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FOREWAI_

In the last Len years particle physics in the energy range between

I00 NeV and I000 HeV 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 techniques.

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 Willi_msburg, Virginia, on

February 10-12, 1966. The 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.
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Gentlemen of the Williamsburg 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. W_ look forward to your %_siting 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 Physlcal 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
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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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MUONIC X-RAYS
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EFFECTS OF NUCLEAR STRUCTURE IN MU-ATOMJC SPECTRA _ _

H. L. Anderson and R. J. McKee _-

Enrico Fermi [mtitute for Nuclear Stud|es, Unlverslty of Chlca_o . _'_el _

-q
C. K. Hargrove and E. P. Hinck$

Div|slon of Pure Physlcs, National Research Council of Canade_ Ottawa

Presented by H. L. Anderson

It is appropriate to remark at the beginning of this conference that we are seeing a

revival in the subject of mu-meslc x-rays,and that in view of the fact that our chairman is Professor

Rainwater, [ am impelled to remind you that his was the original classic work on the subject. It

was Fitch ond Rainwater in 1953 who made a careful study of mu meslc x-rays and used them to show that

the charge radius of nuclei was some 20o/o smaller than was thought pmviousJy. The same conclusion

emerged from the Stanford electron scattering measurements at just about the s_ne time. Thus, both

experiments showed that the radius of the nuclear charge is given by R = ro A1/3 with r° = 1.20 fermls.

[ think it is quite remarkable that this value of ro has changed very little over the years, i also re-

mind you that the importance of the muon as a nuclear probe was pointed out us early as 1949 by

John Wheeler who wrote about 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 meslc x-rays one could

determine such thlngs us the nuclear quadrupole moment as well as the flr_e structure splitting. Sub-

sequent papers by Wilets and by Jacobsohn showed that even far a nucleus whose spin was zero,

dynamic quadrupole effects due to the nuclear rotational states would produce o partlculmly complex

hyperfine structure whose study could reveal 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 hvo 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 iodide and made accessible many of the interesting phenomena that had been an-

ticipated by Wheeler, by WHets, and by Jacobsohn. This session is devoted to these new investi-

gations.

I'd llke 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-drlft Ge-detectors, and our work began. I'd llke 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 ls wave function penetrates

quite deeply into the nucleus in a heavy element like Pb. The 2Pl/2 wave function also penetrates

a fair amountt 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 - ls transition energies and the d-p transi-

tion energies carefullyr 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 (l:igure 2) shows some of our spectra obtained in the region of the 2p ---) ls

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 2Pl/2 - lsl/2 translt!ojn, h_

labelled (1), the 2P3/2 - lsl/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 Bi.
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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 (2) mark the f - d tram;tlom; their splitting is clearly

seen here. The i_s,5 and 6 mark the d - p l|nes ;n double escape. No. 7 is one of the d - p

lines in single escape, the other one is there also but nat too evident in this slide. No. 8 marks

the Compton edge due to the 3d5/2 - 2P3/2 transition. No. 9 is the other Compton edge due to

3d3/2 - 2401/2. No. 10 is the full energy peak of the 3d5/2 - 2P3/2 transit;on. These little peaks

3 and 4 are crossover transJt|ons corresponc_ng to 5f - 3d. In our work we used 2048 channels, 1024

of them set in the region of the 21) --kls 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 same time•

One problem that we had was that the peaks were not quite symmetrlc. This can be seen

in the data of Figure 4. We believe this was clue 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

Goussian in form but with a fraction of the events reduced in amplitude according to on exponential

low. We could obtain good fits by suitable adjustment of the three parameters such a description

makes available. |n the case 2Pl/2 - lsl/2 transition in Fb 206, the fit shown in Figure 4 is the fit

that was obtained by superimposing simile" 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 I_o 206, and a sample of natural Pb. |n Figure 4A,

the large peak belongs to the isotope 206. In Figure 4B, the large peak belongs to the isotope 208,

and I think it is almost evident from these two curves, one above the other, that there is a shift and

that the energy of the trans|tlon in Pb 206 is higher than that of Pb 208. Figure 4C and 4D shaw

analogous fits for the 2P3/2 - ls|/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 1/3 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 a 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 - ls, 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)= ¢o _Ll+en(R-1)_

r r - c

(The electron scattering people use a slightly different notation writing: n (_ - 1 _ = (---_--)

In our analysis we used as parameters, r ° and l/n, where ro is the reduced equivalent radius,

_" <r2 _/2 A-i/3ro = /av

we use r because it is th_s quantity that is primarily determined from the muonlc x-rays energies.
0

F_gure 6 shows how one can take the energies of the lower p line and the upper d line

to determine r . For the isotope Pb 208 we could determine from such a plot that r = 1. 196 and a
0 0

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 lle if both 206 and 208 were

spherical and had the same particle density. Figure 6 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 re_lts in the case of Au. As you know Au has a nuclear

spin of 3/2 and a quadrupole moment. The upper 2p --_ls llne 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 llne in Au which again is slightly split. There are two states

F = 2 and F = 1. These are normally taken as degenerate, but if account is taken of the interaction

between the states with the same F values in P1/2 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 parameters, the fine structure splitting

and the quadrupole splitting.

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

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

2

eQ= ]-_--Qo<.'i' ,'1 f(r)/nil>

The observed splittlngs are _Q times angular momentum factors. Our measurement really determines

the product of the intrinsic quadrupole moment Q and a penetration factor. The penetration factor
O

is model dependent and our determination of Q assumed the nucleus to be a uniformly charged
O

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 fvnction 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 2101/2 - ls1/2 transition energy, and the p splittlng. We've
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given the 3d3/2 - 2P1/2 energy and the difference between the p and d fine structure spllttlngs

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. It is seen that the fit is on the whole pretty good. We have been puzzled by the

small inconsistency obtained in the value of_p 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 r
o

and the remarkable consistency of this quantity among the four nuclides studied. The shape para-

1
meter - is less well determined by these measurements. The errors in r and 1/n are strongly cor-

n O

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 va(ues. 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 muonlc x-ray energies. The discrepancy is small in

the case of Bi but for Au the 2p - ls 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.

Finally, We show a number of slides showing how the dynamic quadrupole effect reveals

itself in thorium. Hincks, Johnson, and I had seen evidence of this effect in our early work with a

Na| spectrometer but we were unable to make a useful analysis. Telegdl and his coflaborators workln_

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 deta---we need much better statistics to do a
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proper job of the analysis. Figure 14 shows the lower 2p - ls complex of lines and our fit accord-

ing to the theory of the o%/namlc quadrupole effect. The upper 2p - ls llne 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 Q = 8.9 barns. This may be comparedwlth the value of 10 barns obtained from coulomb
0

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 _/¢"O 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 - is muon x-rays in bismuth 209, lead 206 and gold 197.
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Figure 3. Xuon x-ray spectra from lead 206. 

Figure 4 .  Zp3/2 - 1s1,2 muon x-ray spectra f o r  lead isotopes showing data 

reduction methods. 
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Figure 5.
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Figure 7. Kuon x-ray spectra for the 
2p3/2 - isll2 transition in gold, 
showing quadrupole effect. 

Figure 9. 3d3,2 - 2p1/* transition 
in gold. 

Figure 8. 2?1,2 - 1s1,2 transition in gold. 

Figure 10. 
lower lines. 

3d-2p transition in gold, 
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Anderson e t  a l ,  

F igu re  11. Ouadrupole moment 
i n  Au 197 deduced from quadru- 
p o l e  s p l i t t i n g  and rO. 

F igure  11. Muon x-ray e n e r g i e s  
i n  Au 197, Pb 206, Pb 208, 

' B i  209. 

Figure 13. Nuclear shape  para-  
me te r s  deduced from muon x-ray 
e n e r g i e s .  
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figure 14. 2p - Is transitions in Figure 15. Upper lines of the 2p - 1s 
thorium, lower lines showing quadru- transitions in Th 232. 
Dole effect due to interaction with 
rotation states. 

Figure 16. 
calculated spectrum of Th 232 2p - 1s transitions. 

Comparison of observed fit with 
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Figure 17. 2p - 1s upper lines in 
Bi 209 showing quadrupole broadening. 

Anderson 9 1 .  
c 

Figure 18. 2p - 1s lower lines in Bi 209 
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. ILmmms

Oolmbia miversit-y

I must omnfess to a certain diffidence in talkina to you on this subject

when zhexe are clearly so _ ex_ez%_ in _ audd=_--_. _- _ Lnv_l;_t in

_ds tYPe of wark has been maintained h_ the very _Jovable nature of _his twe

of e_ezimsnt - a oartain old-fashicred dm_m whi_ is not always a feature of

aon_m_ora_ ex=erimsntal _6_i_, and esmeci_lv _=erimsnts _quirinq

acue_.

I'm sul_ that any of you who have dane this kind c_ ex_rimsnt, smd I home

thare are lots of you who will do more, will find that it is z_lly a%_ry

pleas_ oucupaticm.

You miaht ask then, _hy is it r_cessar_ _ have such larue tea_ of _ole

to do this w_. Well, Dr. _ezsan aave the smear. He said, _ou have to

walk zotmd 1_e cloc_ _ of 1_e oo_t_zs r_." and nobod_ csn wozk

24 hours a day. I think the nature of the wmzk is also such that it's not the

sort of thinq _%at you c_1 put on a computer and hcoe for the best, because

_ hapmen in frant of yuureyes andyouwant robe there to see _ d%anae

_hem_ So, of the people _R_d, let's say that some worked while others sle_t

a_d others sle_t _hile others _ked. And so in _his way both the _n and the

burden were _. But eu_rybody was awake _ben they were in the lab, I _"

_w, it's quite "impossible in the 29 odd minutes left to do Justice to all the

wark that has been dane! mu_h of it analyzed and _he rest beir_ analyzed. So, I

onx_se instead to try and do a servim hs_e by _ _ m o_ the salient

r_r_rt is based _n w_rk d_ne in collabcrmT/_n with D. Hitlin, E. M_cagno,

K. _m_m, T. Rk_ao and C. S. T._u,D_artm_%t of Physics, Colm,bia University, De_ra_,

Laboratcry_ a_d _. C. C_en, C. Nissi_-Sabat and J. _ainwater, _t of _ysics,

Columbia University, Nevis Laboratories and _ by A.E.C. Contract AT 30-4_ 72

O.N.R. Oantract 266(72).
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features. _he work we've done .has been rather in the nature of a surv_ of many

9roblems of different sorts, razmin_ from m_onic x-rays in carbon to those in

ura_lium. The interestinu features, I think, that are worth Duttin_ on record

this morning, are J_st those that indicate where the real hiqh resolution is

important, where precision is important, _4nere accuracy is _t. _o if

_,m/'ll allow me, I'll Just make a little table here.

Quantity Electronic

Atnm

Atomic _2 1

radius _r> e z Z m
(le state)

Electric

(mAllei

r 3

3
DipOle
Sp_ttina
(m_e_e)

Mucnic Ratio TyPical Values for

Atom Muonic Atoms

-- 5 x 10-13 cm for Z = 50

e 2 Z m' 207

Z2 m Z 2 m' 207 6 Mev

(207)3_ lO7

(207)2_4 x 104

i00 key in the rare earths

i key in heavv elements

q_ ....................

Fine

Structure

so_.tr.i_

x/ _0/

Z4 m Z4 m' 207 ! _200 key in heavy elements

!

i

]

m, n_ are electron and muon _SS, res_x_-_-%vely: ['_I ' ["qN] represent
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These factors whiCh ocm_r in _icos for the _ interaction,

amd _zeir variation witch a1:mmic n_lmber, clearly indicate _he sort of domain of

_; _ the ra_bers J_cate the s_ of z1_so]/xt_ that is neoessazv,

add _ it is that _ I_-4_ft d_, _lid_ have z_o_s of-

or_r of _ts, make possible zesoluticm and czeclse _ of these

intezactitms, somz_hin_ which was x_,;inuslv t_ite umattminable. And _ is

_mt has _ _ut b_e bi_ _an_e in bhe subgect. Now in t_e _ts

_h/Ch I will descr/be, we used _ of about six om3's. _he resolution was

?_ty ooo_ _he zesolntion of these _-_tectors varies, of course, with enerqy.

Our resohztlcn w_s 7 to B key in the eneroy _ 5to 6 M_v, _nd bette_ at lower

energies (2 ix) 3 key at i00 key). Efficiency_, also, varies _ the suectrum,

but ome can stu_, enenyies all the way frnm i00 kilovolts or ]essm 7 _/, andit's as

_OOd a _ as any, I think, in all that rerun ex_z_t, c_ course, for the

_r_ent limited si_which limits the _f_icien_..

Sin_e the ideal mun_x_%e is c/early a bad af4ms_imatiun because _he size o_

_e o_it ie oamparable wi_h 1_e size of the _, the _par_s fram the

noint _ are very si0mif/_mt and e_ the dif_n_ces in this e_fect from

to _ ("isc_ shift') c_ become q_%ite la_ne in heavv el_nts.

Contributions to isotope shift can om_e from any o_ the terms, o_ c_urse. -_t

the pmsc]cm_/mmt effect in _ shifts is usually the dlan_e in the effectiv_

monooole field. To exploit the extraordinary resolution o_ these detectors to

the full we have, _herefo_ a3_ays used single or _ isotope.

I think we hav_ made _ _y of all these t_as in various

_. Isotuoe shifts are quite lare_ in _ cases. We have seen the electric

hy_erfine structure effects, both static and dynamic; _ _agnetic hymerfine

s_ effects; and, of course, _he fine s_%_cure solitt/r_ is quit_ clearly

se_n. I think we've _ it d_ to a Z o_ about 28. Fixture 1 shuws the standard

layout. Ri_e 2 shows _ ._.t we used on our moo. beam Wnid_ was not a
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reoozd breaker, at least not for hi_ intemsity anyway, so we used our detectors

directly in the beam. We took extreme precautions to eliminate electrons

whiuh are rather obnoxious with these det_ors, (more so than with NaI counters).

We had a pair of detectors whid_ o_erated essentially indeDendently. Fiqure 3 is

a picture of the detector systam. "Gemini" indicates that there are two detectors.

_eze is a _m_tant feed of liquid ni_.

Figure 4 is a standard Co 60 calibration spectru_ This enerqy is a difficult

z_ion for these detectors, but here you can see an o_erall picture of the response

of the detector.

Fi_tre 5 is a mm_tac_ of different _a for calibration ourpcses, ranainq

from 016 down to Co60! and there were other soectra taken in the zt_ion from 1

PL_vdO_tO 50key.

Figure 6 illustrates a pleasinq ted_Lique which was pcsslble, and _ent

because the resolution is so hiq_. You don't have to do each elemsmt at the time.

YOU can 4k) like M0seley did, in ordinary x-ray m0ectra. You can out a _hole strincr

of _terials in and easily pick out all the seoarate lines. Mou can avoid a lot

of sTsta_tic errors this waT.

Figure 7 lists some of the z_sults of n_asurements of K and L x-rays usin_

these "san4wi_es" and comparison with calculations.

Figure 8 shows a rather more detailed analysis of a deformed nucleus - _82 -

whiah has a sizable quadrm3ole moment. It has corresoond/nqly low 17in_ 2+ states,

of the order of 100 kilovolts. I should mention here that excitation of the

nucleus can occur, (dynanic quadrupole interaction) and so to reqard the nucleus

as a static object is, as has been predicted many years aqo by Wilets and by

Jacobsen and we nc_ knew from many. experiments, no longer an _groximation. But

the dynamic effects vary gzeatlv, _ on the level structure of the nuclei.

In this case, where the leu_l s_ of the nuclei is comoarable with the fine

structure splittinq, the interaction is hiahly develoF_d, r_en the much comes
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to the is level,somtlmes the _ is exci_ed,sa_timml it isn't.

fact,t_e o_ Id_.t_edlimes ze_zes_t one state of _ _Jcleus_ the even

linesthe oZher. _ese effectsam ,oticablydi__Imm_ _ for the

prem,_ _omr u,_ mmt_ W r_. _.

9 shows _ effect in K--x-rays of Nd 142, _44 and Nd 146.

_ i0 and Ii illustrat_ the Bi209 limm amd a calibration line of 016

at 6.13 MBV. You can see (Fiq. 10) the widths of these tyo "lines" are quite

d_viously different, as is _ structure of the lines. _ width of the Bi

line is atZz_ut_d t_ m_natic h_ine _ To _naly_eb_d_sin t_zm

Of an_ line _mt is i_selfbzoad navy _1_aes a _ p_um on

_m=in_ the _t p_sible _solutiou. _e h_ a __ _ Of _ut 8

kilomlts. So _netic hyperfinestr_-_, evm in f_le pisues,is clme

to _m _t of the rmmlution Of the ted_dque. I think this is about as hS_

a _solueim _ _i_x¥ hm _ in _is _z-_ _i_ _o.t 8 _ts.

But eve_ _his is n_e _o _o_L

Figure 12 is an _ to analyzethe bimu_ line. _he a_lysis is based,

(as well as on _e ommm_r qua_r_ole inmractio_, on os_tainm_als about _e

magnetic mm_nt, ho4 it is _istribut_d over the nuclm_ volume - _(_et_mr it's

_i_ by sim_l_ m_el wi_ or wi_ oum_i_ia, mi_. _e omm-

s_ Of the lisewbi_ build _ _ts bz_ line _ze _iv_. You see b_e dif-

_.z_mo_b_b_en the lime _ _ the ac4_l _tme. _ere is sa_eevi_m_e Of a

doublebump be_ this is ac_nmllya poin_ "_eme's some _ f-rc_ *d_e _

of _onfi_n_tionalmixing,but you see the difficultiesas well as t_e ummibilities

of t_e ms_1o_ I should also ze_rk that this ex_91_, Bi209 _hidlhas a _

mqnati_ _m_ is one of the Est favorable_ses for s_ _s effect- t_

_ _U_ __ e_.
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Fic_ire 13 _ the L x-rays of Bi 209 whidl aqain have a rather interestin_

feature. Here are the broad lines due to hyper_ine e_fects and Fortunately there's

a nuclear excited line from the actual mu capture by Bi 209 leading to an excited

Pb 208 nucleus that is 2.6 Mev. _his qives a nice sharp line riqht in this region,

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

there' _here's a real _ar_ma ray line with the zero broadenin_ and the two "broad-

ened" mu_nic x-ray lines. So one can actually do a fairly orecise measurement;

although still limited by statistical fluctuaticms which were nearly always an

all i-mortant feature of our measurements.

