-2 tranmsition is neglected two thirds of the intensity go to the
2p 3/2 state and only one third to the 2pl/2 state. 'But the intensities get
nearly equal if the E3 dependence of the transition is taken into account. The
same effect was expected to happen several times during the cascade of the muon
and to add up. The resulting intensity ratio (1) would then be smaller than 1.9.

2)

The Auger and radiative tranmsitions (only those with [Al[ = 1) were calculated
with nonrelativistic wave functions (but the correct relativistic energies were

used). The intemsity ratio (1) was evaluated for each state with quantum numbers
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nand 1 (n < 14, 1 < n-1) into which the free muon could be captured. (The two
states of each fine structure doublet were assumed to be fed proportional to
(23 + 1)).

A typical result is shown in Figure 2. The full line shows the intensity
ratio (1) as a function of 1, the orbital momentum of the captured muon (for
n =10 and Z = 82). The ratio (1) takes the experimentally observed value of
1.5 only if the muon is initially captured into states with 1 = Q or 1 = 1. Our
calculation also shows, that if the muon is captured into 1 = 0 or 1 = 1 one
should observe a strong 2s > 2p transition and a weak 3d ~ 2p transition (Figure 3).
This is not confirmed by experiment, but the reverse holds true, as the 2s - 2p
transition has not yet been 'found.

It is not yet known, whether the 2 s-state is deexcited to the 2 p-state
via E 1 radiation or to the 1 s-state via electron pair creation. In the latter
case, one does not observe the 2s > 2p transition, but the intensity ratio (1)

never takes values as low as 1.5 (broken line in Figure 2).

References:
1) G. Backenstoss, C. Daum, J. C. Seus, S. A. deWit, to be published in
Nucl. Phys.

2) A. H. deBorde, Proc. Phys. Soc., London, 67, 57 (1954).
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Muonic X-Ray Spectra end Charge Distribution in Deformed liuc]gf

H. L. Acker
University of Virginia, Charlottesville, Virginia'®

The elastic scattering of high energy electruns and the X-ray
spectra of muonic atoms have ylelded much infarmation about the charge
distribution in spherical nuclei. For deformed nuclei, however, very
little is knowm sbout their charge distribution. Here precise electron
scattering experiments are not yet availeble. The guadrupole hyperfine
structure of muonic X-ray spectra seems to give at mresent the only
experimental information. The aim of our investigations is to show
what details of the charge distribution of deformed nuclei may be
expected from muonic hfs.

The hfs in muonic atalshasfirstbeentreatedbyvﬂetsl)and

by Jacobsohna). They have already pointed out that due to the proximity
of the muon to the nucleus, finite nuclear size effects are very im-

portant. Thus the usual approximation for the quadrupole interaction

2
B, = 3e°QPy(cos i) ;1-3

is no longer appropriate, but r~3 has to be replaced by
oo
= _Z__ IR 2 ! G(?'
fm 20 {*r iph) szwsﬁ) S

+ o { o) P tsw) d?'}

o
For long distances, £(r) -9:-'3, but close to the nucleus, its form
depends on the charge distribution S)(?-) of the deformed mucleus. It
is this dependence which gives us the information ebout the charge dis-

tribution. The hyperfine structure of the spectra is determined by

91
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the matrix elements of HQ with the muonic and nucleer wave functions.

These matrix elements have the structure

T LARD I FROTEIOI A 2

x(angula.r momentum factors)

It is the product of the quadrupole moment with the matrix element of
£(r) which determines the hfs shift and hfs splitting, and it is this
product which is deduced from experiment. It has already been shown3 o4)
that quadrupole effects are important only in the 2p and 34 states of
the muon. The spectra are determined by 2 parameters--the radial
matrix elements of f(r) with the muonic 2p and the 34 wave functions.

What is now the accuracy in determining these parameters by ex-
periment? Fig. 1 shows the 4f-3d and the 2p-1s spectra for U23B. The
4f-3d@ spectrum depends only on the 3d matrix elements. Here, an
accuracy of lkeV in measuring the energy difference A-B or A-C leads
to an uncertainty of 5% in the 3d matrix elements. From the 2p-1s
spectrum we may determine the 2p matrix element up to 1/2%, measuring
the energy difference D-E with lkeV accuracy.

It is, however, always the product of the quadrupole moment with
the matrix elements, which is determined with this sccuracy. The
accuracy of the matrix elements themselves is limited by the uncer-
tainty of Q, which is often not known very accurately. The ratio of
the 2p to the 3d matrix elements, however, is not affected by uncer-
tainties of Q, and an experimental determination of this ratio up to
a few percent seems possible.

Having studied the muonic quedrupole splitting and having deduced

the relevant paremeters, we have now to consider what different nuclear
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models predict for these parameters, the radial matrix elements of
f(r). In treating spherical nuclei, the Fermi distribution

Q (1) o @+ exp b E2)
has been quite successful. We generalize this distribution, giving

the radisl parameter ¢ and the surface thickness t an angular dependence:
-c{1 +8Y% \-1
(@) ox. €+ exp bk Llsﬁ_m;>
S 1+ fyYag

The deformation perameter {\ determines the quadrupole moment, whereas
the shape parameter y specifies the distribution of the guadrupole
producing charge. Fig. 2 shows the lines of equal charge density for
different values of 3‘ , all for the nucleus 0238 with Q = 11 barn.
These different charge distributions lead to different radiasl functions
£(r), as shown in fig. 3. The functions f£(r) differ, however, only
inside the mucleus. Compering with the probability density of the muon
in the 2p3/2 and 3d3/2 states, also shown in fig. 3, we expect a dis-
tinct sensitivity of the 2p matrix elements on variations of §~. This
is shown in fig. 4, we see, too, that the 3d metrix elements depend
much less on ¥~. Thus, the ratio of the 2p to the 3d matrix elements
is quite semsitive to ¥-, an accuracy of 1% in this ratio yields an
uncertainty of p 0.5 in 1 The comparison with experimental data

for U238 leads to a value r= 05)

, i.e. a charge distribution where
the surface thickness does not vary with angle.

Besides this generalized Fermi distribution we have also studied
a multipole expension

@ = (r) + Y (B) @ 5(r)
¢ 9o 20 2
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choosing a Fermi distribution for the monopole pert Qo(r) and a
Gaussian for the quadrupole distribution Qz(r). Whereas the generalized
Fermi distribution had only one additional parameter besides the quadru<
pole moment - the shape parameter - this Gaussian is determined by
2 additional parameters - the position of its maxium, ey ,a.nd its
width, ta. The calculations heve showns), that it is, however, not
possible to determine these two parameters by the 2 radial matrix ele-
ments: In a ce-te-plot the curves for fixed values of the matrix
elements give no clear point of intersection (fig. 5).

Summerizing our calculations we may say that muonic hfs is
indeed a sensitive tool for investigating the charge distribution of
deformed nuclei. Besides the quadrupole moment, at least one additional
parameter may be determined, specifying the distribution of the

quadrupole producing cherge.
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Sﬁéctra in Deformed Nuclei

Figure 2 - Lines of constant change demnsity
(p=0.90(Q), 0.50(0), 0.1p(0)) for
U238, Q=11 barms.
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MUONIC X-RAY STUDIES OF SPHERICAL NUCLEI

C. Daum, G. Backenstoss, J. C. Sems, and S. A. deWit Q)l

CERN. Geneva, Switzerland \}}
and N
H. L. Acker

Physikalisches Institut der Universitat, Freiburg, Germany

In this joint paper, a few data on the experiment will be given. Then, the
analysis of muonic X-ray spectra for spherical and deformed nuclei will be dis-
cussed.

Experiment.

A flux of 50000 sec—1 ﬂegative muons of the 124 Mev/c is obtained from the
muon channel at the stochastically operated 600 Mev .Cl\ZRN Synchrocyclotron. The
particles are formed on a spot of 10 x 10 cm? They artba‘ the backward-decaying
muons of 220 Mev/c pions. The pion contamination is less tham 0.5 of the muons,
the electron contamination is still smaller. The targets have an area of 7 - 50cm?
and a thickness of 2-13 g/cm?; 6000 - 32000 muons are stopped per second. The
Ge(Li) detector has an area of about 3.5 cm? and a thickness of 6 mm. It has been
made by Professor E. Baldinger and Mr. G. Matile at the University of Basle.

The detector was placed a few mm behind the target in the beam line in order to
have the maximum possible solid angle. The resolution ranges from 7 kev at
0.5 Mev to 18 kev at 6 Mev.

Spherical nuclei.

Measurements have been made on Cl, Ca, Fe, on all nuclei between Sn and
Nd, except Xenon, and on all nuclei between Au and Bi. All elements have the

natural isotope composition. In addition, a sample of 20%pp, has been used.

~rc ri ANY NOT FILMED.
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Except for the three lightest nuclei, 2p -~ ls and 3d + 2p spectra have been
measured, as well as many spectra of higher transitions. Figure 1 shows some
typical 2p > 1s and 3d + 2p spectra. The background has been subtracted. It is
typically 1/3 of the peak height. Several capture gamma rays have also been
observed, which yield incidentally better energy values for several nuclear levels
than available up to now. Tables 1, 2, and 3 list the measured transition
energies, table 4 and 5 the calibration lines, used in the experiment.

For the theoretical analysis, the Dirac equation is solved numerically for
a Fermi-type charge distribution with radial parameter C and skin thickness
parameter t. The precision on the energy is better than 0.0l kev. The most
important correction is due to the vacuum polarization. It has been calculated
with the expression of Ford and Wills in perturbation theory and added to the
above obtained energies. The 4f - 3d and higher transitions are in good agree-
ment with the calculated energies, thus providing a check on the conmsistency
of the finite size corrections, which are small for the 3d and higher levels, and
of the vacuum polarization correction. Other corrections are assumed to be
negligibly small.

The data are presented in the form of c-t diagrams. A transition energy
determines an iso-energetic line in this diagram. In general, four transitions
are measured, two 2p > ls and two 3d > 2p lines, yielding six energy differences,
and, hence, six iso-energetic lines, or, when erroré are also considered, six
bands in the c-t diagram. Two parameters, i.e. e and t, have to be determined.
Therefore, the problem is overdetermined. The common area of all bands deter-
mines the pairs of c, t values consistent with the data. This overdetermination
provides again a consistency check on the finite size correction and the vacuum

polarization correction.
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The sensitivity of the energy bands is quite different for medium Z and
high Z nuclei, e. g. Sn and Bi. In Figure 2, this is demonstrated. The
2p + 1s bands, 6 kev wide in Su and 10 key in Bi, are very narrow. The 34 + 2p
bands are both 4 - 6 bev wide. In Bi a small common area is determined. In Su
the 3d + 2p band is not effective. A five to ten times smaller error is needed
for Su to obtain a similar result as in Bi. A c-t diagram can also be made for
the energy levels. Starting from the calculated value for the 4f Jevel, one
obtains the absolute level energies. The result is also in Figure 2. It shows
clearly, that the 2p » 1s band is completely dominated by the 1s level, the
3d » 2p band by the 2p level. 1In Bi the 3d band is already very wide, in Su the
limits of the 3d band are completely off-scale.

The Figures 3, 4, 5 and 6 show the c-t diagrams of Ca, Sb, Au, Hg, T1,
206pph, Pb(nat) and Bi. The 2p 3/2 ~ 1s 1/2 bands are not shown, because the
bands are indistinguishable from the 2p 1/2 + 1s 1/2 bands. The results of
electron scattering data are also shown. In Ca and Sb both methods determine a
common area, in Au, Pb and Bi they do not. We have estimated, that for the
muonic X-rays the correction due to nuclear polarization is smaller than the
experimental errors. No explanation for the discrepancy is knmown to us. Tables
6 and 7 show the c, t combinations for muonic X-ray data and electron scattering
data.

Elton has made a systematic analysis of electron scattering data, assuming:
1) proton and nuclear distributions have the same shape, 2) the surface thick-~
ness is constant at t = 2.49 fm, 3) the maximum nuclear demsity (at y = 0)
is constant, oL = 0.168 fm-3. These assumptions are consistent with the short
range character and the saturation properties of nuclear forces.

We have made a similar, systematic analysis of our data. The surface
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+0.14 fm
-0.21 '

ca” 1/3 follows

thickness has a common region for the heavy Z nuclei, i.e. t = 2.21

Imposing this value upon all nuclei, LI 0.158 fm 3, and Co
Elton's curve for these values of t and (I i.e. Co = (1.149 - 0.715 A~ 2/:")fm.
Figure 7 shows the result and also the lines for the electron scattering data.

The muonic X-ray data agree surprisingly well with this simple model. The
difference between the two sets of data may be due to our choice of t at the
high Z nuclei, for which agreement with electron scattering is poor in the
individual cases. A combined analysis of both sets of data is needed for a more
definite conclusion. It 1is, moreover, interesting to remark that our data on
the deformed nuclei show agreement with the systematics of c¢ and t values of the
spherical nuclei.

For nuclei with electric quadrupole moment and magnetic dipole moment one
can expect to observe hyperfine structure effects, i. e. at least the peaks will
show a broadening. We have observed such broadening for I, An and Bi. In Nd
the isotope effect causes a braodening. Figure 8 shows the 2p + 1s spectrum
of Au. We measure a hyperfine splitting of (19.8 * 2) kev, whereas the theo-
retical prediction is (17 % 2) kev. The calculation is done with the wave
functions of the finite size nucleus.

Nuclear polarization effects are essentially all electromagnetic couplings
between muon and nucleus. The effect has been estimated by several authors. It
has been decreasing from around 60 kev on the 1ls state in Pb to about 1 kev in
successive estimates. We have made an estimate, that the electric monopole term
yields a contribution of less than 3 kev on the ls state for all mnuclei between
Sn and Bi, the electric dipole term less than o.4 kev, i.e. the effects are well
within the experimental error. All higher order terms are negligible and all

higher states than the 1ls state are less affected.
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An interesting subject are the relative intensities of the El transitions
between fine structure multiplets. Table 8 lists the results. We find that for
all nuclei between Sn and Nd the intensities agree with a statistical population
of the muonic levels, except in the 2p »+ ls transitions of I and Nd. A resonance
between the A(2p) splitting and the energy differsuace between ground and first
excited state of the nucleus may be responsible for the reduction of the 2p + 1s
intensity ratio. A maximum resonance condition decreases the ratio in I to 1.32,
instead of 1.95 for a statistical theory, whereas the observed ratio is 1.06 + 0.08.
In the heavy Z nuclei all 3d + 2p and 2p + 1ls intensity ratios deviate from a
statistical theory. Processes, competing with the El transitions, are e.g. other
electromagnetic radiative transitions, non-radiative transitions like pair
formation, photonuclear effect, nuclear excitation followed by particle emissionm,
induced fission or nuclear Anger effect, and resonances with nuclear levels. We
have estimated, that all these effects are negligible, except possibly El
couplings with unknown nuclear levels at 6 to 8 Mev excitation.

Deformed nuclei.

7 Measurements have been made on fourteen elements between Sn and Pu. A
preliminary result on the analysis of eight mono-isotope elements has been per-
formed. Targets of 233U, 235U and Pu were kindly made available by the UKAEA
of Harwell, England.

Acker and Marschall have developed a method to compare the data with two
models for the deformed charge distribution, the modified c-model and the hard
core model. We have started for each model a search for the best fit to the
data, taking ¢, t and Qo, the intrinsic quadrupole moment as free parameters.
For each set of ¢, t and Qo’ the monopole part and the quadrupole part of the

charge distribution are computed numerically. The first yields parameters cl
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and tl, which are used as the parameters of a Fermi-type charge distribution for
the calculation of the unperturbed energies, in the same way as for the spherical
nuclei. The second yields the deformation B, corresponding with Qo. The program
also yields muonic wave functions, with which the muonic quadrupole matrix
elements are computed. Then, the energy matrices are diagonalized and the per-
turbed level scheme is obtained.

The population of the 4f levels or sub-levels is assumed to be statistical.
Then, the whole cascade of El transitions between the 4f state and the lowest
states is calculated. A list of transition energies and intensities is obtained.
The line shape of calibration lines in the corresponding energy ranges is folded
into the theoretical spectrum and a comparison with the experimental spectrum is
made.

In all nuclei the three lowest levels of the rotational bands are taken into
account and their final population is calculated. Only in Pu, it was necessary
to use the five lowest levels of the rotational band. Figures 9 - 20 show the
results for Tb, Ho, Ta, Th, 233U, 235U, 238y and Pu for both models. Final
adjustments have to be made, but the general agreement for energies as well as
intensities is remarkably good. At the present stage of the analysis, it is
impossible to make a choice between the two models on the basis of the muonic
X-ray data alone. For these preliminary fits, both models have very closely
the same unperturbed energies and the same products of the radial matrix
elements with the quadrupole moments.

However, several facts are in favour of the modified c-model. The general
trend of ¢ and t values in this model agrees better with the systematics,
obtained for the spherical nuclei, than that for the hard core model. The quad-

rupole moments in the modified c-model are in closer agreement with other
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measurements than those in the hard core model.

Ko indication is present in the analysis of these spectra, that it is
necessary to abandon the assumption, that the intrimsic quadrupole moment is
constant within a rotational band, i.e. the Bohr-Mottelson model for the
rotational structure of these nuclei holds exiremely well.

The good fit of the line intensities between experimental and theoretical
spectrum suggests strongly, that the durations of the relation intensities in the
2p + 1s and 3d *+ 2p spectra of spherical nuclei from a statistical theory is due

to coupling with nuclear levels.
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Table 1

Energies of muonic <p + 1s transitions
(all energies except for Z = 17,20,26
are obtatned from the double escape pesks)

Present dats Previous dats
) Calivrution | B(2p < 1s) B(2p » 18)
Elewent |z | 2% B(2py <18y ) |B(2py, w0y ) a(2p) Lines, ses | eentre of eontre of Ret,
. * i * Table 2 gravity oeviy
V oY keV keV v
a 17| 3546 578.6 : 1.5 582.8 = 1.3 12
782,8 * 3.0 1%
Ca 20 | a0.08 785.8 : 1.5 790.8 ¢ 1.6 1)
780.7 * 0.8 25)
1255.5 2.4 10)
N P weaceal RRAS
1254.5 * 4.0 zs;
n 50 |118.00 | W57.5¢ 3.0 | 212.8¢ 3.0 | as.5: 1.5 9,10 |3uk1.6 2 35 o AT 9
E 51 {121.86 | 3543.3: 2.0 | Mm.7:22.0 | &8.6: 1.5 9,10 3526.5 2 3.0 Bas 215 23)
Te 52 [127.66 | 3625.6 + 2.5 | 3575.5: 2.5 | 50.1 2 1.5 9,10 3608.6 * 4.0 %22 17 23)
1 53 [127.00 | 3721.6 + 2.5 | 3667.6 : 3.0 { 5.0 : 3.0 10,14 3695.5 " 4.0 32 k16 23)
Cs 55 |133.00 | 3899.1 : 3.5 | 3836.1 : 3.0 | 63.0 : <.5 10,11 3875.7 & 4.5 3888 -+ 15 23
Ba 5 |137.38 | 3979.8 : 4.0 3915.4 ¢ 4.0 6h.b 2 3.5 10,11 3958.8 + 7.0 5981 : 30 13)
La 57 139,00 | 4071.2 2 4.0 | 4001.3 2 &0 | 69.9 = 2,0 10,11 047,72 5,0 A065 = 15 23)
Ce 58 1140.22 | 4160.3 : 5.0 | 4087.3 2 5.0 | 73.0 : 2.5 10,11 L13.8 : 6.0 At 2 25 23
Pr 59 1141,00 | 4258.8 ¢ 5.5 4184.3 2 5.0 Tz 2.5 10,11 W232.6 2 7.0 [V IV ) 23)
~ 60 [tah.33 | 4335.0 6.0 4257.2 ¢ 5.5 77.8 2 ¢.5 10,11 £305.2 * 6.5
B(?»/‘ AL a(2p)
£ 2
'™ 79 197,00 | 5762.5 = 5.0 | 5592.8 = 5.0 [169.7 = 2.0 |4,15;10,14 stz ®) 0 : 2 [0
5769 . )
Hg [ £4n,0 | 5645.1 2100 |172.1 = 10,14
11 a1 : 9.0 5716.6 = 5.0 1181.3 = th,15;10,14 593 = 11') 187.6 @ 4.3 |10)
Fo'po 82 {206,135 | 5972.3 ¢ 5.0 | 5786.9 = 5.0 |185.4 ¢ 10,1414, 94
5990 = 11°) 185.9 ¢ 6.0 [ 10)
Po(nat) [82 207,21 | 5966.0 = 5.0 | 5780.1 ¢ 5.0 {185.9 = 2.0 |14,15;10,%% 6002 = 16%) 186 . 7 2
97 - ; 195 2 |
6C53 = 90} 189,45 & 4.l 1)
» 83 [209.00 | 6032.2 = 5.0 | %8%9.7 2 5.5 | 192.% = 1,0 | t0,1a;11,0 6762 + 208) g4y 5 ¢ 7.° |27
6out + 7 13t s [30)

a) A is sum of shundancy times nusber of nusleons fer all 1sotopes of an element
B) 613 : 6 ka¥ taken fer the '*N calibretion line.

e) 6135 : 10 keV taken for the '*N calibration line.

4) 4h25: 20 keV taken for the PoBe calibration line

®) 4132 ¢ 11 keV taken for the **Ge calibratien 1ime, see text,
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Table 2
Emergies of muonic 3~ 2p trunsitions (energiss are obtaimed from photo peaks for
Z = 50~ €0 and from double sscaje pesks far I = 79~ 83)
Present data Previous data
Kle- Caifbration
-t | A s(u./' ~2py) [B(34y ~2py) |8(2p)-8(3a) lm-m.h ;- E(3a-2p) |a(2p)=2(3d) | Rer.
oV oV nV keV
Sa |50 f118.84| 9B2.5 * 3.0 1022.6 3.0 40.1 2 1.5 &,5 -— — -
Sh |51 1121.86| 1019.6 = 3.0 1062.8 = 3.0 43.2 2 1.5 4,5 —-— —-— -
Te 127.66] 1060.0 = 3.0 110443 ¢ 3.0 o3t 1.5 3,9 — — -
I 53 | 127.00| 1098.0 = 3.0 1146.7 = 3.5 4B.7 = 3.0 4,5 — _— -
Cs |55]433.00] 1188.6 = 3.0 | 1241.6 £ 3.0 | 550+ 2.0 5,8 J -— -_— -
Ba |56 [937.38] 1229.2 = 3.0 | 1289.2 235 | 60.0: 3.5 5,8 PR TR T A I 13
La |57 [139.00] 1266.8 = 3.0 132844 3.0 61.6 = 2.0 5,8 — — -
Co |56 |10.22] 13W.9 = 3,0 | 137%.7+ 3.0 | 61.82 2.5 8,9 — —_ -
Pr |59 {11.00] 1356.7 = 3.0 | 1422.6 2 3.0 | €5.9 = 2.0 8,9 —— — -
N4 |60 [1k.33] 01,1 = 3.0 | 1469.8 ¢ 3.0 | 68.7: 2.5 8,9 — —_— -
Au [ 79{197.00] 23u3.1+ 2.5 | AL 2.0 {131,532 3.0 8,9 w2 | 6e6 )
Hg |80 {200.58] 2388.5 ¢ 4.5 | 2523.6 : 4.5 {135.1 + 3.5 8,9 — — -
71 |01 |20041] 20466+ 2.0 | 2585.0 = 2,0 | 1384 = 2.0 89 |ause:s® | we:s? |10
***Pe |82 |206.15] 2500.6 = 1.5 | 26a3.2 + 3.0 |12.6 = 2.5 8,9 — — -
298 + 3% | 17:4% | 10)
{8 l207.21] 2099.7: 1.5 | 26418+ 1.5 | 2.1 ¢ 15 8,9 2500 + u“; w7 s 6 23;
2502 = Wt x5 ) b
B [83 [o09.00) 258k 2.0 | 27002225 [wsazao | 8y RIS uB:u o)

e) oentre of gravity of 3-2p group
») K - 297‘) - 0.9 8(3a)
o

e} &

*e 0.9'8(38)

8 20y -2y
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Table 4

Energies of calibration lines

Source ‘?:e;y Reference ' Line No.
3700 122,05 : 0.05 43) (1)
22Ng and THC'’ 511.006 + 0.U05 43) 2)
TRC'* 583.139 ¢ 0.023 43) (3)
1370y 661.595 + 0,076 43) (&)
soc, 1173.226 * 0.04 43) (5)

1290.0 = 1.2  (double uscape peak) |- (6)
tay j k)

2312,0 : 1.2  (photopuak) n
soc, 1332.38 + 0.05 (photopeak) 43) (8)

1592.46 = 0.1 {double escape peak) (9)
ThC'’ } 43)

261447 = 0.1  (photopeak) (10)

%11 ) (double escape poak) (1)
PoBe } bde)

W33  +5 (photopcak) (12)
$4Ca X79.3 : 2.0 (photopcak) soc Table 4 (13)

5109 .4 (double uscape peak) | (1)
‘on 5620 * 4 (single escape peak) } 45) (15)

6131 4 {photopeak) (16)
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y rays aboveé 2.5 MV from decay of “("z\(i"/z = 9,5h)

. e - ————— et S 8t s %8

g | ze) EY‘:T .';Y"T B, (this paper)
keV keV keV keV L l:»ﬁV _ ]
1,800 {4830 + 50| 4833+ 30 |4iR 2 7 4,798.6 + 2.8 (photopeak)
- - 4450 - 60 {(Lue5 ¢ 10)') (44530 = 3.5)') (photopeak)
4250 [4330 ¢+ 504300 £ 5 | 431t 10 4,285.7 : 247 (photopeak)
- 4120 ¢ 50 { 4100 ¢ 4O | 4133 ¢ 11 4079.3 £ 2.0 (photopeak)
- 3780 £ 30 | 3790 & 30 3610 ¢ 10 3776.6 ¢+ 2.8 " (double escape peak)
- - S - (3771.3 = 2.0) (photopeak)
- 3410 ¢ 40| 3400 = 20 | 363 ¢ 10 3.0 - 3.5 (doudble escape peak)
3300 | 3240 £ 40| 3240 = 4O | 32%4 * 10 3263.7 € 2.3 (double escape peak)
- - 330 + 50 - 3057.3 ¢ 2.0 (double escape peal)
2750 | 2750 28 £ 4 - 2749.3 £ 2.0 (double escape pealk)
L. : — e am

®) Valuuas in brockets are cnergios of not observed photcpeaks
derived from the corresponding doudble-escapc puaks.
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Table 6

Low and mediva Z nuclei,

B3diz] persmster @ and cemtrel renton density oy for varisus
ulmoftfm*anﬁ"l‘ Por
electron scattering dats™ *

are inciuded, (o,t in fu,
Pp in protcoa/fs’).
t = o ts 1.0 te2.0 t=x3.0 :::.m"“
Liemont $
. e 5 < Py L Pp & p' & t
- 4205 0.0Mb etoh 0,055 3,710 0.0082 | 2,93  0.10%
L L gt s Coed |t 0,893z 0,00k | £ 0.929 2 0,007 |2 0.137 = 0.0921
LA L2 &.N9  0.0577 5.900 0,070 3.125  0.106k 340 2.50
zela | * 0,075 ¢ 0.0028 0,07 = 0,00% |: 0,082 <+ 0,004 |+ 0.0% < 0,080 0,03 |+ 0.%6
- 0,44
- W T2 cuosn L6592 0.0602 421 0.0716 3.59  0.1003
1e T U002t 0.0C10 | * 0,045 * 00018 | 2 0,049 2 0,002 |: 0.0%7 0.0041
sn S0 008 Setell  0.0%8 5.57  0.8649 5.067 0,077
e T 0,010 * €, 003 * 0,01¢ C.000% |+ 0.010 : 0.0003 |: 0.012 : ©,0005
= 5.998  0.050% 5.908  0.0582 5630  0.0mh1 5,138  0.0%4 5.3 2.5
* 2 0,007 : 0.0002 ] : 0,007 2 00002 |t 0,007 : 0,0002 |2 0,008 : 0.0004 0.11 | = 0.25
Te 6,05 0.05%9 9.967 0,05 5.693 00633 S5.208 0,075
s 2 0,008 : 0.0002| : 0,008 : 0,0002 |2 0,008 : 0,0002 |2 0.009 : 0.000
1 6.077 0.0k 5.988 0,0581 5.7 0.0638 5.235 0.075%
*2 2 0,009 * 0.0003] 2 0,009 2 0,0003 | 0.000 = 90,0003 |2 0,011 : 0,000
3
s 6,157  0.0%3 ©.070  0.05% 5.804 0063 5.3  C.0né
Add 2 008 * 0.0003| @ 0,008 0,0002 |+ 0,009 : 0,0003 |2 0,080 : 0,008
Ba 6,206 0.05%9 0,120 0.0575 5.855 0.0629 5.389 0.0787
e t 0,01t 2 0.0005 | = 0,001 = 0,0005 | = 0.0tt = 0,0005 | 0,013 : 0.0005
Le 6.2%5 0.0501 6,149 0.0577 5.006 0.0630 Sobdh 0.0737
s 2 0,010 = J.0003 | = 0,00 : 0.0003 {: 0.011 = 0.0004 |: 0.012 : 0.0005
Ce 6,261 0.0564 6.1% 0,0580 5.95 0,0632 5.A% . 0.07%8
hid * 0,092 : 0.0003 | : 0,013 0.,0004 {2 0,073 = 00004 |: 0,005 : 0.0006
Pr 6.259  0.05% 6.7 0.0 5.913  0.06ks 5455  0.07%R
i : 0,012 : 0.0004 | : 0,012 = 0.0004 |: 0.0¢3 : 0,0008 |: 0.0% = 0.,0005
- 6.313 0,059 6.229  0.0585 5,971 0.06% 5.520 0.0
so * 0,013 : 0.0004 | 0,013 2 0,0004 | 0,014 = 0.0005 {: 0.015 : 0,000
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Stddies of Spherical Nuclei
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Daum et _al.

Figure 1
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Figure 9
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DETAILED ANALYSIS OF MUONIC X-ray SPECTRUM FROM STRONGLY DEFORMED e-e NucLer.” < A

K. Runge, T. T. Bardin, R. Barrett, S. Devons, D. Hitlin, ..js
E. R. Macagno, C. Nissim-Sabat, J. Rainwater, and C.S.Wu-". "‘

Columbia University

The study of dynamic E2 interaction in p-mesic atoms ylelds
important information about the guadrupole moments of deformed
nuclei%)e)j) Here, as opposed to the quadrupole h.f.s. splitting
of electronic atoms, however, not only the sign and size of the
ground state moments are responsible for the h.f.s. splitting, but
also the sign and size of the quadrupole moments of the excited
states and the transition probabilities B(E2) to these and the
ground state. This way one observes an E2 splitting pattern even
for 1=0 or I=1/2 ground state spin nuclel in the case of y-mesic
atoms.

The matrix element of the interaction can be written as
<TnefFrlbalI nliFry = -3 @0 x Luelf §;7 x ang.wan. focios

The reduced matrix element{@,fft¥f,Jonich we nignt call a quad-
rupole form factor contalns the important information about the
radial distribution of the quadrupole moment in the nucleus. The
size of the quadrupole interaction depends on th€ product of the
guadrupole moment and the form factor so that it is impossible to
determine the two separately from p-mesic transitions having the

same or approximately the same radial wave functions in the initial,

* This work is partially supported by the United States
Atomic Energy Commission and the Office of Naval Research.
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réspectively in the final state. In order to have an independent
determination one has to measure d-state and p-state h.f.s splitting
as well. The accurate determinatlon of the d-state splitting, how-
ever, 1s generally quite difficult.

In a different approach, one might take the B(E2) values as
determined by life time measurements of nuclear states or by cou-
lomb excitatlon and compute only the radial matrix elements from
the h.f.s. experimental splitting. Here then, the limiting factor
of the accuracy of the so determined matrix elements 1is the accuracy
of the coulomb excitation measurements.

I want to present here results of measurements on the three

even Tungsten 1sotopes, w182’ 184, 186, on U238, and on
Sm152. The Tungsten isotopes lie rather at the end of the deformed
nuclei and their nuclear spectroscopic features are well des-

cribed by the Bohr-Mottelson theory. They all have low lying ex-
cited rotational states with large transition probabilities B(E2)

to the ground states. We therefore expect to see the dynamic
hyperfine structure very clearly. Moreover, since we keep Z con-
stant and vary the number of neutrons, we will get information

on the isotope shift and changes in the nuclear structure as neu-
trons are added, in addition to those known from nuclear spectroscopy.

152

Sm 1s on the lower end of the deformed nuclear region and

has high deformation and a large quadrupole moment. The dynamic h.f.s
1s again expected to be large. U238 finally should show a
dynamic E2 mixing not only in the p-states, but also in the d-states
which then strongly affects the intensities in the h.f.s. lines of

the 2p +» 1s transition.
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The experimental setup used was described earlier this morning

by Prof. Devons. We ugsed the W-1sctopes as a metallic powder. The
y

182 184
L J

amounts were W 80g ; W & 59g; w18§:44g . Sm152 was in the

form of szo3 and a total of about 30g was used in the experiment.

Typically about 100 h of running time was required for each isotope
to accumulate enough counts.

In the first figure, I would 1like to show the spectrum of the

K X-rays from W182 . We clearly resolve five lines, the energy

of which we can determine accurately without complicated folding.

The resolution of the detector 1s 8 * .5 keV in this energy region.

Figure 2 8hows the spectra which we got for the three
isotopes W182’ 184, and 186 . There 1s one peculiarity in these
seemlingly very similar spectra. Line 5 and 8 are in this order

182 186
visible in the W . They change position as we go to W

184

.

In W they just pass each other and could not be resolved. Further-
more, you might keep in mind the size of the line number 7 for later
comparison.

We have done some calculations in order to extract some of the
features of these nuclei. The results are given in the Figure 3 .

Because, the nucleus can be left in an excited state,preferen-
tially in the first rotational state, this energy should therefore
appear as an energy difference between pairs of lines in the h.f.s.
spectrum. One such pair is number 5 and number 6 which shows within
the experimental errors the energy listed for each isotope.

As input data for the calculations we used the intrinsic quad-
rupole moments measured by coulomb excitation. We furthermore as-

sumed the quadrupole moments of the first excited state to be equal
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to the transition E2 moment in size. We then obtained values for

the radial matrix element <+"I‘IR')‘4";"> These calculations are very
sensitive to the B(E2) values which are published by Hansen, Olsen,
and Skilbreit%) It seems however, that there 1s quite a descrepancy
between the results of different groups measuring B(E2) in coulomb
excitation. More accurate values are highly desirable.

With this now i1t 1s possible to demonstrate a few features of

these nuclei. As we add neutrons to w182

the nucleus becomes less
deformed as we approach the maglc neutron shell 126, or, reach the
nuclei of the transition region and leave the really deformed

nuclei. The moment of inertia becomes smaller and the energles of

the first excited states higher. This is equally reflected in the

radial matrix elements, which become smaller as the nuclel become
more spherical, i1.e. the overlap between the quadrupole distribution
f(r) and the muon wave functions become smaller. Equally the quad-
rupole moments become smaller and follow the trend.

We are now undertaking a program in calculating various charge
distributions in order to find the proper description of f(r) for the
three nuclei. This 1is especially designed to shed some light onto
the relationship between the radial charge distribution or quad-
rupole moments and the moments of inertia.

We furthermore varied the ratio

§ = @ty 1) 5 Qu(o2)=1VF 80y

by a total of 30 percent and adjusted

<= /o Q, (o2) {4““30-)[4".‘,}

80 to gilve an optimum fit to the experimental data. From this we




139
X-ray Spectrum from Strongly Deformed e-e Nuclei

can say, that with the shown experimental data we cannot fix
toc better than 10 percent, which is still toco uncertain to be of
interest to the Bohr-Mottelson model.

. In Figure 4 we see the Ka - spectrum of Sm152 . As
you will notice in line number 7 it is not visible at all. The
energy of the first excited state 1s5121.8 keV and the fine structure
88 keV;a best fit was obtailned with a=31.5 keV and Q,=5.93. These
values are still somewhat tentative, however.

The last two Figures deal with U235. The quadrupole moment
is very large here, 10.5 barn. Figure 5 shows the experimental
spectrum. The agreement between the calculated energies and the
experimental ones is very good once we fixed the values for the

radial matrix element. There is, however, a not very good agreement

in the intensities of the h.f.s. lines, although we included the
mixing in the 3d-states. This is an important correction at this
high Z.

Figure ¢ snows the comparison between calculated and
experimental values. The agreement is very good if we use the
experimentally known quadrupole moment and the energy of the first

exclted state as input data to calculate the radial matrix element.

REFERENCES
1) J. A. Wheeler, Phys. Rev. 92, 812 (1953)
2) L. Wilets, Dan. Mat. Fys. Medd. 29, No. 3 (1954)
3) B. Jacobsohn, Phys. Rev. 96, 1637 (1954)
4) 0. Hansen, M. C. Olesen, O. Skilbreit and B. Elbek, Nuclear
Physics 25, 634 (1961)
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Figure 1. Muonic x-ray spectra and energy levels from w182.

Figure 2. Muonic x-ray spectra from tungstenlsz’ 1ad andlgé.
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y238

K - X-RAYS

ENERGY DIFFERENCES

EXPERIMENTAL (KeV) THEORETICAL (KeV)

A 7-1
A 8-2
A 8-6
A 10-8
A 7-8
A -2
A 62

315.7
316.5
288.5
104.8
44.2
45.0
2.1

PARAMETERS: Ep

3l6.1
3lé.1
288.9
108.7
44,7
44,7
27.2

44.7 KeV
234 KeV
94,5 KeV

Es
o

Won n

o if Qo= 10.5 b.

then <1 (r)l¢> = 6.26

Figure 6. U238 K x-rays tabulated (experimental and theoretical).
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PI-MESIC X-RAYS 3 Q)
~

K. M. Crowe

s

>

University of California, Berkeley

The work on pi-mesic x-rays that has been going on at the 184" Cyclotron in
Berkeley can be broken into three experiments. One is an improvement on the
pion mass value made with the 7.7 m curved quartz spectrometer which has been
done by Mr. Robert Shafer for his Ph.D. Thesis at Berkeley. The second is the
measurement of the strong interaction shift in the 3d-2p transition due to a
shift in the 2p level. This measurement was done by A. Astbury, J. Deutch,
R. Taylor, R. Shafer and myself with the same instrument. The third, on which I
am afraid I will not be able to spend as much time as I would like, is work that
is being done concurrently by Dr. David Jenkins. He would be here himself dis-
cussing this experiment for the fact that he is actually running the experiment
now. We are using the semi-conductor technique in the study of pi-mesic x-rays and
I will show preliminary data on the energy shifts for the s, p, d, and f states
for a number of elements.

This program of research was begun before the 184" conversion to 740 MeV
by Dr. Jesse DuMond, Mr. Ralph Peters, a mechanical engineer at the radiatiom
laboratory,and myself. The object was to build a spectrometer to make precision
measurements in the mesonic x-ray field. We had in mind at the time the problem
of the masses, the vacuum polarization corrections and the nuclear shifts. The s
state shift was the only known shift at the time; the p state shifts were shown
to be small and in fact were not believed to be significant at that time. We alsoc

had some hope of extracting nuclear parameters out of these data.
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It was clear that at that time it was necessary for us to make a substantial
improvement in the resolution of the detectors and Dr. DuMond suggested that we
copy the Argonne 7.7 m spectrometer and apply it to the mesic x-ray problem.

Figure 1 shows the crystal which is bent to a radius equal to the 7.7 m. The
x-rays strike the crystal and are diffracted through a small angle, pass through
the collimator and are counted in the detector. The basic resolution of the instru-
ment is determined by the quality of the crystal. The collimator only acts as a
shield to prevent direct gamma rays from being detected.

Figure 2 shows the geometry. The crystal can be tilted with respect to the
axis of the beam by the sine screw mechanism. The arm is moved by microscope
screw, and if one knows the distance to the contact point of this arm and the
calibration of the screw, then one can convert it to the sine to the angle and
hence, measure the wavelength relative to the crystal spacing. As the crystal is
moved through an angle‘theta with respect to the incidence direction, the colli-
mator is moved through an angle 20 such that the rays that leave will pass down
the axis of the collimator. The collimator is approximately three feet long.

The detector is surrounded with heavy shielding, and a counterweight balances out
the excess weight on the detector arm. The whole system rotates on a gun mount
which sets on a 30 ton concrete block cast into the floor. The quartz crystal is
bent on a stainless steel block accurately ground with a cylindrical convex surface
by a very ingenious method which was used by the Argonne group for their spectro-
meter and this crystal block was made with the same machine. The concave block

is ground to match the convex block. The crystal is then imprisoned between two
blocks as shown in Figure 3. There is a rubber gasket to distribute the load on
’the crystal. One observes the Newton fringes when the crystal is bent and the

dark central fringe spreads uniformly toward the edge. The crystal is 6 mm thick,
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8.8 inches on a side. The first Argonne cyrstal was 6 mm thick and 12 x 12 inches
ana it broke on bending. Subsequently they went to a 4 mm crystal. So far we have
been lucky enough to"have ours-survive for about two or three years.

A calibration source, whose dimension is small compared to the resolution of
this device measures the crystal quality. In Figure 4 the full width at half
maximm is 17' of arc. This compares favorably with the half dozen other spectro-
meters in the world.

Table 1 is a summary of the details of the apparatus.

The spectremeter resolution is calculated as

AE = 1.6 x 107> E2 (keV),
in other words, the higher the energy, the poorer the present resolution which is
just the opposite to the Ge-detector situation where the higher the emergy the
better the resolution. And for our energies, for example 100 keV, it turns out
to be 0.16 percent.

Figure 5 is a picture of the tower in which the crystal is mounted. Note the
microscope screw which rotates the crystal holder.

Figure 6 shows the overall layout. The beam for the pions is extracted,
collimated, bent and re-focused on to the target which is about 8 inches high. The
gamma rays which are produced pass through an additional concrete shield to the
spectrometer. Notice that the x-rays are diffracted either to the right or to the
left to cancel out uncertainty the zero of the device. Figure 7 shows the details
of the target. The beam is brought in at about a momentum 200 meV/c,, slowed down,
the electrons are anti-coincidenced out and about 106 pPions emerge from the de-
grader per second and about 104 stop in the target. Finally there are two anti-
coincidence counters, to reject the pions which did not stop. The depth of field

of the spectrometer is larger than the target dimensions. The main reason why
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we restrict the dimension to 1/4 inch is the self-absorption of the out-going
x-rays in the target material itself. The transverse dimension contributes to
the resolution. The size of this target is matched to the crystal resolution.

In Figure 8, the efficiency of curve crystal spectrometer shows two effects.
For high energy there is a 1/EZ loss due to loss of reflectivity and it very
seriously limits what we can do with this device. In order to go up to several
hundred keV we sacrifice a factor of approximately 10 yield from our maximum. On
the other hand in the lower energy direction we are limited by the self-absorption
of the quartz crystal itself. For these reasons we limited ourselves to the
region from 30 to 100 keV in our primary work. You notice that the efficiency is
of 1070 so that the rate is 1072 counts per second. The data comes in at a
very low rate.

Figure 9 shows the measurements of the 4f-3d transition in both Ca and
Ti which are used for the mass measurements. The large background is associated
with an accidental coincidence between the real stopping pions and the singles
counting rate due to radioactivity in the Sodium Todide detector itself. 1In the
future, we plan to change detectors when we can obtain big enough semi-~conductor
detectors to put in place of present Sodium Iodide.

The positions of the peaks are converted into x-ray energy and we've
measured several sources which have been measured in other laboratories; we find
that our crystal seems to also have an overall absolute calibration which is
quite comparable again with the other instruments of this type. Therefore, we
have confidence in the accuracy of the sine screw, the quality of the crystal, the
temperature controls, etc.

Table II gives a conversion of position of the line to emergy. Table III

shows the calculations of the energies of the level for a Ca line and a Ti line
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‘or the 4f-3d transition. The second order of vacuum polarization correction is
:alculated and we estimated the fourth order of vacuum polarization correctionm.
'he estimate of the strong interaction correction is based on the data which comes
:rom the shifts which will be discussed later. The result of the two measurements
ls M, = 139.577 ¥ .014 mev.

Now the best previous value consisted taking the mass measurement of the muon,
¢hich was mentioned by Telegdi, and the difference between the pi and the mu
shich is measured by Barkas, Birnhaum and Smith in a photographic emulsion experi-
pent to obtain M, = 139.60 % .05 MeV which is in good agreenent with our value.
There is a possibility of taking the mass of the pi and the mass of the mu and
ising energy conservation in the decay to evaluate the mass of the mu neutrino,

2 _ - 2 _
M o= M Hu) ™MT

In Figure 10 the results are shown graphically for various neutrino masses. The
nass of the pi is known well enough that most of the error in the ordinate comes
from the measurement of the kinetic energy obtained in the emulsion measurement
which gives a spread as indicated. On the other hand, measurements of the mass
difference restricts us to an elliptical zome. The likelihood for surfaces 68%
confidence gives
M, = 0 % 2.1 mev

whereas the 90% confidence gives us 2.7. The error is somewhat improved over
the previous measurements and comes almost entirely from the emulsion valuerf Tu.

The strong interaction part of the energy level has been observed for the
aluminum transition of the emergy shift in the p state in another experiment. The
3d-2p transition in aluminum has an energy of 87 keV and various corrections can
be calculated accurately with the exception of the strong interactiom. Table IV

shows the results. There is a net discrepancy for the transition which amounts to

244 ¥ 80 volts.
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The major source of error in the measurement is statistical. Figure 11
shows the data. These data were taken before the mass data with two or three
times more background. The changes made between the two measurements were that
the collimator slits were opened up to factor of 3 and there was improvement in
the timing of the electronics.

The recent work with semi-conductors is going on at this time. Figure 12
is a picture of the geometry. The defector is a 6 em3 Ge Li-drifted detector
which has a resolution of about 3-5 keV at the energies that we are talking about
and these energies range from 30 or 40 keV up to 700 keV. Figure 13 shows an
example of the spectra one obtains from a Ta target.

In Figure 14 the data is shown for the difference between the calculated
energy for the 3d-2p transition and the measured energy, the lower curve represents
the correction due to the vacuum polarization and the top curve is drawn through
the points. Based on the 7 nucleon 3-3 state, an approximate formula was given

by Wolfenstein in 1956 -

o
o]

SE_ . _62% (Z+w (za )?

n
The predicted shift corresponds to attractive potential as observed. Recently
Ericson has reanalyzed in detail the shift in the p state using a multiple
scattering approach including the small phase shifts, the Lorentz Lorenz effect
and numerous other corrections. His results are in substantial agreement with
the data. In terms of a local s state potential and non-local p state potential
we can write

SE

2 2
VLSw . p(r) dv + VNL S Vwﬂ I o(r) dt

where V. = +10

L = - 80 T 20 Mev (Fermi)2 s using conventional

2 Mev and VNL
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density parameters for the nucleus. For s, p, and d states it fits the data
adequately. Further details of his calculations will appear in his paper at
this meeting.

Figure 15 shows the shift in the 4f-3d transitions and Figure 16 shows the
presence of a residual shift in the 5g-4f transitions. Here the magnitude of the
shift is larger than calculated with the potentials, although it is possible that
the nuclear parameters are not chosen to fit up to uranium.

Figure 17 shows the kind of yield data which we obtain for the 5g-4f transi-
tions. The detailed analysis and interpretation of this and similar results are
going on presently.

In summary measurements of the energy levels in II - nucleus atoms are
being remeasured with higher accuracy.Currently significant line widths are also

observed. The study of relative yields of specific transiticns is underway.
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Table I.

Crowe

Important Parameters of the Bent Crystal Spectrometer

Crystal:

Sine Screw:

Collimator:

Detector:

Type

Dimensions

Aperture

Focal Circle Diameter
Intrinsic Resolution® (fwhm)

Corresponding Energy
Resolution (fwhm)b

Projected Resolution at
Target (fwhm)

Depth of Field
Maximum Overall Efficiency
Maximum Measurable Anglea

Corresponding Minimum Energyc

Precision Presently
Obtainable?

Correspording Energy
Precision

Overall Dimensions
Plates

Gaps

Resolution (fwhm)
Type

bimensions

P.M, Tubes

quartz (%10)

20 x 20 x 0.6 cm’
160 cnf

764 cm

17 sec of arc
AR = 1.6 x 1077 E°keV

0.063 cm
8 cm
~ 2.5 % 1o’6 at 50 keV

27,000 sec each side of
center

L0 kev
+ 0.4 sec

o= ¢ 3.8 x 1077 g2 keV
18 x 18 x 94 cm

44 Pb alloy plates 1 mm
thick

3 mm (tapered)

900 sec of arc

Nal (Tg) _
17 x 17 x 0.63 cmj
9 RCA 6810's

8] sea ™ 0,011 xu

At 50 keV, the resolution
about + 1 eV,

¢ First order both sides

is 40 ev (fwhm) and the obtainable precision
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Table II. Results of Fxperiment.
Parameter Ca]'.cium 4F-3D Titanium LF-3D
Diffrecticn peak location: . .
Left (turns) -50.6829 + 0.0089 —41.7517 + 0.0057
Right (turns) +51.5585 + 6.0068 +42.662 £ 0.0042
Midpoint (turns) + 0.438 & 0,006 _ + 0.7 1 0.00k
Sepa.ration;x 0.5 {turns) 51.1207 -_r 0.0056 42,1989 + 0.00%
SERN (18°¢c) 0.0726120 + 119 ppm 0.0599388 + 84 ppm
Wavelength 171.00k xu + 126 ppm 141.155 xu + 98 ppm
Energy 72.352 keV + 127 ppm 87.651 keV + 99 ppm
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Table III. Calculation of the 4F-3D Pion%c Calcium and Titanium
Transition Energies Using M, c“ = 139.580 MeV.

Effect Calcium Titanium
Klein-Gordon Equation 72.388 + 0.001 kev 87.622 + 0.001 keV
Reduced Mass - 0.270 t 0.001 - 0.273 ¢ 0.001
Vacuum Polarization (Second-

Order) + 0,230 & 0,002 + 0.301 + 0.002
Vacuum Polarization (Fourth-

Order) + 0,002 + 0,002 + 0.002 + 0.002
Strong-Interaction Shift + 0.002 + 0.002 + 0,004 + 0,004
Orbital-Electron Screening - 0.001 £ 0.001 - 0,001 t 0,001
Electromsgnetic Form Factors negligible negligible
Lamb Shift negligible negligible
n-Atomic Recoil negligible negligible

i Calculated Transition Energy 72.351 + 0.004 kev 87.655 + 0.005 keV

Scale Factor:

M c2
7

1929.21 ¢ 55 ppm  19592.38 & 57 ppm
Trausition Energy
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Figure 5. View of tower containing mounted crystal.
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Figure 9. Measurements of the 4f-3d transition in Ca and Ti.
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Figure 12. Plan of Ge lithium drifted detector layout.
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TELEGDI: Why is it that,working in this energy range, you are not switching to
a higher Z bent crystal like Ge or something that would have better effectiveness?

Is it just a matter of size?

CROWE: The change to a different type of crystal is the next step. Getting a
good quality crystal, the size that we need, is also difficult. What it does, in
effect, is move that efficiency curve up so that the peak, instead of being about
80 kv, goes up to about 200 kv. For our measurements it's perfectly adequate;

quartz is adequate. TFor 200 kv, we should have another detector.

ERICSON: Do you see any isotopic spin shifts in the elements as a function

of Z in the 1s states.

CBOWE: We haven't looked for them specifically yet. We've measured mainly the
even—-even isotopes.

ERICSON: I see and have all others been equal to zero?

CROWE: Yes, we have not done separate isotope studies yet, and I don't have
anything to say about that.

ERICSON: These shifts are expected to be quite large.

CROWE: Yes.




POLARIZATION IN PION-PROTON SCATTERING .Aw’;>
P. D. Gramnis 3)

University of California, Berkeley -

I wish to discuss two experiments measuring the pol on parameter im
-p scattering which are currently being completed in Berkeley. The first of
these was done at the Berkeley 184 inch cyclotron with I beam momenta of 440,
460, and 515 MeV/c by Areus et. al. The second is still in progress at the Bev-
atron and will result polarization measurements in both I"p and H+p elastic scat-
tering from 600 MeV/c to about 4000 MeV/c. Today I shall present some prelimin-
ary results for the energy region of 1 BeV and lower.

The primary objective of the lower energy measurement is, of course, to aid
in the experimental reconstruction of pion-nucleon scattering amplitudes, Much
progress has been made recently in the program of reducing the data to a set of
phase shifts by Roper et. al. at Livermore, Awvil et, al, at London, Bransden
et. al. at Rugherford, and Bareyre et. al. at Saclay; these solutions suggest
some very interesting properties of the II-N interaction though there are several
areas of disagreement. It is our hope that the present data will help resolve
these differences and that we can begin on a similar analysis upward to 1.5 BeV.
0f secondary interest to this conference is the objective of determining the spins
and parities of some of the higher II-N resonant states.

The polarization parameter in I-p scattering is usually defined operationally
as follows: let a pion beam be incident on an unpolarized proton target; the re-
coil proton is then analyzed for its compoment fo polarization along the scatter-

ing normal - usually by a second scattering from carbon. This component of re-

coil proton polarization is defined as the polarization parameter P. An alterna-

PRECEDING PAGE BLANK NOT FILMED.
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tive experiment can be performed in which the left-right asymmetry in scattering
from a 100% polarized proton target is measured. This asymmetry, ¢ - or, in the
case of a target polarized to extent Pg, (s/PT) - defines another parameter P',
The most general form of the Nl-p interaction can be written

M=g+ ; . g
In the case of a parity invariant interaction, this reduces to

M=g+hf-0
where n = (Ki X ﬁf)/lﬁi X ﬁf! , the normal to the scattering plane. In this case
the two parameters P and P' are the same and become

P = 2Re g*h

lg]? + 2

It is clear at this point that there are distinct advantages in the use of a
polarized target., Chief among these is that no second scattering is necessary so
that the data can be collected more rapidly. Secondarily, many of the sources
for systematic error arising from alignment problems or poorly known analyzing
power are removed and also, data may be collected at a wide range of angles at
once. 1In II-p scattering there are further advantages in that the so-called
"triple scattering experiments" now become possible - though not with the first
generation of polarized targets,

The first figure[Figure | - "Experimental Arrangement'] shows the experimental
arrangement in the current experiment. The pion beam is incident on the polarized
target which is inside the tilted magnet. The target is stack of crystals (Laz
Mg3 (N03)12 - 24 Wy0) in which only the free protons in the waters of hydration
are polarized. The magnitude of the target polarization is typically 50% and the

direction is either in or out of the paper and can be reversed in 10 minutes.
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Both final state particles are detected in counter hodoscopes above and below the
beam. There are two arrays in each hodoscope corresponding to the 6 and ¢ degrees
of freedom; 1in each array the counters are overlapped to achieve a doubling in
the number of bius. A hodoscope at the left measures the convergence angle in

both pianes of the incoming beam particie. The Ceremkov counter beneath the low-
er hodoscope distinguishes ™ from protons in the case that the kinematics are
ambiguous between proton up or down.

The beam flux is typically 106 T/pulse; im the case of the el beam, protons
are eliminated by requiring a signal from a gas Cerenkov counter, Events satis-
fying rough constraints are coded in fast logic electronics and processed on line
in a PDP-5 computer. Subsequent analysis proceeds first by requiring that the
beam particle and the two final state particles define a plane to within rather
close tolerances. This eliminates large fraction of the scattering from nucleons
in the heavy target nuclei (which comprise 97% of the target crystals, by weight)
since if the transverse component of the Fermi Momentum of the struck nucleon ex-
ceeds approximately 10 MeV/c, the coplanarity requirement is destroyed. For the
remaining events, the elastic scattering peak stands out over the broad back-
ground of quasi-elastics by a factor varying from 5/1 to zero, dependent on the
elastic differential cross section. At present we are capable of measuring the
polarization if the cross section exceeds 30 ub/ster. Au accurate measure of
the background is obtained by substituting a dummy target for the crystals, in
which there are no free protons.

Before discussing the results of these experiments, I would like to summar-
ize briefly some aspects of present knowledge of the II-N amplitudes. 1Im particu-
lar I will refer to the work of Bareyre and c-workers in Saclay - not from any

presumption that their solution is necessarily correct in all respects, but it is
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representative and extends up to 1 BeV. The method they employ makes no assump-
tion about the energy dependence of the amplitudes; rather they seek solutions
at energies spaced at intervals of about 50 MeV. At some energies they achieve
only one fit though more typically they do not; however by requiring that the
various phase shifts and absorption parameters join smoothly at successive ener-
gies they have succeeded in identifying a unique solution. In their anmalysis
they have used all available cross section data from I7p, l*+p and charge exchange,
polarizations where they were available and dispersion relations for the forward
amplitudes. I should point out that the polarizations are essential to the ana-
lysis due to the well known Minami ambiguity which states that the differential
cross sections are invariant if all amplitudes are made to change their parities,
while the polarizations change sign. In fact, it is one of the pleasant surprises
of the analysis that one can get by without requiring the more difficult triple-
scattering experiments.

Figure 2 shows a summary of the total cross sections in the 2 isotopic
spin channels. 1In the I = 3/2 channel the cross section shows the P33 resonance
plus a shoulder at approximately 900 MeV. In I = % channel there are bumps at

and F

about 600 and 900 MeV, normally attributed to resonant amplitudes D13 15

respectively (the notation is LZI,ZJ)'

Turning now to the results of Bareyre, we see the F5 and D15 amplitudes in
the complex plane, Fig. 3. The numbers parametrizing the locus of the amplitude is
the invariant mass of the system and the circular boundary is the unitarity limit.
The F15 shows the expected resonant behavior at 900 MeV; note, however, that the
D15 amplitude is apparently resonating along with the FlS' Presumably the D15

resonance is masked in elastic channels by its high absortion. wiguyre 4

shows the Sq; amplitude; here the amplitude is repulsive up to about 550 MeV at
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which point it circles about in a clockwise direction. The imterpretation is
that there is a hig‘hly inelastic resonance in this channel superimposed on a re-
pulsive non-resonant amplitude; this resonance at about 900 MeV could then ex-
plain the shoulder in the I = 3/2 total cross section. Thus the indication is
that $00 MeV the situation is somewhat more complex than expected with the pre-
sence of two overlapping resonances in the I = % state and a third in the I = 3/2.

Figure 5 shows the D13 and Pll amplitudes. The D13 shows the usual
resonant behavior at 630 MeV with 2 width of 90 MeV. The Py, amplitude also
shows evidence of resonating in this vicinity, but its large width (about 350
MeV) apparently precludes it from being observed in cross section measurements.
This Pjj resonance was first found by Roper in his analysis and has been the sub-
ject of some of the major disagreements among current phase shift solutions. There
exists an alternative in which the P;; does not resonate but for which the phase
shift merely becomes large in the vicinity of 600 MeV. It should be pointed out
that the Py, is of special interest since its quantum numbers are identical to
the nucleon. The final figure of this sequence (Fig. 6) shows the Sll amplitude which
shows a relatively broad, elastic resonant behavior at about 950 MeV with super-
position of a highly inelastic resonance at 650 MeV. Again at 600 MeV, the ana-~
lysis discloses more structure than imagined previously - in this case there are
perhaps three states resonating rather than one in the I = % state.

The data from the present experiment seeks to clarify the situation at both

600 and 900 MeV. The analysis is only preliminary at this time; we present
the asymmetry rather than the polarization. The asymmetry should be multiplied
by approximately 2 to get the polarization.

Figure 7 shows the results at 323 MeV from the cyclotron measurement

of che I p polarization, plotted with cos 8% as the abcissa, 8% being the center
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of mass pion scattering angle. When the target polarization is taken into ac-
count, the maximum in the polarization near cos 6% = -.5 is .58, in agreement
with the phase shift solutions, and in disagreement with the value of about .8
of Vik and Rugge at 310 MeV. Figure 8 shows the results at 342 and 394 MeV
which are similar to those at 323.

The next series(Fig.9 & 10) give preliminary results for the NI”'p backward
angle polarizations in the vicinity of the 600 MeV resonances, First, at 675
MeV/c we see that there is a pronounced peak for angles near 180%; at 750 and
825 MeV/c this peak has broadened and shifted toward smaller angles, and at 900
MeV/c there is again sharp peaking in the backward direction. The data for for-
ward angles at these momenta have not yet been taken. Between 900 MeV/c and
2000 MeV/c we have no data for lI"p, this region having been studies by Duke et.
al. at Rugherford Lab. and Suma et. al. at Argonne.

The final series (Fig. 11,12,13,14,15,& 16) show the asymmetry for w+p scatter-
ing in the forward directions; in the sequence from 900 MeV/c to 1150 MeV/c the peak
in the backward hemisphere is replaced with a peak near the forward direction. At
1280 and 1450 MeV/c, the polarization appears to go from its upper limit to lower
limit as cos 6* varies from 0.8 to 0.5. Finally at 1580 MeV/c, the minimum has
washed out - a behavior which seems to extend to somewhat higher momenta.

In conclusion, we have observed rapid changes in the polarization in the
region of the resonances in the II-N nucleon. It is to be hoped that with the
aid of these measurements we might settle some of the differences in the analysis

below 1 BeV and extend it to higher energy.
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Figure 1

Figure 2 - Total T7p
cross sections for
1=3/2, 1/2

Figure 3 - F;5, Dij5

complex amplitudes.
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Figure 4 - Complex S, amplitudes.

31

Figure 5 - D13 and P11 complex amplitudes.
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Figure 6 - S complex amplitude.

11

Figure 7 - Results at 323 Mev from the
cyclotron measurement of 77p polarization.
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Figure 8. Results
at 342 and 394 Mev
from the cyclotron
measurement of T p
polarization.

Figure 9. Preliminary
results for the 77p
backward angle polar-
ization in the vicinity
of the 600 Mev reso-
nances, and at 750 Mev
resonances.

Figure 10. Preliminary
results from the 77 p
backward angle polar-
ization in the vicinity
of the 825 Mev reso-
nances and the 900 Mev
resonances.
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Figure 11 - at 900 Mev/c.

Figure 12 - at 1030 Mev/c

Figure 13 - 1150 Mev/c
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Figure 14 - at 1280 Mev/c/

Figure 15 - at 1450 Mev/c.

Figure 16 - at 1580 Mev/c.




. %6 -
<S. 187
PION INTERACTIONS WITH NUCLEI ( ’;>
T. E. 0. Ericson .

&

CERN . »

This report will mainly concern a study of the low energy elastic pion
interactions with nuclei donme in coliaboration with my wife, Magda Ericson from

1

the University of Lyon. We have become interested in this problem for two
very different reasons. First, the field of pion interactions with complex nuclei
begins now to emerge with pioneering experiments on n-mesic atoms, T-scattering
and m-absorption. A proper understanding of the elastic interaction is then
nearly a necessity for a description also of most inelastic processes, as we
well know from the distorted wave approach in low emergy nuclear physics. The
understanding required for this is, however, mainly of a phenomenological nature.
Our second and principal motivation is that low emergy elastic 7 nuclear inter-
actions are intimately and transparently related to (wN) interactions and to w
production in (NN) collisions. Hence it becomes possible to obtain an optical
model potential for a pion in a finite nucleus directly from elementary inter-
actions and without free parameters. This one has wanted to do for a long time
for nucleons without much success in the low emergy region and moderate success
only in the few hundred Mev region. Why should one expect this problem to work
out more easily for pioms? This is an interesting point which illustrates the
great usefulness not to be confined to nucleons only in studying nuclei with
elementary strongly interacting particles.

The mass of the nucleon is 7 times the mass of the pion. Hence, recoil
corrections for pions become small; further the pion is even at low emergies a

light, fast particle interacting with heavy, nearly massive scatterers. This
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transforms the whole problem into a nearly classical problem, which is an
enormous simplification from all points of view. The difference in mass scale
also implies that the range of the (wN) interaction is shorter than the pion
wave length at low energies, while the corresponding statement for nucleons
rapidly is invalid. This permits us to make zero range approximations for the
(7N) interaction in the nucleus. Even at low energy the corresponding approxi-
mation cannot be made for nucleons due to the deuteron bound state and the
singlet resonance; in contrast, the first (mN) resonance is at 180 Mev.
Finally, it should be mentioned that the pion does not pose any problems of
identity between scatterer and projectile, as does the nucleon.

These are the principal points on which plons become easior to handle.
Minor points could be added like the absence of a pion spin, but this is of much
less importance.

The way in which we have tackled the multiple scattering problem is basically
extremely simple, though we have made it look a bit complicated in the actual
articles, so as to be able to make proper bookkeeping of all kinds of small
corrections. The idea is this:

We first assume that the bound nucleons scatter pions in the same way as
free nucleons. We take the interaction to be short ranged though we permit both
s and p wave (nN) interactions. This is thus an impulse approximation; it is
not a high energy approximation, as we see easily from the well-known application
of this approximation to coherent slow neutron diffraction in matter by Fermi's
method.

Secondly, we have to put in the correct effective field for exciting a
scatterer. Here people often say: OK, this will be fine if we just put in the

typical average wave function locally. As we will discuss more in detail, we will
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have to worry at this point: pion scattering is largely dipole scattering. 1In
the classical dipole scattering of an electromagnetic wave in a dense medium,one
has to make an important and clear-cut distinction between the effective field
exciting a scatterer and the average field in the medium as is well known from
elementary physics. We will have to make the corresponding distinction in nuclei
and the effect is sizable.

Let us briefly review the experimental background, but in a qualitative way
only, since the present information is quite old (10 years or so) and will
shortly be replaced by more detailed and extensive measurements. The information
on the equivalent interaction in nucleon-nuclear scattering comes from elastic
scattering experiments. In 7 nuclear interactions, suitable scattering experi-
ments exist only at 70 - 90 Mev, which is a region that begins to be influenced
by the (3/2, 3/2) (nN) resonance and which we thus want to avoid at present.
Therefore we turn to the lowest energy scattering experiments of nuclear physics,
mesic atoms. Just as the muon samples the nuclear charge distribution, reflect-
ing it in the energy shifts of u mesic atoms, the pion samples the strong inter-
action mass distribution in an equivalent fashion. The pion can also make
inelastic reactions by absorption on nucleons or by radiative capture: this
reflects itself in absorption widths of levels as well as in level shifts. The
mesic atoms give a very pedagogical demonstration of the main properties of 7
nuclear interaction in the following way:

in the 1s orbits of T = 0 nuclei the x-ray transition energies are decreased,

i.e., the interaction is opposite in sign to ordinary Coulomb interaction,

so it is regulsivez)

in the 1s orbits of T = 1/2, Tz = 1/2 nuclei (adding a neutron) the energy
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shifts become sizably more repulsive, indicating a very strong isospin
2)

dependence of the interaction.

In the 2p orbit of 2751 the energy shift (measured in a beautiful and

difficult crystal spectrometer experiment at Berkeley) has become

attractive?) This is further confirmed by the Berkeley measurements on 2p,

3d and 4f energy shifts that Professor Crowe just showed us.

The conclusion out of the comparison of the 1ls and the 2p energy shifts
with different signs is that we will have to use a very strong ordinary local
potential if we are to get this feature.

)

An absorption width has been directly measured in the 9Be 1s 1eve12 and it
is of the order of the ls level shift; indirect determinations of widths in 2p
and 3d levels are obtained from intensity attenuation and known electromagnetic
transition rates.A) These also indicate difficulties in using a local potential
description, but less vividly so than energy shifts.

How can these properties be quantitatively obtained? Let us sketch the
multiple scattering description in an oversimplified way. The (7N) scattering

operator is given roughly by

£.(r) = b, +c, (k-k')]o(r—ri) m

in the short range approximation we will use. Here b0 and ¢, are constants
describing the intensity of s and p wave scattering: bo is a linear combination
of the s wave scattering lengths and c, one of the p wave scattering volumes
(also called scattering lengths by some people). Further, k, k' refer to ingoing
and outgoing pion momenta, r and r, are the spatial co-ordinates of pion and its
scatterer. The amplitude above depends both on isospin and spin in a way which

gives rise to amusing final effects, but let us forget it. In much of the
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detailed further discussion, we will put c, = 0 for simplicity, just to get
simpler expressions.

To discuss the multiple scattering, it is simpler to take a classical
picture of static scatterers which is not so bad since nucleons are massive. We
must remember that demsities always mean expectation values, etc. All that part
can be handled correctly and it is no more than a technical detail. Then the
pion wave function at a given point ¢(r) can be written (for s wave scattering
only, i.e., e, = 0)

$(r) = x () + I, b g(r,ri)c»ri(ri) @

with xo(r) = incident wave

¢r (ri) = tickling wave incident at a scatterer ri

gr,r;) = exp ik|r~ri|/|r—ri] = outgoing scattered wave

(Green function).

This equation can be read as follows: an incident pion comes in and gets re-
scattered in an extremely complicated fashion on all the various scatterers i.
This modifies the incident wave completely. We can, of course, ask for the
average wave ¢(r) at some position (now we used an expectation value!). However
this wave is the result of contributions of many small trickles of scattered
waves from all the scatterers in the medium + the incident wave; that is the right-
hand side of the equation. The only trouble is: what is the scattered wave
from a scatterer? That is obviously proportional to the strength of the tickl-
ing field which is not equal to the average field; the reason is the average
field contains also the scattered wave produced by the tickling field itself.
Hence, if one wants to be consistent, one should make a clear distinction between
these two concepts, which is indicated by the extra label on Qr (ri) at the

i
extreme left in Eq. (2).
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We can write out the integral equation in differential form quite easily

for % W i L =4mp (1))

r, 3)

Hence, applying this to Eq. (2) and observing that (V2+k?) X (r) = 0 we have
(V) §(r) = ~4mb o ()¢, (r)

where p(r) is the density of scatterers at r (expectation value!)

There are now several easy approximations to the equation:

1. Let us say that the incident wave does hardly get modified by multiple
scattering. Then ¢r(r) = xo(r). This is just the single scattering perturbation
approximation and it is usually not terribly good except at high energies.

2. A more sophisticated "bona fide" multiple scattering approximation which
is very non-perturbative is to say: 'OK, after all the medium is not terribly
dense, or, OK, the scattering strength is not very great, so it will be fine to
neglect the difference between the average wave ¢(r) and the effective exciting
wave ¢r(r). Then the equation above depends only on ¢(r) and can be solved in
terms of a potential V(r); it is just an ordinary wave equation.

V(r) = -h2/2m + 4mb p(r) )

(We neglect effects of trivial kinematical factors, so as not to mess up
things.)

This is often called the high energy approximation, but we all know it
quite well from thermal neutron scattering in media, so it is not a high energy
approximation. Let us apply it to pions. Then we have also p wave 7N scattering,
but that means in this spirit that we just replace momenta k by -ivV.

Thus YW = 4h2/2m[4ﬂbop(r) -V . 4nc°p(r)V] (5)

We thus see that we have got an effective mass term in the potential which now is
non-local, or if you so want, velocity dependent. This is the so-called

Kisslinger potential.s)
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The question is now: how good is this approximation? For our purposes,
a good first orientation on this 1s given by the effective field description in
a classical dielelectric as given by Lorenz and Lorentz already about a 100 years
ago. Just as dipole scattering is quite important in #N interactions, it is
also dominant for electromagnetic scattering on atoms. If we look for the excit-
ing field at a scatterer, the standard procedure is to cut out a little hole in
the medium and put a test body in the middle. There will be induced dipole
layers on the surface of the hole and the effectively measured field Eeff is
related to the average electric field E by

Bogg = (1 # el (6)

in our notation. The constant <, is called the electric polarizability of the
atoms. For exactly the same reason, we may expect a similar effect in nuclei,

which means the replacement of chop(r) in Eq. (5) by

(1 + 4n/3 cop(r))_lbncop(r)

Numerically for pions this is a 30% correction, so we have good reasons to believe
we have to go beyond the "high energy approximation". Neglecting terms of order
A"l this can be done as follows: look for the equation of ¢r (ri), solve it and
put it back in the original equation. Now we are lucky, for ir (ri) is the field
measured at a scatterer (or at a test body if you so 1like). Ifive let ¢r (ri)
have r,r > we simply measure the wave function at infinity which to ordei Al
is exactly the original wave function ¢(r) and which determines the scattering
amplitude. Hence we will not have to solve two, but one equation.

The way of handling this problem is now to make an expansion into nucleon
correlation functions, which we will break off at the level of two-nucleon

correlations, i.e., one step beyond the ordinary density approximation. Just
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as before
¢, (r) =x (r)) + L b glr ,r.)é (r.) @)
rod oV i 1#4 0 i’ ] rj;Pi
The only difference between this and Eq. (2) is that the sum has i # j and that
¢r - (rj) is the field incident at rj with the additional knowledge of a secat-
ANk

terer at ri. We now neglect the difference in this last index, saying that the
effective field is the same as before, an approximation that should be a vast
improvement, since the auto-excitation of a scatterer by its own outgoing wave
has been thrown out. Then we have an equation in %;r) which can be solved. 1In
expectation values, the equation depends on the pair correlation function G(r,r')
between two scatterers, one at r and one at r':

4,00 = X, @) + o g2 e ) (1 + G, ))g,, (' )dr! ®
The thing that matters about the nucleon pair correlation function (which has
turned out to be very hard to get information on in its short range part) is that
it is expected to go from -1 to O in about =1F (Fig. 2). This fact simply reflects
that two scatterers cannot be in the same spot, and that they get uncorrelated
when they are large distances apart. Since the pion wave length is long compared
to this distance of 1F we can hope to be reasonably sensitive to this difference
but not to the shape of the correlation function. This turns out to be exactly
the case: the p wave nN scattering introduces a Lorenz-Lorentz effect just as
in an ordinary dielectric and this effect is due to short range anticorrelations
between scatterers. The occurrence of this effect is a detailed question of
wave lengths in the medium, but when you go through it all you find it ought to
be there. Hence the potential will become

V() = -n2/2mf4nb p(r) - ¥V - A“COD(P) 7]
° Lthne o(r)
3

There will be minor corrections in local term bo from a) Fermi motion and
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b) a Lorenz-Lorentz s wave effect depending on the correlation length, but these
are not so essential corrections.