Fiqure 14 is a rather complicated spectra where the limitation is not only

due to resolution but clearly statistical. %_1e deformed uranium nucleus yields

lots of cu_xments in the 2p-ls traesiticn, and the analysis is here quite clearly

limited larqely by fluctuations.

Fi_/re ].5 is a _I_%risce of some observed and estimated energy differenoes

between c_,pcments of the transition. For exaragle, the number 44.7 key, as

uompared with 44.2 key and 45.0 key, represents the e_citatice of the first

rotational state of _38. This number 44.7 kev Lq taken from nuclear tables,

the other _o values are frc_ the x-r_ Z spectrt_. There is no siqnificant dif-

fereno8. But there is no reason why the two numbers should be identical because

these are not the s_Te objects. In c_e case there is a bare uranit_n nucleus (one

can i_more electrons'), and in the other there is a uranium nucleus with a munn

around it - and thereby hanqs an interestinq tale which I dcn't have time to re-

count. Suffice to say that with a little more statistical accuracy and a little

more resolution, one could in fact study, the difference between these two eneruies,

which is now _ust at the limit of what the experiment can seek.

Fic_re 16 is a curve showing optical isotooe shifts which have been measured

the last um_le Of decades and shcwinu how the measured is_x_e shift varies

and ccrapares with the so-called "theoretical" value 9ust usin_ A 13 law. You see
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mm_ed _ha_es, due to s_ll effects perticularly inthe zeqdnn of _e

m_.lei. _ek.am_egm_rali.__ofU_ef_. _eism_mmi_

_e _mt m_ s_uare ra_i_, _d this varles bo_ bec_se c_ a _ in

al_m_c_/, a_ _ _ is cue a.d ac_tlm_ _eze is the c_er.

times ttmy ad_1 somtinm _ey subtract and _u 9et t:be dharactsrim:ic var_tlo.

of t_e isotope shift with a number of _#_uns. _he crcases are some .masu_m_ts

we ha_ m_e wi_ m.u.ic x-ra_. _e ot_r poLuts of _e _rve _e the o_ical

cr_s. _el_w is _ at-_m_sd _ _ t_ e_lai, the _:ical cur_.

No_ you see the c_sses c_erally, (alth_a_h the a_alysis is not cc_lete in

the sta_e, and t_x_ are many subtlet/es w_i_h o.e has to look into _7)

a_zee wi_ _e o_al valu_. _ _/s brin_ me m _e of _ _meral zmm=ks

I'd llke _ m_ke: r_m_ly t_s z_lation of _is _ of stay t_ optical spectrus-

and particularly isotope shi__.s. _ optical i9ot_Dpe shifts have still, in

_e best _, a _ avcura_ t_n the _ x-ray ones. M_mo_r,

_ c_ _e m_e wlth s_!_es c. the order of l_a_ tim_ smiler _n

required for the mDonic x-ray m_n_ents, cr at _ a tbousar_ times in t_me

that _'_ dane. And as I m_iic_ed, we always used either single

occ=_r_ isot=p_ or sir_e _ s_aara_ txa:ause wit_ a hi_ z,_so_ut_nn,

ifyoumix_y_uc_a_ sm_arem__ry_dng out. However, _is m_ms ha_r_

50 cr i00, or at least 20 qra_ of _ which is not always feasible. _e

outical measur_nts, on _e other hand, are limited by _e kn_led_ of the

electrunic wa.u fu_T/cm whereas, in crinci_al, _e m_n wave fm_x_s are m=_

s_. _e_'_not_t_lT_nle _ethe_f_eo_l_mb

field is mD_ bic_-r here ar,d y_ mDst be _zy cart=ful. At least somebody has

to be ._y careful. In _e c_al _se, _.e has t_e m_elect_n cm_b_, _

is in _ .._rec0mglicat_d - so you _i_ht say a biq function of the muon

work will be to nozma//ze so_ of _se o_tical data and make U_m much m_e
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valuable. And then you can extend the _eas_ts using the optical method

to the isotopes whirl% are in too small abm%dance to be practical for the mucnic

x-ray work.

There is another feature, of course: the approximations that enter in

interpreting the two sorts of data are quite different. Dr. Anderson menticmed

that polarization effects, whid_ involve, in principle, all the hi_er states of

the nuclei are quite different in these two energy re_ions of optical and muonic

x-rays. And as far as I know there is no evidence here as to _ust hew different7

maybe somebody at the conference will tell us Just hew small these effects are,

Judged by theory7 amd even moze important in this context, how different they are

from one is_ to the next. The estimates made so far indicate that they're

very small_ of the order of few key; and one asstm_s that in uoinq, for exa_le,

from tunqsten 182 to tungsten 184 the c_mn_e in polarizaticn effect must be in

order of magnitude less than the polarization effect itself. And that b_

you down into the level of experimental error, so you don't worry about it'

%_lere appears then to be a very strcnq interaction, between the optical data and

the nuclear data, and to a i_ extent, you might say fortunately, this is

cc_Dlementary _ and not ccrlpetitive. I hope we'll hear more about this.

One final remark.. In many cases, whidl I haven't t/me to discuss, for the

mu_nic as distinct frnm the optical (electrunic) atnm, it's quite inappropriate

to consider this sort of system as a nucleus and the mu_n as an object which inter-

acts with it 'occasionally. ' One is dealinq now with a new tyDe of object whidl

is a new sort of nucleus - nucleus _lus much. And this object as a whole has

excited states, it has properties and one has to consider it very often in this

way. NoW in mcet cases one can try to separate this thing out naturally into two

parts in order to make it tractable. However, there are some interestinq cases

where this separation is, in a sense, false - one has to look at interaction of
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_e _n Snd the _ n_s all as one ct_eet. _ese _ c_ses

_ust _ at _e nm_e_ _ the e_e of what is _lvable or what is possible

b_ _ of the lt_ted intensity o_ _uon he_s. _c no doubt here or in otter

the_e wLll be better m_n beaw, _ Li_ detector, more_

_d these p_bl_s wt£1 sore he _ and they wlJ1 be discussed at the next

onnfm_m_e.
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Figure 1 - Plan view of Cyclotron and experimental room showing beam line. 

Figure 2 - Experimental counter arrangement. 
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Figure 3 - Detector system - two detectors  are enclosed i n  Gemini; 
Chicken Feeder is a constant feed of l iqu id  nitrogen. 

Figure 4 - Co60 cal ibrat ions  spectrum using a G e  Li-drifted detector  
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Figure 5 - Montage of different spectra f o r  calibration purposes. 

Figure 6 - Multiple element target assembly. 
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Figure 8 - W1” experimental muon x-ray spectra 
and energy level diagram. 
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Figure 11 - Bigher order muon x-rays from Biz[?. 

31 

Figure  12 - Analysis of Biz' '  2p3/2 t o  ls1/2 l ine .  
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Figure 13 - L x-rays from BiZo9. 

Figure 14 - UZ3* muon x-rays. 
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Figure 15 - U Z 3 ’  K x-ray energy di f ferences ,  
experimental and theoret ica l .  

Figure 16 - Optical isotope s h i f t s  showing variation with 
theoret ica l  f i t  using A l l 3  Law. 
L .  R .  B . ,  Nuclear Sizes, Oxford, 1961) 

(From: Elton, 
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HUGHES: l'm wondering whether the lines that the Columbia group saw were asymmetric

like the ones Anderson mentioned.

DEVONS: In first approximation - no.

WILKINSON - l'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. Anderson, 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 simul_aneously, they

were analy _d simultaneously - that is the computer was asked to find the best

fit in both spectra, looking 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

Shuler and Shuler and Kupferman on the atomic spectroscopic shift. The value

of rho that was used from alpha particle information was definitely too large

and I 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, end the value of the radius, end the great advantage of the mumeslc atom

is 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 dlstlngulshbet-_een even and

odd isotopes and that even the description of what the experlmentalists 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, Arkln end others sho_ng 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 mentioned in the Chicago description - does not really indicate a

polarization effect. Because the levels of odd-even nuclei fall lc_er, there are

some excited levels fa11Ing lower than those of the even-even. A third polntwhlch

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 he a help in separating the effects of the three isotopes.

TELEGDI: Pb 20B and 206 and 207 are available both from natural sources end from

Oak R1dge. The three isotopes have been measured separately and the data will be

shown to you in a contributed paper.

DEVOHS: 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-e_ 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. I

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

MRS. WU: We saw lines distinctly in Sn I18, Sn 119, and Sn 120. In Sn I19 all lines

are level with Sn I18. There is a 6 key difference between Sn I18 and Sn 120. This

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.



Remarks on the Theory of Mu-Meaic Atoms

D. C. Ravenhall

Department of Physics, University of Illinois, Urbana, Illinois

I would like to associate myself wlth the sentiments expressed by

the previous speakers. The audience contains many people who have

contributed much more to this topic than I have. Hy 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 dlstrl-

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 nm-masic atoms such an attractive tool

for exploring nuclear structure. The degree of sophistication with

which the model has been applied has depended very nmch on the accuracy

and extent of the experimental results available. Nov that electrlc

quadrupole and even magnetic dipole hyperfine structure is observed so

clearly, the application of the model, vith 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 cnuference. 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

4¢
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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)

pots the upper limit on any difference in structure of the interaction at

0.3 F. In 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 cormments 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

tellable calculatlons of it, by Lakln 2) and recently by Scheck, 3) give

for nuclei around Lead an energy shift for the ls at.ate of order 3-6 Key.

These calculatlonsweremadewlth non-relatlvlstlc, polnt-nucleua Coulomb

wave functions for the muon states and they are for the ls state only.

Lakln's calculation e_ployed for the electrlc dlpole contribution the

photo-nuclear giant resonance cross section, through sum rule techniques.

He relates the monopole contribution to a classlcal nuclear compressl-

billty. Scheck considered the additional contribution arlslng from the

single proton states of Bismuth, which contribute about the sam_ shift

as the collectlve effects considered by Lakln. At a stage where, in

experimental measurement of K lines, precision has reached this order

of magnitude, a re-examlnation of this question is very deslrable. 4)

The other large correction needed by the slmple model is due to

vacuum polarlsatlon. The strong Coulomb fleld of the nucleus creates

vlrtual electron-posltron pairs which form a space charge around the

nucleus, modifying the Coulomb fleld a llttle. Usnally an approximation

is used which treats only to lowest order the interaction of the electron-

positron palr_rlth the nuclear Coulomb fleld (the Uehllng 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 preclsely

known 3d-2p transition in phosphorus, where flnlte-slze effects are

unimportant, is already well established. 5) The effect of vacua polarl-

zatlon on the Is1/2 state is large: _80 Key in I_ad. One would expect

that the Born approximation for the electron-palr and the nucleus would
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be very poor for heavy nuclei, since the expansion parameter is (Z_)2,-

which can be almost 0.4 and that here might be an important uncertainty.

But a calculation by Wlckmann and Kroll 6) of the higher terms shows that

in Lead they are less than I Key. Polnt-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 wlth 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 @rocess after the elgenvalue of the desired muon state

has been found. Fromthe foregoing physical picture, it is reasonable

to add the vacuum polarization potential to the nuclear Coulomb potential

in the Dirac equation. The elgenvalue obtained now includes automatically

the vacuum polarlzatlon shift. (It also includes all the higher order

effects of the Uehllng term--all ladder dlagrams--but since the expansion

parameter is Z_ 2 these higher terms are very smalls of order 0.i Kev in

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

Vv.p.(r) ffi (2_/3_)[_n(Ke/Cr)-5/6 ] Vcoul(r) ,

where _ is the electron Compton wavelength, C is Euler's constant, and
e

Vcoul(r ) is the nuclear Coulomb potential. This is only an approximation

to the Uehllng term, and the remainder, which can be evaluated occasionally

to check, is around 0.6 Key for the is state in Gold. It should be possible

to include the effect of the nuclear quadrupole field on the vacuum polari-

zation 8) in the same way. _9
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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 meslc atom results

with the electron-scattering conclusions. Xn 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 spherlcal, and for *which data exists from

beth kinds of experiments, are Gold and Calcium.

In Gold, an early armlysls of electron scattering cross sections 9)

led to a series of possible charge distribution profiles, all pretty much

equally preferable. They can be arranged in a linear fashion _rlth a vari-

ation essentially describing the amount of charge in the tall of the distri-

bution. The mu-mesic x-ray energies for the 2P1_2 -, lsl/2 and 3d312 -- 2p112

transitions, and the flne-structure splittlng 2p3_2 - 2Pl/2, predicted by

this progression of charge distributions are seen in Fig. I to vary muno-

tonically. The experimental values of these energies, I0) _hen plotted on

that figure, then select three separate places in the progression. It is

a measure of the agreement of the electron-scattering and _u-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 2Pl/2 -- Is transition energy as predicted from electron

scattering is about + 35 Kev. (This comes from the uncertainties in the

parameter values of, for example, the Fermi distribution.) This compares

with the experimental uncertainty of +_ 9 Key. 11) It will be useful to have

new, mere 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 Key are still small compared

to these errors, but not too small to worry about. The vacuum polarization

contributlo_ to the calculated levels are quite large, _ 29 Key for the

2Pi/2 - isl/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 Ca 40

2p - is energy are (782.8 _ 3) Key 12) and G80.7 _ 0.8) Key. 13) The electron-

scattering result predicts (782.1 _ 2) Kev 14) 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 Z2_ they predict

around 0.2 Key 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 Ca 40 and Ca 44. 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.

The measured difference in 2p _ is x-rays is (0.6 _ 0.3) KevlS)>

(0.9 _ 0._Kev. 16) From electron scattering one obtains charge distribution

differences which then give for this difference (0.7 _ 0.3) Key. 17) The
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agreement is good, but the errors are larse enouEh still to leave room

for a nuclear polarization effect. Vacuum polarization makes a negligible

(0.02 Key) contribution.

Thus nuclear polarlzatlon, not an especlally welcome ccmpllcatlon of

our slmple mu-meslc atom model, is not as yet an essentlal element of the

theory. But it is Just around the corner, and more complete investigations

of it are very deslrable.
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Fig .  1 A comparison of t he  e l e c t r o n  s c a t t e r i n g   prediction^"^) f o r  energ ies  

of gold mu-mesic atom s t a t e s  with experimental  measurements .lo) The 

absc issa  i s  a conceptual parameter which cha rac t e r i zes  the  d i f f e rence  

between the  var ious  acceptab le  charge d i s t r i b u t i o n  i n  re ference  9. 

There a r e  var ious  o rd ina te  s c a l e s  f o r  t he  d i f f e r e n t  t r a n s i t i o n s .  

There i s  complete agreement among the  th ree  energy d i f f e rences  a s  t o  

the  "best" charge d i s t r i b u t i o n .  
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RAINWATER: I thDught tb_ 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 settled?

RAVEIqHALL: 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 m_ke 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-fashloned techniques, and there is large room for

improvement, which will c_, 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 ellipsoldal 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 is the

consequence of how much gradient you have over a Compton wave length, and I

would llke 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 electrodynamlcs 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

_lyses 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.

IEIT: 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

_he 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-

cing to for the 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.

_UGHES: Polarization of the nucleus by its interaction with the muon in muonlc

atoms contributes significantly to the g-value of the muon in muonic atoms.

M1 transition type nuclear polarization may have been marginally observed for

Dne or two low B nuclei.
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Since the previous speakers have discussed the theoretical background

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 data. 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 a 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 quadrupole interaction. The

intensities are derived in the usual way under the assumption that (1)

only E1 radiation gives an appreciable contribution, (2) the 4f7/2 and

_f5/2 levels are not split by hyperfine interactions, (B) these levels are

%
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populated as 2J + l_ and (4) the only mode of deexcitation is from f--_d-+p-_s

states.

Let us now look at some spectra. The spectrum shown in Figure 1 of the

K x-rays from Pr 141 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. In 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 _= 4.5 is

not large enough to be readily observable.

For those nuclides with large quadrupole moments the spectra are much

more complex. Several examples are shown in the next few figures. In

Figure 2 is shown the K x-ray spectrum of muonic Ho 165. The strong line

at the left arises mainly from 2p½-_ls½ 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, a kmowledge of the effects of nuclear excitation (the dynamic

quadrupole effect) and of the splitting of the muonic levels caused by the

static quadrupole interaction is necessary to interpret the spectrum com-

pletely. The peak at 375&.3 keV, where this value is the fall energy

minus 1022 keV_ is caused by several transitions all dependent upon the

excited state of Ho165 at 9_.7 keV. The Ho 165 nucleus is left in this state

about 27_ of the time.

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

x-ray spectrum of Tb 159 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 Tb 159 and Ho165 are very nearly the same.
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The more compact appearance of the terbium spectrum is the result of the

smaller fine stracture splitting of the 2p levels. The K x-ray spectrum

of Ta 181 is shown in Figure 4. Tantalum is also monoisotopic. Its ground

state spin is 7/2 and it has nuclear levels at 1B6 and 301 keV° Ta181

is considerably more distorted than Tbl59 or Ho165 and its A and Z are

much greater. Both of these properties produce a spectrum that has a greater

spread in energy than those of Ho 165 and Tb159. It should be noted that

whereas the fine-structure splitting for Ta 181 would be about 136 keV if the

nuclide were spherical, the energy difference between lines that result

basically from 2pl/2 ---_IS1/2 transitions and those from 2PB/2---_LS1/2

transitions is about 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 K_ and K_

spectra for natural eerinm. It should be noted that the K_ spectrum is

shown through its full energy peaks, that for the _ thl_ugh its double

escape peaks. Natural cerium is composed four isotopes, but two of these make

up 99.5% of it. Ce 140 makes up about 88.5% and Ce142 about ll% of the

natural element. The shoulder on each of the K_( lines corresponds to the

spectrum for Ce 142. 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 B_p spectrum as _ell. 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% Inll5

Any deviations from a simple two component spectrum must therefore be

Interpreted in terms of additional interactions between the muon and the

In ll5 nucleus. It is clear that a definite bulge appears on the high energy
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side of the 2p3/2 --_ISI/2 line. A comparison of the 2Pi/2--_ISi/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. Sinee 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 _ 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_-_3/2 line is immediately noticeable. Such a splitting appears

to be consistent with the known nuclear properties of In llS. Both In ll3

and In ll5 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 --¢_lS1/2 line. There is, perhaps_ some slight

broadening of the 2pl/2 --_-lS1/2 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/channel used for the K lines.

The 3d3/2---_Pl/2 line is about the same width as the nearest calibration

line, the 1173 keV line of Co 60. The 3d5/2--_2P3/2 transition shows

considerable structure. The 3d3/2 _2p3/2 transition which is weak is in

this case,not even resolved from the structure in the 3d5/2--_2p3/2

transition. A very preliminary analysis of the structure observed in the

K and L lines of iodine is only in qualitative agreement with what is

expected on the basis of the known nuclear parameters.
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Let us now turn. to two heavy nearly sphereical nuclides, Au 197

and Bi 209. Both have small static quadrupole moments and it should be

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

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

Au 197 is shown in Figure lO. Here for the first time we see the structure

of the 2p3/2 ,--*qS1/2 transition fairly well resolved for what we may consider

to be a nearly spherical nucleus. Au 197 has a ground state spin of J = 3/2

and a quadrupole moment of Q u + 0.58. The pattern of lines in the 2P3/2 ___

1S1/2 transition should consist of basically three components in the ratio

5:lO:l, 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 + 0.2 keV.

Before moving on to the last element to be 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 N16. The spectrum

is shown in Figure ll 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 is 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.

It 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 gmmna 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 the middle of the

x-ray spectrum of bismuth (this can be seen in Figure 16). In Figure 12

can be seen two other capture g_a rays that follow the capture of a muon

is bismuth. The line at 583 keV is directly related to the 2.614 MeV line.

The former feeds the level in Pb 208 from which the latter arises. The llne

at 571 keV corresponds to the transition from the first excited state of

Pb 207 to its ground state. Thus it is clear that at least two different

nuclides are formed following muon capture in bismuth.

Let 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 4f and 3d levels can be ignored, the spectrum should consist

of three lines with relative intensities of l, 20 and 14 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 K lines. The spectrum of K x-rays in bismuth

is shown in Figure 14. It is clear that the line formed from the 2P3/2- _

1S1/2 transitions is not nearly twice that of the 2Pl/2---)-lS1/2

line. In fact the ratio of integrated intensities is only about 1.4.

Careful observation of the K lines of Figure 14 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 peaks. 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
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the line that corresponds to the 2Pi/2_iSi/2 transition. The _etic

dipole interaction can provide the mechanism. LeBellae has computed the energy

level shifts for the 210 and IS levels in bismuth. This splitting is shown

in Figure 15; no quadrupole interaction is included. An examination of the

x-ray spectrum might be expected to show more of the detail of the spectrum

that, of cours_ 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 3d5/2----_

2P3/2 transitions, the Pb 208 capture line is a dominant feature of the central

part of the spectrum_ and some indication is seen for the weak 3d3/2 --_3/2

transitions. There is also a slight suggestion of structure in the 3d3/2

2Pl/2 line. Preliminary attempts to fit these data with the published nuclear

quadrupole moment and the magnetic splitting as evaluated by LeBellac have

not been 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 simultaneously,

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 about 30%. That this is nearly consistent with the data

is clear, but it certainly does not give a quantitative fit to the data.

A further increase in Q is clearly needed. Another way in which the fit

could he improved is through a reduction in the magnetic splitting since

this interaction does tend to wash out the pattern. Such a reduction would,

of course, he constrained by the requirement that the computed width of

the 2pi/2--_ISI/2 be compatible with experiment. This analysis will

be done in the near future. As a final point it should he 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. Trail now at Brooklyn College, Brooklyn, N.Y.
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Figure 5 - K X-rays from cerium 
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Figure 7 - L X-rays from indium 
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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 i n  Bismuth Spectrum 
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MEASUREMENTSOFTHEM1ANDE2MUONICh.f.s.
OFBi209,ANDOFTHEMUONICISOTOPESHIFTSFOR

Pb206, Pb207andPb208

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. Ehrlich, 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 this

material and that presented by previous speakers.

The two topics that I wish to discuss now are: (i) 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.

In both these investigations, for reasons which will become

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

PKECEDING PAGE 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 rays. In our experiments, not

only did we look at several targets at once (for instance, in the

case of Bi, we combined a bismuth target with a Pb 206 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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quadrupole effects, a situation which is inverted with respect to

the atomic case. As Professor Devons said, the M1 splittings that

one has here, are of the order of a few kilovolts. It is clear

hat if you wish to determine spllttings of this sort, you have to

have the highest resolution. Now, the very best Ge(Li) crystals

_,oc_ _ _ +_._ _=_, such as _ __r _= one used _- the

Columbia work, have 8 kilovolts resolution (FWHM). The Ge(Li)

detector used in our experiments does not exhibit this exceptional

resolution, but gives only !2 k!1_ovo!ts. There is, however, a

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

the llne 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 Pb 206 K line. Our

Pb 206 sample is practically monolsotopic, 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(M1) if you wish, is proportional

to _2(0) 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

ECMI)~ < 2(718(r-g)>m g
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where R is a nuclear coordinate and r is the muon coordinate. Now

this averaging leads to a reduction, because the magnetization

_(R) is extended. So (i) leads to a reduction due to the finite

extension. This reduction may to first order be computed by assum-

ing that the nuclear magnetization M(_), is distributed like the

nuclear charge p(R). This assumption is obviously a patent false-

hood since the charge distribution p(_) is due to all the nucleons,

whereas the magnetisation is due just 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 MI 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 quadrupole moment is the most favorable nucleus

for these investigations. In fact, it is interesting and amusing

to note that the at____omi____c(MI) 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 is at best of some entertainment value. You

see the chicken feeder (N 2 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 is that the

entire linear system, save the preamplifier, is thermostated; this

we found to be very useful. _ne four-target arrangement mentioned

earlier is barely visible - note the two tagging counters on either

side.

In Figure 2 you see the muonlc K spectra simultaneously

recorded from Bi 209 and Pb 206 targets. Lead 206 is spin_less, and

serves as the reference line. We are not particularly interested

in the absolute energies, but we happen to agree with those

measured by ether people. The line widths of the two Pb 206 K-

lines, both unaffected by magnetic or other hyperfine effects,

should be the same; they are so to within 0.5 kilovolt. Now, a

K_ 2 transition, takes place between two levels of j < 3/2, and

should hence exhibit a purely Nil (as opposed to E21) hrs. There-

fore, the lower Bi K-line should be broader than the two Pb 206

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 beoause it is affected electric quadrupole (E2) and magnetic

dipole (Nil) effects. The spectra are indeed as predicted, using

essentially hfs interaction constants as computed by LeBellac.
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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 Pb 206 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 is 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 nothin_ is suDoosed 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 pb 206 spectrum for line shape cali-

_ation, 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 Bi 209 (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 Ka I lines from the lead

isotopes 206, 207, 208. Our targets (thanks to the AEC) were all

of 90% or higher purity, and these lines are the actual data taken

simultaneously, following the technique introduced by Devons et al.

Fig. 4 shows only the statistically most important K_ I .... _"_

we have corresponding data on the Km 2 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 d_te_r_n_ng 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

assuming the A I/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 muonlc 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 8, which

is put equal to unity in determining the individual atomic shift

within a given isotope pair in desiring Cobs/Cth, seems to have

been guessed right.
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206-207
206-208

TABLEI

MuonicK_I Isotope Shift (keV)

Observed Theory
3.74 ± .32 7.0
9.41 ± .3o 14.o

Muonic

(206-207)obs
=

(206-207)th

206-208)ob s

206-208)th

206-207)ob s

206-208)ob s

Muonic Isotope Shift Ratios

Atomic'*

Cobs
0.53 ± 0.04 - 0.46 ± 0.07

Cth

0.67 ± 0.02 _ Cexp = 0.60 ± 0.07

Cth

o.397 ± o.o36
(206-207)obs

(206-208)obs

= o.38 ± .oi

Assumed Fermi charge distribution with half density radius

c = !.ii x A I/3 fm. and1_skin thickness t = 2.4 fm.

From a review by Brix and Kopfermann, Rev. Mod. Phys. 3__0, 517

(1958) based on optical measurements by Steudel, Z. Physik 132,

429 (19523.
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Figure 1. Chicken feeder. 

Figure 2. K m e c t r a  of bismuth and l e a d .  
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Figure 3. L x-rays 

Figure 4 .  Muonic Kal x-rays of the lead i sotopes .  
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Jorg Hufner " _

-,e
University of Heidelberg, Germany

The energies of the muonie X-rays _re quite well u_der_tood _, ter_s of

parameters of the nuclear charge distribution. But there are some problems con-

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

I , +I
ratio (2P3q2 is expected to be 1.9 (using statistical arguments).

Sl/2)

i _(2Pi/2 _ i Sl/2)

But the most recent experiments yield about 1.5. Within the experimental error

this value is the same for different Pb isotopes and for Bi(e.g.1).

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 7-radiation and Anger electrons.

The y-transitions (essentially E i) depend strongly on the transition energy.

How this energy dependence affects the intensity ratio (i), is illustrated with

the help of Figure i. 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 transition is neglected two thirds of the intensity go to the

2 p 3/2 state and only one third to the 2Pi/2 state. 'But the intensities get

nearly equal if the E 3 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 (I) would then he smaller than 1.9.

The Anger 2) and radiative transitions (only those with IA_I = I) were calculated

with nonrelativistic wave functions (but the correct relativistic energies were

used). The intensity ratio (I) was evaluated for each state with quantomnumbers
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n andi (n_ 14,I _ n-l) intowhichthefreemuoncouldbecaptured.(Thetwo

statesof eachfine structuredoubletwereassumedto befedproportionalto
(2j + i)).

A typicalresult is shownin Figure2. Thefull line showstheintensity
ratio (I) asafunctionof i, theorbitalmomentumof thecapturedmuon(for
n = i0 andZ=82). Theratio (i) takestheexperimentallyobservedvalueof
1.5onlyif themuonis initially capturedinto stateswith1= 0or 1= I. Our
calculationalsoshows,that if themuonis capturedinto1 =0 or i = I one

shouldobservea strong2s÷ 2ptransitionandaweak3d+2ptransition(Figure3).
Thisis notconfirmedbyexperiment,butthereverseholdstrue, asthe2s+ 2p
transitionhasnotyetbeenfound.

It is notyetknown,whetherthe2s-stateis deexcitedto the2 p-state
via EI radiationor to the1s-statevia electronpair creation.In thelatter

case,onedoesnotobservethe2s÷2ptransition,but theintensityratio (i)
nevertakesvaluesaslowas1.5(brokenline in Figure2).

References:

i) 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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l_nic X-E_ Spectra and Charge l_istributlon in Deformed luclei +

is no longer apl_iate, but r -3 has to be replaced by

oo

o

For _ distances, f(r) _-)r "3, but close to the nucleus, its form

ou the charse distrlbutlon _ (_) o_ the de_ _e_. It

is this dependence which gives us the information about the charge dis-

tribution. _he hyperfine structure of the spectra is determined by

The elastic scatteriz_ of high ener_ electrons and the X-r_

spec_nra of m_nlc atoms have yielded inch information about the charse

distribution in spherical nuclei. For de_Qrmed nuclei, however, very

little is knovn about their charge distribution. HeTe precise electron

scattoring experiaents ere not yet available. The quadrupole hyperfine

structure of _onlc Z ora_ spectra se_s to give at present the c_

exper_nental infarmation. T_e aim of our investigations is to show

_hat details of the charge dlstri_ution of defor_ nuclei _ be

expected fr_a _onlc hrs.

The hfs in _onAc atom has first been treated by Wilets 1) and

by Jacobsohn 2) . They have a_read_ pointed out that due to the proximity

of the mson to the nucleus, finite nuclesr size effects ere very 4--

portent. Thus the usual al_tion for the quadrupole interaction

i
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thematrixelementsof HQ with the muonic and nuclear wave functions.

These matrix elements have the structure

_'" IHQI "''_ = Q_.n(r) l f(r) I _ ,n,(r)_ "_

×(angular momentum factors)

It is the product of the quadrupole moment with the matrix element of

f(r) which determines the hfs shift and hfs splitting, and it is this

product which is deduced from experiment. It has already been shown 3'4)

that quadrupole effects are important only in the 2p and 3d states of

the maon. The spectra are determined by 2 parameters--the radial

matrix elements of f(r) with the muonic 2p and the 3d wave functions.

What is now the accuracy in determining these parameters by ex-

perlment? Fig. 1 shows the 4f-3d and the 2p-ls spectra for _38. 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-ls

spectrum we may determine the 2pmatrix 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 accuracy. 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 quadrupole splitting and having deduced

the relevant parameters, we have now to consider what different nuclear
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models predict for these imtr_ters, the radial matrix elements of

f(r). In treating spherical nuclei, the Fermi distribution

t

has been quite successful. We genersullze this distrl]mltion, givlng

the radial !m_rameter c and the surface thickness t an am_Llar dependence:

t(l +

The deformation parameter _ de_ermines _he quadrupole moment, whereas

the shape parameter _ specifies the distribution of the quadrupole

produciDg charge. Fig. 2 shows the lines of equal charge density for

different values of _, all for the nucleus _38 with Q = Ii bern.

These different charge distributions lead to different radial functions

f(r), as shown in fig. 3. The functions f(r) differ, however,

inside the nucleus. C_ml_rimg with the l_Obability demsi_ of the m_om

in the _3/2 and 3d3/2 states, also shown in fig. 3, we expect a dis-

tinct sensitivity of the _p matrix elements on variations of _. This

is shown in fig. 4_ we see, too, that the 3d matrix elements depend

much less on _. Thus; the ratio of the _ to the 3d matrix elements

is quite sensitive to _ an accuracy of i_ in this ratio yields an

uncertainty of + 0.5 in _. The comparison with _imental data

for --_38 leads to a value _ 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 mAltipole expansion

_(_)_ _oCr)+ Y_(_) 72(r)
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choosing a Fermi distribution for the monopole pert _o(r) and a

Gaussian for the quadrupole distribution _2(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 maxi_m, c 2 _and its

width, t 2. The calculations have shown 6) , that it is, however, not

possible to determine these two parameters by the 2 radial matrix ele-

ments: In a c2-t2-plot the curves for fixed values of the matrix

elements give no clear point of intersection (fig. 5).

Summarizing 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

_oad_upole producing charge.
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Figure 2 - Lines of constant change density 
(p=O.gp(Q), 0.50(0), O. lp (0 ) )  for 
U238, Q=11 barns. 
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Figure 3 - Radial functions f(r) of the quadrupole interaction

for T = 0, 2, 4 and probability density W(r) of the muon in the

2p3/2 and 3d3/2 state (U 238, Q=II barns)
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Figure 4 - Dependence of the 2p and 3d matrix elements

(H nlf(r)]H 1 n I) on the shape parameter _ for U 238,

Q=II barns.
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In this Joint paper, a few data on the experiment w111 be given. Then, the

analysis of muonlc X-ray spectra for spherical and deformed nuclei w111 be dls-

cussed.

Experiment.

-1
A flux of 50000 sec negative muons of the 124 Hev/c ts obtalned from the

muon channel at the stochastically operated 600 Hey _ERN Synchrocyclotron. The

particles are formed on a spot of I0 x I0 am? They are the backward-decaylng

muons of 220 Nev/c plons. The plon contamination is less than 0.5% of the muons,

the electron cont_inatlon is still smaller. The targets have an area of 7 - 50cm 2

and a thickness of 2-13 g/cm2; 6000 - 32000 muons are stopped per second. The

Ge(Li) detector has an area of about 3.5 cm 2 and a thickness of 6 m. It has been

made by Professor E. Baldinger and Hr. G. Natile at the University of Basle.

The detector was placed a few _,_ behind the target in the beam line in order to

have the maximum possible solid angle. The resolution ranges from 7 key at

0.5 Mev to 18 key at 6 Hev.

Spherical nuclei.