Further, correlations in a medium depend on virtual excitations. The
propagation of a scatterer is modified by this, but an investigation in detail
shows that virtual excitation energies of the nucleus up to 300 Mev will give
essentially identical results; this is so high that pair correlations can be
correctly handled. Hence we have no restrictions imposed by this condition.

The main remaining point is nuclear absorption of pions. Here we do some-
thing that is slightly inconsistent, and which - though simple - will have to
be improved on later on. Pions can of course get absorbed on nucleons by the
process ™ + N N provided the necessary energy-momentum balance is furnished.
The nucleus is a momentum source in principle, but the Fermi momentum of v~ 250
Mev/c turns out to be quite insufficient. To make the process go we need in
practice the presence of at least one other nucleon, so we deal rather with an
effective process 1 + (2X) b (2N). The importance of this two-nucleon
absorption process has been experimentally demonstrated by a number of experi-
ments from various laboratories. We now do the following: we describe the
two-nucleon absorption as a short-range process phenomenologically, without
enquiring into its detailed structure.

This absorptive process induces a "scattering" process m + (2N) o+ (@N)
due to very short range interactions involving the two nucleons. We write down
the most general amplitude for this, assuming: a) only s and p wave pioms with
respect to the two nucleons and b) that the two nucleons are in a relative s
state. (This is a generalization of Wolfenstein's description of n production
in NN collisions.) The amplitude depends on various spin, isospin and momenta,

of course. It contains 10 complex constants to be determined experimentally.
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We get the 10 imaginary parts by the optical theorem using 7 production data

(5 of these are zero corresponding to closed channels). The remaining 10 real
parts are not known, but we only need them roughly, so that we can control

their magnitude. This we get: a) by observing that dispersion arguments tell

us they will be repulsive and b) by taking them to be roughly equal to the
imaginary part in magnitude(as is also indicated by dispersion arguments).

From this point on, we simply say that two nucleons at short range behave as an
additional type of scatterer and we put this straight into our previous treatment.
Of course, we count some TN scatterings twice but, since the contribution of the
real part of the two-nucleon scatterers is small, the total error due to this
should not be very important. The quantities describing the s and p wave average
scattering on nucleon pairs are denoted by B0 and C0 in analogy with bo and s
for wN scattering.

What do experiments tell us about these quantities, and what do wN
scattering and 7 production predict? We start with the real part of the non-
velocity dependent part of the potential. But for correction terms this is
determined by bo = (a;+203)/3 in terms of the singlet and triplet wN scattering
lengths. Now a fluke happens: by accident these cancel heavily, so that all
kinds of small perturbations matter. In addition, the scattering lengths,
though very well determined, are no longer known well enough for our purpose.

We get contributions also from Fermi motion, an s wave correlation effect
between nucleons and from the normally quite small absorption terms. The pre-
dictions of Hamilton and Woolcock's scattering lengthsG) - as compared to the

recently proposed Samaranyake and Woolcock's ones D are as follows (units
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ay+2e3 Fermi
3 Motion Correlations Absorption Total
Hamilton—
(bo)th Woolcock -0.002 + 0.004 - 0.010 - n 0.006 = -0.014 * 0.005
Samaranyake-
Woolcock -0.012 + 0.004 - 0.014 - a 0.006 =-0.028 * 0.005
(bo)exp - 0.029 * 0.006

It is clear from this that we like the recent scattering lengths better, and in
fact they came after we had finished our work. Still the question of scattering
lengths should be cleared up by the elementary particle people. Anyway, we are
not really unhappy even with the first version, since no cancellations would
produce a bo ~ 0.1: hence also the first case from a multiple scattering point
agrees to V13%Z which is excellent (This is just a statement that fractional errors
become infinite if the prediction is zero, so that you have to.use a proper scale
to measure accuracy.)

Cne can similarly determine a coefficient b; = "(aj-a3)/3" for the isospin
dependence of the local interaction, a term proportional to (£+T)/A where t and T
are the pion and nuclear isospin. The predictions are:

H.W. : b; = -0.086

S.W. : b -0.097 * 0.007

while the experiments, which have large uncertainties give
(b1)exp = -0.10 * 0.04
in good agreement, though this does not really constitute any test of the theory
yet. There are no cancellations here, so there is no excuse for not making a
good job.
The imaginary local potential is described by ImBo which is predicted to
be 0.0055 *+ 0.0007 using 7 production only: it should be slightly increased for

radiative 7 capture. The only experimental information is an old measurement of
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a level width in 9Be which yields 0.0140 * 0.0030. There may be a discrepancy
at this point. 1T insist, however, that there are big A"l corrections in %Be
and further Professor Crowe informs me that at Berkeley they think the width of
this time is at least 30% smaller from their own preliminary measurements.
Obviously this point has to be settled.

For the non-local interactions the relevant parameters for the real and
imaginary parts are co and Im Co' They are in agreement with the present experi-
ments assuming short range anticorrelations between nucleons. In Figure 1 the
area A is the experimental 50% probability area using a Lorenz-Lorentz effect
and B is the same without such an effect. The hatched square is the theoretical
prediction including uncertainties in basic parameters. The present experiments
do not yet give any clear preference for the one or the other case, but it would
be exceedingly interesting to see a direct effect of nucleon pair correlations.

While I have not discussed this, the optical potential derived contains
other terms induced by the spin and isospin dependence of the basic scattering
amplitudes. For example, there is an isospin tensor interaction (£-T)2/A2 which
can give rise to direct double pion charge exchange reactions between isobaric
spin multiplets. Further there is an induced strong interaction hyperfine
coupling between the nucleus spin I and the pion orbital angular momentum 2
by a term (I*%)/A which gives rise to level splittings in mesic atoms.

At the present moment we can say that low energy pions qualitatively
see the nucleus as a dielectric medium with parameters describing the wave motion
in qualitatively good agreement with predictions. Further work will be required
to show if the understanding is or can be made quantitative.

Finally I would like to end by briefly describing some work done by

J. Delorme from Lyon and myself on radiative 7 capture in nuclei. Abour half a
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year ago we were deeply impressed by some measurements of yields and spectra on
the reaction 7 + (A,Z) + v + (A,Z-1) done at Liverpool.s) It was observed that
typical branching ratios were of the order of several % with typical y energies
of about 110-120 Mev. This suggested to us that this might be a quasi-free

7 +p * 7y +n reaction. If we now take a look at the amplitude for photo-
production of pions at threshold this is dominated by an El transition + higher
order terms in the pion momentum. It is therefore straightforward to use the non-
relativistic photoproduction amplitude to write an effective Hamiltonian for

radiative capture:

A
Heff = 471 T
j=1

where A, B, C and D are constants simply related to the threshold limits of the

tJT {A(o3e)+B(cje) (g-k) + C(oik)(g-8) + Dq-(kxé)}p(r—rj)

photoproduction amplitudes. The quantities &, k and ¢ refer to the photon
polarization vector and momentum and to the pion momentum. Delorme has calculated
how much the higher order terms in the pion momentum contribute to radiative
capture. These terms give rise to mon-local interactions as in the optical
potential. He finds for the ratio of non-local to local interactions in the

1s, 2p and 3d Bohr orbits:

TABLE 1

Orbit Ratio non-local/local
1s ¥ o0z
2p ~ 5%

3d ~o12 7
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Hence the radiative capture rates are quite dominated by the axial vector type
interaction (0i . e)t;. This is exceedingly interesting because exactly the same
matrix element occurs in the u capture process u o+ p * n + v; hence we can crib
the entire p capture theory word for word, statement by statement and apply it
to radiative w capture with trivial kinematical changes.*) The enormous
difference is that a y is easily measured while a neutrino is not. Therefore
all the sad sighs that u capture neutrinos would be so interesting to see

should now stop and one should look to the y's in 7 capture. I will not enter
into any further details about the problems that can be studied in this way,
since there is a full session on u capture. I only want to emphasize the
importance of now being able to study, say those collective T = 1 giant dipole
supermultiplet states, which correspond to oscillations of neutrons versus
profons with spin waves.g) It is also possiﬁle to study, say, the negative
parity states in “H with precision.lo)

We have calculated the total radiative absorption rate in the closure
approximation, i.e., summing over all final states. Since we know the spectrum
of final states, we can easily correct the phase space factors (which is hard
in p capture). We apply this to a Fermi gas (Primakoff Theory) which works
extremely well for total u capture rates, after suitable modification to handle
absorption also in 2p and 3d orbits. Then we find the following predicted

radiative yields compared to the experimental ones:

*) Several People have used the similarity of radiative m capture and p capture

in 3He to deduce the nuclear transition matrix elements needed for a proper

determination of weak interaction coupling constants.ll)
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TABLE 2
Branching ratios of radiative capture

(no A} corrections)

Element Orbit Theory % Experiment X
bLi 1s 5.0 3.3+ 0.2
7Li 1s 2.5 1.9 + 0.2
¢ ;; ‘1'; R Le o
s ig ;I ‘;‘e;‘“ 1.8 ¢ 0.1
Cu §‘; ;; ';"fzn 1.5 + 0.1

The table is mainly self-explanatory. The following comments should be made:
the mean value for capture out of two orbits simultaneously has been obtained
from the observed relative absorption in the orbits. The theoretical yields

for C, S and Cu are obtained using normalization to known electromagnetic
transition rates and are thus rather trustworthy. For SLi and 7Li the rate

of absorption of pions into all nonradiative processes is not very well-known:
we have estimated it from the optical model, but the A ! corrections can be
quite large for low A and they would decrease the radiative yield. The agreement
between this first rough attempt of a theoretical description and the experi-
ments is quite striking. It gives us a very strong impression that we under-
stand the main features of the process and that we are on the right way for a
more detailed'exploitation of this process both for the understanding of nuclear

structure and for a better understanding of u capture in nuclei.
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Figure 1 - Plot of ¢ vs Im C_ . Hatched
square is theoretical prediction.

G(r)
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Figure 2 - Nucleon pair correlation function
in a nucleus.
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TELEGDI: I would like to make a point which Dr. Ericson referred to very briefly,
and I'm sure only for the sake of brevity didn't discuss, but which I found in
reading his papers very interesting and to which I would like to diréct your
attention. Namely, that if you have a pl mesic atom, of course having a scalar
particle, you don't have such a thing as hyperfine structure except to the extent
of the orbit of the meson interacts with the nuclear spin, which is a small
electromagnetic effect. But, you can then sort of wonder is there a strong analog
of the electromagnetic hyperfine structure?

Now you can draw this diagram twice ~ once you put in the photon and the

other time you put in a rho meson.

photon or p-meson

m
nucleus
The coupling constants here are known and then by a simple tautology you get
immediately a sort of strong hyperfine effect; of course, which is al/A. Now
in order to get the correct answer to this you've got to be very fancy and work
out the wave functions at the nucleus, which I haven't been able to do and
maybe you have numbers. But from the experimental point of view, it's just the
restatement of the fact that there is a very strong spin dependence between the

pilon and the nucleon. It would be amusing to see if the strong hyperfine

effect exists.

ERICSON: Thank you. This is a very interesting point and this way that you are
doing it is a very pretty ome seeing qualitatively that you must have necessarily

a hyperfine effect of this kind. We did it the sordid way; we just got hold of
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the p-wave scattering lengths and plugged them in and went through, and we came
out indeed with an interaction of the type ji£ '% g% . So that you get an effect
of this kind with a certain coefficient to it. Now it is of course possible in
principle to measure the hyperfine effect in pi-mesic atoms. This is a rather
amusing thing if cne could see this strong hyperfine interaction effect. But

I don't know how feasible it is to see it. It should be of the order of at

lease say 5% of the level shift or something of this kind, and is thus not so

terribly small.
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Two - Mucleon Emission Following Absorption of Stopped Negative Pions*
M.E. Nordberg, Jr., K.F. Kinsey and R.L. Burman
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ABSTRACT

A beam of negative pions was brought to rest in & variety of light element
targets ranging from L16 to A127. The angular distributions of neutron-proton
and neutron-neutron pairs emitted in the subsequent pion capture process were
measured. The protons were detected in a scintillation counter telescope and the
neutrons were detected in a plastic scintillation counter with an anti-coincidence
guard counter. The threshold requirements discriminated against low-energy
evaporation nucleons. The angular distributions peak strongly at 180°.  These

distributions and the comparison of n-n to p-n rates are discussed and com-

pared with other similar measurements and theoretical analysis.
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Introduction

At the University of Rochester we have what is nearly the lowest
energy pion producing facility in the world. We have been doing &n
experiment which comes naturally to low energy pions, namely, stopping
negative pions in various materiasls and measuring the angular distri-
butions of two emitted nucleons. A stopped pion has zero momentum
but Ean introduce its 140 MeV rest mass energy upon capture by a nucleus.
Therefore in order to conserve both energy and momentum the capture
process is likely to occur on & pair of nucleons in the nucleus with thelr
subsequent emission each carrying about half the energy in opposite direc-
tions. In principle the study of the n-n and p-n pairs emitted gives
information on p-n and p-p ‘correlations within the nucleus. Of course
final stete interactions with the residual nucleus and the momentum of the

correlated pairs within the nucleus tend to smear out the simple 180°

angular correlation.

Apparstus

We have used several scintillation detector systems of coarse and fine
angular resolution which measure the angular distribution of the coincident
emission of p-n or n-n pairs following % - capture. The coarse
resolution apparatus was used to survey the angular distributions from
several light elements. Then Li6 and 016 wvere studied in more detail

with a finer resolution apparatus.

The p-n apparatus of fine resolution is shown in Fig. 1. The
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incident beam of 32 MeV negative pions is defined by two scintillation
detectors labeled L and LY with a third detector in anti coincidence
after the target. The energy of the bean is degraded so that a maximum
mumber of pions stop in the target (about half the incident beam). The
target is typically 1/2 gnfen’ and is placed at h5° with respect to the
beam. The proton detectors are located approximately perpendicular to
the target to minimize the energy ioss of ithe protons in the target.

This loss is about 10 MeV for a 50 MeV proton. The three proton tele-
scopes have a common front element in coincidence. A sharp 20 MeV proton
threshold was considered in the calculations corresponding to half target
thickness plus the fromt proton detector. Using the phase space energy
distribution, 90% * 5% of the proton in p-n emission are over 20 MeV.
In actuality the threshold is smeared out. The three neutron detectors
are made up of 4" long by 2" diameter scintillation detectors and front
guard detectors in anti coincidence. They can be moved to any angle but
they were not placed in the direct beam.

For the case of Fig. l,electronic logic circuits {Chronetics, Ince)
formed 10 nsec coincidences of all 9 possible p-n pairs of detectors
vhich are also in coincidence with a pion. Background was measured by
removing the target but it is very small. The fine resolution n-n
apparatus had a fourth neutron detector in place of the proton detectors.
All six pairs of the four detectors were recorded. The coarse resolution
apparatus used 6" long by 3" dlameter neutron detectors closer to the

target and only one proton detector. The three p-n and three n-n
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pairs were recorded simultaneously as also were the randoms. The same
relative p-n or n-n angle could be obtained with several combinations
of detector positions. However, the tendency with four detectors is to
have all the relative angles at about 900. It proved awkward to evenly
space the data points. Calibration of the pulse height of the thin de-
tectors was done either by moving them into the beam or more conveniently

207

was done in place with a Bi conversion electron source. Calibration
of the neutron detectors was done with the Clz(n,r) reaction from

thermal neutrons of the machine background.

Data

For every pair of detectors an acceptance function of angle was
obtained by integrating over thé beam intensity distribution, target
position, and detector areas. The coarse resolution was about 25° full
width at half maximum and the fine resolution was about 150. The
centroid of these distributions defines an average angle at which the
data is plotted in the following figures and listed in Tables I, II, and
III.

The n-n data shown in Fig. 2 for Li6 and O16 were obtained
with the apparatus with finer angular resolution. This resolution is
shown for one point. The Li6 curve is sharply peaked at 180° whereas
even for a nucleus as light as 016 the distribution is smeared out.
There may be a slight increase at small angles but this is not definite

from this data and would be surprising from a theoretical viewpoint.

The data from the larger counters for many elements would fill in between




Two-Nucleon Emission 211

these curves vith more or less a monotonic decrease in the 180" peaking
as Z or A increases.

The p-n curves shown in Fig. 3 are similar but slightly less
peaked.,

A theoretical shell-model calculation by Kopaleishvili and )ﬁschabelil
for n-n emission from pion capture on L16 gives an exponential. peaking
at 180° with a width to the 1/e point of about 1400. An estimate by
Koltun® gives a width about 25° for 00 . Our data are parrower than
the former and broader than the latter. More complete analyses and
more accurate data are needed to extract detalled information from these
angular correlations.

From these data, the solid angles, and calculeted neutron and proton
detector efficlencies we can obtain the correlated emission rates. This
1s highly sensitive, however, to the sharpmess of the peaking at 180° ,
The ratio of n-n to p-n emission is less sensitive since the curves
are of similar shape. The calculated neutron detector efficiency
appears inversely in this ratio. These efficiency calculations predict
the number of pulses over the threshold setting from knock-on protons and
breakup of Clz. within the detector volume. These thresholds are 11 MeV
and 7 MeV for the small and large detectors. The phase space energy
distribution of the neutron is used in the calculation in lieu of more
precise information. Our estimate of the possible errors in the neutron
detectors! efficiencies is #20%. This results in the possibility of

#10% systematic error in the number of correlated n-n emissions. With
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the proton detector efficiency error this also leads to the possibility
of a * 25% systematic error in both the p-n rates and the ratio. This
is the dominant source of error for all cases but Cu and Pb.

The correlated emission rates of Table IV are obtained by inte-
grating the curves such as Figs. 1 and 2 over angles greater than 120°
with a welghting equal to sin 6 for the solid angle factor. In other
words correlated emission is considered to be all those where the two
particles are within 60° of antiparallel. The p-n curves are broader
than the n-n so that this definition of correlated emlssion gives about
2/3 the value for the ratio of n-n to p-n emission as does defining
the correlated emission to be the extrapolation of the curves at 180° .
The value of the ratio is surprisingly independent of the target nucleus.
Previously 5.0 and 3.9 had been reported for this ratioc for 016 and
Al27 by Ozaki et al.3 Our results would be consistant with a constant
for this ratio and the weighted average is 3.9 to L.6. The differences
between the two sets of data for Li6 and Q16 are probably an indication
of the inaccuracies of the efficiencies used for the neutron detectors.

The simplest model for calculating this ratio gives 3.0 . This
model assumes plon absorption on relative s-wave nucleons in the p-shell
only with equal probability for a triplet pair a&s a singlet pair. For
012 Kohmurah has increased this ratio to 5 by assuming the range of
the wave function for a triplet pair is shorter than for a singlet pair

by about 5%. This violates charge independence. For O16 Koltun

5

and Reitan” find that a larger ratio than 3 is obtained when one properly
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includes pion charge-exchange rescattering in the matrix elements.
The similarity of the results for I.16 and I.iT are puzzling. Li6
bas only & p-n pair outside the o -particle core and 50 x - &b-
sorption should lead only to n-n emission giving ean infinite ratio.

The parameter wissing from the previous data is the energy of the
two particles. We have observed the proton emergies in the p-n cases
‘but there was no evidence of any structure. The distributions were nearly
flat -- tepering off at high energy. What is of imterest is the sum of
the two particles energies since this gives directly the excitation
remaining in the res_idual nmucleus. Our intensity is too low and back-
ground too high to measure neutrm energies by time of flight. Therefore
the future plans are to perform x  capture in flight, and look at the
two protons emitted with spark chambers. We expect about 2 MeV energy
resolution from range measurements. The momentum of the incoming piomn
mist be considered in the kinemetic analysis but introduces no major
difficulty. A preliminary run with only counters indicates that the
cross section is sufficiently high and the angular distribution is also
peaked at 180°. Tt should provide s means to study two-hole states
of the shell model theory as well as the womentum distribution of p-n

pairs within the nucleus.
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Two-Nucleon Emission

TABLE ITT
Number of Coincidences per Million Stopped Pions
Small Counter n-n Data

= = 0.1 Q-2 = 0,0011
€n = €n, %,
Target O, 31° 28° 60° 90° 120°
L16 «31£,05 24+,06 «16%.05 +16£,05 144,05
0 +15%,03 .26%,05 ~07+,04 .12¢,05 «15%,06
149° 156° 163° 169° 172°
Li6 «T71%10 832,10 2.01+.17 2.50%,19 2.82+,20
0 Ll 10 .61+,08 .61+,08 «562,08 oTTEe1l
Small Counter p-n Data
0.1 = 0. Q<g = s h
€. €, =09 , = 0.0010
Target O 35° 51° 66° 90° 105°
L16 »16+,06 08+.04 «19%.07 +31+,08 224,07
o} 17%,06 »10+.05 .15+,06 .34£,07 «214,05
142° 149° 156° 163° 169°
L16 «79+.10 1.31+,13 1.514,14 1.55%.14 2.46+,17
o «5T%.07 « 522,07 »80%,08 «TT%.08 1.06£,09

217

135

462,08
«55%,.08

«31%.08
313,07

172
2,124.16

+90%,08
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Nucleus

Li6

Li6 (smaller
detectors)

Li7
Be
BlO
B
c
N

0

0 (smaller
detectors)

Al
Cu

Pb

* Average weighted with overall errors

Average weighted with statistical errors in parenthesis above

n-n
(relative
8.9 % 3.6

20.7 t 8.3
9.0 * 3.7
6.0 £ 2.4
3.9 + 1.6
L6 + 1.9
3.5 + 1.b
3.5 * 1.b
5.7 £ 2.3

11.9 = 4.8
2.8 £ 1.3
1.7 + 1.2
1.3 £ 1.3

units)

(%.5)
+.9)

(+.8)
(£.4)
(+.8)
(+.6)
(+.8)

+.6)

(+.8)
(£.9)

(+.8)
(1.0)

(£1.3)

TABLE IV

p-n

(relative units)

2.4
3.k

2.5
2.1
1.8
1.0
1.5
1.0

1.5
2.0

1.0

0.3

+

+

+

+

H o

+

.6
9

-7
]
5
3
oh
3

b
5

3
3
3

(£.17)
(+.14)

(+.18)
(.14)
(+.20)
(2.15)
(%.20)
(£.15)

(x.21)
+,09)

(%.13)
£.21)

+,35)

ratio

3.7
6.1
3.6
2.8
2.2
L.b
2.3
3.7
3.8
6.1

2.9
1.7
L.7

3.9

4.6

Nordberg et al.

Number of Correlated Emissions of Two Nucleons per Stopped Pion

n-n

£ 1.0 (2.3)
1.6 (#.b4)

£ 1.0 (*.b)
+ 0.7 (%.3)
+ 0.6 (t.5)
+ 1.3 (£.9)
+ 0.8 (+.6)
£ 1.1 (%9)

1.2
1.6 (.6)

+ W

1.0 (#1.0
1.1 (#1.

£ 4,7 (£h.7

*+ 1.0
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GOTTSCHALK: It is rumored that you have done preliminary experimeiits on nt cap-
ture in flight, Could you comment on the counting rates that you get in such ex-

periments?

NORDBERG: We have done preliminary experiments with this same apparatus just

changing the coincidence requirement so that you detect protons in all counters
rather than both neutrons and protons and this gives us, at a rough estimate, a
feasible counting rate in the set-ups we are planning. I wouldn't say much be-

yond that, except that it's alsc peaked at 180°,

PHILLIPS: In the experimental point, you didn't show any measurement of the ener-
gies of the proton nor the energy of the neutron from time of flight. Do you have
any comments on that - in particular do you know how many of these events of the

angular correlations correspond to essentially a full energy event?

NORDBERG: No, we don't know how many are full energy. The proton threshold is
determined by the range. The proton must get out of the target and through one
scintillator to be counted in the second. The neutron threshold is determined by
its pulse height in the neutron counter and, of course, anything higher than that
can produce such a pulse, but one has to make calculation. We've assumed that
the neutron energy distribution is the phase space distribution in order to make
the efficiency calculations. This is just an approximation. In other words, the
neutron energies are integrated over a certain threshold, that threshold is 7 Mev
for the larger detectors and 11 Mev for the smaller. The precision on the ratio
is almost entirely limited by this efficiency calculation which is about 25% -
I'm sorry, I should have said for Cu and Pb the data is much, much poorer than for

any of the others, The precision there is about 50%, from statistics.




PION CAPTURE AND NUCLEAR STRUCTURE i;i;€:;>
H. Davis, H. Muirhead, and J. N. Woulds {
University of Liverpool s ‘0
[Paper presented by P. T. Andrews] .?

As there is a large azmount of data from this experiment I shell simply

run quickly through the results.

Figure 1 shows the counter arrangement. There were two neutron counters
set at an angle near 180° and with these neutron energies could be measured
by time of flight. There are anticoincidence counters in front of them so that
charged particles are not counted. The counter telescope in the beam included
a cerenkov counter and ensured that neutrons or gammas were observed only after
a pion stopped.

The sodium iodide crystal was used for a separate measurement of gamma
emission following pion capture. Again an anti-coincidence counter rejected
charged particles entering the crystal and neutrons were rejected by their
longer time of flight.

The measurements were done on Li6 and Li? as these were expected to show
differences in the number of correlated neutron protcn pairs in the nucleus.
Also as they are light nuclei negative pion capture is aimost entirely from the
S state.

Figure 2 shows the total kinetic energy of the two neutrons plotted
agzinst their total momentum for a 6Li target. There are no corrections for
instrumental efficiency variation with energy nor background subtraction. All
neutrons have been included which had energies greater than 8.5 Mev. The
expected clustering of events around the total emergy of 140 Mev and zero

momentum transfer to the nucleus shows up very clearly. Fig. 3 shows a similar
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plot obtained with a ‘Li target. The clustering noticeable at 140 Mev is
somewhat away from zero momentum transfer. This will show up more clearly in
Fig. 9. In the case of the 7Li there is much less obvious clustering of the

points around 140 Mev. than in the 6 Li case.

Fig. 4 shows the total kinetic energy distribution for the two neutrons
from 6Li. The total momentum is restricted to the 0-100 Mev/c range. The
coincidence counters are at 1800. The ordinate is in pairs of particles/ Mev/c,
sters stopped pion. As was expected there is a large peak at an energy
corresponding to the hHe being left in the ground state. There is also some
indication of an excited state at 40 Mev. The distribution for 7Li shown in
Fig. 5 indicates that the yield is less than forsLi but is still mainly to the
final ground state, in this case that of 5Hea

Fig. 6 shows the distributions of total kinetic energy of the neutrons

9

from capture in 6Li and 'Li again, but in this case when the total wmomentum
is in the 100-200 Mev/c range. These are rather large momentum transfers to
the nucleus and the distributions are different from those of Fig. 4 and
5. The nuclei are not left predominately in their ground states and the evidence
for states at about 40 Mev excitation is stronger.
Fig. 7 shows tne angular distribution of the neutrons relative to each
7

other for 6Li and ‘Li. The dotted line includes all events, the solid line is

drawn using only events where the final nuclei were left in their ground

states. (The peak picked out in Fig. 4). It is very obvious that these
transitions to the ground state have more peaked distributions than when all
events are included. The strong peaking of these distributions is good evidence

that the captures take place on correlated nucleons. The distribution for 7Li

Andrews et al.
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is less strongly peaked than that for 61.1. On integrating over the solid angles
it is found that capture of a pion on 61.:. leads {37 * 10)%. to the ground state
of 4He and capture on 7Li leads (50 pd 12)% to the ground state of Yde.

Fig. 8 shows the distribution of total neutron momentum from capture
on 6Li and Fig. 9 that for 7Li. The solid curves are for those cases where
the capture goes to a ground state and were selected by requiring the total
kinetic energy to lie between 115 and 155 Mev. The dotted lines are for total
kinetic energies between 80 and 110 Mev and may correspond to transitioms to
excited states in the final nuclei.

The solid curve in the 6L1 case is a theoretical fit using a formula of
Sakamoto. He derived this by using a model of 6Li as a cluster of an alpha
particle and a deutron in a relative § state. There is only one momentum
variable and by giving this a value of 486 Mev/c the solid curve through
the experimental points was obtained. Treating 6L1 (p, pd) uﬁe as the quasi-

elastic scattering of a proton off the deuteron in a cluster model 6Li Riou.
obtained a value of 45 : 5 Mev/c for the momentum parameter. This implies that
the deuteron and alpha particle are about 4 Fermis apart, which is quite a large
separation. Jackson obtained a p shell radius of 3.53 Fermis from an analysié
of electron scattering on 6Li.

The momentum distribution of Fig. 9 for capture on LJ'.7 shows a dip near
zero momentum. This suggests that if one is capturing the "~ on a deuteron
in 7Li that deuteron is not in a relative s state. Clearly one requires

different pictures of the 61.1 and 7

Li nuclei.
The remaining figures show the data obtained from the Nal gamma counter.

Two spectra are shown in Fig. 10. one is a calibration spectrum of gamma rays
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from pion capture in a hydrogen target. The other is the spectrum from M ~
6.
capture on Li. These show that the energy resolution is not good. The

hydrogen target spectrum provides a resolution function.

Fige. 11 shows the spectra of gammas following ™ ~ capture in all the
nuclei examined. They have in common a fairly narrow peak showing that the
process is a very simple one. If there were any final state more complicated
than one free neutron and a gamma ray, you would expect a much broader peak
than given by the instrumental resolution. Fig. 12 is a table of the results
which have been referred to by Dr. T. Ericson in his talk in which he
successfully accounted for the yields.

The position of the peaks suggests one is observing a simple capture of
a ™~ on one nuclear proton leading to a free neutron and a gamma ray.
Petrukin and Prokoshkin observed 9 Mev neutrons correlated with gammas of
greater than 30 Mev energy when ™ ~ were captured on nuclei. Their yield was
about 2%.

Fig. 13 is an attempt to explain the energy spectrum by using a
degenerate Fermi gas model for the nucleus 6Li.

No. 1 is the theoretical result. No. 2 has the actual experiment
resolution folded in and no. 3 is a line through the experimental points.

This work will very soon be published in full in two papers in Nuclear

Physics .
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— N Neutron Counters
l
Target ‘
I
l

Nal 9

20cm x \B 0 Cerentov Counter
20cm O /|

Ns5,6  Neutron Counters
Figure 1. Experimental layout.
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70
3-0
20,
N(®)
1'0 <
] v
70

Figure 7. Relative angular distributions
for neutron pairs from °Li + 7~ and

711 + n~. Dotted line includes all events;
the solid line is those giving a final
nucleus ground state.
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0-034

0-021

0-01 4

0 50 100 150 200 250 300
Momentum MeV/c

Figure 8. Momentum distribution of
neutron pairs from °Li + n7. For
explanation see text.
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0-01

0 50 100 150 200 250 300
Momentum MeV/c ———e

Figure 9. Momentum_distribution of
neutron pairs from 71i + 7=, For
explanation see text.
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Target Position of peak Full width Yicld

zt nalf-hcizht

o
i1+

Ti 114 MoV bl ey 0.033 £ 0.002
G 109 i1 0.015 ¥ o.002
c 108 46 0.016 % 0.001
5 102 56 0.018 £ 0.001
Cu 100 50 0,015 % 0,001

Figure 12. Table of results.
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KOLTUN: I have one question about Li7 data. In the rather striking difference
in the distribution of summed momenta, the two particles coming out look quite
different from the angular correlation of the two nucleons which shows no 180°

dip. Yet the two are connected through integral forms.
ANDREWS: That is true. 1'm not going to offer any explanation, though.
KOLTUN: Is the angular resolution poorer than momentum resolution?

ANDREWS: Angular resolution is poorer than momentum resolution. Just how much
poorer, I don't know. That may very well be the explanation. I think the time
of flight measurements are good enough to show the dip quite clearly. It's a
very strong dip. If you put in the resolution function, it would make a much

deeper dip.

ERICSON: I want to make a short comment on the T-y work. Because of the large
similarity of this process to mu capture, studies of radiative pi capture also
can be used as an empirical measurement of the distribution of excited states of
mu capture., This has been a.quantity one has always found very hard to get at,

because the average energy of the neutrino in mu capture processes enters impor-

tantly in the theory.



Theory 6f Plon Absorption on Light Nuclei \4 J
D. Koltun and A. Reitan

of Physics and A
University of Rochester, Rochester, New York

We consider the absorption of a pion by a nucleus, with the emission of
two fast nucleons, in the impulse approximation, such that only the two re-
colling nucleons interact with the pion. Thus we neglect the interactiom
of the pion or fast nucleons with other target nucleons, but we do try to
treat the direct process in some detail.

A theory which attempts to explain this process should be able to explain
the simpler case of pion absorption by the deuteron, or, since this experi-
mental information is not directly available, the time-and charge-reversed
reaction p +p—>» % + d ‘near threshold. It has been known for some time
that the simple pseudovector pion-nucleon interaction applied to a simple
s-state deuteron gives the right order-of-magnitude rate, but inclusion of
the D-state in a better deuteron wave function almost cancels this out,
giving much too swall a rate. Woodruff' proposed that the theory can be
improved by considering the first multiple scattering process which can
occur: The pion first scatters in an s-wave from one nucleon, and is
captured by the second. Thus, in addition to the pi-nucleon absorption
interaction, one needs an interaction vwhich scatters pions in s-waves;

this latter is obtained phenomenologically from low energy pi-nucleon
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Scattering. (See Fig. 1.) We have applied this rescattering theory with
some improvements to the deuteron reaction, using a variety of deuteron
wvave functions and final-state wave functions generated from phenomena-
logical nucleon-nucleon potentials. Our result for the threshold cross
section ¢(p +p —> A+ d) agrees with experiment. See Table I.
We note that both the rescattering (K.5, K, Ks, K6) and the deuteron
D-sfate (K2, Ky, K6) contributions are essential. This work has just
appeared in the Physical Review ,2 along with the calculation of
Glp+p—=>r+p+p) .

We have applied the same considerations to the absorption
x + L16 —>« +n+n, considering only interaction with the valence
nucleons. Here the central problem is to obtain good wave functions
for the nucleon motion, in particular with the D-state component mixed
into, say, the Shell Model ground state (351). We have so far made use
of wave functions for relative motion in a harmonic oscillator well plus

3

Hamada-Johnston interaction,” which have been generated by Y.E. Kim at

Oak Ridge.h The final state is taken as the H.J. 31’:L relative state.
We were stuck with the harmonic oscillator range parameter chosen by Kim,
which is appropriate to most of the 1p shell, but not to Li6 .

For given final momenta of the absorbing nucleons, the amplitude is

given by a combination of relative motion amplitudes (J) with c. of m.

wave functions (in momentum space). For example, for emission at angle
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8 =t we

an give the probability P(kl + k2), as shown in Table II.

[¢]

For our L , we get a distribution in K = k1 + k2 reflecting the
sum of oscillator fumctions uDs(K) + u'.!.s(K) , while for nmo rescattering,
we get only L P and if there is no rescattering and no D-state, we

get almost u._ alone, as shown in Fig. 2. The scale is x = K/160 MeV/e.

Os
This is the Shell Model X = \/5/-2 K experimental, beceuse of ™ - recoil.
Experiments by Davies, Muirhead and Woulds (Liverpool)s giving
P(X) et & = n, are shown in Fig. 3. The shape agrees with our full
calculation, but the scale disagrees, which simply means we must use a
Gifferent center of mass oscillator range (larger) than relative. The
experiment on 117 , shown in Fig. 4, gives a strikingly different distri-
bution which however seems to disagree with the angular correlation of
neutrons, which is monotonic in 6 .
We have also extended our method to treat absorption by a 1So pair.
If we can ignore sbsorption by L £ 0 states in light nuclei, for which
we have some evidence, we can use the ratio of the amplitude for 150
absorption to that for 351 absorption, to give the ratio of n-n pairs
to n-p pairs emitted in = absorption. This ratio hes been measured

by Ozaki et al6 for @ = on C:L2 » to be 7,5, and also for various

light elements by the Rochester group: Nordberg, Kinsey and Buman,7
shown in article I, page I-10.