Measurements have been made on C1, Ca, Fe, on all nuclei between Sn and

Nd, except Xenon, and on all nuclei between Au and Bi. All elelents have the

natural isotope composition. In addition, a sample of 20_b has been used.
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Except for the three lightest nuclei, 2p _ is and 3d + 2p spectra have been

measured, as well as many spectra of higher transitions. Figure i shows some

typical 2p ÷ Is 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 i, 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 0.01 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 consistency

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 + is and two 3d ÷ 2p lines, yielding six energy differences,

and, hence, six iso-energetic lines, or, when errors 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 + is bands, 6 key wlde in Su and i0 key in BI, are very narrow. The 3d + 2p

bands are both 4 - 6 bey wide. In BI a small common area Is determlned. In Su

the 3d _ 2p band is not effective. A five to ten t_-.es 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 level, one

obtains the absolute level energies. The result is also _n Figure 2. It shows

clearly, that the 2p _ is band is completely dominated by the is level, the

3d + 2p band by the 2p level. In 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, TI,

206pb, Pb(nat) and BI. The 2p 3/2 ÷ is 1/2 bands are not shown, because the

bands are indistinguishable from the 2p I/2 ÷ Is I/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 known 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:

i) proton and nuclear distributions have the same shape, 2) the surface thick-

ness is constant at t ffi 2.49 fm, 3) the maximum nuclear density (at T = O)

ls constant, Dn ffi 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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thickness has a common region for the heavy Z nuclei, i.e. t = 2.21 +0.14 fm.
-0.21

Imposing this value upon all nuclei, O n = 0.158 fm -3, and Co = CA- I/3 follows

Elton's curve for these values of t and On, i.e. C o = (1.149 - 0.715 A- 2/3)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 is, 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 ÷ is 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 is state in Pb to about i kev in

successive estimates. We have made an estimate, that the electric monopole term

yields a contribution of less than 3 kev on the is state for all nuclei 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 is state are less affected.
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An interesting subject are the relative intensities of the E l transltionB

between fine structure multlplets. Table 8 lists the results. We find that for

all nuclei between Sn and Nd the intensities ngreelrlth a statlstlcalpopulatlon

of the muonlc levels, except in the 2p÷ ls transitions of I and Nd. A resonance

between the A(2p) splitting -_nd the o_u_rgy difference between ground _d first

excited state of the nucleus may be responsible for the reduction of the 2p T Is

intensity ratio. A maxlm,-- 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 _ is intensity ratios deviate from a

statistical theory. Processes, competing with the E 1 transitions, are e.g. other

electromagnetic radiative transitions, non-radlatlve transitions llke pair

formation, photonuclear effect, nuclear excitation followed by particle emission,

induced fission or nuclear Anger effect, and resonances with nuclear levels. We

have estimated, that all these effects are neglIEible, except possibly E 1

couplings with unknown nuclear levels at 6 to 8Mev excitation.

Deformed nuclei.

Measurements have been made on fourteen elements between Snand Pu. A

preliminary result on the analysis of eight mono-lsotope elellents 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 cow,pare the data with two

moaels 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 c, t and Qo' the intrinsic quadrupole moment as free parameters.

For each set of c, t and Qo" the monopole part and the quadrupolepart of the

!
charge distribution are computed numerically. The first yields paraseters c
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and t I, 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 E1 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, 238U 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 muonlc

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 c 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.

No indication is present in the analysis of these spectra, that it is

necessary to abandon the ass_ption, that the intrinsic quadrupole moment is

constant within a rotational band, i.e. the Bohr-Mottelsonmodel for the

rotational structure of these nuclei holds extremely well.

The good fit of the llne intensities between experlmental and theoretical

spectrum suggests strongly, that the durations of the relation intensities in the

2p _ is and 3d + 2p spectra of spherical nuclei from a statistical theory is due

to coupling with nuclear levels.
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Table 4
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Table 5
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DETAILED ANALYSIS OF HUONIC X-ray SPECTRUH FROMSTRONGLYDEFOP34EDe-e NUCLEI. _"_

Runge, T. T. Bardin, R. Barrett, $. Devons, D. Hitlin, _,K.

E. R. Macagno, C. Nissim-Sabat, J. Rainwater, and C.S.Wu:'%

Columbia University

The study of dynamic E2 interaction in _-mesic atoms yields

important information about the quadrupole moments of deformed

nuclei_ )2)3) 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 I=0 or 1=1/2 ground state spin nuclei in the ease of _-meslc

atoms.

The matrix element of the interaction can be written as

• !

The reduced matrix element(#.,l_k_hlch we mlght call a quad-

rupole form factor contains the important information about the

radial distribution of the quadrupole moment in the nucleus. The

size of the quadrupole interaction depends on the product of the

quadrupole moment and the form factor so that it is impossible to

determine the two separately from _-meslc 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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respectively 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 determination of the d-state splitting, how-

ever, is 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 excitation 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 is the accuracy

of the coulomb excitation measurements.

I want to present here results of measurements on the three

even Tungsten isotopes, W 182' 184, 186, on U 238, and on

Sm 152. The Tungsten isotopes lie rather at the end of the deformed

nuclei and their nuclear spectroscopic features are well des-

cribed by the Bohr-Mott_ison 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.

Sm 152 is on the lower end of the deformed nuclear region and

has high deformation and a large quadrupole moment. The dynamic h.f.s

is again expected to be large. U 238 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 _ Is transition.
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The experimental setup used was described earlier thls mornlng

by Prof Devons We used the W-.s_es as a metallic powder. The

WI8_ W186_g Sm 152 was In theamounts were W18_80g ; 59g;

form of Sm203 and a total of about 30g was used In the experiment.

Typically about I00 h of running time was requlred for each isotope

to accumulate ehough counts.

In the first figure, I would llke to sh_ the spectrum of the

K X-rays from W 182 We clearly resolve flve lines, the energy

of which we can determine accurately without complicated folding.

The resolution of the detector Is 8 _ .5 keV in thls energy region.

Figure 2 shows the _pectra which we got for the three

isotopes W 182" 184, and 186 There is one peculiarity in these

seemingly very similar spectra. Llne 5 and 8 are In thls order

visible In the W 182. They change position as we go to W186

In W 18_ they Just pass each other and could not be resolved. Further-

more, you might keep in mlnd the slze of the llne 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, thls energy should therefore

appear as an energy dlffe_ce 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_I_, >. These calculations are very

sensitive to the B(E2) values which are published by Hansen, Olsen,

and Skilbreit_ ) It seem& however, that there is quite a descrepancy

between the results of different groups measuring B(E2) in coulomb

excitation. More accurate values are highly desirable.

With this now it is possible to demonstrate a few features of

these nuclei. As we add neutrons to W 182 the nucleus becomes less

deformed as we approach the magic neutron shell 196, or, reach the

nuclei of the transition region and leave the really deformed

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

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

radial matrix elements, which become smaller as the nuclei become

more spherical, i.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 is 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

by a total of 30 percent and adjusted

so to give an optimum fit to the experimental data. From this we
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can say, that with the shown experimental data we cannot fix

+_ better than in _ _+ _.... pe_ce.._, which is still too _,_certain to _ of

interest to the Bohr-Mottelson model.

In Figure 4 we see the K_ - spectrum of Sm 152 As

you will notice in line number 7 it is not visible at all. The

energy of the first excited state Isl21.8 keV and the fine structure

88 ke_ a best fit was obtained with a=31.5 keV and Qo=5.93. These

values are still somewhat tentative, however.

The last two Figures deal with U 235. 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 6 _ows 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

excited state as input data to calculate the radial matrix element.
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Figure 1. Muonic x-ray spectra and energy levels from W182. 

Figure 2. Muonic x-ray spectra from tungsten18" lS4 and1s6. 
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Figure 3. Table of tungsten K a x-rays, theoretical and experimental. 

Figure 4. Sml’* K muon x-rays. 
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Y-ray Spectru_ from Strongly Deformed e-e Nuclei

U238 K X-RAYS

ENERGY DIFFERENCES

EXPERIMENTAL (KeV) THEORETICAL (KeV)

/,7-1
A 8-2

A 8-6
A 10-8
A 7-8
A I-2
A 6-2

i
1315.7
316.5

288.5
104.8

44.2
45.0
28.1

316.1
316.1
28B.9
108.7
44.7
44.7

27.2

PARAMETERS: En = 44.7 KeV
Es = 234 KeV
o( = 94.5 KeV

-. if Qo- 10.5 b.

then <_blf (r)1_> : 6.26

Figure 6. U238 K x-rays tabulated (experimental and theoretical).
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The work on pi-meslc 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

plonmass value madewith 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 radiation

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 also

had some hope of extracting nuclear parameters out of these data.
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It wasclearthatat thattimeit wasnecessaryfor usto makea substantial

improvementin 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,



Pi-Neslc X-rays 147

8.8 inches on a side. The first Argonne cyrstal was 6 m thick and 12 x 12 inches

and it broke on bending. Subsequently they went to a 4 m crystal. So far we have

been luck_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 Neasures the crystal quallty. In Figure 4 the full_r_dth at half

maximum is 17' of arc. This co_ares favorably_rlth the half dozen other spectro-

meters in the world.

Table i is a suu_ary of the details of the apparatus.

The spectrometer resolution is calculated as

bE = 1.6 x 10 -5 E 2 (keY),

in other words, the higher the energy, the poorer the present resolutlonwhlch is

just the opposite to the Ge-detector situation where the higher the energy the

better the resolution. And for our energies, for example lO0 keV, it turns out

to be 0.16 percent.

Figure 5 is a picture of the tower in whlch the crystal is mounted. Note the

microscope screw which rotates the crystal holder.

Figure 6 shows the overall layout. The beam for the plons is extracted,

collimated, bent and re-focused on to the target which is about 8 inches high. The

gam_m 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 200meV/c,,slowed down,

the electrons are antl-coincidenced out and about 106 Plons 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 I/E 2 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 i0 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 i00 keV in our primary work. You notice that the efficiency is

of 10 -6 so that the rate is 10 -2 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 Iodide detector itself. In 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 energy. 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 vacutm polarization correction is

:alculated and we estimated the fourth order of vacuum polarization correction.

_e 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

Is M_ = 139.577 ± .014 mev.

Nnw the best previous value consisted taking the mass measurement of the muon,

_hlch was mentioned by Telegdi, and the difference between the pl and the mu

•hich is measured by Barkas, Birnhaum and Smith in a photographic emulsion experl-

nent 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,

M_ 2 (M r - M )2 _ 2M T u

In Figure 10 the results are shown graphically for various neutrino masses. The

mass 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 zone. The likelihood for surfaces 68Z

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 value of T .

The strong interaction part of the energy level has been observed for the

aluminum transition of the energy 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 interaction. Table IV

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

244 _ 80 volts.
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Themajorsourceof errorin themeasurementis statistical. Figureii
showsthedata. Thesedataweretakenbeforethemassdatawithtwoor three

timesmorebackground.Thechangesmadebetweenthe 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 cm 3 Ge Li-drlfted 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 keY. 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 _ nucleon 3-3 state, an approximate formula was given

by Wolfenstein in 1956 -

6E_ _ 63__/3 ( Z )3

--f- n 3 _ + N) (Z_

The predicted shift corresponds to attractive potentiai 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

I I'l6E = V _ _ p(r) dr + VNL V_ p(r) dT

where V L = +i0 _ 2 Mev and VNL = - 80 ± 20 Mev (Fermi) 2 I using conventional
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densityparametersfor thenucleus.Fors, p, andd statesit fits thedata
adequately.Furtherdetailsof his calculationswill appearin hispaperat

this meeting.

Figure15showstheshift in the4f-3dtransitionsandFigure16showsthe

presenceof a residualshift in the5g-4ftransitions.Herethemagnitudeof the
shift is largerthancalculatedwiththepotentials,althoughit is possiblethat
thenuclearparametersare 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 transitions is underway.
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TableI. ImportantParametersof theBentCrystalSpectrometer

Crystal: Type quartz (310)

Dimensions 50 x 20 x 0.6 cm 3

Aperture 160 cm 2

Focal Circle Diameter 764 cm

Intrinsic Resolution a (gwhm) 17 sec of arc

Corresponding Energy

Resolution (twhm)b Z_E = 1.6 x lO -5 E2keV

Projected Resolution at

Target (gwhm) 0.063 em

Depth of Field 8 cm

I_ximum Overall Efficiency _ 2.5 x l0 -6 at 50 keV

Sine Screw: Maximum Measurable Angle a 27,000 sec each side of

_enter

Corresponding Minimum Energy c 40 keV

Precision Presently

Obtainable a + 0.4 see

Corresponding Energy

Precision b _ ± 3.8 x 10 -7 E 2 keV

Collimator: Overall Dimensions 18 x 18 x 94 cm

Plates 44 Pb alloy plates 1 mm

thick

Gaps 3 mm (tapered)

Resolution (fwhm) 900 sec of arc

Detector: Type Nal (T_)

Dimensions 17 x 17 x 0.63 cm 3

P.M. Tubes 9 RCA 6810's

a
1 see M 0.01] xu

b

At 50 keV, the resolution is 40 eV (fwhm) and the obtainable precision

about ! 1 eV.

c
First order both sides
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Table II. Results of Experiment.

Parameter

2_iff_ction pea/_ location:

Left (turns)

Right (turns)
i

Midpoint (tarns)"

Separation'x 0.5 (turns)

Sin _B (iS°c)

Wavelength

Energy

Calcium 4F-3D

-50.6829 ± 0.0089

+51.5585 + 0.0068

+ o.438 ± o.o_

51.Leo?+_0.0056

O.OTe61eo+ 119 _m

171.004 xu + 126 ppm

72.352 keV +.127 ppm

Titanium 4F-3D

-41.7517 ± 0.0057

+42.6462 ± 0.0042

+ 0.4_7 ± o.00_

4e.1989+_o.oo36

o.o599588± b4

lhl.15_ xu + 98 ppm

87.651 keY ± 99 ppm
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TableIII. Calculationof the4F-3DPion_cCalciumandTitanium
TransitionEnergiesUsingM_c== 139.580 MeV.

Effect Calcium Titanium

Klein-Gordon Equation 72.388 ± 0.001 keY 87.622 ± 0.001 keV

Reduced Mass - 0.270 ± O.O01 - 0.273 ± 0.OO1

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 ± 0.00_ + 0.004 ± 0.004

0rbital-Electron Screening - O.OO1 ± O.O01 - O.001 ± 0.OO1

Electromagnetic Form Factors negligible negligible

Lamb Shift negligible negligible

_-Atomic Recoil negligible negligible

Calculated Transition Energy

Scale Factor:

2
Mc

Transition Energy

72.351 ± 0.004 key

1929.21 ± 55 ppm

87.655 ± 0.005 keY

1592.58 ± 57 ppm
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Figure 4. Measurement of crystal quality. Full width at half maximum

is 17' of arc.
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Figure 5. View of tower containing mounted crystal. 
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Plan beam
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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 effectiv_sesa?

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. For 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 Is states.

CROWE: 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?

CROW-E: Yes, we have not done separate isotope studies yet, and ! don't have

anything to say about that.

ERICSON: These shifts are expected to be quite large.

CROWE: Yes.



POLARIZATION IN PION-PROTON SCATTERING

P. D. Grannis

University of California_ Berkeley

i wish to discuss Lwo experiments m_asuring the polarization parameter in

_-p scattering which are currently being coz_pleted in Berkeley. The first of

these was done at the Berkeley 184 inch cyclotron with _- beam momenta of 440,

460, and 515 HeV/c by Areus et. al. The second is still in progress at the Bev-

atron and will result polarization measurements in both _'p and _+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 BeY 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 ]I-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.

Of secondary interest to this conference is the objective of determining the spins

and parities of some of the higher H-N resonant states.

The polarization parameter in H-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 component 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 F!Lt_,_ED.
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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, e - or, in the

case of a target polarized to extent PT' (e/PT) - defines another parameter P'.

The most general form of the H-p interaction can be written

M_g+_ ._

In the case of a parity invariant interaction, this reduces to

M=g+hfl • _

^ -_

where n = (_i x kf)/l_ i x _fl , the normal to the scattering plane. In this case

the two parameters P and P' are the same and become

p = 2Re $*h

Igl 2 + lhl 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. In H-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 I - "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 (La 2

Mg 3 (N03)12 - 24 W20) 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 i0 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 e and _ degrees

of freedom; in 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 planes of the incoming beam particie. _ne Cerenkov 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 X/pulse; in the case of the _ 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 co=_rise 97Z of the target crystals, by weight)

since if the transverse component of the Fermi Momentum of the struck nucleon ex-

ceeds approximately I0 HeV/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 dimly 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 _-N amplitudes. In 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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representativeandextendsupto 1BeV.Themethodtheyemploymakesnoassump-
tionabouttheenergydependenceof theamplitudes;rathertheyseeksolutions
at energiesspacedat intervalsof about50MeV.At someenergiestheyachieve

onlyonefit thoughmoretypicallytheydonot; howeverbyrequiringthat the
variousphaseshiftsandabsorptionparametersjoin smoothlyat successiveener-
giestheyhavesucceededin identifyinga uniquesolution. In their analysis
theyhaveusedall availablecrosssectiondatafromH-p,H+pandchargeexchange,

polarizationswheretheywereavailableanddispersionrelationsfor theforward
amplitudes.I shouldpointout thatthepolarizationsareessentialto theana-
lysis dueto thewellknownMinamiambiguitywhichstatesthat thedifferential
crosssectionsareinvariantif all amplitudesaremadeto changetheir parities,
whilethepolarizationschangesign. In fact, it is oneof thepleasantsurprises
of theanalysisthatonecangetbywithoutrequiringthemoredifficult triple-

scatteringexperiments.
Figure2 showsa summaryof thetotal crosssectionsin the2 isotopic

spinchannels.In theI =3/2channelthecrosssectionshowstheP33resonance
plusa shoulderat approximately900MeV.In I = ½channeltherearebumpsat

about600and900MeV,normallyattributedto resonantamplitudesDI3andFI5
respectively(thenotationis L21,2J).

Turningnowto theresultsof Bareyre,weseetheFI5andDI5amplitudesin
thecomplexplane,Fig. 3. Thenumbersparametrizingthelocusof theamplitudeis
theinvariantmassof thesystemandthecircularboundaryis theunitarity limit.

TheFI5showstheexpectedresonantbehaviorat 900MeV;note,however,that the
DISamplitudeis apparentlyresonatingalongwith theFI5. PresumablytheDI5
resonanceis maskedin elasticchannelsbyits highabsortion.Figure4

showsthe$31amplitude;heretheamplitudeis repulsiveupto about550MeVat
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which point it circles about in a clockwise direction. The interpretation is

that there is a highly 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 ffi3/2 total cross section. Thus the indication is

that 900 MeV the situation is somewhat more complex than expected with _ne pre-

sence of two overlapping resonances in the I = _ state and a third in the I = 312.

Figure 5 shows the DI3 and PII amplitudes. The DI3 shows the usual

resonant behavior at 630 MeV with a width of 90 M_V. The PII amplitude also

shows evidence of resonating in this vicinity, but its large width (about 350

Me_ apparently precludes it from heing observed in cross section measurements.

This PII resonance was _irst 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 PII does not resonate but for which the phase

shift merely becomes large in the vicinity of 600HEY. It should be pointed out

that the PII is of speci_l interest since its quantt_ nt_bers are identical to

the nucleon. The final figure of this sequence (Fig. 6) shows the SII 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 = ½ 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 HeY from the cyclotron measurement

of the _-p polarization, plotted with cos 6* as the ahcissa, B* being the center
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of masspionscatteringangle.Whenthetargetpolarizationis takeninto ac-

count,themaximumin thepolarizationnearcos8*= -.5 is .58,in agreement
withthephaseshift solutions,andin disagreementwith thevalueof about.8
of VikandRuggeat 310MeV.Figure8showstheresultsat 342and394MeV
whicharesimilarto thoseat 323.

Thenextseries(Fig.9&i0) givepreliminaryresultsfor theH'pbackward
anglepolarizationsin thevicinity of the600MeVresonances.First, at 675
MeV/cweseethatthereis apronouncedpeakfor anglesnear180°; at 750and

825MeV/cthispeakhasbroadenedandshiftedtowardsmallerangles,andat 900
MeV/cthereis againsharppeakingin thebackwarddirection. Thedatafor for-

wardanglesat thesemomentahavenotyetbeentaken.Between900MeV/cand
2000MeV/cwehavenodatafor H-p,this regionhavingbeenstudiesbyDukeet.
al. at RugherfordLab.andSumaet. al. at Argonne.

+Thefinal series(Fig.ii,12,13,14,15,&16)showtheasymmetryfor _ p scatter-

ingin theforwarddirections;in thesequencefrom900MeV/cto 1150MeV/cthepeak

in thebackwardhemisphereis replacedwithapeakneartheforwarddirection. At
1280and1450MeV/c,thepolarizationappearsto gofromits upperlimit to lower

limit ascos8*variesfrom0.8to 0.5. Finallyat 1580MeV/c,theminimumhas
washedout- abehaviorwhichseemsto extendto somewhathighermomenta.

In conclusion,wehaveobservedrapidchangesin thepolarizationin the
regionof theresonancesin theH-Nnucleon.It is to behopedthatwiththe
aidof thesemeasurementswemightsettle someof thedifferencesin theanalysis
belowi BeVandextendit to higherenergy.
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Figure 1 

Figure 2 - Total np 
cross sections for 
I=3/2,  112 

Figure 3 - F15. D15 
complex amplitudes. 
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Figure 4 - Complex Sjl amplitudes. 

Figure 5 - D13 and Pll complex amplitudes. 
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Figure 6 - Sll complex amplitude. 

Figure 7 - Results at 323 MeV from the 
cyclotron measurement of n-p polarization. 
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Figure 8 .  Results 
at 342 and 394 Mev 
from the cyclotron 
measurement of r-p 
polarization. 

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

Figure 10. Preliminary 
results from the r-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 Xev/c 
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Figure 1 4  - at  1280 Mev/c/ 
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Figure 15 - a t  1.i50 Mev/c. 

Figure 16 - at  1580 Mev/c. 



PION INTERACTIONS WITH NUCLEI

T. E. O. Ericson

CERN

This report will mainly concern a study of the low energy elastic pion

interactions with nuclei done in collaboration with my wife, Magda Ericson from

the University of Lyon. l) 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 _-meslc atoms, _-scatterlng

and _-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 energy nuclear physics. The

understanding required for this is, however, mainly of a phenomenological nature.

Our second and principal motivation is that low energy elastic _ nuclear inter-

actions are intimately and transparently related to (_H) interactions and to

production in (NN) collisions. Hence it becomes posslble 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 energy region end moderate success

only in the few hundred Mev region. Why should one expect this problem to work

out more easily for pions? 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 plon is even at low energies 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 (_N) 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

(_N) 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

slnglet resonance; in contrast, the first (_N) 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 pions 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 (_N) interactions. This is thus an impulse approximation; it is

no___tta 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. In

the classical dipole scattering of an electromagnetic wave in a dense medluR_one

has to make an important and clear-cut distinction between the effective field

exciting a scatterer and the_ 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, slnce the present information is quite old (I0 years or so) and will

shortly he replaced by more detailed and extensive measurements. The information

on the equivalent interaction in nucleon-nuclear scattering comes from elastic

scattering experiments. In _ 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) (_N) 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 _ 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

nuclear interaction in the following way:

in the is 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 repulsive 2)

in the is orbits of T = 1/2, T z - 1/2 nuclei (adding a neutron) the energy
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shiftsbecomesizablymore repulsive, indicating a very strong isospln

2)
dependence of the interaction.

In the 2p orbit of 27AI the energy shift (measured in a beautiful and

difficult crystal spectrometer experiment at Berkeley) has become

attraetive_ ) 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 is 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 wldth has been directly measured in the 9Be is level 2) and it

is of the order of the is level shift; indirect determinations of widths in 2p

and 3d levels are obtained from intensity attenuation and known electromagnetic

transition rates. 4) These also indicate difficulties in using a local potential

description, but less vividly so than energy shifts.

How can these properties he quantitatively obtained? Let us sketch the

multiple scattering description in an oversimplified way. The (wN) scattering

operator is given roughly by

fi (r) : [bo + Co (k'k')]°(r-ri) (l)

in the short range approximation we will use. Here b and c are constants
o o

describing the intensity of s and p wave scattering: b ° is a linear combination

of the s wave scattering lengths and c one of the p wave scattering volumes
o

(also called scattering lengths by some people). Further, k, k' refer to ingoing

and outgoing pion momenta, r and r i 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
o

simpler expressions.

To discuss the multiple scattering, it is simpler to take a classical

picture of static scatterers which is not so had since nucleons are massive. We

must remember that densities always mean expectation values, etc. All that part

can he 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., c o = O)

_(r) = Xo(r) + z i h ° g(r,ri)_r.(r i) (2)
i

with Xo(r) = incident wave

_rt(rl) = tickling wave incident at a scatterer r i

g(r,ri) = exp ik[_-ri]/[m-ml] = outgoing scattered wave

(Green function).

This equation can be read as follows: an incident pion comes in and gets re-

scattered in an extremely c0mplicated fashion on all the various scatterers _.

This modifies the incident wave completely. We can, of course, ask for the

average wave @(P) 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 al____lthe 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 tlckl-

ing field which is no____tequal 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 #ri(ri) at the

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

for (V2+k 2) expklr-ril = -4_p(r-r.)

ir_ril i (3)

Hence, applying this to Eq. (2) and observing that (V2+k 2) Xo (r) = 0 we have

(V2+k2)_(r) = -4_boP(r)_r(r )

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

There are now several easy approximations to the equation:

i. 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) = -_2/2m • 4_hoP(r ) (4)

(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 no___!ta high energy

approximation. Let us apply it to pions. Then we have also p wave _N scattering,

but that means in this spirit that we Just replace momenta k by -iV.

Thus _V z -_2/2m[4_boP(r ) - ? • 4_CoP(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. 5)
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The question is now: how good is this approximation? For our purposes,

a good first orientation on this is given by the effective field description in

a classical dielelectrlc 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 Eef f is

related to the average electric field E by

4_ _)-lE (6)
Eef f - (I +_-- c °

in our notation. The constant c is called the electric polarizability of the
o

atoms. For exactly the same reason, we may expect a similar effect in nuclei,

which means the replacement of 4_Cop(r) in Eq. (5) by

(i + 4_/3 CoP (r) )-14_CoP (r)

Ntunerically for plons thls 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 -I this can be done as follows: look for the equation of ¢_i(_i), solve it and

put it back in the original equation. Now we are lucky, for #ri(_ i) is the field

measured at a scatterer (or at a test body if you so llke). If we let _pi(_i)

have r. + = we simply measure the wave function at infinity which to order A -I
1

is exactly the original wave function _(_) and which determines the scattering

amplitude. Hence we will not have to solve two, but one equation.

The way of handling this]yroblem 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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asbefore

_r (ri) = Xo(ri) + _ b g(r.,r.)_ (r.) (7)

i i_J o l 3 rj;r_

The only difference between this and Eq. (2) is that the sum has i # j and that

#r_;ri(rj) is the field incident at r.3 with the additional knowledge of a scat-

terer at r i. 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(r ) which can be solved. In

expectation values, the equation depends on the pair correlation function G(r,r')

between two scatterers, one at r and one at r':

_r (r) = Xo(r) +/bog(r,r')p(r')(l + G(r,r'))_r,(r')dr' (8)

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 -i to 0 in about =IF (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 IF 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 _N 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(r) = -_2/2m[4_bo0(r ) - V • 4_CoP(r) V]

l+4__!_CoP(r)
3

There will be minor corrections in local term b from a) Fermi motion and
o
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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 % 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 _ + (P_N) _ (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 _ + (2N) _ _ + (2N)

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 plons 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 w production

in NN collisions.) The amplitude depends on various spin, isospin and momenta,

of course. It contains i0 complex constants to be determined experimentally.
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Weget thei0 imaginarypartsbytheopticaltheoremusingz productiondata
(5of thesearezerocorrespondingto closedchannels).Theremainingi0 real
partsarenotknown,butweonlyneedthemroughly,sothatwecancontrol
theirmagnitude.Thisweget: a)byobservingthat dispersionargumentstell
ustheywill berepulsiveandb) bytakingthemto beroughlyequalto the
imaginarypart in magnitude(asis alsoindicatedbydispersionarguments).

Fromthis pointon,wesimplysaythattwonucleonsat shortrangebehaveasan
additionaltypeof scattererandweputthis straightintoourprevioustreatment.
Ofcourse,wecountsomewNscatteringstwicebut, sincethecontributionof the
realpartof thetwo-nucleonscatterersis small,thetotal errordueto this

shouldnotbeveryimportant.Thequantitiesdescribingthes andp waveaverage
scatteringonnucleonpairsaredenotedbyB andC in analogywithb andc

O O O O

for _N scattering.

What do experiments tell us about these quantities, and what do _N

scattering and _ 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 b ° = (al+2e3)/3 in terms of the singlet and triplet _N 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 lengths 6) - as compared to the

recently proposed Samaranyake and Woolcock's ones 7) _ are as follows (units

= m = c = I)
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Fermi

3 Motion Correlations Absorption Total

Hamilton-

Woolcock -0.002 + 0.004 - 0.010 - _ 0.006 = -0.014 ± 0.005

Samaranyake-

Woolcock-0.Ol2 + 0.004 - 0.014 - _ 0.006 = -0.028 t 0.005

(bo)ex p - 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 n___ocancellations would

produce a b % 0.i: hence also the first case from a multiple scattering point
o

agrees to _13Z 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.)

One can similarly determine a coefficient b I _ "(el-m3)/3" for the isospin

dependence of the local interaction, a term proportional to (t-T)/A where _ and T

are the pion and nuclear isospin. The predictions are:

H.W. : bl = -0.086

S.W. : b I = -0.097 ± 0.007

while the experiments, which have large uncertainties give

(bl)ex p = -0.i0 ± 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 ImB which is predicted to
o

be 0.0055 ± 0.0007 using _ production only: it should be slightly increased for

radiative _ capture. The only experimental information is an old measurement of
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a levelwidthin 9Bewhichyields0.0140± 0.0030.Theremaybeadiscrepancy
at this point. I insist, however,that therearebig A-I correctionsin 9Be
andfurtherProfessorCroweinformsmethatat Berkeleytheythinkthewidthof
this timeis at least30%smallerfromtheir ownpreliminarymeasurements.
Obviouslythis pointhasto besettled.

Forthenon-localinteractionstherelevantparametersfor thereal and
imaginarypartsarec andImC. Theyarein agreementwiththepresentexperi-o o
mentsassumingshortrangeanticorrelationsbetweennucleons.In Figurei the
areaAis theexperimental50%probabilityareausinga Lorenz-Lorentzeffect
andBis thesamewithoutsuchaneffect. Thehatchedsquareis thetheoretical

predictionincludinguncertaintiesin basicparameters.Thepresentexperiments
donotyet giveanyclearpreferencefor theoneor theothercase,but it would
beexceedinglyinterestingto seea directeffectof nucleonpair correlations.

WhileI havenotdiscussedthis, theopticalpotentialderivedcontains

othertermsinducedbythespinandisospindependenceof thebasicscattering
amplitudes.Forexample,thereis anisospintensorinteraction(t-T)2/A2which
cangiverise to directdoublepionchargeexchangereactionsbetweenisobaric

spinmultiplets. Furtherthereis aninducedstronginteractionhyperfine
couplingbetweenthenucleusspinI andthepionorbitalangularmomentum
bya term(_._)/Awhichgivesrise to levelsplittings in mesicatoms.

At thepresentmomentwecansaythatlowenergypionsqualitatively
seethenucleusasadielectricmediumwlthparametersdescribingthewavemotion
in qualitativelygoodagreementwithpredictions.Furtherworkwill berequired
to showif theunderstandingis orcanbemadequantitative.

FinallyI wouldlike to endbybriefly describingsomeworkdoneby
J. DelormefromLyonandmyselfonradiative_capturein nuclei. Abourhalf a
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year ago we were deeply impressed by some measurements of yields and spectra on

the reaction w- + (A,Z) _ y + (A,Z-I) done at Liverpool. 8) It was observed that

typical branching ratios were of the order of several Z with typical y energies

of about 110-120 Mev. This suggested to us that this might be a quasl-free

7- + p _ _ + n reaction, if we now take a look at the amplitude for photo-

production of pions at threshold this is dominated by an E1 transition + higher

order terms in the pion momenttun. It is therefore straightforward to use the non-

relativistic photoproduction amplitude to write an effective }lamiltonian for

radiative capture:

A

Heff = 471 Z t[ {A(oj_)+B(oj_)(q-k) + C(ojk)(q-_) + Dq.(kx_)}p(P-rj)
j-I 3

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

photoproduction amplitudes. The quantities 6, k and q refer to the photon

polarization vector and momentum and to the pion momentum. Delorme has calculated

how much the higher order terms in the plon momentum contribute to radiative

capture. These terms give rise to non-local interactions as in the optical

potential. He finds for the ratio of non-local to local interactions in the

is, 2p and 3d Bohr orbits:

TABLE 1

Orbit Ratio non-local�local

is % 0 %

2p _ 5 %

3d _ 12 %
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Hencetheradiativecaptureratesarequitedominatedbytheaxialvectortype

interaction(oi " e)ti. Thisis exceedinglyinterestingbecauseexactlythesame
matrixelementoccurs in the _ capture process _- + p + n + v; hence we can crib

the entire _ capture theory word for word, statement by statement and apply it

to radiative _ 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 _ capture neutrinos would be so interesting to see

should now stop and one should look to the y's in _ 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 _ 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

protons with spin waves. 9) It is also possible to study, say, the negative

parity states in %H with precision. 10)

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 _ capture). We apply this to a Fermi gas (Primakoff Theory) which works

extremely well for total _ 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 _ capture and _ capture

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

determination of weak interaction coupling constants. II)
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TABLE 2

Branching ratios of radiative capture

(no A-1 corrections)

Element Orbit Theory % Experiment %

6Li is 5.0 3.3 -+ 0.2

7Li Is 2.5 1.9 -+ 0.2

C is 4.3 mean 1.6 -+ 0.I
2p 1.7 1.9

1.8 + 0.IS 2p 1.7 mean
3d 1.1 1.6

Cu 2p 1.7 mean
3d 1.2 1.4

1.5 + 0.1

The table is mainly self-explanatory. The following c_ts should be made:

the mean value for capture out of two orbits s_multaneously 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 6Li 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 -I 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 i_pression 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 beth for the understanding of nuclear

structure and for a better understanding of _ capture in nuclei.



202 Ericson

i) M. Ericson and T. Ericson, Annals of Physics (N.Y.) to appear.

2) See D. West, Reports on Progress in Physics, Vol. XXI, 271 (1958).

3) A. Astbury, J. P. Deutsch, K. M. Crowe, R. E. Shafer and R. E. Taylor,

"Congr_s International de Physique Nucl_aire - II" Dunod, Paris (1964),

p. 225.

4) P. Huguenin, Z. Phys. 167, 416 (1962).

M. Ericson, Compt. Rend. 2573831 (1963).

5) L. Kisslinger, Phys. Rev. 98761 (1955).

6) J. Hamilton and W. S. Woolcock, Revs. Modern Phys. 35, 737 (1963).

7) V. K. Samaranayke and W. S. Woolcock, Phys. Rev. Letters 15, 936 (1965).

8) H. Davies, M. Muirhead and J. N Woulds, Nucl. Phys., to appear.

9) J. Barlow, J. C. Sens, P. J. Duke and M. A. R. Kemp, Phys. Letters 9, 84

(1964).

L. L. Foldy and J. D. Walecka, Nuovo Cimento 34, 1026 (1964).

i0) A. de-Shalit and J. D. Walecka, SLAC preprint No. 160.

iii B. V. Struminsky, 1962 Int. Conf. on High Energy Physics at CERN, P. 17

Geneva (1962).

A. Fujii and D. J. Hall, Nucl. Phys. 32, 224 (1962).

See also

A. M. L. Messiah, Phys. Rev. 87, 638 (1952).



Pion Interactions 

203 

Figure 1 - Plot of c vs Im C . Hatched 
square isOtheoretiea1 prediction. 