The simplest case to calculate is for 016 » considered as a closed
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shell nucleus. For equal amplitudes for lSo and 381 B

in the pseudovector absorbtion theory without rescattering, the nn/np

as given

ratio is 3. However, we find that rescattering changes this to about'5.
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Fige 3

50 100 130 200 239 320
Momentum  MeV/c

Distribution of total momentum in the energy interval 115-155 MeV
for I.i6. Ordinate, the number of neutron pairs emitted per captured
pion per MeV/c per sterad. at a relative angle of 180°. The dotted
curve shows the momentum distribution in the energy interval

80-110 MeV.
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o0

0 50 100 150 200 250 PQ
Momentum MeVic ——o=

Fig. L Distribution of total momentum in the energy interval 110-150 MeV
for Li7. Ordinate, the number of neutron pairs emitted per
captured pion per MeV/c per sterad. at a relative angle of 180°.
The dotted curve shows the momentum distribution in the energy

interval 80-110 MeV.
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CROWE: 1I'd like to know if you have ever tried to apply your rescattering calcu-
lations to the Panofsky ration in I~ capture in deuterium? There was a discre-

pancy by Ryan several years ago.

KOLTUN: 1T haven't, Reitan has. The results aren't published, If I remember,
the results were surprisingly good, that is, they were so surprisingly good that
we didn't believe them and it's being reworked. We were looking at Ryan's results

at the time.

CROWE: Do you consider it a direct check of your calculations? It's a very sim-

ple final state.

KOLTUN: It should be. I suppose the only question is whether you are fitting in

the electro-magnetic effects correctly; you should be.

BLOCK: As I understand your rescattering, it is the physical equivalent of the
pion being swallowed up by two nucleons - in somewhat simpler words. Your theory
predicting the large ratio of n-n to p-n is essentially a restatement that the

pion is preferentially absorbed on the deuteron-like structure - at =0 absorption,

KOLTUN: That's right. Imn fact, we coupled this calculation with another one

that had not been done previously and the two of these have just appeared this
week in fact in the Physical Review. p + p + I° + p + p is the other term. Now
the point is that we get both of these within the experimental error. That's a
safe statement because the experimental error is enormous, 5o we don't know whether

we have as good a treatment one or the other.

ARDREWS: Can you say why you are surprised at a dip in 1172



-2

252

Koltun and Reitan

KOLTUN: We haven't done all the integrals you have to for Li? because you can
get relative motion d-states which don't appear in this problem. We have treated
the realtive motion s-states and also the realtive 3D,. It's the only one of the
d-states allowed, and that contribution is rather small. Just guessing, I'd say
that T expect the other d-states to be small, too. I don't expect such a very
large hump from what we see. 1In shell model terms - it may not be the valence
nucleons alone, There is another problem with the shell model., You can take a
particle out of the s-state and still leave an alpha particle because there's a

spurious center of mass motion.




RADIATIVE PION ABSORPTION IN COMPLEX NUCLEI*

University of Virginia

D. K. Anderson and J. M. Eisenberg > ){
~ e
S

We would like to discuss some results concerning & calculation of
radiative pion absorption in complex nuclei. In particular, we consider
absorption of a pion in 016 leading to H16 plus a high energy photon.

In order to cbtain the transition operator for this reaction, we
begin vith the psuedoscalar interaction of the form

Hyg= G ¥ 75_1'%73 (1
Here ¥ represents the nmucleon operstor, ¢ refers to the pion field, and
G is the psuedoscelar coupling constant. However, we want to discuss a
process vwhere the pions interact with nomrelativistic mucleons bound in a
mucleus. In order to do this we use the equivalence ﬂ:eorenlwhich, in
effect, states that to first order in the meson-nucleon coupling constant
G the psuedoscalar interaction is eguivalent to the psuedovector inter-

action given by

- — —
= T .V 2
B ;w ¥org oy, T VY9 (@
where £ = ‘_‘_‘t_r. G 1is the psuedovector coupling constant. In the presence

=14
of an electromagnetic field2 this coupling leads in the nonrelativistic

1limit to an interaction having the form

: * 1t g
m=°£l; YT IAR Y €
vhere we retain only that part involving negative pions. This is the

* Work supported in part by the U. S. Atomic Energy Commission.
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so-called guage invariance term which leads to strong s-wave photo-
production3 of charged pions. Its contribution is shown diagrammatically
in Fig. la.

There are also other terms which can contribute to the process we
are considering. Terms which are of first order in the meson-nucleon
coupling constant involve the current operators of the pions and nucleons.
These lead to the diagrams shown in Figs. 1lb-ld and we have estimated that
they give corrections of about 10% in comparison with the guage invariance
term. Contributions of higher order in the coupling constant involve re-
scattering corrections. At present there is no reliable way to estimate
their importance. However, if one examines the process in the spirit of

3

the impulse approximation using the Chew-Low amplitude~” these terms also
are small.

Taking the guage invariance term to be the dominant part of the inter:
action we want to consider the absorption of pions from an atomic Bohr
orbit. As the interaction in this process depends on the meson wave func -
tion #nd not on its gradient as would be true for two-nucleon emission,
absorption from s states will predominate. In fact, radiative absorption
from p states is smaller by a factor >'103. In this case we can also rc-
move the meson wave function from the trensition matrix element by definir
a suitably averaged quantity.

It is clear from the form of the interaction that only T = 1 excited
states will contribute. Performing a multipole expansion of the electro-
magnetic field we can further classify our transitions according to the
type of photon emitted. Results for the dipole cases are presented in

Table 1. F:om this table, we see that the El transitions should be small
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for closed shell nuclei since the transition operator vanishes in the lorng
vave length limit due to the exclusion principle. Thus, the only conmtrihu-
tions came from retardation effects. On the other hand, the operator
assoclated with M1 transitions {as well as the operator associated with

E2 trencitions) leads to the spin-isospin modes of nuclear excitations whick
have recently been studied in connection with muon captureh. Assuming
contributions from higher multipoles are negligible, we are led to expect
that these spin-isospin modes play a dominant role in radiative pion
absorption.

Calculations confirm this expectation. In Table 2 we yresent the
results of a partial transition calculation using the unperturbed particle-
hole basis wave functions. From this table we see that the greatest pert
of the strength is in the JW = l_,2-; T = 1 states as expected. Contribu-
tions from higher multipoles were found to be negligible.

Using the particle-~hole formalism and 0:L6 wave functions calculated
by Gillet and Vinh Mau5 ve obtain the results presented in Table 3. This
shows quite clearly that the spin-isospin modes play an importent role in
the radiative absorption process. The 1  and 2  levels of this character
at 25.4 MeV and 20.2 MeV, respectively, contribute sbout k5% of the total
17, 27 strength. Also, since the J" = 17, 27; T = 1 levels contribute
sbout 80% of the total rate we conclude that more than 50% of the total
strength will be concentrated in the energy range from 20 to 25 MeV.

This peaking should be evident in the emitted photon spectrum. Mareover,
since the 1™ and 2° spin-isospin modes are separated by about 5 MeV, it
may be possible to resolve them and thus verify the role played by these

states in radiative ebsorption.
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In concluding we would like to make a few remarks concerning the
capture process itself. Thus far we have been concerned solely with the
absorption of s state mesons. However, Messiah and Marshak6 have pointed
out that in elements heavier than lithium most ceptured mesons do not

reach the ls state. This is due to the fact that absorption from the 2p

level is several times greater than the 2p—>1ls radiative transition rate.
Although it is difficult to estimate reliably the fraction of mesons which

7,8 that about 10% of them do. This, together

reach the 1ls level it appears
with the estimated branching ratio 10-2 for radiative absorption, should
give a sufficient number of high energy photons to permit an experimental
observation of the effects discussed here.
ERRATUM:

The branching ratio for radiative absorption from a 2p atomic level

has been recalculated and found to be approximately the same as the 1ls

branching ratio instead of smaller by a factor of 10_3 as reported above.
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Figure 1 - Feynman Diagrams for the Radiative Absorption Reaction.

QUESTION: You have no experimental data?

ANDERSON: No, I wasn't aware of any experimental data at the time, so

I wasn't able to compare it with anything.
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Jean LeTourneux

University of Virginia

A study is made of the absorption from rest of n mesons by
uncorrelated nucleons in 0!8, The absorption probability is calculated
for pions in the 1s and 2p orbits. The non-relativistic pion-nucleon
interaction contains two terms, one of them involving the momentum of
the nucleon, the other the momentum of the pion. The neglect of the
latter is shown to be an unjustified procedure in the study of the
absorption process. From the results of the present calculation, the
absorption of a 2p pion by uncorrelated nucleons appears to be highly
hindered with respect to the absorption process by a correlated pair, as

could be expected from conservation principles.

* Work supported in part by the U. S. Atomic Energy Commission
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As early as 1951, it was suggested by Brueckner, Serber and Watsonl)
that the capture of negative pions from atomic orbits proceeds mainly
through absorption by a pair of correlated nucleons. This suggestion is
based on the fact that the meson carries essentially no momentum but
releases a large amount of energy when it is annihilated, so that absorp-
tion by an uncorrelated nucleon may take place only if the nucleon happens
to have a momentum considerably higher than the average momentum of a
nucleon inside the nucleus. Such an occurrence is rather unlikely, and
the meson is more likely to be absorbed by a correlated pair of nucleons
vwhich can share energy and momentum in such a way as to satisfy the con-
servation laws. Although this hypothesis has been confirmed by a certain
amount of experimental evidence, the relative probability of the two
absorption mechanisms has not yet been established quantitatively. It is
therefore of interest to have some accurate theoretical predictions of the
relative importance of the two mechanisms based on more than general
qualitative considerations.

Partly because 1t is dominant and partly because it may yield some
interesting information on the nuclear correlation function and the spectrun
of the residual nucleus, the absorption by correlated pairs has attracted
most of the theoretical attention so far, at the expense of the absorption
by uncorrelated nucleons. The only explicit study of the latter, to the
best of my knowledge, was made by Spectorg) who, specifically, considered
the capture on 016. In this paper, I should like to report on an extension
of Spector's work. This extension bears on two points. Firstly, it deals
with the fact that in the non-relativistic limit the Hamiltonian describing

the pion-nucleon interaction is a function of the relative velocity_vv -V
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Spector neglected the term involving Y It will be shown that its con-

tribution is not negligible. Moreover, Spector's study is limited to the

ebsorption of a negative pion fram a 1s Bohr orbit. Messish and Ha.rsha.k3

indicated that the ratio of the ebsorption probability to the radiative
transition probebility should incresse as 22 for & meson in a 2p orbit.
This prediciion has been confirmed experimentally. Since the present cal-
culation deals with 016, the absorption probebility for a pion in the 2p /
as vell as the 1s shell will be considered.

In the oon-relativistic 1imit, the pion-nucleon interaction takes

the Galileo-invariant form

-5 (1)
Hefe Tled) - zpe g ],
where = mc/M, m and M are the masses of the pion and the nucleon

respectively and 3 describes the field of cherged and neutral pions. The

coupling constant takes the velue
f2
T = 0-083 . (2)

Abcording to first-order time dependent perturbation theory, the
number of captures per second resulting in the ejection of a nucleon of

momentum k is given by

w = c dN /7 K mw\z . (3)
b k)42 ks

The angular integration takes place over the direction of _15 The
state of the outgoing nucleon is assumed to be a plane wave normslized to

unity in a volume L3. Of course the final result is independent of this
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volume. Under the assumption that the residual nucleus is left in a state
lying at a well-defined energy OE above the energy of the initial nuclear
state, & is given in the non-relativistic limit by

mc2 = AL + ﬁ2k2/2M . ()

The recoil of the daughter nucleus is neglected.

We assume that initially the meson is in a Bohr orbit around the
nucleus. It was shown by Hugueninh) that the pionic fieldv?’can be ex-
panded in terms of the solutions of the Klein-Gordon equation for a pion
in presence of the electric field of the nucleus. The matrix element of

A between the ket ]OC> corresponding to one pion in the state & and the

]

vacuum |O> is given by
olpgid = §©), i

where fa(g) is the eigenfunction of the Klein-Gordon equation corresponding
to the state @. In the non-relativistic limit fa(z) goes into (2Ea)-%¢a(§),
where wa(;) is the normalized non-relativistic hydrogen-like wave function
corresponding to the eigenvalue Ea. Equation (5) must therefore be

replaced by

<Lolz.glet> = !—’bé‘f: dp;u;) (6)

in the non-relativistic limit.
The evaluation of the nuclear part of the matrix elements is stralght
forward and will not be described in details. Let me just mention that very

drastic assumptions are made about the nuclear physics of the problem. The
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initial and final states of the nucleus are described by a single Slater
determinant and no account is taken of the interaction between the outgoing
nucleon and the residual nucleus.

In order to demonstrate the importance of the contribution from the
o term in the Hemiltonian, I will show the result of the calculation for

the specific case where the pion is absorbed from a ls orbit with emission

of a nucleon from the 1p; shell:
2

T I

where

Il( g Ly 2 3) =<j§“\‘")\(% --3_1)?&\")\1&\‘-)>
1,(Z £, 2 9) =<ji(hr)hz,,5nk§; L) RE >

R, (r) and Ra(r) are the radial parts of the wave functions of the absorbing
nucleon and the pion respectively and j_(kr) comes from the expansion of

the plane wave into partial waves. An fzvaluation of the radial integrals
using harmonic oscilletor wave functions for the single nucleon wave func-
tions yields:

L

0.205 x 10" L

)
)

[}

N

Il(OOl

I, (o001 0.191 x 103t

-

Bearing in mind the fact that the first end second terms in eq. (7)
come from the part of the Hamiltonian involving n and Xr respectively, one
sees that the contribution from the latter is by no means negligible.

The results of the calculation are shown in Table 1. The parameters

were given essentially the sasme value as in Spector's peper.
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As far as I know, the absorption probability for a 7 in the 1s
orbit has not been determined experimentally; it results from the work of

5)

Stearns and Stearns that the absorption rate for a pion in the 2p orbit,

being 20 times as large as the radiative transition probability, is of

the order of 1.5 x lO16 sec-l. A calculation of the absorption probability

6)

by M. Ericson”’, using an optical model potential and assuming that the pions

are absorbed by pairs of nucleons, yields transition probabilities of the

18 16 -1 < s
order of 5 x 10 and 10 sec for a pion in the 1ls and the 2p shells
respectively. This implies that our corresponding transitions probabilities
for the absorption by an uncorrelated nucleon are smaller by 2 and 3 or 4
orders of megnitude. This result lends some theoretical confirmation to the

prediction of Brueckner, Serber, and Watson and indicates that the absorption

by uncorrelated nucleons is negligibly small.

1) K

.

A. Brueckner, R. Serber and K. M. Watson, Phys. Rev. 84 (1951) 258
2) R. M. Spector, Phys. Rev. 134 (1964) B1O1

3) A. M. L. Messiah and R. E. Marshak, Phys. Rev. 88 (1952) 678

k) P. Huguenin, Z. Phys. 167 (1962) k6

5) M. Stearns and M. B. Stearns, Phys. Rev. 107 (1957) 1709

6) M. Ericson, Compt. rend. 257 (1963) 3831
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Absorption probebilities for the various processes

Shell 1s meson 2p meson
1sy, 3.51a0% 2.50x10
2
16 12
i 2.27x30 .03x10
P3fo 7 N 3.03x1
1py L.akaao 1.01x10'2
2
16 12

Total 5.8x10 €.9hx10
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JARMIE: There must be intermediate processes where the pion absorbs, say, on
three or four nucleons, e.g., the pion is absorbed, not on two nucleons, not on
the whole nucleus either, but on three or four nucleons. Do you think these

would be significant?

LeTOURNEUX: I think that the whole approach is, in a way, a very unsimple one.

I don't like, first of all, the idea of distinguishing between uncorrelated and
correlated nucleons. What is exactly the meaning of such a process where your
nucleon happens to have in the nucleus in the central field a very large momentum.
How does it get its momentum? It is not the average momentum, It gets it if it
has just interacted with another nucleon. This other nucleon has interacted with
another nucleon just a bit later. When does this happen exactly? What you see

is that they are not correlated.

KOLTUN: On the three-body correlation, there is one interesting experiment to do
which has almost been done at Rochester, but not quite., It is absorption of II”
leading to the emission of two protons. Of course, this cannot be direct two-
body; it must be three-body. There's evidence that it is and that it's probably
down by a factor of 25 over the two-neutrons. That gives you an estimate of, say,
three-body correlation or rescattering, whatever you want to call it over the
two-body effects. The time-reverse of the process you've considered is interest-
ing because it is the production of pions by a nucleon colliding with a nucleus

and can be done as a function of energy for the pion. It might be looked at.

PHILLIPS: It seems to me that the very interesting paper BKl by the Rochester
group certainly must bear on this point. You may recall that one of their fig-
ures showed the n;n coincidences vs. angle and the p-n coincidences vs. angle.

The n-n coincidences had a narrower width as I recall than did the p-n. If the
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width of those peaks exceeds the angular resolution of the detectors, it must be
an indication of the sharing of momentum with the other nucleons., That would
bear upon Dr. Jarmie's point. Also, if there is a significant difference in

those two peaks so that the n-n peak is narrower, this would ieply that there are
better correlations between neutron and proton pairs than between prcton-proton
pairs, which is indeed just what you'd expect from the scattering lengths of the

fundamental nucleus,
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I will discuss an experiment performed at the 184" Berkeley Cyclotron where-
in a search was conducted for a AT, = -2 Iscbaric Analog State in Complex Nuclei
produced through the double charge exchange scattering of a mesons .

The reaction is of the form

F 4 N(A,Z) > v+ N(A,Z42).
In the process two neutrons are changed into two protons and T, changes by -2.
These analog states as suggested by several others may be used in the study of
nuclear level structure and isospin mixing.

Barshay and Brown have calculated the cross section and angular distribution
for the production of the analog state for 210 MeV nt scattering of Ca“B., ca"f
has 8 neutrons in the F 7/2 shell and has no protons. They consider the process
to go through the production of two T = 3/2, J = 3/2 n-N isobars and an intermed-
‘fate 7°. Harmonic oscillator functions were used for the nuclear wave functions.
Since the only quantum number changed is T, we may expect large overlap of the
initial and final wave functions. Final mesons emerge with the incident energy
less only the Coulomb energy of the two created protons. The cross section is
large, because of a factor of 56, the number of neutron pairs which may be changed
into protons. The analog state when formed should be stable against particle
emission because it is inhibited by isospin conservation. This state should be
narrow and may be observed in a narrow n peak in the momentum spectrum. The
predicted cross sections are about 250 pb/sr at 0° and 110 ub/sr at 15°.

Since the world's supply of Ca"® was required by us to perform the measure-

PRECEDING PAGE BLANK NOT FILMED.
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ment and since it wasn't available we chose V5! as a target. V has available 20
neutron pairs which may be changed into proton in the F 7/2 shell. We
expected our measurements to be down by a factor of 3 from Brown and Barshay's
calculation. We also made some measurements on Zr20 because of its large neutron
excess in the outer shell and on Li in order to compare to a measurement of Gilly
et al at the CERN Cyclotron.

Figure 1 shows the experimental lay-out. The 7t beam was produced in a
Polyethylene Target in Physicscave of 184" cyclotrons and brought to a focus
at the target position. The scattered wm was detected with scintillation count-
ers and the wire spark chambers were used to measure the momentum of the w .
Electrons were rejected by a Propane Cerenkov Counter.

The momentum resolution of the chambers and spectrometer was about 1%.

The wire spark chambers were read out with the aid of a Magnetostriction Delay
Line system which directly digitized the spark information. Within 24 hours the
events were processed and histograms of the data along with information about
the efficiency of our chambers and electronics was made available.

The efficiency of the detector as a function of momentum was determined by mak~
ing suspended wire measurements on the spectrometer and confirmed by calculation
of orbits using the measured magnetic field. The data we present needed no cor-
rection for inefficiency except in the lowest momentum bins where 20% correction
was applied.

The triggering rate was about 20 per hour for an incident beam of 108m/hr.
Of these 20 events about three or four were deemed acceptable by the analysis
program. The ability to reject background was mainly due to the sharp momentum
resolution of the spectrometer and spark chambers.

Our results for V5! at 7.5° and 15° in the lab is shown Figure 2.
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We plot the number of events per 10 MeV/c bins versus the momentum of the detec-
ted n-. The scale on the right is the cross section in ub/sr MeV. The analog
state, if present, would show up in the V data as a large peak in the labelled
bin. Adjusting Brown and Barshay's predictions for the V target at 15° we ex-
pected about 30 pb/sr. We observe less than 1 pb/sr in desired bins at both
7.5° and 15°. The integrated cross section over the whole measured momentum
spectrum is at 7.5°, 49*8Bub/sr and at 15°, 28:4ub/sr.

Our Zirconium data may be seen in Figure 3. The data has the same overall
shape as the V data does, but has not as strong an angular dependence for the
continuum. The integrated cross sections in this case are 66+10 at 7.5°
and 51*7ub/sr at 15°. We do not observe any sign of the analog state for
either.

Figure 4 shows Li data taken by us and by Gilly et al. The differences
are:
1) Their indicent energy was 190 MeV, ours is 200 MeV.
2) Their angle is 0° and ours 15°.
3) They used a Cerenkov Counter and were required to move the radiator in order
to measure different energies. We took all our data simultaneously.
They contend that their data, evidenced by the drop off at low momenta, shows the
same momentum shape as the incident beam (30 MeV) shifted to lower energies and
thereby demonstrates that a considerable fraction of the double charge exchange
process in Lithium occurs through two body channels. The observed peak is shift-
ed from the expected position by 25 MeV. We see no evidence of a low energy drop
off, but rather observe a broad continiuim indicating multiple-body first states
rather than 2 body final states.

We conclude that the excitation of AT, = -2 isobaric analog states of two
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nuclei expected to have favorable cross sections for the process does not com-
pete significantly with other double charge exchange channels. Furthermore, the
measured upper limit of these cross sections are better than order of magnitude
smaller than indicated by the Barshay-Brown model. And lastly our data on the

shape of the momentum spectrum of Lithium does not agree with that of the CERN

group.
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Figure 1
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Figure 3

Figure 4
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BLOCK: Would you care to give us the cross—section for your Li data:

SOLOMON: Integrated over our momentum range it was 40 millibarns/str. Gilley

et al, has 100 u/str. in that same range at 0°.
BLOCK: 1In other words, it was higher than with your heavier elements.

SOLOMON: No, it wasn't noticeably different, V was 25, Ar was 50, at 150, Li was

40.

ERICSON: 1 have a solicited question from the CERN group which I was asked to
carry on to you and that is: How do your integrated V and Zr cross-sections
compared with the CERN and Russian measurements? The Russian measurements are

essentially in agreement to the CERN ones.
SOLOMON: I'm sorry I don't know of them.

KOLTUN: Just one comment on the counting of pairs, to get the enchancement of
the isobar state, the Brown & Barshay calculation may not be completely correct
from this point of view. For the high energy double charge exchange,that is the
correlation distances measured are reasonably short and instead of counting
pairs, one should count the O-coupled pairs using a seniority argument. It's
only the closely associated pairs which are going to affect this and that's
considerably lower than n(n-1)/2. By the way, I don't know why they always

quote 56; the number of pairs is 28.
NEFKENS: How well can you separate out the muon from decays in flight?

SOLOMON: We do a momentum analysis, using the incoming track and one outgoing

point of the two spark chambers. We can tell that a track is continuous for a
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particular momentum to within lo, so that if the track does not appear to be co
continuous within that angular uncertainty, we reject the track completely. In
so doing, we actually throw away most of the u's from the n's and just make a
correction for the m decay. Eventually, we'll do the analysis more carefully and

find out how many we get back in that small angular acceptance, but right now we

just throw them all away.
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THE PRODUCTION OF CHARGED PIONS BY 600 MeV PROTONS ON VARIOUS NUCLEI 8 ) 4
E. Heer*, W. Hirt *%, M. Martin*, E. C. Michaelis #**, 5
C. Serre', P. Skarek***, B. T. Wright' '

CERN, Geneva

1, Introduction

The work to ba described forms pert of & joint programme established
with members of the University of California with the aim of measuring charged
pion production cross-sections in the forward direction on various nuclei, The
experiments were performed at the Berkeley 184" Syﬂchrocyclotron and at the
CERN Synchrocyclotron, that is at proton energies of 725 and 600 MeV respec-
tively. The Berkeley data have been presented by Haddock et all).

In the present experiment we have measured production cross—sections
on CHZ, CDZ’ Be, C, A1, Cu, Ag and Pb at pion energies between 100 and 350 MeV
and for production angles of 0,8 and 21,5°,

2, Method

2,1 General Principles

The experimentel arrangement used by us is shown in fig, 1. The

600 MeV extracted proton beam of the CERN SC was focused by quadrupoles and
directed on the production target by magnet uo. The secondary beam was
deflected by magnet '1 and was analyzed by lz after passing through a pipe in
the S5-metre shielding wall surrounding the SC Hall, Counters Cz - Ch formed a
time=of-f1ight telescope which permitted a clean separation of protens and
heavier particles from mesons, A gas-Cerenkov counter 65 identified electrons
and &8 range-counter C 6? shielded by a pion-range absorber, detected a fraction
of the muons, By choosing suiteble target positions and corresponding fields
in M and M the pion production sngle w could be varied from O to 50°,

This arrangement wes largely determined by radiation safety
reguirements, It has the advantage of low background but various disadvantages
arising fram the lomg flight path of 13,5 m between the target and detectors,

*  University of Geneva.

** Federal Polytechnic, Zurich.

*%* European Organization for Nuclear Research (CERN).
+ University of Grenocble.

4++ University of California, Los Angeles.
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The differential pion production cross-section was calculated from

(1)

s N (4, p, w)
d&a TKN Dg, rlap/p) 8 20 C €, CaF
Nm = number of mesons recorded by time-of-flight system,
Np = number of incident protons corresponding to Nm.
w = production angle,
A = target material,
P = particle momentum, Ap = momentum interval of secondaries,
T = thickness of target specimen, K thickness correction for oblique
incidence of protons,
D = pion decay correction,
ﬁic = pion velocity,
80 =49, . BQ_ = solid angle.
Ap/p = momentum resolution,
n = secondary detection efficiency,
Cm = multiple scattering correction,
c“ = muon correction,
Cd = dead~time correction,
F = folding and target-thickness corrections,

The factors requiring particular attention were Np, Nm, w, &, Ap/p,

C and C ,
m u
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2,2 The Number of Incident Protons Nv

The incident beam had an int;naity of order 1on protons per second
and a duty cycle between 10 and 20 %, The flux was measured relatively by two
secondary emission chambersz) (SEC) whose output was amplified, integrated and
converted to digital form,

The absolute calibration of the chambers was performed by activation
measurements on carbon and aluminium, The data were finally evaluated by
reference to the C12 (ps pn) Cll cross-section of 30,8 + 1,5 mb ? « A check of
the ebsolute calibration was obtained by means of an adiabatic calorimeter, in
which the temperature rise of a lead plate traversed by the beam was measured
in terms of the SEC dose, In principle this method furnishes an upper limit
of the proton flux, In practice this 1limit is close to the true value of the

flux for a thin plate,

245 The Number of Mesons ljn

The principle of the timewof-flight system is indicated in fig, 2
and the complete electromic block disgram is shown in fig, 3.‘ A time~tow
voltage converter TVC forms the core of the system. Coincidences (34) gave
"start" and counts (2) gave "stop" signals, The TVC output was fed into a
512 channel pulse-height analyzer, whose memory was split into four sections,
Events (2345%) comprising all particles except electrons and a fraction of the
muons were stored in the first section, events (2345) - electrons —~ in the

second section and events (23458) - & sample of the muons - in the third,

An example of a time-of-flight spectrum obtained with positive
particles of 310 MeV/c momentum is in fig, 4 on & logarithmic scale, The meson
peak is well separated from the peak of low energy protons present in the
secondary beam, Pions and muons are not separated by the time-of-flight system
except at the lowest energies, To evaluate N‘ the contents of the appropriate
channels in the pion and muon part of the memory were therefore added, Nm was
obtained by subtracting background and target-out intensities and was then
corrected for muon contamination by C ut
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2,4 Production Angle w, Solid Angle A} and Momentum Resolution Ap/p

These quantities were calculated with a TRAMP programme and checked
by floating wire measurements, Calculation and wire measurements agreed to
better than 3%, For a given w the solid angle and momentum resolution were

made independent of p, The values used are listed in table I,

Table I
w w
Nominal True Ap/p 86, . Ao,
(deg.) (deg.) (%) (usterad)
0 0.8 3.82 4649
10 11,7 3.89 39.8
20 21.5 4,08 3544

* The fast electronics used in the experiment was designed by Prof, D, Maeder,
It consisted of DC coupled standard units, For a general description of this
system see Proceedings of the Monterey Conference, National Academy of Science,
NS Series No 40, Washington 1964,

2,5 The Multiple Scattering Correction Cm

Multiple scattering between target and detectors was minimized by
keeping the flight path in vacuum or helium, The scattering losses were
therefore caused meinly by 02 (3 mm plastic scintillator), To estimate these
losses additional thicknesses of scintillator were placed near Cz, and the
decrease in meson flux was measured, In addition the expected loss was
calculated using Moliére scattering distributions and taking into account the
focusing effect of ME' Agreement between calculation and measurement was very
poor vwhen using the measured value of Nm. However, at low energies it was
possible to evaluate the measurements separately for pions and muons and good
agreement was found for pions, We think that the different behaviour of pions
and muons is due to the fact that the muons come from an extended source and

that scattering effects are largely compensated in that case,
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The following calculated values of(l:_ were used in the evaluation:

m
E (MeV) 100 150 200 250 300 350
% 1.5 1.28 1,19 1,14 1,10 1,08
m

2,6 The Muon Correction C,

%0 find the proportion of pions and muons in the meson channels of
the time-of-flight spectrum we principally used the integral-—range method,
At low energies the ratio N ,,/N“ was checked by the time-of-flight method and
good agreement between the two methods was obtained, The measurements were
performed at w = 21.5o with positive particles from carbon, The results were
used to calibrate the “"muon-shift" events (23456)., For other target materials,
production angles and for negative pions C“was drmined from the calibrated muon-
shif't,

The measured Cy vaiues were as follows:

E (Mev) 100 150 200 250 300 350

c‘4 1,52 1,37 1,16 1.1 1,06 1,04

24 { Other Corrections

The decay correction D was calculated, C‘1 was obtained from the
comparison of gated and ungated (234) coincidences and was kept above 0,7 by
varying the beam intensity where necessary., No variation of the pion cross-

section with either target thickness or beam intensity was observed,

n was obtained experimentally and was close to unity, Folding and absorption
in the counters were shown to affect the result by less than 17'5.

2,8 Data Evaluation

The contents of all scalers and of the pulse height anslyzer channels
were recorded on punched tape, The time-of-flight spectra were plotted on an
IBM 1620 (see fig, 4) and were used to determine the meson channels and the
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target-in background, All relevant information was then transferred to cards,
which were subjected to various checking routines to eliminate a few runs
containing gross errors or inconsistencies, The cross-sections were then
evaluated and plotted with the aid of the CDC 6600 computer, A total of about

a thousand spectra were handled in this manner,

2=9 Errors

The error evaluation was performed by adding quadratically the
relative errors of the individual factors entering into the cross-section

formula, The important errors are due to the factors Np’ Nm’ a0, Ap/p, Cm and C“.

The error in NP was principally due to variations in the SE
sensitivity and to the scatter of the results of the various calibration methods,
The SEC sernsitivity was checked by taking the ratio of the results recorded by
the two chambers, In addition Nm/Np was checked periodically under standard
conditions to discover possible drifts, We have not included the error of the

11 . . .
c cross=-section in our estimate,

Nm has only the statistical errors of the individual measurements,

including errors erising from various subtraction procedures,

The errors of A and Ap/p were obtained from the comparison of ray-

tracing and floating wire measurements,

The possible variations of Cm were found by obtaining its derivatives
with respect to different parameters entering into the calculation, In addition
we attempted to find an upper limit to the error in Cm by fitting a polynomial

to the measurements and extrapolating it to zero counter thicimess,

The errors of Cu were obtained at lower energies from the comparison
of time-of=-flight and range data, At higher energies the parameters used to

fit the range curves were varied to estimate the possible spread of C“.
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3, Results

The results of the cross—section measurements on elements from Be to
Po and &t production angles of 0,8 and 21.5° are shown in figures 5 and 6, The
hydrogen cross-sections for = production, obtained by CHZ = C subtraction, are
given in fig, 7. Fige 8 shows the neutron cross—sections evaluated by CD2 - CHZ
subtraction, In figures 9 and 10 our carbon spectra are compared to the earlier
results of Lillethlmh » Meshkovskii et 315), Meshcherizkov et 316 and of
Haddock et all).

The estimated errors are summarized in the following table, in which

& common range of error is attributed to groups of measurements,

Table II
Range of Errors Cross—~sections
5-7% »* and s~ st 200, 250, 300 end 350 MeV
7-10% 7 and ¥~ at 150 MeV
10 - U % x and ¥~ at 100 MeV

The errors gquoted are to be understood as the halfewidth of half
maximum of the appropriate probability distribution. They apply grosso modo
to all elements and to both the 0,8° and 21.5° results,

The hydrogen spectra show the characteristic deuteron peak, The pion
energy at the peak allowed us to determine the kinetic energy of the incident
protons, The result was found to be compatible with the nominal energy of
600 MeV at both angles,

4e Comparison with Other Data

Our results f'or the hydrogen cross—section agree well with earlier
7), Meshkovskii et a.la), Haddock et all) and

Gushavin et a19 « The carbon cross-sections for negative pions fall between

measurements by Meshcheriakov
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the results of Lillethun at 450 MeV and those of Haddock et al at 725 MeV
proton energy, as one would reasonably expect, The results of
Meshcheriakov et al / have been normelized using the n+/ 7 ratio and

the absolute value of the u+ cross~section given in Ref, 5)e

The picture is less clear in the case of positive pions

from carbon, where our integrated cross-section is lower than that given by
earlier results, In view of our agreement with other work on the spectrum
from hydrogen and the acceptable values of our negative cross-sections it is
particularly surprising to note that the integrated P cross-section on

carbon at 21.5° should be higher at a proton energy of 450 MeV than at 600 MeV,
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Figure 9. Positive pion spectra trom pC collisions at various protons energies.
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HADDOCK: 1I'd like to make just one small correction. The report to write for if

you want the 725 MeV data is a UCLA report MPG 64-2.

PHILLIPS: Your ordinates on the last few graphs were called microbarns - I suppose

it was microbarns per/str./MeV.

HADDOCK: Yes.
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MUON CAPTURE AND NUCLEAR STRUCTURE
J. D. Walecka

Stanford University

Let me start by briefly refreshing vour memory on some of the basic elements

of muon capture in nuclei. (Figure 1) The fundamental process is
u” +p > vu +n
The lifetime of the free muon against B decay isl)
T, = 2.200 * 001 X 10 ®sec.
and therefore the M~ quickly cascades down into the ls atomic orbit and sits
there until it either decays or is captured by a proton. The Bohr radius for
the muon is
A - %%Ao , 300 X %0-13@1
B

therefore the muon sits well inside the other atomic electrons, and still out-
side of the nucleus. I have indicated, roughly to scale, the situation in ol®
on Sltide 1. The capture rate is proportional to the probability of finding the
muon at the nucleus and to the number of protons Z. Using the value of |$(0) |2
for a point charge Z we find that the capture rate follows the famous z% law.
It is not until about HeDthat the capture rate is equal to the free decay rate.

Since the u and the v, couple locally in the weak interaction, the strong
interaction part of the amplitude for muon capture on a free nucleon is summar-
ized in a vertex function. (Figure 2) Using just Lorentz invariance and the
Dirac equation we find that this vertex is characterized by six form factors.
The conserved vector current theory tells us that we can take F; and F3 from

the isovector part of the electron scattering form factors. It also tells us

Fs = 0. Universality of the weak leptonic couplings tells us we can take FAu(O)
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from the B8 decay of the neutron while the Goldberger-Treiman relation and
the assumption of the dominance of the one-pion-exchange pole in the induced

2)

pseudoscalar term, Fp, relates this quantity to F, and gives

A
M M-S

F 2y = o =2

N WFA(O) Y NG
If we imagine starting with a basic weak coupling involving §yu(l+ys)x for the
bare nucleons and then turn on the strong interactions which are invariant under

charge conjugation and isospin rotations we can never develop the terms Fs and

Fr. These are called "second-class currents" by Weinberg.B)

The basic problem, then, is can we understand the nuclear physics in terms
of this interaction? To get to the nuclear physics we reduce the Dirac Spinors
to Pauli Spinors keeping terms of order 1/M and then sum over all nucleons.i We
find for the capture rate the result given in Figure 3. The G's are linear com-
binations of the fundamental coupling constants and since the muon wave function
varies only slowly over the nucleus, we have factored out the average of its
square. (1/\)u is the muon Compton wavelength.) The nuclear physics is in the
matrix element MVZ, MAZ, and MPZ. These are just the retarded Fermi or vector

(17) and Gamow-Teller or axial vector (gT_) matrix elements weighted with a

phase space factor which is the square of the neutrino momentum, (vab)z, cor-

responding to a nuclear transition a + b. The term Aic represents the nucleon

recoil corrections which go as (p/M) and give corrections to the capture

nucleon
rate characteristically about 10 - 20%. The question then is how to feed an
energy which can run up to the muon mass of 105 Mev and the corresponding momen-

tum transfer

¥
Vap = MU - Eab

i The I/M2 terms have been worked out by Friar at Stanford.
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into a nucleus through the operators in nvz, MAZ, and MPZ.