Figure 2 - Nucleon pair correlation function 
in a nucleus. 
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TELEGDI:I wouldlike to makeapointwhichDr.Ericsonreferredto verybriefly,
andI'msureonlyfor the sake of brevity didn't discuss, but which I found in

reading his papers very interesting and to which I would llke to direct your

attention. Namely, that if you have a pl meslc 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

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 =I/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

pion 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 one 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 _'£ I d£ So that you get an effect
A r dr "

of this kind with a certain coefficient to it. Now it is of course possible in

principle to measure the hyperflne effect in pl-meslc atoms. This is a rather

---_using thing if one ccu!d see this strong h>_crfine interaction effect. But

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

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

terribly small.
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ABSTRACT

A beam of negative pions was brought to rest in a variety of light element

targt=ts ranging from Li 6 to A127. The angular distributions of neutron-proton

and neutron-neutrc_ 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 scinti_ation counter with an anti-coincidence

_ard counter. The threshold reqttlre_nts discriminated against lov-energy

evaporation nucleons. The angular distributions peek 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 an

experiment which comes naturally to low energy pions, namely, stopping

negative pions in various materials and measuring the angular distri-

butions of two emitted nucleons. A stopped pion has zero momentum

but can introduce its l_O 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 a pair of nucleons in the nucleus with their

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 state interactions with the residual nucleus and the momentum of the

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

angular correlation.

Apparatus

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 were studied in more detail

with a finer resolution apparatus.

The p-n apparatus of fine resolution is shown in Fig. i. The
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incident1_eamof 32 MeV negative pions is defined by two scintillation

detectors labeled xa and _ with a third detector in anti coincidence

after the target. The energy of the beem is degraded so that a max_

number of pions stop in the target (about half the lnciden_ beam). The

target is typically 1/2 g_c_ 2 and is placed at 45 ° with respect to the

beam. _'ne proton detectors are located approximatel_ perpendicular to

the target to minimize the energy loss of the protons in the target.

This loss is about lO MeV for a 50 M_V proton. The three proton tele-

scopes have a common front element in coincidence. A sharp 20 MeV proton

threshold _as considered in the calculations corresponding to half target

thickness plus the front 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 _seared ont. The three neutron detectors

are made up of h" long by 2" diameter scintillation detectors and front

guard detectors in anti coincidence. They can be moved to a_ angle _t

they were not placed in the direct beam.

For the case of Fig. l_electronic logic circuits (Chronetics, Ince)

formed I0 nsec coincidences of all 9 possible p-n pairs of detectors

_hich 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" diameter 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 90 °. It oroved 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

was done in place with a Bi 207 conversion electron source. Calibration

of the neutron detectors was done with the C12(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 the 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 15 ° . 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 Li 6 and O 16 were obtained

with the apparatus with finer angular resolution. This resolution is

shown for one point. The Li 6 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
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these curves vlth more or less a mo_oto_c decrease in the 180 u peaklng

as Z or A increases.

The p-n curves shown in Fig. )are similar but sl_].7 less

_ed.

A theoretical shell-model csulculatiom by Kol_leishvill and Machabeli I

for n-n emission fr_n pion capture on Li 6 gives an _tial peaking

at 180 ° vith a width to the _e point of about 40°. An estimate by

Koltuu = gives a width about 25 ° for 016 . Our data are narrower than

the former and broader than the latter. More complete analyses and

more accurate data are needed to extract detailed information from these

angular correlations.

From these data, the solid angles, and calculated neutron and proton

detector efficiencies we can obtain the correlated emission rates. This

is highl_ sensitive, however, to the sharpness 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

apl_ears inversely in this ratio. These efficiency calculations predict

the number of pulses over the threshold setting from knock-on protons and

breakup of C 12 within the detector volume. These thresholds are II 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

-+_O_ systematic error in the number of correlated n-n emissions. With
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theprotondetectorefficiencyerrorthis alsoleadsto thepossibility

of a ±25%systematicerrorin boththe p-n ratesandtheratio. This
is thedominantsourceof errorfor all casesbut CuandPb.

Thecorrelatedemissionratesof TableIVareobtainedbyinte-
gratingthecurvessuchasFigs.i and2 overanglesgreaterthan120°
withaweightingequalto sin@for thesolidanglefactor. In other
wordscorrelatedemissionis consideredto beall thosewherethetwo

particlesarewithin60° of antiparallel. Thep-n curvesarebroader
thanthe n-n sothatthis definitionof correlatedemissiongivesabout

2/3thevaluefor theratio of n-n to p-n emissionasdoesdefining
thecorrelatedemissionto betheextrapolationof thecurvesat 180° .

Thevalueof theratio is surprisinglyindependentof thetargetnucleus.
Previously5.0and3.9hadbeenreportedfor this ratio for 016 and

A127byOzakiet al.3 Ourresultswouldbeconsistantwitha constant

for this ratio andtheweightedaverageis 3.9to 4.6. Thedifferences
betweenthetwosetsof datafor Li6- and016 areprobablyanindication

of the inaccuraciesof theefficienciesusedfor theneutrondetectors.

Thesimplestmodelfor calculatingthis ratio gives3.0• This
modelassumespionabsorptiononrelatives-wavenucleonsin thep-shell

onlywithequalprobabilityfor a triplet pair asa singletpair. For
C12 Kohmura4 hasincreasedthis ratio to 5byassumingtherangeof

thewavefunctionfor a triplet pair is shorterthanfor a singletpair
byabout5%. Thisviolateschargeindependence.For016 Koltun

andReitan5 find that a largerratio than3 is obtainedwhenoneproperly
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includes pic_ charge-exchange rescat-tering in the matrix elements.

The similarity of the results for Li 6 and Li7 are puzzling. Li 6

has o_ a p-n pair ontside the _-particle core and so _- - ab-

sorption should lead only to n-n e_snion givi_ e_ infinite ratio.

The parameter missimg from the previous data is the energy of the

two particles. We have observed the _roton e_ergies in the p-n cases

but there was no evidence of any stx_cture. _ distributions were nearly

flat -- tapering off at high ener_. What is of interest is the sum of

the two particles energies since this gives directl_ the excitation

remaining in the residual nucleus. Our intensity is %0o low and back-

ground too high to measure neutron energies by time of flight. Therefore

.
the future plans are to perform _ capture in flight, end look at the

two protons emitted with spark chambers. We exact about 2 MeV ener_

resolution from range meas_ts. The _ of the incoming pio_

_ist be considered in %he kinematic m_sis but introduces no ,MJor

difficulty. A preliminary run with _ counters indicates that the

cross section is sufficiently high and the angular distribution is also

peaked at 180 °. It should provide a means to stud_ two-hole states

of the shell model theory as well as the mc_nentum distribution of p-n

pairs within the nucleus.
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TABLE III

Number of Coincidences per Million Stopped Piths

Small Counter n-n Da_

--g"2 =_i o.z a_a = o.oon

Targ_tenu 51° 58 ° 60 ° 90 ° 120 °

Li 6 .31±.05 .2h±.06 .16±.05 .16±.05 .lh±.05

o .15±.03 .26±.05 .O7±.O_ .12_-.O5 .15±.O6

z_9° z%° z63° 169° zTz°

Li 6 .71±i0 .85±.i0 2.01±.17 2.50±.19 2.Be'J:.20

0 ._04±.i0 .61±.08 .61!.08 .56!.(_ .77±.14

135 °

._6±.08

.55±.o8

Small_ p-n Data

:o.z 6 =o.9 n._ = o.oozo_
n p n p

Tar_-,t _ 35° 5, ° 66° 9o° xo5° zs:_°
lmZ

Za 6 .]6+_.O6 .08_+.0_ .19_-.07 .5Z_.08 .ee_-.o7 .3_.o8

0 .17-+-O6 .10+-.O5 .15+-.06 .3_.O7 .21_.05 .31-+.07

1_ ° ,,49o x_6° ,63o ,690 ,,72°

Li6 -79 _--I0 Z-31+--13 1-51+--1_ 1-55±.1_ 2-46+-Z7 2.12-+-16

o .57+-.o7 .5__+.o7 .8o+_.o8 .77_+.o8 i.o6_+.o9 .9o+_.o8
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TABLEIV

Numberof CorrelatedEmissionsof TwoNucleonsperStoppedPion

n-n p-n n-n
Nucleus (relative units) (relative units) ratio --

p-n

Li 6 8.9 + 3.6 (+--5) 2.4 + .6 (+.17) 3-7 + 1.0 (+--3)

Li6 (smaller 20.7 + 8.3 (+-.9) 3.4 + .9 (+.14) 6.1 + 1.6 (+-.4)

detectors)

LiT 9.0 +-3.7 (+.8) 2.5 + -7 (+-.18) 3.6 + 1.0 (+-.4)

Be 6.0 -+2.4 (+-.4) 2.1 -+ .5 (+-.14) 2.8 -+0.7 (+.3)

B lO 3.9 -+1.6 (+-.8) 1.8 + .5 (+-.20) 2.2 -+0.6 (+-5)

B 4.6 -+ 1.9 (+-.6) 1.0 +- -3 (+-.15) 4.4 + 1.3 (+.9)

C 3.5 + 1.4 (+-.8) 1.5 + .4 (-+.20) 2.3 -+0.8 (+-.6)

N 3-5 -+ 1.4 (+-.6) 1.0 -+ -5 (+.15) 3-7 + i.i (+-.9)

0 5.7 -+2.5 (-+.8) 1.5 -+ .4 (-+.21) 5.8 -+ 1.2 (+-.6)

0 (smaller ll.9 + 4.8 (+.9) 2.0 + .5 (+.09) 6.1 -+1.6 (+-.6)

detectors)

A1 2.8 -+ 1.3 (+.8) 1.O + .3 (+-.13) 2.9 + 1.O (+l.O

Cu 1.7 +- 1.2 (-+i.0) 1.0 ± -5 (+-.21) 1.7 +- i.i (-+i.i

Pb 1.3 -+ 1.3 (+1.3) 0.3 +- .3 (+-.35) 4.7 +- 4.7 (+4.7

• Average weighted with overall errors

Average weighted with statistical errors in parenthesis above

3o9±1.o

4.6+-1.1
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GOTTSCHALK: It is rumored that you have done preliminary experim_its on H + cap-

ture in flight. Could you coumaent on the counting rates that you @et 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 also 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 distribu=1on 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 II 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 _recision there is about 50?°, from statistics.
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H. Davis, H. Muirhead, and J. N. Woulds

University of Liverpool

[Paper presented by P. T. Andrews]

As there is a large _mo'--_.t ef dmta_ frem this experiment ! _hal! 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 anticoineidence 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 amti-coincidemce counter rejected

charged particles entering the crystal and neutrons were rejected by their

longer time of flight.

The measurements were done on Li 6 and Li 7 as these were expected to show

differences in the number of correlated neutron proton pairs in the nucleus.

Also as they are light nuclei negative pion capture is almost entirely from the

S state.

Figure 2 shows the total kinetic energy of the two neutrons plotted

61/against their total momentum for a 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 energy of 140 Mev and zero

momentum transfer to the nucleus shows up very clearly. Fig. 3 shows a similar
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plot obtainedwitha /Li target. The clustering noticeable at 140 Mev is

somewhat away from zero momentum transfer. This will show up more clearly in

Fig. _. In the case of the 7Li there is much less obvious clustering of the

points around i_I0 Mev. than in the 6 Li case.

#ig. 4 shows the total kinetic energy distribution for the two neutrons

from 6Li. fhe total momentum is restricted to the 0-iOO Mev/c range. The

coincidence counters are at 180 ° . The ordinate is in pairs of particles/ Mev/c 7

ster_ stopped pion. As was expected there is a large peak at an energy

corresponding to the 4He being left in the ground state. There is also some

indication of an excited state at 40 Mev. 2he distribution for 7Li shown in

Fig. 5 indicates that the $ield is less than forSLi but is still mainly to the

final ground state, in this case that of 5Heo

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

from capture in 6Li and 7Li again, but in this case when the total momentum

is in the 1OO-2OO 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 _round states and the evidence

for states at about 40 Mev excitation is stronger.

}'ig. 7 shows the angular distribution of the neutrons relative to each

other for 6Li and 7Li. 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
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is less strongly peaked than that for _. On integrating over the solid angles

it is found that capture of a pic__ on _ leads (37 _ IO)%. to _he ground state

of 4He and capture on 7Li leads (50 t 12_ to the ground state of 9_e.

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 Des 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 iiO Mev and may correspond to transitions to

excited states in the final nuclei.

The solid curve in the _" case is a theoretical fit using a formula of

Sakamotoo 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 48_6 Mev/c the solid curve through

the experimental points was obtained. Treating 6Li (p, pd) 4He as the quasi-

elastic scattering of a proton off the deuteron in a cluster model 6Li Riou.

obtained a value of 45 _ 5 Mev/e for the momentum parameter. This implies that

the deuteron and alpha particle are about 4 FermJSapart, which is quite a large

separation. Jackson obtained a p shell radius of 3.53 Fermis from an analysis

of electron scattering on 6Li.

The momentum distribution of Fig. 9 for capture on Li 7 shows a dip near

zero momentum. This suggests that if one is capturing the w " on a deuteron

in 7Li that deuteron is not in a relative s state. Clearly one requires

different pictures of the 6Li and 7Li nuclei.

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

Two spectra are shown in Fig. iO. one is a calibration spectrum of gamma rays
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frompioncapturein a hydrogentarget. Theotheris thespectrumfrom_ -
captureon6Li. Theseshowthattheenergyresolutionis notgood.The

hydrogentargetspectrumprovidesa resolutionfunction.

Fig. ll showsthespectraof gammasfollowingw- capturein all the
nucleiexamined.Theyhavein commona fairly narrowpeakshowingthatthe

processis a verysimpleone. If therewereanyfinal statemorecomplicated
thanonefreeneutronandagammaray,youwouldexpectamuchbroaderpeak
thangivenbytheinstrumentalresolution.Fig. 12is a tableof theresults
whichhavebeenreferredto byDr.T. Ericsonin his talk in whichhe
successfullyaccountedfor theyields.

Thepositionof thepeakssuggestsoneis observingasimplecaptureof
an - ononenuclearprotonleadingto a freeneutronanda gammaray.
PetrukinandProkoshkinobserved9 Mevneutronscorrelatedwithgammasof
greaterthan30Mevenergywhenn- werecapturedonnuclei. Theiryieldwas
about2%.

Fig.13is anattemptto explaintheenergyspectrumbyusinga
degenerateFermigasmodelfor thenucleus6Li.

No.1 is thetheoreticalresult. No.2hastheactualexperiment
resolutionfoldedin andno.3 is a line throughtheexperimentalpoints.

Thisworkwill verysoonbepublishedin full in twopapersin Nuclear
Physics.
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N
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Figure 7. Relative angular distributions
for neutron pairs from 6Li + _- and
7Li + =-. Dotted line includes all events;

the solid line is those giving a final

nucleus ground state.
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Figure 8. Momentum distribution of

neutron pairs from 6Li + 7-. For

explanation see text.
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Figure 9. Momentum distribution of

neutron pairs from 7Li + _-. For

explanation see text.
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TAS! _ I

Target Position of peak Full width

at ha!f-height

6Li 114 MeV 44 MeV

7L! 109 41

C 108 46

S 102 56

Cu 100 50

Yield

0.033 _ 0.002

0.019 _ 0.002

O.016 _ 0.001

0.018 _ 0.001

O.015 _ 0.OOl

Figure 12. Table of results.
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KOLTUN: I have one question about Li 7 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. l'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 _-_ 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.
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D. Koltun and A. l_eitan

of l_slcs ana A_
Universit_of Rochester a Rochester t Nee York

_41

We consider the absorption of a pion by a nucleus, with the emission of

two fast nucleons, in the in_ulse approximation s such that onl_ the two re-

coiling nucleons interact with the pion. _lus we neglect the interaction

of the pion or fast nucleons with other target nucleons t but we do try to

treat the direct process in so_e detail.

A theory which attempts to explain this process should _e able to eXlxlain

the si_ler case of pion absorption by the deuteron, or, since this experi-

mental information is not directl_ availa_le, the ti_e-an_ charge-reversed

reaction p + p --_ _+ + d :near threshold. It has been known for some time

that the simple pseudovector piononucleon interaction applied to a simple

s-state deuteron gives the right order-of-magnitude ratep _ut inclusion of

the D-state in a better deuteron wave function almost cancels this outj

giving much too small a rate. W_ I 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. _nus, in addition to the pi-nucleon absorption

interaction, one needs an interaction which scatters pions in s-_ves;

this latter is obtained phenomenologically from low energy pi-nucleon
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Scattering. (See Fig. I.) We have applied this rescattering theory with

some improvements to the deuteron reaction, using a variety of deuteron

wave functions and final-state wave functions generated from phenomena-

logical nucleon-nucleon potentials. Our result for the threshold cross

section _(p + p --*_+ + d) agrees with experiment. See Table I.

We note that both the rescattering (_, K4, K5, K6) and the deuteron

D-s@ate (K2, K4, K6) contributions are essential. This work has Just

2
appeared in the Physical Review, along with the calculation of

_(p +p-_ O+p +p) •

We have applied the same considerations to the absorption

_" + Li6--_< + 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 (3S1). We have so far made use

of wave functions for relative motion in a harmonic oscillator well plus

Hamada-Johnston interaction, 3 which hsve been generated by Y.E. Kim at

Oak Ridge. 4 The final state is taken as the H.J. _l relative state.

We were stuck with the harmonic oscillator range parameter chosen by Kim,

which is appropriate to most of the Ip shell, but not to Li 6 .

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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Forour Z , wegetadistrlbutiamin K= _ + k2 reflectingthe
sumof oscillatorfunctionsu0s(K) + uls(K),whilefor morescatterlmg,
wegeton3_u!s , andif thereis no rescatterlmg and no D-state, we

get almost U0s alone, as shown in Fig. 2. The scale is x = K/160 M_V/c.