There are three basic types of nuclear physics that we can do:

1. We can try and extract information on the coupling constants by looking
at the capture rates between distinct nuclear states. The most elementary pro-
cess of this type, the capture on a free proton is unfortunately complicated by
the fact that since the u-p system is neutral, p-u-p molecules are readily formed
in hydrogen and the theoretical discussion is clouded by the complications of
the molecular physics. Only recently is reliable information becoming available

on this part of the problem.s)

Even the total capture rate in hydrogen gives us
only one relation on the coupling constants, however. The difficulty with try-
ing to do this in other nuclei is the well-known one of finding accurate enough
nuclear wave functions. To some extent this problem can be bypassed by getting
the nuclear matrix elements from other experiments. I will return to this point
later. Once the coupling constants are determined, of course, one can turn the
argument around and use the capture process to get very interesting information
on the nuclear wave functions.

2. A second approach is to try and study the systematics of muon capture
in heavy nuclei by assuming an average neutrino momentum and then using closure
to evaluate the sum over nuclear states. The resulting two-particle correlation
functions are then evaluated by using some model of nuclear matter., This was the
approach used by Primakof£6) , and at least the qualitative features of the depen-
dence on fractional neutron excess are understood.

3. A third approach, and the one I will spend most of my time discussing, is
to try and calculate the total capture rates in nuclei where you think you have
reliable knowledge of the structure, The hope is that in computing the total

capture rates, uncertainties in any of the partial capture rates will average out.
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The first study of this kind was that of Tiomno and Wheeler72 Luyten, Rood, and
Tolhoekg) (I will refer to this work as LRT) greatly extended this idea and car-
ried out a systematic sum over all excitations in a single particle shell model
of 018 and ca"?, They found that their computed total capture rate was too high
by a factor of two. Several features of their calculation are of particular in-
terest. They start by using the result

Mv2 = MAZ = MP2
which is true for the single-particle shell model without spin orbit splittings,
and comes from the fact that adding a o, to the matrix element changes nothing
in this simple model. Almost all previous work on muon capture also used this
relation. It allows one to concentrate on evaluating Mvz. Now for muon capture
in nuclei up to Ca“? we have

VR = 1

and it makes sense to start expanding the neutrino wave function or the exponen-
tial in MVZ. It is easy to see that the first term gives zero since we simply
get the total isospin lowering operator and this annihilates the ground state.
This means that most of the capture is "first-forbidden dipole" as was origin-
ally pointed out by Tiomno and Wheeler. 1In fact LRT found that the transitions
to T =1, J" = 1- states accounted for 90% of Mvz in 0!8 and 75% in ca®?. 1t is
therefore crucial to treat the dipole part of the capture correctly. Now work-
ing still within this model, Foldy and IA) observed the following: wusing iso-
spin invariance and the Wigner-Eckart theorem the elements of 17 can be related
to those of 13. The leading term in the expansion of the exponential is now
13;and this is exactly the same operator as governs the emission and absorption

of electric dipole radiation. Thus we have the results of Figure 4. 1In the
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first relation E; is the maximum nuclear excitation energy measured with respect
to the ground state of the initial nucleus. The second relation says that the
retardation of the electric dipole contribution is contained in the ground state

elastic form factor of the nucleus evaluated at the appropriate momentum trans-

fer. This was found to be true to the order of a per cent by looking at the LRT
calculation and has a very simple physical interpretation as we shall see.

At this point we see the inadequacy of the single particle harmonic oscil-
lator shell model for it puts all the dipole resonance strength at an energy
fiw = 10 to 12 Mev in the LRT calculations. We know that in actual fact the el-
ectric dipole strength is concentrated in the giant dipole resonance which lies
in the region 20 to 25 Mev in these light nuclei. We also understand theoreti-
cally from the work of Elliot and Flowersg) and Brownl®) how the particle-hole
interactions concentrate the electric dipole strength in a few levels which are
pushed to an energy higher than %fiw. It appears therfore to be crucial to treat
the nucleus as an interacting system and examine the role of these collective
modes,

Now Foldy and I argued, why can't we just turn these results around and use
the formulae of the last slide to evaluate the total capture rates in terms of
the experimentally measurable photo-excitation cross sections? The "guillotine
factor" (E - Em/Em)“ coming from neutrino phase space means that only the well-
known low-energy photo cross sections will be important. Im this way we can
empirically take into account the dynamical nuclear correlations. For the high-
er multipoles, since they are now correction terms to our main result we can
simply use closure or the partial summations of LRT. Since, however, all of
these results were derived on the basis of an independent particle model, it is

necessary to go back and examine how they are modified by the presence of nuclear
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interactions.
The most important relatiom is of course
LS
We can get some insight here by assuming that the interaction forces are of the
Wigner or Majorana type with only a weak spin dependence. This may not be so
unreasonable since such a force can give the qualitative features of nucleon-
nucleon scattering up to “90 Mev or so. 1In this case the Wigner supermuitiplet
theoryll’h) applies. We define the familiar operators of Figure 5. They are
closed under commutation and the transformations R(w) on the four-component
spin-isospin nucleon wave functions form a group, SU(4), the group of 4 X &4
unitary unimodular matrices. If we furthermore assume that these operators
commute with the Hamiltonian, then the eigenstates of H form a basis for an
irreducible representation of the group SU(4). If we concentrate on nuclei of
the type A = 4n (i.e., He“, Clz, 016, ca"? etc.) then if the forces are short
range and attractive, one wants a spatial wave function of highest symmetry and
therefore the ground state will belong to the identity representation of SU(4).
We can think of the giant dipole resonance, since it exhausts the dipole sum
rule, as being very crudely just
T3 xE) o>
This suggests then that we assign it to the 15-dimensional representation of
SU(4) for we could replace 3 by any one of the 15 other matrices and still have
a degenerate state. This leads to the state shown in Figure 6.12) We note that
they must have L = 1. These states have a very simple physical interpretation
is one thinks back to the Goldhaber-Teller model of the giant dipole resonance

where the neutrons oscillate against the protonsl3) for these other states are

simply the corresponding oscillations of the different spin and isospin groups.
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These modes have been considered previously by Glassgold, Heckrodt, and Watson
and Fallieros, Ferrell, and Pall®) in a somewhat different context and Uberall
will go into this in more detail in the next talk. It is easy to see, since
1,0 , and 0T are treated on the same footing that SU(4) symmetry leads to the
relation
M2 = HAz =2

One can ask how the actual spin dependent forces present in nuclei modify this
result. Lewis and deForest have carried out calculations similar to those of
Brown for Ci< and 015, The unperturbed particle-hole configuration energies
were taken from neighboring nuclei and thus include the spin-orbit splitting.
The nucleon force was taken from a fit to low energy scattering and therefore
has the correct singlet-triplet spin dependence. The results are shown in the
next few slides. Figure 7 shows the results of Lewis for the T = 1 states of
01615) | p is the unretarded dipole strength and S is that of the tensor product
of o0 and x. The top two 1~ states have most of the usual dipole strength as in
the calculations of Elliot and Flowers. The interesting thing is that one state,
the upper 17 also has most of the SA; strength while a giant 27 at 21 Mev and 0~
at 27 Mev are also predicted. One finds here that even though the states are
split and mixed by the spin-dependent forces

M2 =u,2 to 12% (0!9)
In Figure 8 are the results of deForestl®) on c12 and a very similar situation
holds with respect to the 17 states. The state at 23 Mev has all the 13; strength
while its upper neighbot has all the 13;A; strength. Again a giant 27 is pre-
dicted at 20.7 Mev and 0~ at 26 Mev. deForest finds

M2 =n2 =uP2 to 8% (c!?)

A
We must also re-evaluate the assumption that the retardation of the dipole
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contribution is given by the ground state elastic form factor of the nucleus
evaluated at a neutrino momentum corresponding to nuclear excitation of the

giant dipole resonance. We see by looking at deForest's particle-hole calcula-
tion (Figure 9) that the result holds in the presence of interactions to a few

per cent.l6) The physics is most clearly seen by thinking back to the Goldhaber-
Teller model. To excite the giant dipole resonance and at the same time transfer
momentum V, you must first catch hold of the ground state proton charge distribu-

tion and then shake it. This just costs you the elastic form factor.14’17)

There is also experimental evidence on 016

18)

from the work of Bishop and Isabelle
that this relation is correct. Keeping the form factor under the integral is
a few per cent correction.

We are therefore in a position to try and compute the total capture rates
in these nuclei. Figure 10 gives you an idea of the size of the various contri-
butions. R is the reduction of the square of the atomic muon wave function from

its point Coulomb value.lg)

E- oy(E
|Fel|? and C‘—Em)“ o (E) 4
En E
we take from experiment. For the higher multipoles we use either closure or a
sum over partial transition. We note that the role of these contributions has
been enhanced by the suppression of the dipole., Unfortunately we have very
little information on possible collective T = 1 modes in these higher angular
momentum states. For the correction Alucwe use the work of LRT and Primakoff.
When we compare with the experimental capture rates we find the results on
Figure 11. They are certainly consistent with our ideas about the universal
. . 12 . . . 5 -1
Fermi interaction. The C value contains a contribution of .07 X 10~ sec

from the allowed axial vector transition to the ground state of Blz. This large

contribution casts some doubt on the applicability of our SU(4) analysis here,
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The only trouble might be in He". Since it is so small, the first-forbidden con-
tributions are greatly suppressed. Caine and Jones have estimated that ome could
have an additional allowed contribution of 38:20 sec™! which has not been includ-
ed in the theoretical rate.??) Note that the form factor and higher multipole
effects are quite unimportant here.

I would like to spend a few minutes discussing the nuclear structure impli-
cations of these results, The agreement between the experimental and calculated
total capture rates indicates that the axial vector strength is distributed in
these nuclei in the same way as the vector strength and these results are strong,
though rather indirect, evidence for some of the components of our supermuitiplet
of giant resonances. We can get additional information on some of these levels
through inelastic electrom scattering. The transverse electromagnetic multipole
form factors can be seen by doing electron scattering experiments at 180° for ex-
ample. These operators, which also govern real photon emission and absorption
have the familiar long wavelength form shown on Figure 12. The second term in
T?; {q) is thrown away for photons but can become large for electrons where g is
the momentum transferred to the nucleus for a given excitation energy. The effect
of this term is seen quite clearly in the giant resonance region in C!2 and 016,
(Figure 13) There is a pronounced dip in the transverse electric dipole form fac-
tor for the upper two 1~ states corresponding to a transfer of dipole strength
between these levels, This takes place over a relatively small q2 interval,
These experiments are due to Barber, Goldemberg, and Vanpraet.zz) The results
for 016 are shown on Figure 14. These experiments show that there is a large com-
ponent of 13(§A;) strength in the giant dipole region. The form factor for pure
charge oscillations is a decreasing function of q? in this interval.

One of the most exciting predictions of our previous discussion is that
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there should be giant magnetic quadrupole oscillations in these light nuclei.%»23)
We saw that |T§ﬁg|20q“ and while magnetic quadrupole transitions are small for
real photons, these states should show up strongly as the momentum transfer is
increased. Sure enough, if one looks at the electron scattering data, there are
peaks which shoot up as a function of q2 in the 180° data, Figure 15 shown the
65 Mev data on C12.23) A giant M2 at 19.2 Mev had also been predicted indepen-
dently by Brown and Vinh-Mau,l®) The form factor for this state, Figure 16, shows
the characteristic q“ growth, (There are two new experimental points at q = 81
and 121 Mev that lie right on the solid 1ine.)16)

As one last application let me return to the @ particle. According to our
SU(4) considerations, there should be a 15 dimensional supermultiplet of negative
parity excited states of which one member is the usual electric dipole resonance.

deShalit and I have calculated where these states should 1ie.24)

The position of
the center of gravity of the supermultiplet is determined by the Wigner and
Majorana parts of the force as we've seen from our general considerations while
the splittings come from the spin-dependent parts of the force. Using a non-
singular Serber force fit to low-energy nucleon-nucleon scattering and an emperi-
cal single-particle spin-orbit force determined from the 07 - 27, T = 1 splitting
we find the results of Figure 17. The calculations are fit to the data at 22 Mev
although the position of the center of gravity is predicted correctly to “5%. The
energies of the recently observed levels are indicated in parenthesis. Using
these results, Barrett, a student at Stanford, finds thatzs)

2 =m’ = M’ to 12% (He")

lending some support to our muon capture predictions in this system.

Exactly the same nuclear physics considerations are applicable to the process

of radiative muon capture. This process is of particular interest since one can
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get to a momentum transfer 0:;2 % -mi which is close to the pion pole and thus
greatly enhances the role of the induces pseudoscalar coupling constant. Fear-
ing,2’6) also a student at Stanford, has redone the Rood and Tolhoek calculation2?)
for ca*’ by making use of the appropriate integrals over the photoabsorption cross
section. Since there are now two massless particles coming off, for a given ener-
gy transfer to the nucleus, ome on the average transfers less momentum. This
means the dipole matrix elements play an even larger role in radiative capture
than in the total capture rates. Also, since the phase space weighting factors
are different, the ratio of radiative to total capture rates is not model inde-
pendent as hoped for by Rood and Tolhoek. Fearing's results, using the UFI
coupling constants, are shown on Figure 18. The experiments on the high energy
photon tail of Conversi, Diebold, and dile11a29) required a larger rate or bigger
value of FP than the Goldberger-Treiman value. Fearing finds that a better treat-
ment of the nuclear physics demands an even larger value and he concludes

MFy

= +
Fa 16.5*3

There is obviously some difficulty here.
Let me turn briefly to the subject of muon capture between discrete nuclear

30)

states, Foldy and I noticed that there is one process, namely

12, Blz(g.s.) + vy

u= +C
where one can get almost all the nuclear matrix elements from other experiments
and thus get information on the coupling constants in an essentially model inde-
pendent way. This capture rate, since it is 0"', T=0~>1% T=1 depends only
very weakly on the vector, induced pseudoscalar, and possible tensor coupling

constants and not at all on a possible scalar coupling. The emperical informa-

tion we use are the FT% value for the inverse B decay which is known very
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accurately and the recent precise dipole form factor for exciting the analogue
state at 15.1 Mev in €12, By comparing the 0T matrix element obtained from the
FT% value with the transition magnetic dipole matrix element obtained by extrapo-
lating the form factor shown in Figure 19 to zero momentum transfer one can sep-
arate the contribution of the spin and orbital angular momentum to the magnetic
dipole form factor. The result is that the spin term makes up about 90% of the
matrix element., After putting in some small corrections for second-forbidden
contributions we can thus get MAZ and MP2 at the correct momentum transfer by
normalizing to the fT3§ value and using the electron scattering to give us the
form factor. This procedure allows us to get the squares of the leading matrix
elements to an accuracy of .about 5%. If we assume the conserved vector current
theory is correct, then we can.use our results to determine F:/Fi. The results
are shown on Figure 20.31) The results are consistent with universality, and the
accuracy, which is essentially limited by experiment, is comparable to that ob-

4
tained in comparing the L~ ety branching ratio. If we assume FX/Fz = 1 then we

mn->ukv

can solve for the weak magnetism term and we get the results of Figure 21. We

definitely have evidence for the presence of the weak magnetism term and the sign

and magnitude are consistent with CVC. The accuracy is comparable to that obtain-
. 12 12

ed by comparing the B spectra of N'< and B “.

Similar results have recently been obtained by Kim and Primakof£32) starting
from a different approach which treats the various nuclear states as elementary
particles,

Finally, then, let me try to make a summary of where things stand. From
the results of capture in H, He3, and C12 as well as some of the partial capture
rates in 0% the coupling constants are known to be fairly close to their UFI

33)

values. The exact magnitude of the induced pseudoscalar coupling constant is
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not known but it appears to have the sign and order of magnitude of the Goldberger-
Treiman value., One should not forget, however, that since the one-pion exchange
process has a long range, there may be a real modification in nuclear matter.

There is at present no evidence for the scalar and tensor couplings, unfortunate-
ly the evidence against the tensor coupling is not very strong since in any nu-
clear physics calculation only the combination H._.F?-ZMFT enters. As to the nuclear
physics, there is rather strong evidence that the predominate capture process is
through the supermultiplet of giant resonances and as we have seen there is inde-
pendent evidence from electron scattering on the presence of the spin-isospin
members of the multiplet. Several important questions remain unanswered, however,
such as: Are these resonances present systematically throughout the periodic

table? Are there T =1, J"

=0",and T=0,S =1, J°" = 0=, 1°, 2~ resonances
present? What is the effect of strong spin dependences (for example the strong
tensor force component present in most of the more sophisticated nucleon-nucleon
potentials) on the giant magnetic resonances? Barrett?5) has done some prelimin-
ary work on this., He is attempting to calculate particle-hole spectra with real-
istic nucleon-nucleon forces. For the o particle, he finds the temsor force af-
fects the 0~ levels very strongly but that the relation HAZ = Mvz = HPZ, though
slightly worse, still holds to better than 20%. A lot of work remains to be done
here,

In closing then just let me repeat that once the coupling constants are pin-
ned down, M capture, since it is a weak probe with a known interaction, and since
the relevant operators connect to very interesting states not always easily ac-
cessable to other experiments, is an extremely powerful tool for studying nuclear

structure.

Discussion tombined with next paper by H. Uberall.
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.
. cn C» (RPA) ou *
i E; E;
Ji (MeV) (Mo (Mo (MA)o® Ji (McV) (M) (Mo (Mo Ji (MeV) (Myh)o' (Ma)o (MP)p®
0 2566 0091 0273 0 2553 0.087 0260 O 1441 0.013 0.039
35.78 0001 0.004 35.37 0002  0.006 27.28 0.077 0.230
1 1957 0.023 0.013 1 1976 0.021 0.012 1 1463 0.016 0.024
23.26 0.472 0.017 23.08 0.424 0.026 18.65 0.016 0.010
25.01 0.000 0.197 24.95 0.002 0.173 21.01 0.002 0.021
35.80 0.072 0.010 35.61 0.059 0.015 23.89 0.638 0.060
26.63 0.184 0.147
2 1891 0011 0013 2 1890 0010 0012 2 1385 0.144  0.173
20.76 0210 0251 20.67 0.190  0.228 18.69 0.000  0.000
23.94 0.059 0.071 23.92 0.053 0.064 20.01 0.020 0.024
21.34 0.302 0.362
24.52 0092 0110
6
in c!2 and 016. 16) R.P.A. means

Figure 8. Capture matrix elements for states

random phase approximation.

Square of the elastic form factor and ratios of the
retarded to unretarded squared matrix elements.

(M¥)p Mo (Mo
Nucleus Mo Mahoo Mup [Falve)i®

Cn 0.713 0.713 0.710 0.719
C* (RPA) 0.711 0.711 0.711 0.719
o 0.681 0.664 0.663 0.676

Figure 9. deForest's results on the retardation of the dipole matrix

16)

elements in the particle-hole model.




Muon Capture
«

(Bl 06k R~ B FE~ E ] " . T Gdg
‘ment! % [oq. (4.3)] (MeV) ;— Epd [ (M)yp. (Mydoa. MY lin at]  Lin &
i = : - fr e :
r ! i
! ! ) i1.67 closure {
[ “Ca 044 273 915 | 040 | 109 %1.!6 partial trans. {*)[2.50 |24.7 <105 3.6 -10%
i P ; 1’ 1.41 average § / ref. (%)
| ‘l . 10.231 closure i j
10 (0790 0.77 85 | 063 | 0485 |0.178 partial trans. (1)0.60 | 0.79-10% 0.16-10°
i | 10.204 average 1 oref. 8)
: | ; i
¥ ; ¥
[ BC 0.83| 0.45 83 092 | 0324 ' 0.073 0.40 | 0.20-10%~ 0.08-10°
! i ' i i
] | | !
‘smeions o008 | 79 | 087 | 0.0%4 { 0.004 0.098; [ S
! ’ ; ; H i | | ovel ()
. 4
Figure 10. Contributions to the total capture rate. )

Theory
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He* 25281

Figure 11.

Experiment
255 +=05 X 10°s!
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Comparison of calculated and experimental capture rates.
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PHOTON SPECTRUM
RADIATIVE CAPTURE
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Figure 18.

Photon spectrum for radiative muon capture in Ca“®. The result is

normalized by the calculated total capture rate.26,27)
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It has often been said that muon capture in complex nuclei,
besides providing the possibility of determining the coupling con-
stants of the weak iretaction, could akso be used as a tool for
probing the structure of the nucleus once the coupling constants
are xnown (or assumed to be known, e.g. from universality). So far,
not too much use has however been made of this attractive idea; most
nuclear-structure dependent phenomena were still interpreted as means
for determining coupling constants, such as the induced pseudoscalar
(l-ﬂ . It has only recently been attempted, after one had realized
the important role that giant resonance states play in muon capture
\6,7), to introduce detailed properties of the giant dipole states
(7-12)into the muon capture formalism, zni to relate their excitation
in muon capture to the excitation by other means (8,12) . Since the
giant resonances often are members of isotopic multiplets, they will
occur in one or several of neighboring nuclei, and one can thus de-
velop a unified picture of the excitation of all these states by
weak or electromagnetic interactions (13) , with or without change
of T3, with mutual interrelations provided by charge independence.
Nuon capture can therefore be used as a tool for studying the giant
resonances in the same sense in which the convenftional photonuclear
ani more recently electroexcitation processes have been used. As a
matter of fact, more states can be reached this way, such as (starting
with a O*, T = O nucleus) 2= states which are fairly inaccessible for
( X,N) reactions, and 0~ states which are inaccessible to both photo-
and electroexcitation. Muon capture is however somewhat restricted,
as is photonuclear excitation, by having its momentum transfer rela-
ted to the energv transfer, whereas in electroexcitation, the momen-~
tum transfer can be varied in“ependently. In any case, nuon capture
together with photo- and electroexcitation as well as neutrino ab-
sorption form a family of reactions by which the giant resonances
may be excited, an? wvhich may complement each other in the study of
these resonances. The present paper has as its main point a demon-
stration of this fact, and a discussicn of its various aspects, as
well as of any direct experimental evidence, which so far is only

very scant as far as muon capture is concerhed (14) . e also teke
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the opportunity of discussing a simplified and therefore rather
lucid picture of the various modes of collective nuclear vibrations
that the giant dipble states represent, based on the Goldhaber-
Teller model (15,16) and its completion by the introduction of spin
waves (17). & classification of the resonance states is given in
this picture,and various sum rules are discussed. The observation
of the nuclear "breathing" collective mode states, which cannot be
achieved through the previously discussed exéitation mechanisms,
will be touched upon in an appendix.

The realization of the important role played in mucn cep-
ture by the giant dipole states arose from 2 discrepancy between
experiment and calzulation of total capture in 160 and 40ca which
Tolhoek et al (18) had performed using a simple version of the shell
model, assumone the Universal Termi Interactin. The theoretical va-
lues of the capture rates were by ~ 50% higher than the experimen-
tz1l resalts. Rarlow; “ens et 21 (h) confirme? this dissgreerent in
169 by a new measurement. Tig.l stows their experimental result for
the total c.pture rate,

/\“rf (*0) = (098 F 0°05) x 10°  sec =’ , o
and the theoretical values obtained by different methods. Luyten
et al (18) had performed a sum over partizl transitions to finel
stutes, whose energies were taken as the eirenstates of a harmonic
oscillator or sgyusre well potential; the wave functions used for the
calculation of +he matrix elements were those cf an indenendent par-
tizle shell moel. In Table I, ve exhibit the results nf their cal-
culstion for the sguared metrix elements, ?2, of tre individusal
trensitions wkich are clzssified by a multipole expancsion (orﬂer/E).
1t is seen that the most importent ~entribution by far (~ 907 of the
totsl) iz thet lealins from the 0+ ground state %o & 17 dipcle state
by L = 1, with matrix elenent

MYz |<T=l,"|§T~TA‘Va4,*|T‘°r 0+>l‘-. )
The energiec ¢ this "glant dipole state" are 12.7 Yev for the oscil-

letor, 13.3 “ev for the infinite squere well potential. There is a
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(G
similarity with the giant dipole stastes of photonuclearnexcitat—

ion, which are also T = 1, J = 1=, and in which most of the elec-
tric dipole excitation strength is cencentrated; their experimen-
tal energy in 160 niwever lies at ~ 22 Mev. The situation suggesxs
strongly that these final states should be the isotopic analogues
of each other (6,8) (T3 = 0 in photoabsorption, T3 = -1 in muon
capture); then the low calculated energy of the dipole state most
effective in muon zapture should just be due to the shortcomings of
the independent particle shell model, and could easily be "raised"™
using Elliott and Flowers':%ethod of confipuration mixing by a resi-
duel perticle-hole interaction. The situation in the 160 photonuc-
lear effect is pictured (21) in Table II. For tre single-particle
excited coafigurutions (in jj-coupling) of the first column , the
unperturbed enevgies ¥ are taken from states of neighboring closed-
shell-plus-particle (or hole) nuclei, and one finds dinele strengths
D2 (in % of the total) which are fairly uniformly Adistributed. Ilix-
ing of the configurations by the residual interactions leads to ener-
gies B' that are raised somewhat; but now the dipole streneths nt2
are concentrated in the stetes of highest encrgy.

assuming, then, that for the dipole transitions, Iuyten's (18)
matrix elements could still be used, but that now it should refer to
the state of dominant dipole absorgion strength (at AEgp = 22.2 Yev
in Table 1I), Barlow et al (6) note that the corresponding neutrino
momentum Y,

£
onding decrease of

b’”p'AEab would be decressed by ~ 40 “ev, with a corress-
which is a sensitive function of Vpy;

capt
they thus obtain a value
5
= [Ix /97 sec-!
/\‘apf ’ (3)

in good agreement with experiment.

Poldy and . ‘alecka (3) extended this procedure and related
muon capture rates in 4de, 120, 160 and 40ca to experimentally mea-
sured photonuclear cross secticns. The muon capture matrix elements
were written as a weighted intesral over enersy of the experimen-
tally measured photonuclear excitation crcss sections. The results
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are very satisfactory for all these nuclei. For 160, €.8., the theo-

reticel value for the capture rate thus obtained is
N = (095t 005 ) x (0¥ sec!

ca‘rf ) (4)

We may take the agreement of this phenomenological theory of refs.
6 and B as an indirect confirmation of the predominant role that
transitions to the photonuclear giant ?ipole states play in muon
capture.

The way how to obtain a direct confirmation of this mechanism
is suggested by the work of a group of Russian authors (7), who dis-
covered ithe gilant resonznce effect in muon capiure independently, and
in a different way. .fter the particle-hnle mo?el of the dipole sta-
tes had been applied (22) to 40ca in order to calculate the photo-
nuclear absorption, and the subseguent single-nucleon emission from
the decay of these states, it had been realized that muon cepture
should proceed to the giant resonance states in an entirely anzlog-
ous fashion, and a corrssponding calculation was made by Fabachnik
(23) in 40ca, and by Balshov et al (7) in 1€0, using the standard
perticle-hole formelism (20,24,75). Fig.2 (top) shows the T = 1,

J =0, 1 end 2~ states in 16y (the T3 = -1 isotopic =zhalogue sta-
tes of those in 16O, Ty = O} obtzinsd in this way; the numbers on the
right of eack level indicate the partial muon cepture rates. The sub-
seqyuent neutron lecay to the single-hole states of 1537 is also in-
dicated, and the partial 2ecay wilths, lealing to the branching ra-
tios indicated in Tig.2) were calculsted by I matrix theory (26,27).
The neutron spectrum thus obtzined is shewn in Mig.3 (bottom). Yere,
the widths were arbitrerily *e%en as 2 Tev each. It ceems to be inili-
cated thzt a peaXx around 4 “ev anl a smaller one arouni 10 Tev in the
neutron spectrum should »e present, the latter due *o transitions
from the hirh 1= states of 161 to the 151 grcuan? state, the former
due to transitions Zrom both the low 2— state to 15Kgd 2n? from the
high 1~ states to the excite? negative-parity state of 15%. An accu-
rate experimental measurement 0% tte spectrum of neutrons emitted
after muon capture showine these features shoul? be & geood Jirect
confirmation of the giant rescnance mechezniem in muon cepture. The
only relevent exjerimentsl results existine o far seem to be t=nse
of Haege(l4'; .7.3 presents his reutron speztra in 2741 (top) and
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40ca (bottom), and indeed , the indicated features of the neutron
spectrum given hy the resonance mechanism seem to be present qua-
litatively. The continuous curve in Fig.2 (bottom) represents the
spectrum of directly emitted neutrons efter muon capture as alcu-
lated with a direct- interaction optical model (28). Teir small
yield compared to the line speztrum of neutrons demonstrates again
the importance of the resonance mechaniem in muon capture.

One can give a general view of the giant resonance states as
members of isotopic multiplets, and describe muon capture as one out
of 2 family of weak and electromagnetic interactions which can excite
different members of the multiplets, and which may be used for a stuily
of the giant resonences, complementing each cther for this purpose.
such an approech will put the muon capture reaction into its proper
perspective, =nd will indicate its relation with other processes.
For simplicity, we shall consider only light nuclel with T = O, o+
eround states such as 4re, 12¢, 160 and 40ca.

FPigs.4 and 5 outline the relations between Yhe various inter-
actions mentioned. Pig.4 shows the levels of concern to us in 120,
Pig.5 those inl6 0, The observed gisnt resonance levels show some-
times a concidercble degree of fine structure; the gross features
of the giant resonance levels can however be reproduced 'in a very
simple way hy the collective Golihaber-Teller model (15), which we
shall use predominantly for the sake of its simplicity and its en-
suing pedagogical merits. The energies of the various Goldhabher-
Teller states must be taken Trom experiment; in 120, e.g.,(Pig.4),
they form @ group of one J = 17 vector level (V) at =~ 22.5Yev, ani
of three axizl vector () levels of J =07, 17, and 27 a2t ~~ ?26.0,
25.5, and 19.0 Yev (our desipnation Vv, A refers to the type of muon
capture matrix element to which thev contribute); the situation in
160 (Fig.5) is very similar. Since all of these states have T = 1,
T3 = 0, there must exist in the two neighboring nuclei 123 (T3 = -1)
and 121 (T3 = +1) exact znalogues of these states with which they
form members of isotopic triplets {indicated in Pigs.4 and 5), which
are only shifted somewhat by the Coulomb energy. W®e have taken this
shift roughly from the energy difference between the 15.1 Yev, J =
1+ , T = 1 state of 12¢C an® the 123, 12y ground states which are its

T3 = 7 1 analogues.
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The earliest way to study the excitation of these states
was by photon absorption, with observation of total cross sections
or of partial ( a}p) or (x’p) cross sections, or by the inverse of

the latter, i.e. (p,x ) or (nm, ‘) reaztions. Zonsider e.g. the
excitation process

} v i &

r"’ "d” ® thd‘.r . .
¢ (5)

From kinematics, it follows that +re nuclear resoil momentum q eguals

in magnitude the excitztion energy J‘: -~

Pg.aip = Zgds

a=d. (6)
4e shall see later that photon absorption leads predominantly to a
transition from the ground state t: the 1= ¥ state in the ssme nucleus
so that an excitation curve should essentially show just one large
peax. In Fig.6, we present the results of a total cross section mea-
surement of Jock et 2zl (29) in 1l2g (top) and 16p (bottom); both cases
roughly exhibit these peaks whizh poesess @ considerable width and a
certain fine astructure.
The excitation of the giant resonance stetes by electrons has
also been studied; as in the photonuclear case, trensitions within
the same nucleus are induce- onl¥. The kinemztics of the rezction,e.g.
1z (kS
JZ + e.d—) 6 C_?t“P +—e.’) 7
shows thzt nov the momentum transfer g is not fixed to the excitation
energy, but mey be varied iniepenﬁenéz; by varying *re incident elec-
tron energy Zj or the =lectron scettering angle 6 = 4 (kl,kg) where
El’,EE are the momenta o7 e, e', The electron scuttering process is
thus inrerently richer than photozbsorption since it allows the rmea-
suring of the nuclear form factors &s “uncticns of G, not just =t
the fixed value g = 3 ~ 22 'ev. ZIven better, it turas out that as q
is increesed zway frem J s the magnetic axial (i) states come in
whose strength was +too small in photoexcitation to be observeble.
for this reason, inelastic electron scattering seeme to be the most
powerful tool for studyines the giant resonances, superior to photo-
excitation. The spectrum of e' was obtained in such an experiment hy
Vanpraet an@ shows directly the level scheme of the giant reson.n:es,
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if measured from the elastic peak on Aownwards. Fig.7 shows these
excitation curves, the top portion (30) for 12¢ at Ey = 65 ¥Wev, the
remaining portions (31) for 160 at By = 43 (center) and €9 tev
(bottom). For 12¢, we notice the excitations of the 1% state at 15.1
¥ev, of the 2—(A) state at 19.2 Mev and of the 1-(v) state at 25.5
Yev (the latter being the only giant state which gets. substantially
excited by photons). For 160, there is much fine structure, and the
details are less clear. One notices, however, that the pezk about
22.5 Yev decreases with increasing q (at B3 = 43 Yev, @ T 65 Yev/c,
and at B1 = 69=WFev, Qq 2 115 ifev/c), whereas the peaks around 19 or
20 ¥ev, which for photoexcitation ( g~ 22 Tev/c) would be quite in-
visible, grow in relative importance. This behavior is characteristic
for a V or an A state, respectively, as will be Aiscussed later, ani
we made cur assignment of Figs. 4, 5 on this basis. Purther, the 19
Yev state was assigned 27, the 25 liev state 1- as suggested by the
particle-hole model (25,32, 33). The 07(A) state cannot be excited
by electron scattering since the electromagnetic multipole expansion
starts with J = 1 .

If one uses a 0% nucleus &s & target, the giant resonance sta-
tes in the same nucleus can thus be excited by photons or electrons.
The cther members of the isotopic giant resnnance triplets can be ex-
cited and studied by the weak interactions whose matrix elements con-
tain‘ft: muon capture (7,11,34) or neutrino (antineutrino) excitat-
jon (17). Nuon cepture will e.g. give

1
b v - Bﬁ-:-'r + v, (8)

and so does antineutrino excitation:

— (&S 13 * +

Ve s Qo e Byt e (92)
whereas neutrino excitation ieads to the other member of the iso-
topic triplet:

12 1z K -

These transitions are illustrated in Pig.4 and 5 also. In muon
capture as in photoexcitation, the momentum transfer is fixed and

(9b)

related to the excitation energy:
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q =my - AE; (10)
but whereas for the dipole states, photoabsorption had q ~ 22 Tev/e,
muon capture kas q ~ 380 ¥ev/c so that, since the matrix elements
are similar, both V and A states are strongly excited in mucn cap-
ture; this includes the C~(.) state which cannot be reached in elec-
troexcitation. Yuon capture shrould thus, in spite of its fixed mo-
mentum transfer, also be a rather uceful probe into the giant reso-
nance states.

Geutrino excitation has the same matrix elements as muon cap-
ture and the additional advantage of a variable momentunm transfer,
but of course the very small reaction cross section will hardly ren-
der it suitable for a tool of nuclear structure research, at least
for the time being.

Trhe question of course arises as toc how to study the indivi-
dual resonance states participating in muon capture; zn excitst

ztion
curve cannot be obtainel since the muons are saptured at rest. The
investigation must thus use the decav mecharism of the rescn ce

states, whizh is
+ o~
t

slready vell known in
&~
&

P
It is illustrated for this case in Pig 8

irradiated by a continuous bremsstrahlung spectrum, or, what amounts
to the same thing, with electrons which are not observed after the
scattering, the decay nucleons from the reactions which are now es-
sentislly e.g. a (x,p) reaction,
6 i *)
(r G0 - INT. J (11a)
or, e.g., a (e, e'n) reaction,

€+ I,‘U - ';;0[*)4'2"*’"-,

will form spectra with distinct peasks. % the hich end, the peaxs
will correspond to highly excited - ground state transiticns;
lower energy peaks cre a mixture of less ri: t

state and kighly excited =» eoxcited t+
excited giant resonance states will zppszar clearly near the upper
ernd of the spectrum,
Fig.9 (tcp) presents another illustrztion o
7
{

€
,
scheme in 160, and Pig.9 {bOttom) the corrszsponiing chserved photo-
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levels (24). If there is 2 large proportion of grouni state trans-
tions present, then one would feel tempted tc identify the peaks
in Vagge's (14) neutron spectrum, shown alongside in Pig. 12, with
the 40K giant resonance levels as indicsted. Yore experimental
znd theoretical) work should be done on these neutron spectra.

A finel remark should indicate that in the 400a ease, protan
decay from 40X to 3%r is energeticelly possible; znd this is also
true for the 0~ and 1- 4 states of 16N in the 16O- muon capture
case. The 39.r grcund state is probably a (1f 7/2) state with two
extra holes. 1f trcrefore, emitted protons are observed with an
energy correspending to the ground state transition, this would con-
stitute a check for the presence of 2~particle, 2-hole states in the
giant-Jdipole configuration; concerning this, there has recently been
some zrgument in the case (39, 40) of 1690,

We chall now present expressions for the matrix elements of
tke various trensitions {indicating their gimilarities), and their
velues found on the basis of the Goldhaber-Teller model with its
gpin-wave generzlization. Table IIT lists the total cross section
for photon abscrption inteprated over one absorption line (32), and
the differential cross section for inelastic electron scattering,
(22) in terms of multipole matrix elements ("nuclear form factors")
J(g-anfi ‘7; . Vere, ol = 1/137, Ji is the initial nuclear spin,

3} = (235 + 1)%, [52 is the sguared four nomentum iransfer, and the
elestrons have been assumed extremely relativistic. Vg (8) and
V¢(8), vhere 6 = 4:&&1,~§?), are kinemsticzl fzcetors of which 22
has the property

{ﬁ (180°) = 0. (12)
The last line lists the partial muon zapture rate (18) correspon-
ding to the nucleer transition from state a to state b, with ~Z
the momentum of the emitted neutrino, m the nucleon mass, and GV,GA
and Gp the vector, axisl vector, and induced pseudoscalzr coupling
constant, in terms of the vector (Fermi' an? axial vector (Gamow-
Teller) matrix elements ¥y and ;. 41l these matrix elements are
listed in Table IV; matrix elements giving rise to corresponiing
transitions are put into the same line. Ulestron scattering matrix

e »
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elements are written for the particular transition to the states

of the Goldhaber-Teller model to which they give rise. The "lon-
gitudinel" matrix element VKJM ié due to the Coulomb interzction
between electron and nuclear cherge, and depends cn the nuclesar
transition charge distribution ? &E). It usually dominates the
electron scattering process, except at @ = 09,and at 180° due to
Zg.(12). Por 180° electron scattering, ons 2an best observe the two
"transverse" meatrix elements fT‘JM containing the nuclear transition
charge current density j(r) (ngLly is a vector spherical harmo-
nic), corresponling to ﬁBéE eleztric (e) and magnetic (m) multipo-
les (the latter vanicshing for the transition to J = 17 from parity).
Fcr photon absorpnticn, exactly the same matrix element enters and cau-
ses the giant electric dipole transition. For muon capture, it is the

"

vector mztrix element 1y ( ¢r,being the wave function of the bound
muon) in the third column whick due to its similarity with Jmej
causes nuclear transitions to the V giant dipole states also {18):

it may be revritten as

- 3. oK - 1~

M, = [dr O™ () fplT), /
{13)

where -

Q (T = (ili'& ;[7"’-7‘;')}'0.>
- - A -~

(14)

is a T3 = -1 anslogue of the transition sharge {or current) density.

?inslly, there are two transverse matrix elements due to the nuclear
transition magentic moment ”ensity/#}{z) (alsc best observed for 180°
electron scattering), which for photon absorption with recoil g = J
become very small, and which have their munn cipture analogue in thre
Camow-Teller matrix element “F“’ ss “e2~mes obvious when considering
the expressicn for the magnetic moment density operator
= (4.,.\)-’ {,\“p—l‘*") ?G: .C-{s
s R (15)
where rﬂp, r\n sre the protnn (neutron) anomalous magnetic momnets.
Por the schematic Goldhaber-Teller model and its spin-wave re-
neralization, which satisfactorily describe the gross features of the
giant resonance states (41), the correspondence between the matrix
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elements and the various states to wnich they exclusively con-~
trivute is exhibited in Pig.l3. The original Geldhaber-Teller
model (15,16) considers the neu*rons and the protons with their
original distribution rigidly displaced agzinst one ancther, and
o3cillating beck z2nd forth. In Fig.l3, this is indicated as the

Tomma TanlTaadla-o

"isospin mode", and it clezrly gives rise to large "collective™

fo

electric dipole moment, thus absorbing photons stronegly through

the electric dipole form factor frlej, and contributing strongly
also to the other matrix elements in the First line of ™ig.13; the
corresponding 1~ state to which a transition from the rround state
is induced in this wey is whzt we calle? the vector ctate (V). Cne
may introduce z density matrix ¢Q£), with the help of which, nuclear
densities of a spin and isospin operator o may be evpressed as

?o-’.'.’..') = T‘l" 04’(:)

(16)
The density matrix of the isospin mode of oscillation is then:
141'.')_’_ _ad /=Ty _L £
‘?4‘ {2:)_. ? (7 ‘__) + —=1ie (Arw ,d) an
where g o(r) is the ground state proton Jdensity satlsfylng
] -
j?a{:’:)dr’z (18)

If one considers g, the displacement vectcr of the protons against
the neutrons, as the coordinate veriable of a harmonic oscillator
which is subseguently guantized, =n? beczomes a creation operator,
one finds in an expansion to Tirst order of d the transition den-

ann

polr) =47 4T ez

sity matrix

(19)
with its help, one obtzins the reiuced matrix element of I
-0 2T A\
(T4, P M NT=0,0%) = Z (377) Tz, (20a)
or of frgmeJ, '
4 NT Sy Aty e -2 (VA F
<T=4,1 IIUT 7= 0,0 ur (/-\.-.S) r {_’Z ); (20b)

the vector matrix element
. i \a +
(T=1, "M'lhvl-ﬁo/ o'y =iy (3An§) sz) r‘ﬂ (.Z)

in terms of the ground state form factor

[«]
]

(20¢)
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:):(7) = fd>f,€'f£': o (7).
- (21)
In order to describe the A states in this model, one notices
that theories of vibrations of nuclear matt® (42-44) had predicted
four different types of modes of vibrations in a hydrodvnamic pic-
ture: the four interacting fluids consisting of p/, p¥, nf or n¢
(the arrow indicating spin) may vibrate in the four modes indicated

by Fig.13. The previous formelism may again be used, with the results
for the A states:

si (Ve -3 T AT i), (22)
bs (rY -t AV g (7)

(23)
for the spin-isospin and spin wave density matrix, respectively. The
model is essentially an LS coupling model, with total orbital ansgular
momentum L being given by the oscillator transition, whereas the nu-
cleon spins in the Goldhaber-Teller state couple to total spin S = O
(in @¢1) or 3 = 1,m (in @gi, ¢s). Therefore the A states can couple
to J = 0-, 1- and 2~ which may either be T = O (for ffg) or T =1
(for @1, ¥si). altogether, this leads to fifteen states (counting
the Tj substates) classified as follows:

3 isaspin states T = 1 with J = 1- (V states) (1)
9 spin-isospin states T = 1 with J = 071727 (A states) (si)
3 spin wave states T = O with J = 071727, (s)

4 finzl sixteenth state is provided by the breathing mode:
1 breszthing state T = 0, J = O (b)

The matrix elements containing spin ani isospin operators zontribute
strongly to the i states as indicated in 7ig.13; one finds e.g.
Y,
o2 + 2k B g 2w YR
{T=1,17) Y, Py T=0 0 >='?: l—’z ¥
! / i A 2
n (24)

or < - -1?2) W O\
(=127 KR T=0, 0ty =0T Pt o [i=+)

)
(25)
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for the only non-vanishing transitions. I'ote the factor q? which
makes the matrix elements of the A states increase more strongly
with g than that of the V state, as was mentioned bvefore. The tran-
sitions to spin-wave states are negligible since the matrix elements
would contain (mp + g n), and one has (], +p n)2/( Fo - I )2

= 0.035. There are no muon capture transitions to the spin wave
states £s they have T = O. (Strong interactions of course may reach
these states). The breathing mode may be reached by the ““o monopole
Cculomb matrix element in electron scattering.

The energies of these states are not “etermined in the Gold-
haber-Teller model. %e shall take them from experiment, but we ip-
nore 2 possible configuration mixing which the spin depencdence vf.the
nuclear Tamiltonian, that removes the dereneracies of these states
in ¥igner's supermultiplet theory (8), would also cause, a&nd which
results e.g. in a photoexcitation of the 17 A stete.

In ¥ig. 14, we show predictions (41) of the Goldhaber-Teller
model for the 130° electron scattering cross section in l’ﬁ, at
verious momentum transfers. it g £ 100 ¥ev/c, the data of Vanpraet
(30) are entered, an? show reasonable agreement. :ldo exhibited in
the figure zre the excitation strengths of the in?ividual states
(s01id 1lines), and Turther (broken lines) the excitation strengths
of the states of a particle-hole model (11); we have marked its 27
states with a dot. Apart from giving a certain fine structure, and
being partly shifted up in energy, the particle-hole states may be
easily identified with the Goldhaber-Teller states by their gq- depen-
dence 3 this identification is indicsted in parentheses in Fig.l4,
and we have also entered the principal configuration of the particle-
hole states corresjondiing to 1- V, 1~ 4 and 27 i next to the respec-
tive levels. These configurations, together with the small components
given by the particle-hole mo?el, were used for a computation of the
width from R matrix theory (38,41). One can see that the predictions
of the Goldheher-Teller model are reasonably good; they have also
been used Tor obtaining the muon capture rates in Pig.ll.

e finelly show in Ta%le V various sum rules for the elec-
tromagnetic and weak transitions considered go far, end investigate
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to what extent they are satisfied by our model. One can first of
all derive sum rules in the dipole approximation, qRérquwhere R
is the nuclear dimension. The classical example is the Thomas-
Reiche-Kuhn sum rule of the electric dipole transition, which oe-
curs in photo- or electroexcitation., It was shown that in the Gold-
haber-Teller model, this sum rule is satisfied (45), and further-
more, the weak interaction analogue of this sum rule containing the
vector matrix element is also satisfied (17). 4 magneti’ counter-
part of the TRX dipole sum rule has also been established, and
shown to be satisfied by the Goldhaber-Teller model (45). This
means that the vector and the axial states of the model alonm .com-
pletely exhaust the sum rules and leave no room for other states to
be excited. Since experimentally, other dipole transitions are pre-
sent and the observed giant dipole resonance e.g. does not exhaust
the sum rule ( a considerableamount of dipole strength occurs at

Z 30 Yev due to short-range correlstions), we expect the collec-
tive model to overestimate the actual results.

For general q, i.e. not in the dipole approximation, a rela-
tion between vector and axial vector weak interaction matrix elements
was established by Tolhoek et al(18), presented in Table V, which
was shown by them to hold in a shell model in which at least a neu-
tron (or proton) subshell is closed. Foldy and Walecka (8) proved
the validity of a generalization of this sum rule in supermultiplet
theory, and it was shown by them (8, 11) and by Rho (46) that it
also holds approximately (within 12%) for the patrticle-hole model.
The relation was also proved (17) for the Goldhaber-Teller model.
This relation is important because it ties the A to the V states
and, from the observation of the giant resonance in photoabsorption,
already implies the existence of giant spin resonances e.g. in
Gamow-Teller transitions of muon capture or in magentic quadrupole
transitions of electron scattering even before they have been seen
exnerimentally. h

It seems that the most interesting task as far as muorn cap-
ture is conceraed would be a direct verification of the siant res-
onance mechanism. For this purpose, the measurements of neutron
spectra following muon capture (14) should be repeated with grea-
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ter accurecy and with narrower energy intervals in order to con-
firm the structure found so far an3i improve the resolution; the
measurements should also be extended to lighter nuslei (0* and
others). The positions and widths of the levels should (apart

from the Coulomb shifts) arree with those in (Y ,n) reactions. ®ig.
15 presents the situation in 120 again. In this figure, we have al-
g0 entered the widths used for 2rawing *the levels in the neutron
spectrum, and the neutron polarization which is expected (34) from
the decay of the 1~ A state to the 11p ground state, having lon-
gitudinal comgonent

Pl 2 0.2 Pr cos 5 (26)
along the directicon pn cf the emitted neutron momentum, with
2; (pn, sr) where S is the polarization Adirection of the cap-
tured muon {(degree of pclarization P )}, en? a transverss component:

Pat T - 0.1 Pr 5in 6, (27)

along pPn X QEP x.gn). ¥o polarization is expected from the O~ A
and 1~ V state decay neutrons.

inother indicstion fcr the excitation of the giant resonance
states in muon capture may be the observation of photon decey of the
20.5 iev level (1~ V) in 128, The corresponding photon of. 7,1 Yev
could be very charzcteristic. “xcitation of the lower excited states
of 123 by muon czpture has been investigated (47), 2n? the corre-
s,on?ing ra'nz rsvs rave been Tound ‘43%); the 7.1 "ev ramma ray has
not bveen lcoxe? Tor. Since the 1~ V state is partizle-unstable, gamma
emission has t» cempete with the large amaount of neutron decay, but
the trancit.on cees to the 11 ground state and is therefors a rela-
tively large Z1. -e hzve estimzted (32) its decsy rate, arain on the
basis of the Gol”haber-Teller model, and find

[y ~ 0.8 xev, (28)
vhizk compered to the neutron witth F; ~ 3 F¥ev, shows that about
cne out of 400G decays should produce a photon emission; this should

be experimentally observable.
In conclusinn, we have demonstrated the interrelation of giant
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resonance excitaticns by muon capture with other electromagnetic
and weaXk excitations, ani have shown that due to the isospin Ade-
penienze and to the particular structure of the weax and elecztro-
magnetic motrix elements, a variety of “ifferent states may be exci-
ted in neishboring nuclei. This permite a stuly of the giant reso-
nanc=s by electrons, muons (49) and photons, whose results should
complement each other and thus lead to = more complete understen-
din;; of the ziant resonance states. Our discussion has been simpli-
fied, ve feel, by the predominant use of the soldhaver-Teller amodel
of the giant Jipole state and its spin wave generalization (17),
which owins to itz property of describing all essential features of
the suin anl isospin vihraztions by the simplest possihle means,
gives a rishly irztructive view of an otrerwice rathey complicated

situation.

angendix.,

The breathine mode completes the sixteen states of the collee
tive nuclear vinrations. & Goldheber-Teller type mo’el can also be
estonlished .(50) for this sta'e and shall be sketzhed here, althoueh
the excitatinn cunnot oczur by muons ant ghotons, but only by the
monopole matrix elewentJCc)df electrnn sratierine. The vibration
cen be visualized us a szale-vibration of the nuclear ground cstate
density R-

g:(r,f) = Niy)y ¢ (7 'il),
- (?9)
with R the r.m.s nuclear radius, % its 3isplacement. One may re-

present to first orler in Vi

. =2 2 (rre. )
grrt) - pm) =7 g G (TR (50
consider 1) as the position variable of a harmonic oscillator
whish one yuantizes, and finds a {ranaition form fTactor

) - AL J P(»i)

Fu @)= (2-A) T 3. (31

in terms of a derivative of the eround state Coram Cactor 7(q),2q.(?
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The differential inelastic electron scattering cross section is then

d
iz - on(e) [ Fugl?,

where Cﬁu (8) is the ¥ott cross section.
It has been attempted to explain the 20.4 Yev Ot level in 4He

(32)

- o

v I - - - - - - = = — 2 L s
o ed in electron scatterinz (51) in terms of this col-

e £ -
I

bse
lective model. Since the 20.4 Yev state lies ~ 0.5 Mev shove the
t + pand ~ 0.3 Yev below the 3Be 4 n threshold, the width and
level shift in the eguation

ds _ i Sls—

afLdE, Tow [g,..A-g,)ﬂ.# rr o (33)

are rapidly varying functions of 21 which have been obtzined previnus-
1y (52), and using them, the lorentz fastor in Eq.(33) integrates to
T 3/4m instead of to unity. In ®ig. 16, we stow & comparison between
theory and experiment for the quantity R(gq) = Pip(q)/(1 - (q)/2) ani
for the differential crnss section. The excess of a factor 2 in the
theory is not unsatisfactory (11). It can also be shown that our cd-

lective nodel exhausts Terrel's (53) monopole sum rule
XJ|<oL IZTE7m 105 >|* = R*A .
z 7| v 2| /2m (34)

The 20.4 "ev level has a2lso heen observed in inelastic pro-
ton scattering (54) by 4%e, see ™ig. 17. The same surve shows the 2-
state of 4¥e at 22.2 “ev. Tf this state hzs 7 = 1, it would show up
as the dashed curve in Tig.l7 in electron scetterinzg due to a mag-
netic quadrupole trensition (P2~ A stzte). Since it is not seen there,
we identify it with the T = O, 27 member 5 *he spin-wave mode of
the rient rescnance.
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Results for the total matrlxlglenents N2 and matrix elements for partial
transitions M n,l “blbl for

trz::gézin A)(;a:mi.g%c%mgell B8) l?at:lt: Efggngégl well
nl, ~> a1l (i::) 2 2lafts 1 (iz‘;) Mznala“'blbl.
10122 25,5 0.021 23.5 0.030
10230 25,5 0.010 29.6 0,007
11121 12,7 1.107 13.3 1.048
11123 12.7 0.010 13.3 0,006
11201 12,7 0.174 19.4 0,095
11132 25,5 0.082 29.1 0.056
11210 25,5 0.042 39.8 0,009
11212 25.5 0.013 39.8 0,003
11221 38.2 0,004 62,7 0,004
M2 1.463 1.258
Table I

Squared matrix elements of partial transitions for muon capture

16O, obtained from an independent particle shell model 24,
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Transition D2 (%) E(MeV) E' (MeV) p'2(%)
1 py => 2 sy 11 18.53 19.6 2
Z
1py 1 d_; 50 17.65 22.2 73
7
1py =1 dg 28 16.58 18.1 1
y)
1oy > 2 sy 5.5 12.38 13.5 4
1 p3 »1d;3 5.5 22,73 25.2 20
Z 2
Table 11

Energy levels and squared electric dipole absorption strengths
in % before (E, D) and after (El, Dl) configuration mixing by

a residual interaction, obtained from a jj coupling shell mode

128,
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Photons: fc‘dE' (ZE)“ Z { T =+ ITTmIL}f,

de R Srx* 2
Electrons: E=ZA_‘*;§?{\Q W)J%U(:rl +

VO (I | 7))

where

j’ (e'm) T{e m)1+ j‘(e m)

Muons: /\_,,= L+-Y—Zf {GVZIMVIH-
MA;2+(G;-2 GE)-M,I*}

Cross sections for photo- and electro excitation

of nuclear states, and partial muon capture rate.
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Muons

— M= [P e g,

isame >

i _
Tt =0

Tci= VBt jo tgr]- Yo,

My=ClZ e s )

gfff"_/,{gr)ﬂ y i

[ d'rj- VX Jo (qf")yzz,

~O

‘Q
f-——-*~ ey

M (bl): ""4% AL
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Detailed matrix elements occurring in photon (first column) and

electron (second column) excitation of the Goldhaber-Teller giant

resonance states.

elements for muon capture.

Last column: Corresponding general matrix
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A. Dipole Sum Rules («lPé/):

) Thomas - Reiche - Kuhn: 2.%5](1"[ﬁq’x‘!1|o*>l".—.?.%
holds for Goldhaber-Teller (Walecka)
Its p-analogue holds for G-T (Uberall):
' T S|* = NZ
{;ggjz}qzl@ IMyloDl® = ==

2.)Magnetic Analogue of TRK (walecka):
25 7| E wrloon], (o= T A
holds for G-T (Walecka)
B. Sum Rules for General g :
g%ZfdG[ﬁAlz-;SaZ_bv:b [ds M, [

holds a.) in shell model with closed subshell ( Tolhoek)
b) in Wigner supermultiplet theory (SU, invariance)

-— : 4 )
(Foldy - Walecka): 5 ](Eanz;r‘?w;lO*)f%%I <E..Mlﬁff5f“’»‘fof> l -

M

(w; any fn,of X;)
C.) within 12% for particle ~hole model (}—old-y, ‘Rho)
d.) for G-T model (Uberqll):

Z <M *=3<M 2

Table V

List of electric and magnetic sum rules in dipole approximation,
and of sum rules for muon capture.
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Figure 1

Top: Formula for the partial muon cagture rate to gian% resonance states.
Bottom: Comparison of Experimental 12 and theoretical 4 results for the
total muon capture rate in ~°0.
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Figure 2

Top: Level scheme and neutron decay mechanism of the giant

resonance states in ‘°N (as obtained from a particle-}
calculation®) after their excitation by muon capture
in 16g (numbers on right: partial muon capture rates)
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Bottom: Neutron spectrum o?gained from the decay of the - 16
giant resonance levels in "~N. The width of each _
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Figure 3

Measured 2° spectra of neutrons emitted after muon capture in 27A1

(top), and *0ca (bottom).

units )

3

{Relative

b
O
i
L

L S |
20 3 -
2
)
]
g &

i

(0] i i 1

0 5 i0 15

Neutrons / unit energy interval

Neutron kinetic energy {(MeV)

N
Q

aFermi-model subtraction
o Shelt-model subtraction

3

N
O
I

X
o 3} 8 3
\ a g i § ls
5 10 iS5
Neutron kinetic energy (MeV)

o

o

Neutrons/units energy interval (Relative units)



356

oy 12 1L ¥
,44-6(1-»55 +y
— PR 2 * +
y+_éd-75_B+-/.L

24.0 O
235 |7
205 -
17.0& 2

26:0 0
255 17
225 I

190 2~

151 017

0 0"
2
6 C

Figure 4

and in the neighboring nuclei 12B and 125,

Eberall

285 (O
A

280 |
250 I” V
22/':5- 22— /&

s 17

12
2N

V+ 'Z‘C’-b '72/\/*-!-/.4,"

Schematic level structure of the giant resonance states in 12C




Nuclear Giant Resonances 357

285 O
A
280 I
255 0| [less oy
250 |
235 o- A
230 I~ 225 I V 22.0 2° A
ST V
190 2 A
7.0t 27|\
157 _(2) 56 _
: K
oF
125 2 V
/O'LI 2 | I v+ I‘O__) I‘F"’,“_
7 H' O 0+
Figure 5
H-+ ':D-‘é‘N#‘P 4 16 Schematic level j:ructure of the
['4 giant resonance states in 16Q and

;-'.. fo - ;‘N *+ ,.«L+ %gFi.:he neighhoring nuclei 1N and



"
358 Uberall

CARBON
20 r
o (y,Tot) | ‘
mb |
10 F
0
10 20 30 E (Mev)
OXYGEN
20
O'(b',Tof) N
mb
0
O '.... "o!'
GPkrn 4 3T | |
10 20 30 E (Mev)

Figure 6

Total photon absorption cross sections vs. excitation energy in
12¢ and 16g.




Nuclear Giant Resonanc

359

L2 65Mev
n
.
Z sox10°% 15.1 MeV MI
2’ TRAISITION
[+ 4
: g
E i Pl
S 1.0} fifi {
F byl i
i i,
n ; i
» 0.5 .
& 3
t | i |
o T T S 25
Figure 7 EXCITATION ENERGY (MeV)
citation curve of the 5.0-10"%2-.
o zesonancy scates by o ssuay {
p39: in 12¢ with 65 4.0-107%* - {
v electrons; center and
ttomd®: in 160 with 43 2 H } H
d 69 Mev electrons. 3.0-10 - {i {I q
2.0-10" L }Higi{H } } { ﬁ
Lo-i072| # 1§ i} i
IR
o A A A L 14 Al i i 1
2.0-107%
s-i0%2  0'° 69Mev f g
1.0-10 *2H i} B if {ili
i3
o.s-no"‘—,..',m. :i ii ; {’B :ii
’ 'i'l‘ [}
0 LI '."x'. N IO N
10 15 20 25 30

EXCITATION ENERGY (MeV)




360 Uberall

Figure 8
Nucleon decay schemes of the giant resonance states in 160

after photo-or electroexcitation.
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. Figure 9
Top: Level scheme for neutron decay of the giant dipole states in 16p.

Bottom: Photoneutron spectrum from 160 irradiated with 25 Mev
Bremsstrahlung (after Firk 44).
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Figure 10

i}berall

Proton spectra from the (e,e'p) reaction in 12¢ (top) and 169 (bottom)

with 30 Mev electrons; protons observed at 76° emission angle.
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Figure 11

Level scheme for muon capture in 12C leading to

neutron decay, with theoretical neutron spectrum.
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Figure 13
The possible modes of collective vibrations in the Goldhaber-Teller model,
and list of the matrix elements which exclusively contribute to the

corresponding states.
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Neutron and gamma decay spectra of giant resonance states of 12

following their excitation by muon capture in 12¢,

and neutron polarizati
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Figure 16
Inelastic electron scattering cross section for the 20.4 Mev state in
4He and function R(q): comparison of experiment with breathing mode

collecztive model.
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Figure 17
Excitation functions of %He states by inelastic proton (selid

curve) and electron (dashed curve) scattering.
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EISENBERG: I think this is perhaps directed to Dr. Walecka. The electron scat-—
tering evidence for the appearance of a 1~ spin-isospin vibration is spotty to say
the least, and in fact I think no level of that character is observed in experi-
ments of Isabell and Goldemberg. In fact, they find that in order to get the kind
of closure result which you indicate, the curve with the dip, they actually have

to sum over a considerable range of energy, something like 10 Mev.: This, of course,
could be because the level is broad, as I think Dr. Uberall indicates, or it could
be because there is two particle-two hole admixture in this region. But, in any
event, since the muon capture is so semnsitive to the excitation energy, perhaps

it would be misleading in that situation.

WALECKA: The data that I showed was integrated over a reglon about 4 Mev, I

think, and that was from two or three different experiments. There certainly is a
rise in the total cross—-section in that region. Those are the points I showed on
the graph. You could argue this with other multipoles. The best we can do is just
calculate all the other multipoles we know. If we added in the 2~ that was also
shown on the curve, the contribution would be small. It certainly was not inte-=
grated over 10 Mev, but, T think, about 4 Mev. And that is the total strength.
Now, it is true that you don't see the detailed shift of dipole strength from the
lower level. We say it should shift up by about 2 Mev, but it's a puzzle. Uberall
pointed out that the upper level is broader. We've done some calculations on a
continuum model and it is true that the upper level is much broader and the shift

is not as great as you would expect on a simple bound state picture.

WERNTZ: TI'd like to direct a question or maybe a comment to Professor Walecka.
We've done some continuum calculations on helium and I think they're in semi-

quantitative agreement with the more complicated phase-shift analyses of Tombrello.
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The results seem to be that the T=1 dipole states of the alpha particle are no true
resonances in the sense the phase shifts go through 90 degrees. And, furthermore,
the T = 0 phase shift is considerably smaller than the others. I was wondering
vwhether this might, therefore, reduce that M, in comparison with M, . That would
explain why the experimental muon capture rate is much larger than the theory indi-

cated.

WALECKA: Yes, that’s an interesting point. Actually, in the spectrum I showed on
the alpha particle, we find that the dipole strength in the two 1~ levels are ac-
tually reversed. In our calculation, we find the upper state has about twice the
electric dipole strength as the lower state. Now, experimentally, the peak in the
photo-absorption cross section is in the lower state. We tried to play with that,
and put the strength in as experimentally observed and also as calculated and it
only made the comparison with the muon capture worse. There was no way of signifi-
cantly improving our predictions for the muon capture. I think the predictioms for
the first forbidden contributions to muon capture are probably pretty good, probab-
ly good to something like 15% or so, in the alpha particle. Now, you can turn the
argument around if you want. You can say that the muon capture is therefore the
world's best measurement of admixtures into the ground state of the alpha particle.
I don't know any numbers here. All I know is that Kane and Jones estimated how

big the allowed contribution should be and it was nowhere near big enough to explain
the discrepancy. It would be interesting, of course, to try to put an admixture in
and see if this contradicted any other experiments. I don't know whether it would
or not. Also, as long as I've got a microphone in my hand, let me suggest that
anybody that can think up clever ways of trying to see these T=1 or T=0, 0  states,
would be very welcome. They're very hard to see, to really pick out, and some of

these should have all the strength concentrated in them.
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TELEGDI: I have two questions to Professor Walecka and one to Professor Uberall.
Let me preface my questions by saying that they are in no way directly related to
the specific model on which you spent most of your time, this SU, scheme. First
question is, what is the opinion of theorists about our present knowledge of the
deuteron wave function and similar things that would enter into mu capture in deu-
terium? After all, you said yourself the hydrogen gives one number, the He3 gives
another, and that's far from an overdetermination. Now there are many experimen-
tal difficulties in doing mu capture in deuterium into which I shall not go, but
assuming one can overcome these, wouldn't the theorists say that we don't know the
deuteron wave function at close distances sufficiently well to do this? Or, is
there an aura of optimism on this topic; this is question number one. Question
number two is that there has been a very detailed experimental study in at least

two labs of the partial capture rates in 016

and one tried to squeeze these data
for a lot of information. But when you look at the calculations, they are still
very model dependent and for some states, in rather violent disagreement with the
experiment, which makes you believe that you shouldn't attach too much importance
to the agreement in other states. Now, this great trade of electric versus weak
matrix elements cannot be applied to this situation. These are my two questions

to Professor Walecka. When he has answered, I will ask Professor Uberall some-

thing else.

WALECKA: There are people certainly much more qualified than me to talk about the
deuteron wave function and maybe Professor Breit could comment on that. I do know
that the elastic electron scattering experiments omn the deuteron are very sensitive
to details. For example, recent experiments of Ericsom, at large momentum transfers,

show the presence of a hard core. If you leave out a hard core you get completely
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wrong curves. That's the one point. The second point was the partial capture
rates in oxygen. There is a nice paper recently by Kim. There was always a
discrepency with the 2°. I think this is the ground state of M6, ge took the
form factor, which is known only very crudely, from the electron scattering experi-
ments but which disagrees with the shell model calculation for that particular
state. He found within the experimental errors that he could match the rates.
There's a big error on that, though, so I don't know how seriously that should be
taken. Some of the other states you want to give information on the coupling con-
stants. For example, the transition to the 0 state was this induced pseudoscalar
analyzer. It turns out Ericson was the first ome to show this, that roughly 3/4
of the capture rate comes from these nucleon recoil correction terms, which, of

course, are model-dependent.

FOLDY: One of the problems in the 06 and the N1 ig just the fact that since the
glant dipole resonance tends to dominate the transition, the sensitivity with
which you can calculate contributions to other states is impaired. They have their
transition strength robbed by the giant resonance. It is a lot more semsitive to

small details.

TELEGDI: All partial capture rates will be of order 1/Z, or what have you. But I
was careful in saying that I wanted to have this discussion outside the giant
resonance model but rather see what you could do specifically with magnetic tran-
sitions. Do you see what I mean? 1 know that this is a small residual as compared
to the main transitions. Now, as to Professor Uberall, first of all, I don't under-
stand what's meant by the Goldhaber-Teller model. Fifteen years ago I thought I
did. Well, what I can understand from the argument you showed is that one has to

have four different vibrations in the SU4. Then part of the argumentation as I
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understood it didn't seem to prove to me anything in particular. Namely, you
showed a certain number of states with specific spins, 17, 27, the ones that you
wanted to find. You then assume that those exist and have been proven to have the
quantum numbers such as desired by such a theory. If one takes SU, as a suitable
starting basis it is unavoidable that such states exist somewhere. Once those
states have been localized, then you have said what would happen to them in their
electro-excitation. Now, as I understand these arguments, it simply rests on see-
ing which operators have Q's in which form. The vector part has a Q in a damping
factor, the magnetic part requires velocity dependent q's in a way that makes them
rise. So if I don't know any theoretical phsyics whatsoever, except the form of
the operators, I know that excitations of certain states do manifest themselves
through the momentum dependence of the operators in this advertised fashion. And,

what else do I prove?

UBERALL: The Goldhaber-Teller Model is first a classification of the states which
occur according to the spins and isotopic spins and, secondly, it tells you which

of the multipole operators.....
TELEGDI: That's set by spin alone. Spin and isospin tell you that uniquely.

UBERALL: Yes, sure, but first you have to classify the states on the basis of the

Goldhaber-Teller model.

TELEGDI: In any reasonable model that is spin independent of the Wigner type,
those states would be produced, that's clear. What Walecka calls in a very refined

manner the 15 dimensional representation makes it obvious that such states occur.

UBERALL: I want to say that any reasonable model should of course give you these
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features. The Goldhaber-Teller model was chosen because it depicts these features
in an especially simple and a lucid fashion because you see exactly what states

are there and how the relative energy varies. If you take the particle-hole model,
some of the states are split off, satellites are split off, and the picture doesn't
become so clear anymore. So, this, I feel, is the simplest description of a more
complicated situation and one has to go into more sophisticated models to describe

it better, but, this is the starting point of description.

BLOCK: My question is addressed to Walecka. Having had a loose liason with

helium over the years, this comment that you can find the D-wave admixture by re-
versing the argument strikes me as an extremal statement. The amount of D-wave,

if I recall, estimated by Kane and Jones was supposed to be an upper limit, nowhere
close to vhat they would even consider a reasonable value. Trying to somehow or
other bound the answer, they estimated 35. If I recall the number from your slide,
you would then have a D-wave admixture in the order of 10% or so, if you turn the
argument around. Cound it not be that the model is inapplicable? Is this the best

way to find the D-wave admixture?

WALECKA: Well, the only thing I can say, is, I think that our estimate of the
first forbidden contributions, by integrating over photoabsorption, are fairly re-
liable. I think our assumptions relating the axialvector and pseudoscalar to the
vector are fairly reliable. The contribution of the other multipoles and the form
factor is small. Now, the only thing you have left is the possibility of large

admixtures in the ground state, unless I'm missing something.

KOLTUN: I have one comment on Telegdi's question, on the Goldhaber-Teller model.

There are microscopic models of Goldhaber-Teller based on shell model considera-
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tions and so on. The crucial question isn't whether there is a state or not, the
question is what's the width of the state. And the point is, you can produce in
reasonable models Goldhaber-Teller-like states with reasonable widths. If the
width is small, you say the state is there. Now, in relation to this, I'd like to
ask Dr. Uberall a question on the sum rules - the TRK sum rule and its extension
by you and by Tolhoek. Are these based on single particle considerations or do you
go the whole way as the TRK sum rule has gone in nuclear physics to looking at the

exchange character of the forces and its effect on the sum rules?

UBERALL: No, that doesn't enter. You use the matrix element, which is provided
by the Goldhaber-Teller model and you put it into the sum rule. No single-particle

considerations enter and therefore no exchange forces either.

KOLTUN: There must be a generalization, just as there is to TRK.

UBERALL: Yes, it is well known that Levinger's sum rule gives you the exchange

forces. This has not been used here.

KOLTUN: It'll be a different term here, that's the interesting thing. Because of
the different isospin-spin character, there will be a different term of the two-

body force.

UBERALL: Well, I don't know of any investigation of this point in the literature.
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V. W. Hughes, J. Amato, R. Mobley, J. Rothberg, and P. Thompson

Gibbs Laboratory, Yale University-

I would like to talk about two toples involving muonium
on which some progress has been made in the past year. As you
know, muonium is the misnomer for the atom consisting of a
positive muon and an electron. The possibility for studying
muonium comes about because of parity nonconservation in the
production and decay of the muon. The decay of the positive
pion at rest (n* — p+ + vu) produces a positive muon with its
spin in the direction opposite to its linear momentum. The

+

decay of the positive muon (u+ — e + v, + ;ﬁ) occurs with an

e
angular asymmetry favoring positron emission in the direction
of the muon spin. Hence polarized muonium can be formed, and
changes in muon polarization, which accompany changes in
muonium state associated with magnetic resonance transitions
or collisions, can be observed through the change in the

angular'distribution of the decay positrons.

The first topic 1s a new measurement of the hyperfine
structure of muonium which has been done by observing an in-
duced transition at weak magnetic fields. The hyperfine struc-

ture interval in the ground state is of interest essentially

»

¥
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for quantun electrodynamic reasons. Muonium 1s the simplest
system involving the muon and the electron, and hence a very
suitable one for studying inuon electrodynamics and the inter-
action of the muon and the electron. The second topic is
muonium chemistry or the interaction of muonium with atoms

and molecules,
Hyperfine Structure of Muonium.
With reference to the first topic, Figure 1 shows the

simple energy level diagram of the hyperfine structure levels
in the ground state of muonium. At zero field there are two
states, the singlet state with F = O and the triplet state
with F = 1. The quantity x is a parameter proportional to
the magnetic field. In the presence of a magnetic field the
triplet state splits into its three magnetic substates. 1In
previous work1 we studied the transition shown by the arrow
at a high magnetic field and used the theory of the energy
level diagram (the Breit-Rabi formula) to obtain Av (the
zero-field hfs splitting). In a run we had just a few months
ago we have been able to observee transitions in a very weak
field between the F = 0 and the F = 1 states, in particular
both the transitions (F,MF) = (1,1) <> (0,0) and (1,1) <> (0,0).