This is the Shell Model K = _ K experimental, because of o( . recoil.

Experiments by Davies, Muirhead and Woulds (Liverpool) 5 giving

P(K) at @ = _, are shown in Fig. 3. The shape agrees _ith our full

calculation, but the scale disagrees, which simply means we _,st use a

different center of mass oscillator range (larger) than relative. The

experiment on Li7, shown in Fig. h, gives a striking_ different distri-

bution which however seems to disagree with the angular correlation of

neutrons, which is monotonic in @ .

We have also ex_ended our method to treat absorption by a _ pair.
o

If we can ignore absorption by L _ 0 states in light nuclei, for which

we have some ex_idenee, we can use the ratio of the amplitude for _0

absorption to that for 3S 1 absorption, to give the ratio of n-n pairs

to n-p pairs emitted in _- absorption. This ratio has been measured

by 0zaki et al 6 for @ = _ on C12 , to be 7/ 5, and also for various

light elements by the Rochester group: Nordberg, Kinsey and Burman, 7

shown in article I, page 1-10.

The simplest ease to calculate is for 016 , considered as a closed
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shell nucleus. For equal amplitudes for IS 0 and 3S 1 _ as given

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

ratio is 3. However, we find that rescattering changes this to about S.
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Fig. 3 Distribution of total momentum in the energy interval 115-155 MeV

for Li 6. Ordinate, the m_er of neutron pairs emitted per captured

pion per MeV/c l_r stera_, at a relative angle of 180 O. The dotted

curve shows the momentum distribution in the energy interval

80-110 MeV.
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@01

7Li

0 so 100 150 200 2so 3c_

Momentum McV/c

Fig. Distribution of total momentum in the energy interval 1_10-150 MeV

for Li 7. 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:l'd like to know if you have ever tried to apply your rescattering calcu-

lations to the Panofsky ration in 9- capture in deuterium? There was a discre-

pancy by Ryan several years ago.

KOLTUN: I 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-llke structure - at =0 absorption.

KOLTUN: That's right• In 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 ÷ _o + 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, so 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 LiT?
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KOLTUN: We haven't done all the integrals you have to for Li 7 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 I. It's the only one of the

d-states allowed, and that contribution is rather small. Just guessing, I'd say

that I expect the other d-states to be small, too. I don't expect such a very

large hump from what we see. In 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.
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We would 21ke to discuss scm_ results concerning a calculation of

radiative pion absorption in complex nuclei. In Im_rticular, we consider

absorption of a pion in 016 leading to --_6 plus a high energy photon.

In c_der %0 obtain the transition operator for this reaction, we

begin with the psuedoscaler interaction of the form

%_= G _ 75 _*-_ (H)

Here * represents the u_cleon operator, _ refers to the l_ion field, and

G is the psuedoscalar coupling constant. However, we want to discuss a

process where the lxions interact with nonrelatiTistic nucleons bound in a

nucleus. In order to do this we use the equivalence theare_ I which, in

effect, states that to first order in the mescm-nucleo_ coupling constant

G the psuedosca/a_ interaction is equivalent to the !_uedovector inter-

action given by

where f = M G is the psuedovector coupling constant. In the presemce

2M

of an electromagnetic field a this coupling leads in the nonrelativistlc

limit to an interaction having the form

Hint= e f__ * m+ --_"A__ _Ir *'

where we retain _ that part involving .ega%Ive pimm. This isthe

* Work supported in part by the U. S. Atomic Energy Commission.

(s)
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so-called guage invariance term which leads to strong s-wave photo-

production 3 of charged pions. Its contribution is shown diagranmmatically

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. lb-ld and we have estimated that

they give corrections of about 10% in comparison with the guage invarlance

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

the impulse approximation using the Chew-Low amplitude 3 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 re-

move the meson wave function from the transition matrix element by definlnj

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. From this table, we see that the E1 transitions should be small
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for closed shell nuclei since the transition operaf_r vanishes in the lon_

wave length limit due to the exclusion principle. Thus, the only comtrlbu-

tions come from retardation effects. On the other hand t the operator

associated with MI transitions (as well as the operator associated with

E__ +____-__itior-_) leads to the spin-isoepin modes of nuclear excitations which

have recently been studied in connection with -,,on capture _. Assuming

contributions frc_u higher multipoles are negligible, we are led to exl_et

t_t these spin-isospin modes play a dominant role in radiative pion

absorption.

Calculations confirm this expectation. In Table 2 we present the

results of a partial transition calculation using the unl_rturbed perticle-

hole basis wave functions. From this table we see that the Kre_test part

of the strength is in the J = 1-,2-; T = I states as ex]_cted. Contribu-

tions from higher multil_oles were found %0 be negligible.

Using the particle-hole forma/Ism and 016 wave functions calculated

by Gillet and Vinh Mau 5 we obtain the results presented in Table 3- _sls

shows quite clearly that the spin-isospin modes _ an important role in

the radiative absorption process. The I- and 2- levels of %his character

at 25.4 MeV and 20.2 MeV, respectively, contribute about 45% of the total

i-, 2" strength. Also, since the JV = i-, 2-; T = 1 levels contribute

about 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. Moreover,

since the i- and 2- Sl_In-isospin modes are sel_rated by about 5 Me¥, it

may be possible to resolve them and thus verify the role played by these

states in radiative absorption.
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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 wlth the

absorption of s state mesons. However, Messiah and Marshak 6 have l_inted

out that in elements heavier than lithium most captured mesons do not

reach the is state. This is due to the fact that absorption from the _p

level is several times greater than the 2p--mls radiative transition rate.

Although it is difficult to estimate reliably the fraction of mesons which

reach the is level it appears 7'8 that about 10% of them do. This, together

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 is

branching ratio instead of smaller by a factor of 10 -3 as reported above.

i) F. J. Dyson, Phys. Rev. 73 (1948) 929.

2) S. D. Drell and E. M. Henley, Phys. Rev. 88 (1952) 1053.

3) G.F. Chew, M. L. Goldberger, F. E. Low, and Y. Nambu, Phys. Rev. 106

(1957) 1345.

4) L. L. Foldy and J. D. Walecka, Nuovo Cimento 34 (1964) 1026.

5) V. Gillet and N. VinhMau, Nucl. Phys. 54 (1964) 321; 57 (1964) 698.

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

7) M. Camac, A. D. McGuire, J. B. Platt, and H. J. Schulte, Phys. Rev. 99

(1955) 897.

8) Y. Eisenberg and D. Kessler, Phys. Rev. 123 (1961) i_72.
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Table I. Dipole Transitions

Type Transition

El o÷--_f

M1 0+-'-_ I-

Long Wavelength

Limit of Operator

Table 2. Partial Transition Strengths

J_ s_e_

f

i- _4

2÷ 8

2- 39

Table 3. jw = I', 2-; T = i Stren6%/_

i-,T:i ,_-, T=I
E S_e_th E s_ngth

25._ MeV _8_ 23.7 MeV 17_

e2.7 _4 2o.2 4o

19.6 9 19.1 13

18.1 14 17.7 1

13.6 5 13.o 29
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Figure i - 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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J
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D_S_).CT

A study is made of the absorption from rest of w- mesons by

uncorrelated nucleons in 016. The absorption probability is calculated

for pions in the Is and 2p orbits. The no_-relativ_-stic pion-nucleon

interaction contains two terms, one of them involving the momentum of

the nucleon, the other the moment,-, of the pion. The neglect of the

latter is shown to be an unjustifled procedure in the study of the

absorption process. From the results of the present calculation, the

absorption of a 2p pion by tmcorrelated 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 byBrueckner, Serber and Watson I)

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 considerablyhigher 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

which 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 th_

relative importance of the two mechanisms based on more than general

qualitative considerations.

Partly because it is dominant and partly because it may yield some

interesting information on the nuclear correlation function and the spectrum

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 Spector 2) 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_ -_N"

ii
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Spector neglected the term involving_w. It will be shown that its con-

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

absorption of a negative pion from a Is Bohr orbit. Messiah and Marshak 3

indicated that the ratio of the absorption probability to the radiative

transition probability should increase as ZR for a meson in a 2p orbit.

This prediction has been confirmed experimentally. Since the present cal-

culation deals with 016, the absorption probability for a pion in the 21_

as well as the is shell will be considered.

In the non-relativistic limit, the pion-nucleon interaction takes

the Galileo-invariant form

/

where-_= mc/_, m and M are the masses of the pion and the nucleon

respectively and _ describes the field of charged and neuronal pions. The

coupling constant takes the value

f2

: 0._3 . (2)

According 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

I. J 5-

The angular integration takes place over the direction of k. The

state of the outgoing nucleon is assumed to be a plane wave normalized to

unity in a volume L 3. 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 ZkE above the energy of the initial nuclear

state, k is given in the non-relativistic limit by

2 i12k2/eM . (4)mc =z_E+

The recoil of the daughter nucleus is neglected.

We assume that initially the meson is in a Bohr orbit around the

4)
nucleus. It was shown by Huguenin that the pionic field _canbe 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

T._ between the ket I_> corresponding to one pion in the state _ and the

vacuum I0> is given by

where f_(_) is the eigenfunction of the IClein-Gordon equation corresponding

i

to the state 5. In the non-relativistic limit fG(_) goes into (2E_)-_(r),

where _(r) is the normalized non-relativistic hydrogen-like wave function

corresponding to the eigenvalue EG. Equation (5) must therefore be

replaced by

in the non-relativistic limit.

The evaluation of the nuclear part of the matrix elements is straight

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



Absorptionin 016 265

initial and final states of the nuc]eus are described by a single Slater

determinant and no account is taken of the interaction between the out_oing

nucleon and the residual nucleus.

In order to demonstrate %he importance of the contribution from the

v term in the Hamiltonian, I will show the result of the calculation for
_v

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

of a nucleon from the ip! shell:

2

where

Rn_(r ) and R_(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

L

the plane wave into partial waves. An evaluation of the radial integrals

using harmonic oscillator wKve functions for the single nucleon wave fune-

tions yields:

I 1 ( 0 0 1 ½ ) : 0.205 x 10-hfm -I

I_ ( 0 0 1 ½ ) : 0.191 x lO-3fm -I

Bearing in mind the fact that the first and second terms in eq. (7)

come from the part of the Hamiltoniam involving_v N and_ITrespectively, 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 same value as in Spector's paper.
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As far as I know, the absorption probability for a _- in the is

orbit has not been determined experimentally_ it results from the work of

Stearns and Stearns 5) 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 1016 sec -I
A calculation of the absorption probability

by M. Ericson 6)," using an optical model potential and assuming that the pions

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

order of 5 x 1018 and 1016 see -I for a pion in the is 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

orders of magnitude. 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.

i) K. A. Brueckner, R. Serber and K. M. Watson, Phys. Rev. 84 (1951) 258

2) R.M. Spector 3 Phys. Rev. 134 (1964) BlO1

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

4) P. Huguenin, Z. Phys. 16___7(1962) 416

5) M. Stearns and M. B. Stearns, Phys. Rev. 10___7(1957) 1709

6) M. Ericson_ Compt. rend. 257 (1963) 3831
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TABLE i

Absorption probabilities f_r the various processes

Shell ls meson meson

Is !
2

zP3/2

lP!
2

3.5_!o 16

2.27xi016

4.14xZO lh

5 •8xlO16

2.9o_zoLe

3.o3xzoz2

1. OlxlO 12

6.94x1012
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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 9-

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 BKI 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

I •
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width of those peaks exceeds the angular resolution of the detectors, it must be

an indicatio_l of the sharing of momentum with the other nucleons. That would

hear 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 imply that there are

better correlations between neutron and proton pairs than be__e__en protc_-proton

pairs, which is indeed just what you'd expect from the scattering lengths of the

fundamental nucleus.
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J. Solomon

V

Princeton University and the Princeton-Pennsylvania Accelerator

I will discuss an experiment performed at the 184" Berkeley Cyclotron where-

in a search was conducted for a AT z = -2 Isobaric Analog State in Complex Nuclei

produced through the double charge exchange scattering of _+ mesons.

The reaction is of the form

_+ + N(A,Z) -_ ,- + N(A,Z+2).

In the process two neutrons are changed into two protons and T z 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

_r the production of the analog state for 210 MeV _+ scattering of Ca 48. Ca 48

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 w-N isobars and an intermed-

iate w ° . Harmonic oscillator functions were used for the nuclear wave functions.

Since the only quantum number changed is T z 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 _- peak in the momentum spectrum. The

predicted cross sections are about 250 _b/sr at 0" and II0 _b/sr at 15".

Since the world's supply of Ca 48 was required by us to perform the measure-

Pi<ECEDiNG PAGE BLANK NOT FILMED.
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ment and since it wasn't available we chose V 51 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 Zr 90 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 i shows the experimental lay-out. The _+ beam was produced in a

Polyethylene Target in Physlcscave of 184" cyclotrons and brought to a focus

at the target position. The scattered w- was detected with scintillation count-

ers and the wire spark chambers were used to measure the momentum of the _-.

Electrons were rejected by _ 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 108w/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 V 51 at 7.5 ° and 15 ° in the lab is shown Figure 2.
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We plot the number of events per 10 HeV/c bins versus the moment_ of the detec-

ted _-. The scale on the right is the cross section in _b/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 _b/sr. We observe less than i _b/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±8_b/sr and at 15", 28±4_b/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±7_b/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:

i) Their indicent energy was 190 HeV, ours is 200MeV.

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 contlnluim indicating multlple-body first states

rather than 2 body final states.

We conclude that the excitation of AT z = -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 

Figure 2 
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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:

275

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

et al, has i00 _/str. in that same range at 00.

BLOCK: In other words, it was higher than with your heavier elements.

SOLOMON: No, it wasn't noticeably different, V was 25, Ar was 50, at 15 °, Li was

40.

ERICSON: I 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 cor_ent on the counting of pairs, to get the enchancement of

the isobar state, the Brown & Barshaycalculation 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 0-coupled pairs using a seniority arg,_ent. It's

only the closely associated pairs which are going to affect this and that's

considerably lower than n(n-l)/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 i °, 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 _'s from the z's and just make a

correction for the _ 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 3_4 _

E. Heer*, W. Hirt **, M. Martin*, E. G. M/chaelis ***,

.

C. Serre +, P. Skarek***, B. T. Wright _-_

CERlq, Geneva

i_ Introduction

be work to be a__-s--__be a- fo.--_s pS__t. _ a joint prc_-ra_me established

with members of the University of California with the aim of measuring charged

piom production cross-sections in the forward direction on various nuclei. The

experiments were performed at the Berkeley 18_" Synchrocyclotrom and at the

CEEN Synchrocyclotron, that is at proton energies of 725 and 600 MeV respec-

tively. The Berkeley data have bean presented by Haddock st al 1).

In the present experiment we have measured production cross-sections

on CH 2, CD 2, Be, C, El, Cu, A6 and Pb at pion energies between I00 and 350 MeV

and for production angles of 0.8 and 21.5 ° .

2, Method

2.1 General Principles

The experimental arrangement used by us is shown in fig. i. The

600 MeV extracted proton be_, of the CERN SC was focused by quadrupoles and

directed on the production target by magnet M o. The secondary beam was

deflected by magnet _ and was ana_zed by M 2 after passing through a pipe in

the 5-metre shielding wall surrounding the SC Hall. Counters C 2 - C A formed a

time-of-flight telescope which permitted a clean separation of protons and

heavier particles from mesons. A gas-Cerenkov counter C 5 identified electrons

and a range-counter C6, shielded by a pion-ran6e absorber, detected a fraction

of the muons. By choosing suitable target positions and corresponding fields

in M ° and _ the pion production an_le w could be varied from 0 to 50°e

This arrangement was largely determined by radiaticm safety

requirements. It has the advantage of low background but various disadvantages

arising from the long flight path of 15.5m between the target and detectors.

* University of Geneva.

** Federal Polytechnic, Zurich.

*** European Organization for Nuclear Research (CERN).

+ University of Grenoble.

++ University of California, Los Angeles.
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The differential pion production cross-section was calculated from

d2_ Nm(A' P' _) . (1)

_a_ _KNpD_,p(ap/p)_n_C mc Cae

N = number of mesons recorded by time-of-flight system.
m

N = number of incident protons corresponding to N .
p m

= 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.

#wc = pion velocity.

A_ = A@ h .A@ v = solid angle.

&p/p = momentum resolution.

= secondary detection efficiency.

C = multiple scattering correction.
m

C = muon correction.

C d = dead-time correction.

F = folding and target-thickness corrections.

The factors requiring particular attention were Np, Nm, _, AO, Ap/p,

Cm and C.
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2_2 _heNumber of Incident Protons N
P

The incident beam had an intensity of order lOllprot0ns per second

and a duty cycle between I0 and 20 %. The flux was measured relatively by two

secondary emission chambers 2) (SEC) whoseout_putwasamplified, integrated and

converted to digital form.

The absolute calibration of the chambers was performed by activation

measurements on carbon and aluminiumo The data were finally evaluated by

reference to the C 12 (p, pn) C II cross-section of 30.8 _ 1.5 mb 3). A check of

the absolute 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 limit is close to the true value of the

flux for a thin plate.

2._ The Number of Mesons N
m

be principle of the time-of-flight sys_sn is indicated in fig. 2
t

and the complete electronic block diagram is shown in fig. _. • time-to-

voltage converter TVC forms the core of the system. Coincidences (3_) 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 secticms.

Events (234_) 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 (2345_) - a 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. _ on a 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
m

channels in the pion and muon part of the memory were therefore added. N was
m

obtained by subtracting background and target-out intensities and was then

corrected for muon contamination byC,
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2,A Production An61e wm Solid An_le AO 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 _ndependent of p. The values used are listed in table I.