Figure 2 shows the theoretical expression for the hyperfine
structure interal in muonium. It is based on treating the muon
as a heavy Dirac particle and is an expansion in powers in the
fine structure constant, a, and of the ratio of the electron

mass to muon mass, me/mu‘ The value for a comes from the

deuterium fine structure measurements of Lamb and his colleagues,
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The value of a2 is known to about 18 ppm, and contributes

the principal uncertainty to Av(theor). The ratioc of the muon
magnetic moment to the proton magnetic moment, which is obtained
from muon precession frequency experiments done at Columbia,4
contributes an uncertainty of 13 ppm. Hence Av(theor) = 4463.15
+ 0.10 Mc/sec.”

Figure 3 will remind you of the simple Hamiltonian involved.
The relevant part of the muonium Hamiltonian includes the hyper-
fine structure interaction, and the interactions of the electron
magnetic moment and of the muon magnetic moment with the exter-
nal magnetic field. The usual expression for the energy levels
i is given.6

The general method of the experiment involves bringing
muons into a gas where they are stopped and form polarized
muonium. In a weak magnetic field with the incident muon spin
direction in the direction of the external field, (the quantiza-

tion direction), the relative populations of the hfs states

will be:
; (F=1,M,=1)=1/
| (F=1, M, =0) =1/
(F=0, My =0) =1/
(F=1,MF=-1)=O.

If no microwave frequency is applied, then the angular distri-
bution of the decay positrons will be characteristic of the net
polarization of the muons in these states. If we apply a micro-

wave frequency so that a transition occurs, for example from
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the (F = 0O, Mg = 0) state in which the muons are unpolarized
to the (F =1, M = +1) state in which the muons are polarized,
then the angular distribution of the decay positrons will be
changed, thus serving as the detection for the occurrence of

the transition.

Figure 4 summarizes the theory of the line shape. It is
based on the time-dependent Schroedinger equations for the
state amplitudes ap and aq, in which the muon decay rate ¥ is
introduced phenomenologically. Matrix elements qu of the
Hamiltonian term involving the microwave magnetic field ﬁ}f
connect the two levels. The initial conditions are ap =1,

a =0,at t =0. We calculate \aq(t)}e -p

q pq*
observed 1s the change in angular distribution of the decay

The signal

positrons and is proportional to the quantity Pq. The line-

shape is Lorentzian.

Figure 5 shows the experimental arrangement. The incoming
muon beam passes through counters numbered 1, 2, and 3 and
stops in a high pressure target, filled with argon at some 35
atmospheres. Positrons are detected by the scintillation
counter telescope 45 in a time interval of about 3 psec after
the muon arrives. A principal technical problem was the achleve
ment of a small, homogeneous and stable magnetic field on the
floor of the Nevis synchrocyclotron, where the fringing magnetic
field from the cyclotron is about 10 gauss and the fleld inhomo-
geneity is about one gauss per foot. The requisite magnetic

field with a homogenelty of better than 0.05 G and a stability
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of better than 0.0l G was achieved with the use of a struc-
ture involving three large moly-permalloy shields surrcunding
a solenoid and associated correction coils. The static mag-
netic field was monitored and mapped with a RbO> optical

pumping magnetometer.

Flgure 6 shows the mlcrowave system. Without going into
detail, fundamentally the frequency is referred back to a
crystal oscillator. There are various amplification and
harmonic generation stages and eventually about 3 watts of
power 1s fed into a resonant cavity with a @ of 12000, operat-
ing in the TM220 mode, which has the virtues of having conven-
ient dimensions for a gas target used in the Nevis meson beam
and of having a microwave magnetic field perpendicular to the
static field.

The data consist of observations of the gated positron
counts as a function of the microwave frequency with a fixed
static magnetic field. The cavity is retuned as the micro-

wave frequency is varied.

One of the three resonance curves obtained thus far is
shown in Figure 7 for the transiton (F’MF) = (1,-1) «— (0,0)
at a static magnetic field of 2.7 G, which is well resolved
from the other observable nearby transition (F,MF) = (1,1)
(0,0). The signal is the difference between the ratio of the

number of gated positron counts with the microwaves on to the
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number with the microwaves off minus 1. The error bars
indicate one standard deviation for the counting statistics.
The solid curve is a fitted curved based on the theoretical
line shape, Pq, given in Figure 4., The amplitude of the
resonance curve is 0.7%, which 1s the expected value relative
to that of about 3.5% for the strong field experiment. The
resonance signal is predicted to be a factor of 5 smaller

than for the strong field (MJ’Mu) = (1/2,1/2) — (1/2,-1/2)
experiment due to the relative populations of the hfs states
and to the change in polarization accompanying the transition.
The linewidth is about 0.3 Mc/sec due to the power broadening
and the muon lifetime. Note that the resonance frequency is
at about 4458.,9 Mc/sec. The contribution of the Zeeman effect
to the transition frequency is -3.8 Mc/sec and the hfs pressure

shift, taken from the strong fleld result, is -0.45 Mc/sec.

On the basis of two resonance curves for the (F,MF) =
(1,-1) e« (0,0) transition and one resonance curve for the

(1,1) e (0,0) transition, we obtain
Av(expt) = 4463.18 = 0,12 Mc/sec

where the error (one standard deviation) is due to counting
statistics (0.11 Mc/sec) and uncertainty in the pressure shift
(0.05 Mc/sec). In a longer run planned for this summer we hope
to improve the accuracy by a factor of two. The experimental

accuracy is severely limited by the intensity of the muon beam.
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This value agrees well with the value of Av(expt) = 4463.15
* 0.06 Mc/sec obtained from the high field experiment. Com-
bining the experimental values for Av from the strong field
and weak field experiments, we obtain

Av(expt) = (4463.16 * 0.05) Mc/sec

An alternative view of the high and low field measurements
1s that the low field measurement determines Ay directly and
the high field measurement can be used to determine gu/gp At
present the high field experiment determines gu/gp only to an
accuracy of about 2 parts in 104 because the interaction of the
external magnetic fleld with the muon magnetic moment contributes
only about 5 per cent to the transition energy for the (MJ’Mu.) =
(1/2,1/2) «+ (1/2,-1/2) transition. However, in future more pre-
cise experiments (perhaps one using a much higher external mag-
netic field) the quantity gp_/gp could be determined in this way.
The value so obtained would not be subject to uncertainties
about magnetié shielding as is the experiment involving muons
in water from which gp‘/gp is presently determinedﬁ

The agreement between the experimental value for Av given
and the theoretical value is excellent. This agreement provides
further proof that the muon is a heavy Dirac particle obeying
modern quantum electrodynamics, in particular for the atom in
which the muon and the electron are bound together.

In view of the fact that the experimental value for Av 1is

known as well as, or perhaps even somewhat better than, the
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theoretical value, which is limited principally by our know-
ledge of a based on the experimental measurement of the fine
structure of deuterium,3 we can assume that the theoretical
expression for Av(theor) given in Figure 2 1is correct, and use
the value of Av(expt) to determine an independent value for q.
This procedure gives:

a™! = 137.0388 (+ 9 ppm)

If this value of a is combined with that from the deuterium fs
measurement, we obtain the new value

&L= 137.0388 (£ 6 ppm)

Apart from the desirability of having a better value of a
as one of the fundamental constants, the value of a is of criti-
cal importance to the comparison of the theoreticalSand experi-
mental values for the hfs of hydrogen. (See Figure 8) The most

precise experimental value for Av of hydrogen 1s obtained from

muonium

measurements with the hydrogen maser? The measurement of Av for /
provides a confirmation of the value of q determined from the

fine structure of deuterium and hence confirms the outstanding
discrepancy between the experimental and theoretical values for
the hfs of hydrogen. It seems likely that this interesting
discrepancy is due to an inadequate theoretical treatment of

the effects of proton structure and recoil (the term sp)_9,10

Two unconventional attempts to explain the discrepancy have been
made by Nambu and his colleagues. One introduced an axlal vector
meso%l’%% the interaction of the electron and proton and the other

involved a quark model of the proton's structure in a theory simi-
13
lar to that of the hfs anomaly for electronic atoms. More recently
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Drell and his colleagues have been considering in detall
14

the effects of dynamic proton polarization.

Hyperfine Structure of Muonic Hydrogen

The hyperfine structure interval of the muonic hydrogen
atom would be a most interesting quantity to measure. This
is particularly true because of the present discrepancy between
the theoretical and experimental values for the hfs interval of
nydrogen. As mentioned above, the calculation of the effect of
proton structure and proton recoil included in the term §_ is
ambiguous. This term is of order a me/'rnp for hydrogen and hence
~ 0.5/105, but for muonic hydrogeriljof order « mu/mp or ~l,/103;
hence the ambiguous term is relatively much more important in
muonic hydrogen and indeed so large that its effect could not
be masked by uncertainties in a and other constants appearing
in the expression for Av of pu p. The theoretical expression
for Av of muonic hydrogen is given in Figure 9. The interval
of 6.79 microns is in the infra red wavelength range.

An experiment to measure Av of muonic hydrogen can be
imagined but would be very difficult. The general method of
the experiment would be similar to that of the muonium hfs
experiment. Negative muons would be stopped in H2 gas at
sufficiently low pressure so that p p would exist in the lowest
F = 0 hfs level for a time interval of the order of the muon
lifetime. If polarized infra red light at the wavelength of

6.79 microns is applied, a transition can be induced from
(F,MF) = (0,0) to (1,1). This transition could be detected
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through the change in angular distribution of the decay
electrons.

The transition is a magnetic dipole transition which
must be induced within a time interval of 2 usec (the muon
mean life). The required amplitude of the time-varying mag-
netic field is about 100 G. Since the natural, non-power-
broadened linewidth is 0.14 Mc/sec and the transition fre-
quency is 4x10'3 cps, the fractional linewidth will be 1 part
in 3x108. These factors clearly imply an extremely high power
and extremely high stability infra red light source. Only a
laser appears to have the potential for this problem. The
wavelength is in a reasonable range for laser operation.l5
However, the line 1is very narrow (power broadening would prob-
ably require excessive power); the exact location of the line
is uncertain theoretically due to the o mu/mp term; and tuna-
bility is required. With an optical cavity of reasonable size
(103 cm3) to contain a H, gas target for stopping negative muons
(or negative pions),having a reflectance of 0.99, a peak power
level of 1 megawatt is required at the repetition rate of the
meson source (say 60 cps for the Nevis synchrocyclotron).
Clearly all these requirements on the laser are extreme, though
not ridiculous. Perhaps by the time meson factories and meson
factorettes become available an appropriate laser source will

be avallable.
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Muonium Chemistry

Muonium chemistry may not be in the field of inter-
mediate energy physics, but chemistry played a negative role
in some of the early experiments, including our own, in which
he characteristic muonium precession frequency
was undertaken. The absence of a signal in some cases was
probably due to the subsegquent chemical interaction that
muonium had with molecules that were present.

Muonium willl behave as a light isotope of hydrogen with
regard to its atomic interactions and chemical reactions since
the muon mass is 207 times the electron mass and since the muon
mean lifetime of 2.2 psec is long compared to electron atomic
orbital times. Muonium ineractions with various molecules which
produce changes in the muon splin direction have been studied.

The direct interactions of muonium with various molecules

can be studied by one of two related methods..®

For both,
polarized muons are stopped in argon gas to form muonium atoms
and effects due to the admixture of small fractional amounts of
various molecules as impurities are observed. The first method
involves the study of the intensity of the resonance signal

for the transition (MJ’Mu) = (1/2,1/2) «»(1/2,-1/2) as a func-
tion of the impurity content in argon. Results are shown in
Figure 10. Decrease in the signal implies collisions which

remove muonium from the resonant states. These data are analyzed

to yield an effective cross section, €l, for such a collision
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.

and the results are given in table 1. For the paramagnetic
molecules NO and O2 an electron spin exchange collision
which Transfers muonium from one hfs magnetic substate to
another is probably the reaction mechanism}7’%%& 02H4,
which is an unsaturated hydrocarbon, a muonium-containing
molecule may be formed. No reaction is observed with H2

(or with N2), which is consistent with the facts that H, is

2
not paramagnetic and that the chemical reaction M + H2 —~— MH + H
is forbidden on energetic grounds for thermal muonium due to the
high vibrational energy of MH. This interesting case illustrates
that the chemical behavior of M and H can be quite different and
confirms that it is not safe to claim that the muon in water

will necessarily experience the same diamagnetic shielding as

the proton in water.

The second method involves the measurement of the polari-
zation of the muons as a function of time and of impurity con-
centration by use of a precision digital time analyzer follow-
ing the scintillation counters for the positronsl.9 Such data
are shown in Figure 11 for NO. These data are analyzed to
yield an effective cross section 62, for depolarizing collisions
(see table 1), The cross sections dl are much larger than the
cross sections 62. For an electron spin exchange reaction
occurring in a strong magnetic field this difference is due
to the fact that the most probable transitions are between two
hfs substates with different directions of the electron spin

but the same direction of the muon spin (such as states 1 and 4
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Muonium-tolecule Cross Sections

Table 1

Gas Gi a, Gi/ dé
(107 %cm?) (107 1%cn?)

NO 3.2 % 1.5 0.27 + 0.08 12 7

0, 5.4 £ 2.5 0.31 + 0.08 17 %9

CoH, 0.29  0.16 0.024 + 0.006 12 17
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of Figure 1), and this type of collision results in a
decrease in the resonance signal but not in depolarization,
which occurs only in transitions between two hfs substates
with different directions of the muon spin (such as states

1 and 2 of Figure 1). The ratio of the cross sections for
electron spln exchange transitions between different states
depends only on the spin eigenfunctions for muonium. It can

be shown that the ratio of ‘1/ g, is

r/8 -
1 2 4s2c2

where the amplitudes s and ¢ are defined by

,1’O(H) =c a.epu + Sﬂe @,
xO,O(H) = cﬂe a, - s aeﬂu

The static magnetic field was about 5200 G, so 52= 0.02 and

e® = 0.98 and hence d"l/g'2 = 12, in agreement with the results

of table 1.

A more detailed study of the nature of the depolarizing
collislons has been made by ovservation of the depolarization
rate (or cross section) as a function of the magnetic field.
If an electron spin exchange mechanism is involved, the
depolarization rate >\2 should be proportional to the quantity
sece. Figure 12 shows such data for NO. The molecule NO has

a ground 27r state with two fine structure states, 2'rr3/2 and
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271/2, separated by 0.013 eV and is, of course, paramagnetic.
Hence we expect that an electron spin exchange mechanism will

be involved. The solid curve has the form

Ay =y 522
where Xo is a constant chosen to fit the data. Agreement of
the solid curve with the experimental data confirms the electron
spin exchange nature of the depolarizing collisions. The corres-
ponding electron spin exchange cross section18 for H collisions
with NO is about three times larger than that for muonium, which
may be due to the fact that fewer partial waves are important

for the muonium collisions.zo

Our work on what may be called muonium chemistry is still
in an early stage. Further studies of other molecules, analyses
of the possible collision mechanismis, and comparison with corres-

ponding hydrogen cross sections are in progress.
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Figure 3.

Energy Levels and Transition Frequency

- - —>->
K =al- J+,u,ogJJ H+,u,ogF
- AW AW 2
w,_..?lt%’m- T"'r“'og#Hmt > (1+2mx +x€)
=(9J-g#)fLoH
AW
HoduH
V[(I,I) (1 0)] [I+x—./ 2]+—°'-1'u'—
_/J'o‘JP
(.

X =(9J _ QF-)VP
9p dp / AV




Muoniug 397

Figure 4.

Theoretical Line Shape
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Fig. 7. Resonance curve for the transition (F’MF) =Q,-1)
«— (0,0), showlng signal as a function of microwave

frequency. The value of the static magnetic field

was 2.7 G.
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BREIT: I'm just wondering whether in muonium there might not be a somewhat
different situation regarding the distortion of the wave function of the electron
close to the muon, speaking in the approximation of considering the muon as being
fixed. I remember working on that in comnection with hyperfine structure in
hydrogen in connection with the anomaly of the magnetic moment. The formula has
to be modified somewhat on account of those effects, and I wonder whether you

have estimated them?
HUGHES: For a point charge in both cases, but with different masses.

BREIT: Well, of course, they wouldnt be exactly point charges. I mean particu-
larly point magnetic dipole. It's a very strong field close to the point, but,
of course, a muon is not a point. On the other hand it is perhaps more a point

than a proton.

HUGHES: Well, I think those effects would come from modifications due to vacuum
polarization-like effects and so on. I believe they would be already in the a?

order of correction.

BREIT: I don't mean vacuum polarization. I mean the simpler problem of adjust-

ing the electron in the field of a point dipole.
FOLDY: It would be second order in the magnetic point dipole.

BREIT: I don't know that one can really calculate them just in expansion proper-

ly, but one can calculate them.

HUGHES: I recall now, those things have been talked about at various time. I

think the estimates are that those are small, aren't they?
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BREIT: They are certainly small, but now that you are getting down to such
very small numbers, the question might come up. I'm not clear on the discre-
pancy as you stated it. Your last measurement seems to check the theory ac-

cording to what you have on the board.

T3

HUGHES: Yes, this is all muonium itself and that'ec in goed shape. And all

this is used for is to get a - the viewpoint that I'm taking.

BREIT: It's only in the comparison with hydrogen that there is 43 parts

per million or so.
HUGHES: That's right,

TELEGDI: I would like you to offer us your latest thoughts on the matter of
pressure-shift and related unsavory topics. What do you think is the impor-
tance of it and what's the worthwhile effort to g0 to lower pressures? This

seems to me the fundamental experimental problem here.

HUGHES: Yes, I quite agree with you. To g0 to lower pressures is totally a
question, as you know, of muon rates. There's an improvement program at Nevis
which claims it's going to get a factor of 100 to 1000 more muons in three or
five years. I know Chicago and certain other places have more muons now.
There's some further work, not on muonium ifself to try to understand the
pressure shift. Hidden in this number is a correction of about a half a mega-~
cycle to a megacycle. If one observes Av as a funétion of the pressure of the
argon gas, there's a big dependence, which amounts to something like % to 1
megacycle. We measured it at many pressures in our high field work and it

seemed to be fit by a linear curve, that is, many body collisions were not
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important., We compared our muonium pressure shift with hydrogen pressure
shift which Pipkin and his students had measured in optical pumping experi-
ments and the agreement there was fairly good. There could have been a dif-
ference. Pipkin, and also we, are redoing these optical pumping type experi-
ments for the various isotopes of hydrogen. There are two questions. One is
whether there might be an isotope dependence of the pressure shift, which is
a kind of a sophisticated thing, perhaps, and measurements are going to be
made of the three hydrogen isotopes that are easily available to look at this.
And, then, the second question is whether there is non-linearity in the curves
that we're concerned with and attempts are going to be made to go to as high
pressures as possible in the optical pumping experiments to look for that.
And then when more muons become available, one will not have to work at 30
atmospheres, we can work at one atmosphere or so and things will be very much

better.

TELEGDI: One possible way to get around this sticky point of pressure shift -
I'm not trying to imply that you didn't correct properly, but it is a sticky
point - is to make use of the fact observed in the atomic work of Pipkin, et.
al., and others, that the pressure shift goes in one of two directions, posi-
tive and negative, in different noble gasses, and anytime 1 have contemplated
joining you in this field, I thought that it would perhaps be a good idea to
go into those mixtures of the noble gasses where the two pressure shifts of

the two components are cancelled. Do you think this is madness?

HUGHES: We have considered that, and we don't really see that you gain any-
thing by it. It is true that you certainly can get a mixture of neon and

argon, That should give you more or less a straight line, but I think it
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doesn't matter whether that's a horizontal line or a line with a slope. 1In either

case you have to know it.

TELEGDI: The slope should be zero.

HUGHES: That's right. Of course, you can say how do you know it's zero for
muonium. You might say, well, if it's zero for hydrogen, it's zero for muonium.
Maybe that would be good, but if it's sloping for hydrogen, it's the same as for
muonium; that should be just as good. I don't think one really gains anything

by that.
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. MUON CAPTURE RATES IN COMPLEX NUCLET* <:J
R. E. Welsh, M. Eckhause and R. T. Siegel ¢ {
College of William and Mary, Williamsburg, Virginia N 9

T. A. Filippas™™

Carnegie Institute of Technology, Pittsburgh, Pennsylvania

We wish to summarize the results of a series of experiments to measure
negative muon disappearance rates in complex nuclei. The most recent of
these(l) involved exposure of about 30 targets (each weighing about a pound),
most of them natural targets except for two separated isotopes,one sr88 angd
the other cu®3. The experiment was performed at the Carnegie Tech cyclotron
and the experimental arrangement is shown in Figure 1. Since we were operating
in the "medium" Z range, it was advantageous to signal the muon disappearance
by detecting a neutron which resulted from muon capture. Thus a pair of liquid
scintillation detectors five inches in diameter by five inches in height were
employed to detect neutrons. They were protected from charged particles
entering on the target sides by the plastic scintillant; (No. 5 and XNo. 6).
Pulse shape discrimination was employed in the neutron detectors. The arrival
muon signature was 1234 and the neutron following muon capture was signalled by
N1 or N2 with neither 5 nor 6. The elapsed time between muon arrival and
detection of a neutron following muon capture was then timed using a 100

MC digital timer.(z) The raw timing data followed a curve of the form

* Work supported in part by the national Aeronautics and Space Administration
and the U. S. Atomic Energy Commission.

** Present Address: Greek Atomic Energy Commission, Athens, Greece, and CERN.
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Aexp (At) + B, where the exponential slope should be the muon disappearance rate.
The muon disappearance rate is then the sum of the muon capture and decay rates
and in order to get the capture rate one subtracts the "free" muon decay rate as
corrected for Z dependence using the theory of Huff.(a) The muon capture rates so
obtained are shown in Table 1.

The capture rates so obtained were fitted to the Primakoff formula as modified
by the suggestions of Klein, Neil and Wolfenstein.(A) The form of the fit uéed was

A (Z,8) = YA(1L,D) z: (0.97) (1+8,) [1-8(A-Z)/2A]

ff

The quantity A(1,1) represents the spin-averaged muon capture rate on a proton,
y 1is a measure of the relative phase space available to the neutrino, and § is
a nucleon-nucleon correlation parameter whose value from a closure approximation
is estimated by Primakoff(s) to be 3. Since the relativistic modification given by
By varies only slightly in magnitude throughout the periodic table, an average
value of B3 = 0.15 was chosen.

An analysis of the data was also made using a Fermi gas model ®) for the
nuclear ground state and a closure approximation in the sum on excited states,
with all contributions from terms linear in the proton and neutron momenta
included. As in the Primakoff formula, the Fermi gas model provides a two-
parameter fit of the data, with yA(1,1) and the average neutrino energy, v,
as the parameters to be determined by a least-squares fit of the data to the
model. The effective nuclear charge, zeff’ has recently been calculated by
Clark, Herman, and Ravenhall(7) for elements throughout the periodic table. They
have made these calculations in two ways: (1) assuming a Fermi distribution which
fits electron elastic scattering data well throughout the periodic table, and

(2) assuming a charge density enhanced at the edge of the nucleus. The latter

charge density was chosen to be that resulting from differentiation of the Fermi
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d%stribution. The zeff‘s calculated by method (2) will be denoted by "Zedge"‘

The "Zedge" calculations were motivated by the recent work of Foldy and
Walecka,(s) in which the u-capture reaction leads primarily to nuclear tramsitions
from the ground state to the giant resonance states. In the electric dipole
contribution, for example, the overlap of the nuclear wave functions produces a
weighting factor which emphasizes the muon wave-function contributions from the
surface of the nucleus. Although this temds to disappear on using closure
for the nuclear final states, it is in teresting to calculate the average muon
probability density, which is usually expressed in terms of Z:ff, also using
2 weighting proportional to 3p/6r, to see how important such an effect might be.
This "edge average' is called ngge‘(g)

The results of statistical fits of the data to the Fermi gas and Primakoff
formulas are shown in Tables 2 and 3 respectively. We attach no significance

to the absolute values of x2 obtained, but consider the relative improvement

in the fit using Zedge to be significant.
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Table 1
Mean Lifetime, Tmf Capture Rate, Ac#
Z Element (nsec) (108 sec’ 1) (A-Z)/2a
12 Mg 1021 * 25 0.52 + 0.02 0.25319
14 si 758 + 20 0.86 + 0.04 0.25076
16 s 567.4 t 8.4 1.31 + 0.03 0.25050
22 TL 327.3 % 4.5 2.60 ¢ 0.04 0.27026
23 v 282.6 + 3.2 3.09 £ 0.05 0.27425
24 Cr 264.5 * 3.2 3.33 % 0.06 0.26922
25 Mn 225.5 *+ 2.3 3.98 * 0.05 0.27247
26 Fe 206.7 + 2.4 4.40 + 0.05 0.26722
27 Co 184.0 * 1.7 4.96 + 0.05 0.27093
28 Ni 159.4 + 3.1 5.83 ¢+ 0.11 0.26151
29 Cu 163.5 + 2.4 5.67 + 0.09 0.27182
29 Separated Cu®3 162.1 * 1.4 5.72 + 0.05 0.26958
30 Zn 161.2 + 1.1 5.76 + 0.05 0.27059
31 Ga 163.0 * 1.6 5.70 + 0.06 0.27767
32 Ge 167.4 * 1.8 5.54 + 0.06 0.27971
33 As 153.8 ¢ 1.7 6.07 £ 0.07 0.27977
34 Se 163.0 + 1.2 5.70 *+ 0.05 0.28478
37 Rb 136.5 + 2.7 6.89 £ 0.14 0.28353
38 sr 130.1 * 2.3 7.25 ¢ 0.14 0.28314
38 Separated Sr88 142.0 + 5.5 6.61 £ 0.27 0.28386
40 Zr 110.8 ¢ 0.8 8.59 + 0.07 0.28076
42 Mo 103.5 * 0.7 9.23 + 0.07 0.28078
45 Rh 95.8 *+ 0.6 10.01 ¢ 0.07 0.28135
46 Pd 96.0 * 0.6 10.00 ¢ 0.07 0.28389
47 Ag 88.6 + 1.1 10.88 * 0.14 0.28232
52 Te 105.5 + 1.2 9.06 t 0.11 0.29629
72 Hf 74.5 + 1.3 13.03 ¢ 0.21 0.29811
74 W 74.3 ¢ 1.2 13.07 ¢ 0.21 0.29834
80 Hg 76.2 £ 1.5 12.74 * 0.26 0.30000
82 Pb 73.2 + 1.2 13.27 + 0.22 0.30214

# Errors quoted are statistical standard deviations only.
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Table 2 -

Computed results of Fermi gas fits to muon capture rates

Number of Elements Effective Nuclear Charge Avg. Neutrino Emergy vA(1,1) 2

57 Zotr 66.4 Mev
57 Zedge 81.2 Mev
Table 3 -

Computed results of Primakoff fits to muon capture rates

184/sec 2000

158/sec 1300

Number of Elements Effective Nuclear Charge YA(l1,1) § x2
57 Zegs 151/sec 3.14 2100
57 Zedge 140/sec 3.01 1300
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BLOCK: How do these data fit with earlier data on this subject experimentally?

WELSH: There were a few disagreements. Perhaps three or four elements in which
quoted errors on this experiment and quoted errors on previous experiments did
not overlap, but for the most part they agreed well. In each of our three runs
we repeated some elements, lead for example, and we achieved consistent results

to within accuracies of the order of a nanosecond.

TELEGDI: The novelty as I see it is in this proposed Z edge which is a factor
in front of the Pauli Exclusion principle bracket. One point that I don't
understand clearly is the ﬁhilosophy of a chi-squared fit to something which

is in no way a law of nature like the Balmer formula. I mean that the Delta
inside the Primakoff Formula is not meant to be constant except in a very raw
sense, so that if one has a law which contains an unfixed perameter, the inter-
pretation of its validity or its test by statistical hypothesis through ¢hi-

squared is something which I do not fully comprehend.

WELSH: Perhaps the strongest statement I would make is that if one assumes
Delta to be constant over the range of elements above Z = 10 and omits Al, Na and
P which might show large hyperfine effects, then it is probably not without

meaning to comment on relative goodness of fit.
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.

impessible, For u~ the verv low absorption rate due to the weak interaction

in hvdrogen has allowed an accurate u~ 1lifetime determination. Thus it is
necessary to perform the lifetime measurement for negative particles in flight.

In our experiment the nt lifetimes are determined bv measuring the

attenuation due to decav as a function of distance of nearlv identical beams

of n* and 77, The lavout of the pion beam is shown in Fig, 1 (Slide 2). The
pions are produced in collisions of the external proton beam (T = 732 MeV) with
a 6 in. long Be target. At this energv the number of v+'s produced per incident
proton is about five times the number of n 's produced, Therefore the at rate
relative to the background resultine from the proton beam is also five times

the n  rate relative to background., The beam is momentum analvzed by the bend-
ing magnets Ml and M2 and geometricallv defined by five thin scintillators, Sl

to SS, and four anticoincidence scintillators, Al to Au’ which are simply
counters with a 1 in. hole in the center, The entire trajectorv after S2 is
in vacuum. The central momentum of the beam is 315 MeV/c and the full width
at the base of the momentum distribution is 2%. The angular soread of the beam
is less than t 1 deg. The 7t beam contains approximatelv 6% u* and
1% e and the 1~ beam contains approximately 6% u~ and 3% e~. The
»* rate is 50/sec and the m rate is 10/sec. At this time all of these numbers
are preliminary and further measurements of these quantities will be made. The
polarity of the beams is changed bv reversing the fields in the magnets of the
beam transport system:

The determination of the exponential attenuation of the beams is accomplishe
by measuring the number of pions in the beam as a function of distance along

the beam trajectorv. Measurements are made without the quadrupole, Q, up to

17 ft past Au and with the quadrupole up to 36 ft past its exit end, At the beam
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momentum used this maximum distance corresponds to 0.77 mean lifetimes in
the pion rest frame,

The pion detector is a velocity-selecting, liquid hydrogen Cerenkov
counter. A scheématic diagram of the counter is shown in Fig, 2 (Slide 3).

The Cerenkov light produced by a particle which traverses the radiator is
focused by the optical svstem in a ring at the ring aperture, A, The diameter
of this ring focus is 2 function of the angle of emission of the Cerenkov

light and hence of the velocitv of the particle. A evlindrical mirror whose
axis is parallel to the optical axis of the lenses is contained in the hvdrogen
flask in order to have full efficiencv across the 4-inch diameter of the
radiator. In order to reject particles with trajectories inclined to the
optical axis of the counter, the coincidence ring is surrounded by a concentric
anticoincidence ring, The momentum resolution of the counter is & 3% (HWHM)
and the angular resolution is * 3 des (HWHM).

In this experiment the rineg aperture which masks the coincidence photo~
multiplier has a diameter which corresponds to the 11 deg Cerenkov emission
anrle of 315 MeV/c pions (8 = 0,913). Momentum analvzed electrons and muons
in the beam have higher velocities and hence are not counted. “uons from
315 MeV/c pion decays have a ranse of velocities that includes B = 0,813, how-
ever, these mucns are emitted at 7 deg with respect to the beam direction.

Thus far the data have been taken at 7 points after the quadrupole.
nt an? 7 data are taken at each point alternatelv, The lerarithm of the
ratigbnion-counts/beam counts as a function of distance along the beam tra-
jectory is fitted with a strairht line bv the least squares method in order
to determine the slope of the curve., This slope is equal to m“/o“crw. At

the present time we have the followinr results:



422 Macdonald et al.

+ - -
% slope = 1,429 t 0,005 x 10 3 in. 1

7" slope = 1.454 * 0,012 x 1072 in.”t
The quoted errors are statistical only because complete studies of systematic
errors have not been made yet. At this point multiplying the errors by a
factor of two would be prudent, If we assume that our preliminary value of
315 MeV/c for the beam momentum is correct these correspond to
n* lifetime = 26,26 * 0,08 nsec.
1~ lifetime = 25,80 t 0.21 nsec.

Because possible systematic effects have not been completely studied
we prefer not to give a value for the ratio of lifetimes with an error, but
rather to state that the upper limit on the error in the ratio is about 2%
at present. We feel that continued datataking and more complete analysis

will vield an eventual accuracy of about 0,3% to 0.5%,
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Figure 2.

A schematic diagram of

Macdonald et al.

the counter.
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KAPLAN: Do you attribute any significance to the present difference or could it

be instrumental?

MacDONALD: This could be instrumental after perhaps a correction for the cyclo-
tron fringing field. There's no reason to suspect that they shouldn't be the
same in our experiment. The bending magnets were kept to within .05% measurement

of the magnetic field. So, there's no problem with that.

WELSH: 1Is there any mechanism other than decay that could preferentially remove

minuses rather than pluses. There is gas in you path, right; it's not a vacuum

pipe.

MacDONALD: I beg your pardon. I neglected to say that there is a vacuum pipe in

the path. The vacuum pipe is after the second scintillator, well in front of the

second bending magnet.
WELSH: 1 see, so, all of the path over which you consider the decay is vacuum.

MacDONALD: Yes. The vacuum pipe was added as we moved the Cerenkov counter down

the stream.



A Measurement of the ILifetime of the Positive Pion
K.F. Kinsey, L. Lobkowicz, M.E. Nordberg, Jr.

Department of Physics and Astronomy
University of Rochester, Rochester, New York

Considering its position as one of the fundamental particles of physics,
some of the properties of the pion are rather poorly known. The mean life,
in particular, prior to our undertaking this experiment, was known to a
stated accuracy of 1%. This mumber was, moreover, based on the analysis
in all experiments of a total of about 10,000 pion decays. Fast electronic
techniques and good low energy pion beams have made possible a re-determin-
ation of the lifetime, using an essentially unlimited nmumber of decay events.

In this experiment we have measured the decay of about 108 positive
pions.

The counter array is shown in Fig. 1. A stopped piom is indicated by
alz2?3 & coincidence., The decay muon has a short range and does not leave
No. 3, so produces a 3(5 or H) « As a further tag on the identification
of the decay, the beta decay of the muon was detected, being identified by
a 3( 2 or 4 ) coincidence.

The electronic apparatus is shown in Fig. 2. The crucial part of the
circuitry is in the top two lines: The = pulse initiates one 350 nsec
pulse, the p inltiates the second. The time overlap of these pulses is

converted to an amplitude by the time to pulse height converter and recorded

i LNED.
PRECEE‘{NG PAGE BLANK NOT FiLt
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in the 400 channel analyzer. The rest of the circuitry is responsible for
detecting the electron in a 5 usec gate after the up pulse and for suppress-
ing anélysis if a second beam particle entered the &, paratus.

To provide a time calibration a source of pulse pairs was provided
and substituted for the signals from the No. 3 phototube. This source
was produced by gating a continuous chain of pulses from an oscillator as
shown in Fig. 3. The oscillator frequency was counted with a crystal
controlled EPUT meter while the calibration point was being recorded. A set
of 23 points was recorded before and after each data run. Several other
checks on system gain and stability were made during the experiment.

The calibration was linear to within 1% and the non linearity was taken
into account by fitting the calibration data with a cubiec polynomial fit.

In addition the non-linearity was primarily at the extreme ends of the
range. In analysis involving only a limited range of data the calibration
curve was recalculated including only the region of interest.

The most serious problem was that of recovery of the number 3 counter,
s0 that its response to the muon pulse would be unaffected by the previous
pion pulse. Effects of ringing, reflections, etc. in the system would
show up as irregularities on the decay curve. These effects could not be
completely eliminated, but they could be minimized. We also took pains
to reduce the background to a minimum so that the decay curve could be followed
to later times.

Several parameters were varied for different runs to test for systematic
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effects. None of these systematic tests showed any statistically

significant effect.

Analysis
The direct expression for the mean life could not be used because of

the background. In principle the time dependence of the background should

‘ve taken into account. However the background per channel in this experi-

ment was about 4 or 5 decades below the real counting rate. The primary

source was the dead time of No. 3 which let about half of the =n's decay

undetected. The logic for these decays could bve completed by a random

"' count followed by the electron decay from the real u or by the

electron imitating & u , followed by a random "electron”. Since both of

these effects were small and had a decay time ~ 100 times the = decay

time, the background was treated in the amalysis as though it were a constant.
The data for each run was fit by & search program which found the

values of the mean lifetime and the background which gave the lowest chi-

squared. This was done several times for each run cutting off the data

at different early times. For each run there was a "best" value corres-

ponding to the lowest error. These best values are displayed in Fig. k,

They are consistent with a random distribution of the same mean deviation

as the uncertainty on each run. The mean is 26.38 nsec. A subset of 21

runs was combined into a consolidated run and analyzed to give a value of

26.41 nsec: Fig. 5. A different subset of 25 runs was selected, eliminating

T

runs for which the value of vs. lower cutoff was not quite self consistent.
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The results are shown in Fig. 6. The mean of the best values was
26.41 nsec,

We chose 26,40 + 0.08 as our value. The uncertainty is larger than
statistics would suggest, but this takes into account the small dependence
on the low cutoff. Within this range, the lifetime is constant over
several mean lives.

This number disagrees with the earlier value of 26.51 * 0.26 nsec.
and with the recent report of Eckhause et all of 26.01 * 0,02 nsec. The
latter is the more serious discrepancy. There are several differences
in technique between the two experiments, but no obvious grounds for a

disagreement of this order.

Reference

1. M. Eckhause, R. J. Harris, Jr., W. B. Shuler, R. T. Siegel, R. E. Welsh;

Phys. Letters 19, 4, 348 (1965).
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.
WELSH: It appears that counter two is triggered by the stopping 7 and also
serves as an anti-coincidence for detection of the decay muon. This means that
were there to be any ringing in counter two, then the stopping m giving ringing
could anti-coincidence its own decay mu at later times and so might show system-
atic effects on the lifetime. 1 was wondering if you looked for effects like
this in counter two or if perhaps you took lifetime curves versus high voltage

on counter two or something like that.

KINSEY: We did do high voltage lifetime checks. Also, I point out that this
effect is essentially the same one as the counter number three tests, and that
actually our analysis, due to very low background, could be started about two
mean lives, 50 nanoseconds after time zero by which time everything non-exponen-—

tial was gone.

WELSH: Yes, it is the same as the tests you made on counter three. I just
E
wondered if the same tests were made on counter two because you hadn't mentioned

it, and, as I recall, your preprint hadn't mentioned it.

KINSEY: We did look at this. We didn't worry quite as much about it as we did
for three, but it was handled the same way, and the problems are essentially the

same .

WELSH: The second question I wanted to ask concerned the logic. It is true, is
it not, that if a second pion stopped anytime within the maximum time analysis
range and not just before detection of the decay mu, you would throw out that

event and not analyze it.

KINSEY: Right. If another particle came down the beam path, it didn't have to
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stop, the second incident particle vetoed analysis of the whole event.

WELSH: Even though the decay muon might have already been detected from the

first stopped pion?

KINSEY: Right.
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OPTICAL MODELS FOR PION-NUCLEUS SCATTERING ‘% )
N

M. M. Sternheim*

University of Massachusetts, Amherst

E. Auerbach’

Massachusetts Institute of Technology

In this paper we will review the problem of calculating the
elastic scattering of pions by nuclel, and willi discuss some op-
tical model calculations which are still in progress. Preliminary
results will be presented.

We can approach this problem in two related ways. We can
start with some information about the plon-nucleon interaction and
nuclear structure, and calculate the pion-nucleus scattering. As-
suming we may trust the necessary approximation, this affords a
test of our understanding of the pion-nucleus system. This ap-
proach has been taken by Watsonl and others and has had semiquanti-
tative success.

Alternatively, we can fit the plon-nucleus data with a pheno-
menological model and try to extract some new information from this
model. 1In particular, we can attempt to obtain the pion form factor,

as was recently suggested.2 The optical model is the most promis-

ing way to implement this idea.

* Work supported in part by the National Science Foundatiom.

+ Work supported in part by the U. S. Atomic Energy Commission.
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Watson has shown that the amplitude for pion-nucleus scatter-

ing can be written as a multiple scattering expansion. He takes
H = HO + I Va R

where

Ho = K'E'n + Hnucleus 4

and defines the amplitude for scattering of a pion by a bound nucleon

to be a solution of
= 1
tOL = Va + Va a ta N

1 1 1
= = = = + ...
T Lt + & t a t + @ t t a t (1)

where 2' means that oy # @349 in the sums. Thus T is a sum of single
scattering terms, plus double scattering terms, etc.

If this series converges rapidly enough, a few terms can pro-
vide a good approximation. Making small angle approximations, neg-
lecting the off-the-energy shell (principal value) terms, and setting
the bound ta's equal to the free ta's, we obtained3 reasonable
agreement with small angle =~ - C, 7' - Liand " -0 elastic scat-
tering data near 80 Mev. Similarly, we crudely estimated the effect
of the pion form factor on wi - o scattering and found appreciable

contributions to T near the minimum.2
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Watson also showed that if one assumes A iz large and neg-

T is equivalent to solving a Schroedinger equation containing an op- -

tical potential given by

(a'lvla) = alg*[t]adela’ - a), (2)

where p(q) is the Fourier transform of the nuclear density. Since
p(q) drops off rapidly with increasing q for a large nucleus, it is

plausible to set (g'lt|q) = (gltlg) in (2}, leading to

v(r) = constant-f(o)p(r)
Cross secticns obtained from this simple model fit reasonably well
at small angles, but are much toesmall at large angles.
Kisslingeru suggested that since the »-n amplitude is mostly
p-wave, a better approximation 1is

(@'lvig") = Aa + bg-q')elg' - g),

or, in coordinate space
v(r)e(r) = C_Fy - C,v-(Fvy) (3)
o " "

where F(r) = p{(r)/p(o). This gives a wave equation of the form
Ve = (14 ch)'l[ CoF = Ci7F * ¥ - (E - vcoul)2 1

Rainwater et a15 noted Re C.F = -1 for some r value, so that

1
(1 +'¢1Ff4becomes pure imaginary there. They chose to write this

instead as

1

—————1+C1F=1—CIF+...

and dropped higher terms. They were able to find parameters which
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yielded excellent fits, but could not directly compare their C's
with theory. The Saxon-Woods shape was used, with radius

R = 1.08Al/3f (in agreement with electron scattering data) and
thickness parameter a = .25f (half the electron value).

We have applied the original Kisslinger model, without the Rain-
water modification. The existing ABACUS optical model program6 has
been modified to take into account the derivative potentials and
the relativistic kinematics. We are using the nuclear shell model

density function
2 2,.2
(z-2)r", -r"/a
Je
2
3a

F(r) = (1 +

Electron scattering data gives a = 1.6 for C and 0, 1.65 for He,
and 1.7 for Li. For a specific choice of Co and Cl’ this shape gives
results slightly different from those obtained with the correspond-
ing Saxon-Woods shape.

Our preliminary results indicate that the best fit for - - C

at 80 Mev is obtained with

a=1.575

c = .1- .11

o]

C1 = -1.05 - .471

The corresponding theoretical C's were calculated from Anderson's
m-n phase shifts and are

cC = .1- .08%
o

C

1 -1.43 - .41i

This fit is quite good,with the calculated curve passing through
most of the experimental points, but it is not quite so good as

Rainwater's fit.
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These best fit parameters were also used to calculate »~ - C
scattering at 69.5 Mev and 87.5 Mev, and »~ - 0 at 87.5 Mev. The
results are in fairly good agreement with the data, and slightly
different parameters should give very good fits.

It therefore appears that this model can give a good fit to
pi-nucleus scattering, using parameters falrly close to their theore-
tical values. Arguments can be given to explain the differences.

In general, the correct large angle behavior can be obtained, in
contrast to the case where no derivative terms are included.

Can we now expect to extract the pion form factor from n-a
scattering? We do not yet have a clear answer. Using the best fit
80 Mev carbon C's above we calculated do/dq@ for - a at 100 Mev.
The qualitative features of cur earlier estimates again appeared:

a very deep minimum and a considerable dependence upon the pion
form factor for angles near the minimum. However, do/dR was con-
siderably larger at small angles than is indicated in the preliminary

experimental data.7 Hopefully, the work in progress will clarify

whether the pion form factor can be determined from »-a scatter-

ing, and will indicate the most appropriate energies.

1. K. M. Watson, Phys. Rev. 105, 1388 (1957); Rev. Mod. Phys. 30,
565 (1958); also earlier papers glven here.
2. M. M. Sternheim and R. Hofstadter, Il Nuovo Cimento 38, 1854 (1965).

3. M. M. Sternheim, Phys. Rev. 135,

[é]
(=)

512 (1564).

4. L. S. Kisslinger, Phys. Rev. 98, 761 (195

wn

).

5. Baker, Byfield, and Rainwater, Phys. Rev. 112, 1773 (1958);
Edelstein, Baker, and Rainwater, Phys. Rev. 122, 252 (1961).

6. E. Auerbach, BNL Report #6562.

7. K. Crowe, private communication.
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ELTON: If I understood you correctly, you said that Rainwater made this modifica-
tion because he feared embarrassment at the O of the coefficient of v2x. You
did not make that modification and this did not lead to any embarrassment.
STERNHEIM: Well, the theoretical parameter that goes into Cj is -1.4 - .41i.

Now, if you take these numbers, you see that the imaginary part is not so small
and so it doesn't get too near 0. It may not have physical interpretation.

You'd get an imaginary mass if you look at the 52 terms in a sort of effective
mass way; just go ahead and calculate and see if you get in trouble and the
answer is you don't. As long as you have imaginary parts that are fairly sub-
stantial, you don't find that there is any abnormal sensitivity to the mesh size
in the calculation or anything else. This seems to behave all right. If you
talk to experts in numerical analysis, they can't find any reason why it shoulddt
go through if that parameter is not too small.

ELTON: I'm not quite clear about why the embarrassment should be anyway. Of
course, if you interpret it in terms of a mass, you'll find it in an infinite
mass; but surely the mere fact that the coefficient of v2x is zero, doesn't
necessarily lead to a discontinuity in the wave function.

STERNHEIM: I think it's a physical objection rather than a mathematical objection
that has lead the earlier workers to make that approximation. If you start out
in momentum space you can state that the p-wave part is q-q' times a constant.
That may be a good fit in certain energy regions, but it is clearly crazy if you
go to high enough momentum, for you'd still get an infinite answer instead of the
unitary limit. So, somehow you should be cutting things off. That's the
argument. Well, you can make an argument that the proce dure that

they followed in coordinate-space is a way of taking care of the anomalous high

energy behavior. This was the argument that they gave, and I think there is
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some logic to it. The only trouble is it's too hard to compare the results for
the parameters with the so-called theoretical parameters.

WINTER: You use the so-called shell-model density which has an essentially
gaussian drop-off at large distances. Of course, we all know that that's really
wrong. Wave-functions do have to go like an exponential eventually. Furthermore,
the pion nucleus interaction might be affected very heavily by what goes on in
the surface. Therefore, might it not be more convincing to use a different
density even though this shell-model density is good phenomenoclogy for some
purposes?

STERNHETM: Certainly, it is a question we can study. I think once we do get

a region of fit - to the He data for example - we will try making a variety of
assumptions about demsity functioms to answer that kind of question. I think
indications are that it would not be terribly significant. For example, Saxon-
Woods, which really does have an exponential drop off, does give roughly the

same kind of results - as the gaussian term. So I don't think empirically there
is going to be a big effect, but it will be checked.

ERICSON: I should like to make a remark on the parameters in this optical model.
I notice that the parameter that you call Cy, and I call something else, is for
you -1.05 and the theoretical ome which you got out of phase shift analysis I
suppose is -1.43. Now it's extremely interesting that that is exactly what we
get also (provided we make this Lorentz-lorenz effect I was talking about in my
talk previously). We are getting very close to your value; you have not included
it and therefore we have a kind of effective value. Also, how did you get the
theoretical values for Co?

STERNHEIM: We took some phase-shifts, which are not the best available ones, but

some old ones that we happened to have at hand and added up what we got. I
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wouldn't be amazed if you told me that if I used some newer values 1'd get a
different answer, because there are the cancellations which you mentioned
yesterday, and the error bars on the phase-shifts are rather large. I haven't
bothered to carry through the error bars to the theoretical value yet, but T
suspect they are comparable to the theoretical value.

ERICSON: This is also an effective value which I think, in that case, came out
by accident to be very close..

STERNHEIM: Empirically, it was very insensitive to what we chose for Cy. It
changed about a factor of 2. It didn't much matter in the final results because

Co is small, so it doesn't do much as long as you keep it small.

.
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PHASE SHIFT ANALYSIS FOR ELASTIC 7 — He" SCATTERING IN THE ENERGY 3

INTERVAL 100-160 MEV/c

R. Walker, H. Winzeler

Northwestern University

M. M. Block, I. Kenyon, J. Keren, D. Koetke, P. K. Malhotra i
Introduction
This report concerns z continuing experiment on the phase shift analysis of

m - He" elastic scattering being performed by the Northwestern University Helium

Bubble Chamber Group. The recently completed 20" Helium Bubble Chamber was

were taken with ﬂ+ incident and 150,000 pictures with n incident, at a beam
momentum of 137 * 12 Mev/c. Figure 1 shows a typical elastic scattering event.

The active volume of the chamber is 20" long in the beam direction, 10" high and

.exposed last fall to 7-meson beams at the Chicago Cyclotron. 150,000 pictures

12" deep: in the experiment the applied field was 15 kilogauss.

There are two interests in this analysis. The first is the study of nuclear-
coulomb interference effects at high momentum transfer with the eventual objective
of measuring the 7-meson form factor. To get an idea of the size of effect to

A
be expected we write the elastic scattering amplitude in a simplijminded way:

1 e X tg2) Fu(gz) +8 + 38;cos}

a(®) "k B(l-cos8) =

and F"(gz) and Fd(gz) the form factors of the w-meson and o particle at
i
momentum transfer g. Thus at 90o the ratio of the interference tfrm in the

differential elastic cross-section to the purely nuclear term is:§

D o= 2Z a

20 Bd
o

where k is the momentum, 50 and 8; the phase shifts for pure nuclear scattering
F_F
T a
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which for the present experiment gives

D90° = 0.022/6o
if we take F = 1. 1/6o then appears as an amplification factor. It is desirable
to have a low value of 60 and for the non-coherent scattering to be small. Spin
0 targets have the tremendous advantage that there is no spin-flip amplitude:
this term contributes to the denominator of D but not to the numerator because
its amplitude is incoherent with the coulomb scattering amplitude. Among the
available spin zero targets the He“ nucleus has the unique position of having no
low lying excited states, the first being at 20 Mev. This means in the present
experiment that with 60 Mev n-mesons incident the elastically scattered pions
have 60 Mev energy and the inelastically scattered m-mesons have 40 Mev energy
at most. The experimental distinction of the elastic events is very clear-cut.
Sternheim and Hofstadter have suggested making the difference experiment, that
is to measure both the - He" and the n - He" differential elastic cross-
sections and take one from the other leaving the coulomb - nuclear interference
part. This is the line of attack we are pursuing.

The second interest of the phase shift analysis program is connected with
the projected studies of light hypenuclei to be made using the Northwestern
Helium Bubble Chamber. For the decay .H* + 7 + He“, the rate calculation
requires knowledge of the final state effects. As all the particles involved
have spin zero this requires the s-wave phase shift alone. The pion momentum is
133 Mev/c.

Experimental Results

Our data so far are based on 4000 frames. In Figure 2 the differential
elastic cross-section is shown for the events below the median momentum, of the

beam (141 Mev/c). This bin has an average momentum of 126 * 11 Mev/c which is
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conveniently close to the momentum of the pion in the hypernucleus problem
mentioned above. Two sets of phase-shifts are possible and these differ essentially
by the interchange of the sign of the phase shifts. Obviously we need increased
statistics before we can pick out the correct phase shifts. In the fits the
imaginary parts of the phase shifts have been obtained from the inelastic cross-
section which is discussed in paper CK-8. Figure 3 shows a similar duality of
fits for the upper momentum bin, 151 * 10 Mev/c.

Since the various solutions at present acceptable all have phase shifts of
very similar magnitude we can get an estimate of D which is a kind of figure-of—
merit of the difference experiment. In Figure 4 |D| is plotted against cose*.
It shows a region where IDI is 20% near 90°. For one choice of the phase shifts
the first part of the curve has D positive and the second part has D negative.
The reverse is true for the second choice of phase shifts.

In conclusion we can say that with increased statistics the S— and P-
wave phase shifts will be determined: however on the basis of present results
it is not yet clear what information the difference experiment will give on the

n-meson form factor.
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Figure 1 - Typical elastic scattering event in 20"
He bubble chamber
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CROWE: I wonder if Dr. Kenyon would tell me the size of the cross-section at its
minimum with the different choices. What's the minimum value of the cross-section
you get for those four different phase-shift choices? What's the smallest of all

the fits you get in milibarns?
BLOCK: To the best of my recollection it's about .4 milibarns,
CROWE: That agrees quite will with our measurement,

ERICSON: I have an impression from this data that there is a very sizeable con-
tribution of elastic events; you are quoting here 40 milibarns. But still in
the talk by Dr, Sternheim, I seem to recollect that the analysis was done with

purely real phase shifts. Is that correct?

BLOCK: The argument that was given by Dr. Kenyon to show that the effects might
be there, took into account the approximation at that point that there was a real
phase shift. On the contrary, the analysis that was done for the phase shifts had
an imaginary part to 50 and 51 and these imaginary parts were basically fitted by
measuring the reaction cross-section which we measure simultaneously here. On
the other hand, when you interpret these reaction cross-sections back into imag-
inary parts, an approximate fit is obtained with both the 50 and 61 imaginary
parts being about .04 in absolute units, thus, corresponding to the order of a
degree, So they don't change the effect of phase shift from a real phase shift
fit very much, But this has been taken into account because one must worry very
critically what the behaviour will be in the minimum with the interference terms
as to how the imaginary parts come into play. One of the choices of this energy
interval, I might add, parenthetically, was because the imaginary portions would

be relatively small. Another reason, for example, though it wasn't mentioned by
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Kenyon, that you might get very little interference is that your imaginary part
became dominant, all your phase shifts effectively go to pure imaginary amnd,
therefore, there would be no Coulowb interference with the nuclear scattering.

So that you have to be very cautious in this type of approach to be in an energy
region in which the imaginary portions are small, Furthermore, you have to be in
an energy region where the exponential form factor, for example, for the alpha
particle, doesn't damp the complete reaction so much that that, in turn allows
you to have very little interferemce. So you're rather bounded in the kind of

energy that you can use in this type of experiment.

MORAVSCIK: In the elastic case, how did you decide to stop with S and P waves in
the nuclear part., From what I was, the S and P phases were up at the same order
of magnitude, in which case, there is no reason why you should stop at the P

phases, right?

BLOCK: In principal you're absolutely correct. The program just came out and we
put S and P waves in before we put D in. On the other hand, the information that
we got last night from the computer which had done a more varied search, was that
the chi squared that we had at the level of our data was sufficiently small that
putting in P wave would be meaningless. In other words, we've gotten as good 2
fit as we could expect statistically from just the introduction of S and P waves,
so that any question of whether D wave is present or not will have to be answered
experimentally by essentially measuring all other events and we'd just begun to

do that.

STERNHEIM: We've done optical model calculations at 100 Mev, not at 50 Mev, but

even there we find that you only need 4 or 5 partial waves to get any effect at
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all. You're down to 10_5 or so if you go to sic partial waves at 100 Mev,

so chances are you don't need more than about three at your energy.

NORDBERG: We've analyzed some pi-alpha scattering and get the sign of the-50.
We get -4.45 * 0,11 degrees for that real part and 2.7 degrees :.,2 for the imag-
inary part. For the P wave we have 3 degrees *.09 with an imaginary part of %
degree t% degree and a D wave turned out to be very small; it's .05 degrees

t.05 degrees, This energy is slightly less; it's 86 Mev/c in momentum or 24 Mev

in the Lab, I might mention since we have both mt and T- the data could yield

a pi form factor,.
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M. M. Block, I. Kenyon, J. Keren, D. Koetke, P. K. Malhotra,
P. Mazur, R. Walker, H. Winzeler

Northwestern Universgity

When a ' passes through the liquid helium in the bubble chamber it cam

undergo

The
paper we

The
from the
may look
clean on
particle

reaction

four types of reactions

(i) 7+ Be# + #t + me® ; elastic

(ii) >t s nucleons; inelastic

(iii) -> nucleons; 7w absorptiom

{iv) + 1° + nucleons; charge exchange

(iv") + ©~ + nucleons; double charge exchange

elastic reactions have been discussed in the previous paper. In this
would like to discuss some aspects of the inelastic reactions.

first questié; is how do we find the inelastic events and separate them
elastic ones. Reaction (ii), in which there is a 7" in the final state,
similar to an elastic event, but the separation between the two types is
the basis of kinematics; it takes at least 20 MeV to break up the a

, and thus the 7' which has characteristically 60 MeV of K. E. before the

, emerges at most with 40 MeV of K. E. Reaction (iii) in which the at

is absorbed and the single charge exchange events in which an 7° is emitted 1lsok

alike. We estimate the number of ©° events from the observed events which contain

Dalitz pairs* and then obtain the number of =¥ absorption events by subtraction.

The doub

because

le charge exchange events are easily found (apart from their scarcity)

only these events can give a negative (non-electron) track in a picture.

* (See Flgure 1 for Dalitz pair event)
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The only double charge exchange event that we found is shown in Figure 2.

In this slide we note the incoming nt track, two energetic protons emitted from
the vertex, and two very short "evaporation" protons. The track proceeding down-
wards with a "hook" on its end is the emitted m~ which has interacted with a He
nucleus. This event has been measured, and it gives 35%3 MeV as the break up
energy of the a particle. The agreement with the theoretical value (32 MeV) is
an indication that this event has been correctly interpreted.

In Figure 3 we show the preliminary results of the experiment, based on
the small fraction of the film so far analyzed. These cross sections are meant
to be used as a guide in planning the analysis of the rest of the film rather
than as final values.

The T absorption reaction which makes up about 75% of the inelastic cross
section is interesting because it makes it possible to investigate the mech-
anism responsible for the 7 absorption. It is known that the radiationless
absorption of a 7 is a multinucleon process. Thus here the mt could be absorbed
on an n-n pair, an n-p pair or on more than two nucleons. A preliminary analysis
of the absorption events has shown that in over 2/3 of the cases there are two
energetic (KE > 20 MeV) protons emitted. This indicates that the at is preferen-
tially absorbed on an n-p pair rather than on an n-n pair. It is consistent with
our present data that all 7" are absorbed on n-p pairs. This problem is being
investigated further. We also hope to learn something about the angular momentum
states involved in the absorption process from the angular distribution of the
final state nuclei.

In conclusion we would like to observe that the bubble chamber, which is
not often used in this energy regions, has certain characteristics which make
experiments with it interesting. We can obtain detailed information about events
without the detailed statistics of counter experiments and thus we are able to

complement that technique.




457

<z93ued ys8yx 38 4o Buyreayds o3

2871 SuTaT8 ‘ean8y3 aA0qe UT 193U AOTIQ 18nf 8and00 uofidwey - T aandrg

*

Inelastic 7t - He* Reactions




457

+a@3ued 3y8Fa 3e 4@ Hupreapds o3
2871 SufAy8 ‘eunSf3 @2a0qe U I193udd MoTaq 38nf 8INDO0 uofldeay - T 2aAndry

ions

A He% React

.

ic

nelast

I




459

Inelastic W+ - He4 Reactions

€ an3yy

e

jusre yuing T G2 =
MNOvYl 40 Wwd wO_
woq 7 1%2 " I Ao U
uing 7 09¢ ¥ 09¢€ wd ,0l X (§2'0%5272) 08 x ¢ ot — 4
uipg W (2%0¢) " 8¢ 8 JILSYI3NI 7V
uig W (156) " 282 i
uwiog w (| ¥Ig) wo 0IX G°6 969 NOId ON = .4
WOlV eH u3d . T
ZO_._. RER) SS0YO HLONTT MOVYl d3GNNN IddAl

SLNIAA JILSVIANI
R




Participants

461

PARTICIPANTS AT THE WILLIAMSBURG CONFERENCE

ON INTERMEDIATE ENERCY PHYSICS

L. Acker
University of Virginia
Charlottesville, Virginia

K. Anderson
University of Virginia
Charlottesville, Virginia

L. Anderson

Enrico Fermi Institute for
Nuclear Studies

University of Chicago

Chicago, Illinois

T. Andrevs
University of Liverpool
Liverpool, England

Backenstoss
CERN
Geneva, Switzerland

C, Barber
Stanford University
Stanford, California

W. Barnes
University of Rochester
Rochester, New York

Barrett
University of California
Berkeley, California

A. Bartholomew
Atomic Energy of Canada Limited
Ontario, Canada

M. Block
Northwestern University
Evanston, Illinois

R. Bodmer
Argonne National Laboratory
Argonne, Illinois

T. Boschitz
NASA, Lewis Research Center
Cleveland, Ohio

Breit
Yale University
New Haven, Connecticut

L. Burman
University of Rochester
Rochester, New York

A. Carrigan, Jr.
Carnegie Institute of Technology
Pittsburgh, Pennsylvania

C. Clark

General Motors Research
Laboratory

Warren, Michigan

L. Clarke
Atomic Energy of Canada Limited
Ontario, Camaca

E. Coté
Argonne National Laboratory
Argonne, Illinois

M. Crowe
Lawrence Radiation Laboratory
Berkeley, California

. Daum

CERN
Geneva, Switzerland

R. Deans t‘\b

Vanderbilt University
Nashville, Tennessee

Devons
Columbia University
New York, New York




462

. P. Duerdoth

Nevis Cyclotron Laboratory
Irvington-on-Hudson, New York

. Eckhause

College of William and Mary
Williamsburg, Virginia

. M. Eisenberg
University of Virginia
Charlottesville, Virginia

. R. B. Elton

Battersea College of
Technology
London, England

. E. 0. Ericson

CERN
Geneva, Switzerland

. J. Esterling

Enrico Fermi Institute for
Nuclear Studies

Chicago, Illinois

. Fallieros

Bartol Research Foundation
Swarthmore, Pennsylvania

. Foelsche

NASA, Langley Research Center
Hampton, Virginia

. L. Foldy
Case Institute of Technology
Cleveland, Ohio

. H. Fregeau
National Science Foundation
Washington, D. C.

. L. Friedes

Brookhaven National Laboratory
Upton, L. I., New York

. 0. Funsten

College of William and Mary
Williamsburg, Virginia

Participants

-

W. A. Gibson
Oak Ridge Associated Universities,
Incorporated
Oak Ridge, Tennessee

Maj. J. E. Gorrell
Air Force Office of Scientific
Research
Washington, D. C.

K. Gotow
Virginia Polytechnic Institute
Blacksburg, Virginia

B. Gottschalk
Northeastern University
Boston, Massachusetts

B. Goulard
Laval University
Quebec, Canada

P. D. Grannis
Lawrence Radiation Laboratory
Berkeley, California

P. C. Gugelot
Virginia Associated Research Center
Newport News, Virginia

R. P. Haddock
University of California
Los Angeles, California

C. K. Hargrove
National Research Council of Canada
Ottawa, Canada

W. Hirt
Federal Polytechnic
Zurich, Switzerland

D. Hitlin
Columbia University
New York, New York

W. C. Honaker
NASA, Langley Research Center
Hampton, Virginia




Hopp

Virginia Associated Research
Center

Newport News, Virginia

Hifner
University of Heidelberg
Heidelberg, Germany

W. Hughes
Yale University
New Haven, Connecticut

J. Igo

Brookhaven National
Laboratory

Upton, L. I., New York

Ijaz
Virginia Polytechnic Imstitute
Blacksburg, Virginia

Jarmie

Los Alamos Scientific
Laboratory

Los Alamos, New Mexico

N. Jarvis
Lawrence Radiation Laboratory
Berkeley, California

R. Kane
College of William and Mary
Williamsburg, Virginia

N. Kaplan
Lawrence Radiation Laboratory
Berkeley, California

. Kenyon

Northwestern University
Evanston, Illinois

Keren
Northwestern University
Evanston, Illinois

F. Kinsey
University of Rochester
Rochester, New York

463

H. Klein
Case Institute of Technology
Cleveland, Ohio

A. Knapp

Los Alamos Scientific
Laboratory

Los Alamos, New Mexico

Koltun
University of Rochester
Rochester, New York

J. Kromminga
Calvin College
Grand Rapids, Michigan

. LeTourneux

University of Virginia
Charlottesville, Virginia

Lombard
Laboratoire de Physique Theorique
Orsay, France

. Macdonald

Virginia Polytechnic Institute
Blacksburg, Virginia

R. Macagno
Columbia University
New York, New York

. E. McCarthy

University of Oregon
Eugene, Oregon

McManus
Michigan State University
East Lansing, Michigan

. F. Meads

William M. Brobeck &
Associates
Berkeley, California

. Merzbacher

University of North
Carolina
Chapel Hill, North Carolina



464

R. Mobley
Yale University
New Haven, Comnecticut

R. G. Moorhouse
Theoretical Physics Center
Stanford, California

M. J. Moravesik
University of California
Livermore, California

D. E. Nagle
Los Alamos Scientific
Laboratory
Los Alamos, New Mexico

B. M. K. Nefkens
University of Illinois
Urbana, Illinois

P. Nemethy
Nevis Cyclotron Laboratory
Irvington-on-Hudson, New York

M. E. Nordberg, Jr.
University of Rochester
Rochester, New York

P. J. 0'Donnell
University of Toronto
Toronto, Canada

H. Palevsky
Brookhaven National
Laboratory
Upton, L. I., New York

C. F. Perdrisat
University of Illinois
Urbana, Illinois

V. Perez-Mendez
University of California
Berkeley, California

G. C. Phillips
Rice University
Houston, Texas

H.

Participants

Quinn
NASA
Washington, D. C.

Rainwater
Columbia University
New York, New York

. G. Ravenhall

University of Illinois
Urbana, Illinois

Reetz
NASA
Washington, D. C.

. M. Rimmer

University of Oxford
Oxford, England

. Rind

NASA, Langley Research Center
Hampton, Virginia

. §. Rodney

National Science Foundation
Washington, D. C.

. D. Roper

Kentucky Southern College
Louisville, Kentucky

Rose

Atomic Energy Research
Establishment

Harwell, Didcot, Berkshire,
England

. E. Rose

University of Virginia
Charlottesville, Virginia

. Rothberg

Yale University
New Haven, Connecticut

. W. Rothe

University of Rochester
Rochester, New York




.

Participants

-

Runge
Columbia University
New York, New York

E. Russell
University of Cincinnati
Cincinnati, Ohic

E. Segel
Argonne National Laboratory
Argonne, Illinois

K. Seth
Northwestern University
Evanston, Illinois

Shepard
Princeton University
Princeton, New Jersey

T. Siegel
College of William and Mary
Williamsburg, Virginia

Signell
Michigan State University
East Lansing, Michigan

Silbar
Catholic University
Washington, D. C.

D. Simpson
Rice University
Houston, Texas

J. Singh
NASA, Langley Research Center
Hampton, Virginia

D. Smith
NASA, Langley Research Center
Hampton, Virginia

I. Sobel
Brooklyn College
New York, New York

Sobottka
University of Virginia
Charlottesville, Virginia

465

Solomon
The Accelerator
Princeton, New Jersey

M. Sternheim
University of Massachusetts
Northampton, Massachusetts

Sunderlin

Carnegie Institute of
Technology

Pittsburgh, Pennsylvania

Sutter
Brookhaven National Laboratory
Upton, L. I., New York

Suzuki

Carnegie Institute of
Technology

Pittsburgh, Pennsylvania

Talkin
NASA
Washington, D. C.

A. Taylor
Virginia State College
Norfolk, Virginia

L. Telegdi

Enrico Fermi Institute for
Nuclear Studies

University of Chicago

Chicago, Illinois

N. Thompson
University of Illinois
Champaign, Illinois

H. Thorndike
University of Rochester
Rochester, New York

C. Trail
Brooklyn College
Brooklyn, New York

fveral1
Catholic University
Washington, D. C.



H. Valk
National Science Foundation
Washington, D. C.

J. Wachter
Oak Ridge Associated Universities,
Incorporated
Oak Ridge, Tennessee

Rev. R. Wagner
Augustinian College
Washington, D. C.

J. D. Walecka
Stanford University
Stanford, California

N. S. Wall
University of Maryland
College Park, Maryland

E. Weigold
Air Force Office of Scientific
Research
Washington, D. C.

R. E. Welsh
College of William and Mary
Williamsburg, Virginia

C. Werntz
Catholic University
Washington, D. C.

L. Wilets
Washington University
Seattle, Washington

Participants

H. Wilkinson
University of Oxford
Oxford, England

G. Wills
Indiana University
Bloomington, Indiana

Winter
College of William and Mary
Williamsburg, Virginia

Winzeler
Northwestern University
Evanston, Illinois

Wolfenstein

Carnegie Institute of
Technology

Pittsburgh, Pennsylvania

S. Wu
Columbia University
New York, New York

0. Ziock
University of Virginia
Charlottesville, Virginia

Zucker

Oak Ridge Associated
Universities, Incorporated

Oak Ridge, Tennessee




dex of Contributors

In the entries below, "I" indicates a

paper in Vol. II.

L. Acker I91, I 99

Amato 1 377

K. Anderson I 253
L. Anderson 11
T. Andrews I 223
Auverbach I 439
S. Ayres I 419
Backenstoss I 99
T. Bardin I 135
Barrett I 135
W. Bennett II 749
M. Block I 447, I 455

Breit II 471

L. Burman I 207

INDEX OF CONTRIBUTORS

Vol. I and Vol. II

D. 0. Caldwell

1419

paper in Vol. 1 and "II" indicates

R. A. Carrigan, Jr. 151
D. M. Corley II 749
R. E. Cote' I 51

G. F. Cox II 595

K. M. Crowe I 145

J. B. Czirr II 569

C. Daum 1 99

H. Davis I 223

S. R. Deans II 551

S. Devons I 15, I 135
S. A. deWit I 99

R. D. Eandi I 419

467



G.

=

(=
.

E.

. L, Friedes

. Goulard

468
H. Eaton II 595
Eckhause I 411
M. Eisenberg I 253
. R. B, Elton IT 731
E. 0. Ericson I 187

. Fallieros II 743

A. Filippas 1 411
IT 749
Gaigalas I 51
Gottschalk II 649, II 703
IT 743

D. Grannis I 175
S. Greenberg I 419
II 569

P. Haddock

K. Hargrove I1

. Heer I 277

P. Hincks I 1

L
Index of Contributors

. Hirt I 277

Hitlin I 135

G. Holladay II 551

. Hifner I 87

. A. Hughes II 743

. W. Hughes I 377

. N. Jarvis IT 595

. W. Kenney I 419

. Kenyon I 447, I 455
Keren I 447, 1 455
F. Kinsey I 207, 1 427
F. M. Koehler 11 677
Koetke I 447, I 455

. Koltun I 241

. J. Kurz T 419

. LeTourneux I 259

. Lobkowicz 1427




Index of Gontributors

E. R. Macagno I 135

B. Macdonald I 419

P. K. Malhotra 1T 447, I 455
D. Marker II 667

M. Martin I 277

P. Mazur I 455

R. J. McRee I1

E. G. Michaelis I 277

R. Mobley 1 377

R. G. Moorhouse II 545
M. J. Moravesik II 517
H. Muirhead I 223

C. Nissim-Sabat I 135

M. E. Nordberg, Jr. I 207, I 427

D. R. Nygren I1 569

H. Palevsky II 749

G. C. Phillips  II 749

W. J. Prestwich I 51

Raboy 1 51

Rainwater 1 135

G. Ravenhall I 37

W. Reay II 691

Reitan I 241

D. Roper II 495

Rose 11 595, II 603

Rothberg I 377

W. Rothe II 677

Runge I 135

M. Salter, Jr. 11 569

C. Sens I99

Serre I 277

J. Shlaer 11 649, II 703

T. Siegel I 411

Signell II 667

D. Simpson II 749

Skarek 1 277

469




470 Index of Contributors

J. Solomon I 269 C. P. Van 2yl IT 595

D. Spalding II 691 J. D. Walecka I 297

B. F. Stearns I 419 R. Walker I 447, 1 455

R. L. Stearns I1 749 N. S. Wall IT 719, II 749
M. M. Sternheim I 439 K. H. Wang IT 649, II 703
K. Strauch II 703 R. E. Welsh I 411

R. J. Sutter II 749 D. H. Wilkinson II 757

R. B. Suttén I51 H. Winzeler I 447, T 455
A. swift IT 731 L. Wolfenstein I1 775

V. L. Telegdi 177 J. N. Woulds I 223

A. R. Thomas IT 691 B. T. Wright I 277

P. Thompson I 377 C. S. Wu I 135

E. H. Thorndike II 677, II 691 M. Zeller II 569

C. C. Trail I 51

H. Uberall I 327