Table I

Nominal

(deg.)

0

i0

2O

oo
True

(deg.)

0.8

ii. 7

21.5

_p/p

(%)

3.82

3.89

_.08

A@ h • A@ v

(_sterad)

46.9

39.8

35.4

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 mainly by C 2 (3 mm plastic scintillator). To estimate these

losses additional thicknesses of scintillator were placed near C2, and the

decrease in meson flux was measured. In addition the expected loss was

calculated using Moll&re scattering distributions and taking into account the

focusing effect of M 2. Agreement between calculation and measurement was very

poor when using the measured value of N . However, at low energies it wasm

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 ell__ were used in the evaluation:

Cm

E w (MeV) i00 150 200 250 300 350

! 1.5 1.28 1.19 1.14 1.10 1.08
cm

2.6 The Muon Correction C

_b find the proportion of pions and muons in the meson channels of

the time-of-flight speetr_ we principally used the integral-range method.

At low energies the ratio N_u was checked by the time-of-flight method and

good agreement between the two methods was obtained. The measu--_zcnts were

performed at _ = 21.5 ° 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 pionsC wasd_mined from the calibrated muon-

shift.

The measured C values were as follows:

z (XeV) leo zSo 2oo 250 3o0 35o
W

C L52 1.37 1.16 i.Ii 1.O6 1.04

2e_ Other Corrections

The decay correction D was calculated. CdWas obtained from the

comparison of gated and ungated (234) coincidences and was kept above 0.7 by

varying the beam intensity where necessazT. No variation of the pion cross-

section with either target thickness or beam intensity was observed,

was obtained experimentally and was close to unity. Folding and abso._ption

in the counters were shown to affect the result by less than i_,_

2v8DataEvaluation

Zhe contents of all scalers and of the pulse height analyzer channels

were reonrdedonpunchedtape. The time-of-flight spectra wero 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.

2t9 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, A_, Ap/p, Cm and C#.

The error in N was principally due to variations in the SEC
P

sensitivity and to the scatter of the results of the various calibration methods.

The SEC sensitivity was checked by taking the ratio of the results recorded by

the two chambers. In addition Nm/N p was checked periodically under standard

conditions to discover possible drifts. We have not included the error of the

C ll cross-section in our estimate.

N has only the statistical errors of the individual measurements,
m

including errors arising 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 0 m were found by obtaining its derivatives

_th 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 polyuomial

to the measurements and extrapolating it to zero counter thickness.

The errors of C 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 c_ elements from Be to

P_ and at production angles of 0.8 and 21o5 ° are shown in figures 5 and 6e _he

+

hydrogen cross-sections fur • production_ obtained by C_ 2 - C subtraction_ are

given in fige 70 l_ige 8 shows the neutron cross-sections evaluated by CD 2 - CH 2

subtraction. In figures 9 _nd i0 our carbon spectra are compared to the earlier

results of Lillethun A), Meshkovskii et al 5), Meshcherinkov et al 6) and of

Haddock et all)e

The estimated errors are stm_s._ized in the following table, in which

a cow,non range of error is attributed to groups of measurements.

Table II

Range of Errors Cross-sections

÷
5-7%

7- zo%

zo- _%

ands-at 200 s 250, 300 and 350MeV

÷
r and• it 150HEY

÷
• and w at IOOMeV

The errors quoted are to be understood as the half-width of half

maximum of the appropriate probability distribution. They apply gross, m.d.

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 %he incident

protons. The result was found to be compatible with the nominal energy of

600 MeV at both angles.

4_ Comparison with Other Data

Our results for the hydrogen cross-sectien agree well with earlier

measurements by Meshcheriakov 7), Meshkovskii et al 8), llad_lock et al l) and

Gushavin et al 9). The carbon cross-sections for negative pions fall between
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the results of Lillethun at 450 MeV and those of Eaddock et al at 725 MeV

proton energy, as one would reasonably expect. The results of

Meshcheriakov et al 6) have been normalized using the =+/ =" ratio and

÷

the absolute value of the _ cross-section given in Ref. 5).

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 su_rising to note that the integrated = cross-section on

carbon at 21.5 ° should be higher at a proton energy of 450 _eV than at 600 MeV.
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HADDOCK: I'd like to make just one small correction.

you want the 725 MeV data is a UCLA report MPG 64-2.

The report to write for if

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 NUCLFah_STRUCTURE

J. D. Walecka

Stanford University

J

Let me start bv briefly r_frp_h_n= vn,,r memory nn _.m_ n_ _= _==_ =1=.o.e=

of muon capture in nuclei. (Figure I) The fundamental process is

_- +p-_ _ +n

The lifetime of the free muon against 8 decay is I)

T = 2.200 ± .001 X 10-6sec.

and therefore the _- quickly cascades down into the Is atomic orbit and sits

there until it either decays or is captured by a proton. The Bohr radius for

the muon is

1 Me 300 X i0 -IBcm

A =_--A 0 % Z

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 016

on Slide I. 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 I$(0) I2

for a point charge Z we find that the capture rate follows the famous Z # law.

It is not until about He20that 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 FI and F2 from

the isovector part of the electron scattering form factors. It also tells us

F s = 0. Universality of the weak leptonic couplings tells us we can take FA_(0)
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from the _ decay of theneutronwhiletheGoldberger-Trelmanrelationand
theassumptionof thedominanceof theone-pion-exchangepolein theinduced

pseudoscalarterm,Fp,relatesthis quantityto FAandgives2)
2M M'S

Fp (q2) = _ FA(0) = M_ FA(0)

If we imagine starting with a basic weak coupling involving xy_(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 F s and

F T. These are called "second-class currents" by Weinberg. 3)

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 I/M and then sum over all nucleons. _ 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/_ is the muon Compton wavelength.) The nuclear physics is in the

matrix element MV2 , MA2 , and Mp 2. These are just the retarded Fermi or vector

(T-) and Gamow-Teller or axial vector (oz-) matrix elements weighted with a

phase space factor which is the square of the neutrino momentum, (_ab)2, cor-

responding to a nuclear transition a -_ b. The term A I represents the nucleon
_c

recoil corrections which go as (p_d)nucleo n and give corrections to the capture

rate characteristically about I0 - 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

_ab -_ M - Eab

The I/M 2 terms have been worked out by Friar at Stanford.
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into a nucleus through the operators in MV2 , MA2 , and Mp 2.

There are three basic types of nuclear physics that we can do:

I. 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 mlfortunately complicated by

the fact that since the _-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. 5) 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 Primakoff 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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Thefirst studyof thiskindwasthatof TiomnoandWheeler7_Luyten,Rood,and
Tolhoek8) (I will refer to thisworkasLRT)greatlyextendedthis ideaandcar-

ried outa systematicsumoverall excitationsin a singleparticleshellmodel
of 016andCa40. Theyfoundthattheir computedtotal captureratewastoohigh

bya factorof twO.Severalfeaturesof their calculationareof particularin-
terest. Theystart byusingtheresult

MV2=MA2=Mp2
whichis truefor thesingle-particleshellmodelwithoutspinorbit splittings,

andcomesfromthefact thataddinga aI 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 MV2. Now for muon capture

in nuclei up to Ca _0 we have

_R = I

and it makes sense to start expanding the neutrino wave function or the exponen-

tial in MV2. 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 Tio_mo and Wheeler. In fact LRT found that the transitions

to T = i, J_ = I- states accounted for 90% of MV 2 in 0 16 and 75% in Ca _0. It is

therefore crucial to treat the dipole part of the capture correctly. Now work-

ing still within this model, Foldy and 14) observed the following: using iso-

spin invariance and the Wigner-Eckart theorem the elements of _- can be related

to those of T 3. The leading term in the expansion of the exponential is now

r3xand this is _ the same operator as governs the emission and absorption

of electric dipole radiation. Thus we have the results of Figure 4. In the
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first relation E m is the maximum nuclear excitation energy measured with respect

to the ground state of the initial nucleus. 1_e second relation says that the

retardation of the electric dipole contribution is contained in the _round 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

_ = I0 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 Flowers 9) and Brown I0) how the particle-hole

interactions concentrate the electric dipole strength in a few levels which are

pushed to an energy higher than _. 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 )4 coming from neutrino phase space means that only the well-

known low-energy photo cross sections will be important. In 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 s_mnations 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.

Themostimportantrelationis of course
M2=M2=M2V A P

Wecangetsomeinsightherebyassumingthat theinteractionforcesareof the
WignerorMajoranatypewithonlyaweakspindependence.Thismaynotbeso
unreasonablesincesucha forcecangivethequalitativefeaturesof nucleon-

nucleonscatteringupto _90Mevor so. In this casetheWignersupermultiplet
theoryII'4) applies.Wedefinethefamiliaroperatorsof Figure5. Theyare
closedundercommutationandthetransformationsR(_)onthefour-component

spin-isospinnucleonwavefunctionsforma group,SU(4),thegroupof 4X4
unitaryunimodularmatrices.If wefurthermoreassumethat theseoperators
commutewith theHamiltonian,thentheeigenstatesof Hformabasisfor an

irreduciblerepresentationof thegroupSU(4).If weconcentrateonnucleiof
thetypeA= 4n(i.e., He4, C12, 016, Ca40etc.) thenif theforcesareshort
rangeandattractive,onewantsaspatialwavefunctionof highestsymmetryand
thereforethegroundstatewill belongto theidentityrepresentationof SU(4).
Wecanthinkof thegiantdipoleresonance,sinceit exhauststhedipolesum

rule, asbeingverycrudelyjust
(ZT3(i)_(i))I0>

Thissuggeststhenthatweassignit to the15-dimensionalrepresentationof
SU(4)for wecouldreplace_3byanyoneof the15othermatricesandstill have
a degeneratestate. Thisleadsto thestateshownin Figure6.12) Wenotethat

theymusthaveL = I. Thesestateshavea verysimplephysicalinterpretation
is onethinksbackto theGoldhaber-Tellermodelof thegiantdipoleresonance
wheretheneutronsoscillateagainsttheprotons13)for theseotherstatesare

simplythecorrespondingoscillationsof thedifferentspinandisospingroups.
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These modes have been considered previously by Glassgold, Heckrodt, and Watson

and Fallieros, Ferrell, and Pal 14) in a somewhat different context and D-berall

will go into this in more detail in the next talk. It is easy to see, since

r,o , and oT are treated on the same footing that SU(4) symmetry leads to the

relation

MV2 = MA2 = Mp 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 C 12 and 016 . 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 = I states of

01615). D is the unretarded dipole strength and S is that of the tensor product

of o and X. The top two I- 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 I- also has most of the _A_ strength while a giant 2- 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

MV2 = MA2 to 12% (016 )

In Figure 8 are the results of deForest 16) on C 12 and a very similar situation

holds with respect to the I- states. The state at 23 Mev has all the T3X strength

while its upper neighbot has all the T3oAX strength. Again a giant 2- is pre-

dicted at 20.7 Mev and 0- at 26 Mev. deForest finds

We must also re-evaluate the assumption that the retardation of the dipole



304 _alecka

contributionis givenbythegroundstateelasticformfactorof thenucleus
evaluatedat aneutrinomomentumcorrespondingto nuclearexcitationof the

giantdipoleresonance.Weseebylookingat deForest'sparticle-holecalcula-
tion (Figure9)thattheresultholdsin thepresenceof interactionsto a few
percent.16)Thephysicsis mostclearlyseenbythinkingbackto theGoldhaber-

Tellermodel.Toexcitethegiantdipoleresonanceandat thesametimetransfer
momentumu, youmustfirst catchholdof thegroundstateprotonchargedistribu-
tionandthenshakeit. Thisjust costsyoutheelasticformfactor.14'17)
Thereis alsoexperimentalevidenceon016fromtheworkof BishopandIsabelle
thatthis relationis correct.18) Keepingtheformfactorundertheintegralis

afewpercentcorrection.
Wearethereforein apositionto try andcomputethetotal capturerates

in thesenuclei.FigureI0 givesyouanideaof thesizeof thevariouscontri-
butions.Ris thereductionof thesquareof theatomicmuonwavefunctionfrom
its pointCoulombvalue.19)

IFell2andI(E--_)g _v(E)E dE

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 = I modes in these higher angular

For the correction Al_cwe use the work of LRT and Primakoff.momentum states.

When we compare with the experimental capture rates we find the results on

Figure ii. They are certainly consistent with our ideas about the universal

Fermi interaction. The C 12 value contains a contribution of .07 X 10 5 sec -I

from the allowed axial vector transition to the ground state of B 12. 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 one could

have an additional allowed contribution of 38±20 sec -I which has not been includ-

ed in the theoretical rate. 20) 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 supermultiplet

of giant resonances. We can get additional information on some of these levels

through inelastic electron 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 e_isslon and absorption

have the familiar long wavelength form shown on Figure 12. The second term in

el (q) is thrown away for photons but can become large for electrons where q is
TIM

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 12 and 016.

(Figure 13) There is a pronounced dip in the transverse electric dipole form fac-

tor for the upper two I- 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. 22) The results

for 016 are shown on Figure 14. These experiments show that there is a large com-

ponent of _3(oAx) strength in the giant dipole region. The form factor for pure

charge oscillations is a decreasing function of q2 in this interval.

One of the most exciting predictions of our previous discussion is that
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thereshouldbegiantmagneticquadrupoleoscillationsin theselight nuclei.4,23)

that IT_Mgl2_q4andwhilemagneticquadrupoletransitionsaresmallforWesaw

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. I0) The form factor for this state, Figure 16, shows

the characteristic q4 growth. (There are two new experimental points at q = 81

and 121 Mev that lie right on the solid line.) 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 lie.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 0- - 2-, T = i 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 that 25)

MV2 = MA2 = Mp 2 to 12% (He 4)

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 q2 % __ 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 calculation 27)

for Ca _0 by making use of the appropriate integrals over the photoahsorptlon cross

section. Since there are now two massless particles coming off, for a given ener-

gy transfer to the nucleus, one on the average transfers less momentum. This

means the dipole _trix 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 diLella 29) 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 _ value and he concludes

M_Fp = 16.5±3

FA

There is obviously some difficulty here.

Let me turn briefly to the subject of muon capture between discrete nuclear

states. Foldy and 130) noticed that there is one process, namely

_- + C 12 -_ BI2(B.s.) + v_

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 8 decay which is known very
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accuratelyandtherecentprecisedipoleformfactorfor excitingtheanalogue
stateat 15.1Mevin°C12. BycomparingtheaTmatrix 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 MA2 and Mp 2 at the correct momentum transfer by

normalizing to the fT_ 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

B

theory is correct, then we can use our results to determine FA/F A. 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-

B
tained in comparing the _ -_ e+____vbranching ratio. If we assume FA/F A = i then we

-_+v

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-

ed by comparing the B spectra of N 12 and B 12.

Similar results have recently been obtained by Kim and Primakoff 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, He B, and C 12 as well as some of the partial capture

rates in 016 the coupling constants are known to be fairly close to their UFI

values. 33) The exact magnitude of the induced pseudoscalar coupling constant is
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net known but it appears to have the sign and order of rmgnitude 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 calculatlon only the combination MvFR-2MF T 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 r_in tmans_ered, however,

such as: Are these resonances present systematically throughout the periodic

table? Are there T = 1, J_ = 0-, and T ffi O, S = 1, J_ ffi 0-, I ° , 2- resonances

present? What is the effect of strong spin dependences (for exu_le the strong

tensor force component present in most of the more sophisticated nucleon-nucleen

potentials) on the giant magnetic resonances? Barrett 25) has done some prelimin-

ary work on this. He is attempting to calculate partlcle-hole spectra with real-

istic nucleon-nucleon forces. For the a partlcle, he finds the tensor force af-

fects the 0- levels very strongly but that the relation M& 2 ffi _2 ffi Mp2, 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, v 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 homblned with next paper by H. _verall.
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_ul=__x ,.,. a; , .

Figure 3. The formulae for the muon capture rate in nuclei, 4)
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2- 24.52 .....

2- 2 i .34 -- _ --

2- 20.01 -- -- --

2- 18.80 -- -- --

2- 13.85 -- -- --

(l/,#)s,

i.27

3.88

0.17

0.00

1.33

Figure 7.
1 1

Vector --_D2 a[<x3x>]2 and axial vector n-_2 2aI<T3[oO_jI 2

strengths for states in C 12. _,15)
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C n C _' (RPA) O 'a

J_ (MeV) (3[0)0") (LrADo ") (M_)o ") J_ (McV) (Mv,)oco (MA))DC_) (Mp))vc _) Y_ (MeV) (_?v')s ") (,t/A))D c_) (MP)D")

0 25.66 0.091 0.273 0 25.53 0.087 0.260 0 14.41 0.013 0.039
35.78 0.(301 0.004 35.37 0.002 0.006 27.28 0.077 0.230

1 19.57 0.023 0.013 1 19.76 0.02l 0.012 1 14.63 0.016 0.024
23.26 0.472 0.017 23.08 0.424 0.026 18.65 0.016 0.0_0
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 18.91 0.011 0.013 2 18.90 0.010 0.012 2 13.85 0.144 0. t73
20.76 0.210 0.251 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 0.092 0.110

Figure 8. Capture matrix elements for states in C 12 and 016. 16)

random phase approximation.

R.P.A. means

Square of the elastic form tactor and ratios of the
retarded to unretarded squared matrix elements.

(AIvl)o (MA')o (M'pDD
Nucleus (Mv')ub _ _ [F.L(vm.) [s

C _' 0.713 0.713 0.710 0.719
C 1| (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

elements in the particle-hole model. 16)
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Figure 10. ContributioIm to the total capture rate. 4)

_eory Experiment
Ca II 29 X10Ss -1 25.5 --i-_0.5 X101s -1

O _G 0.95 X 105 s -_ 0.98 ----- 0.95 X 10j s -z

C i_ 0_13 X I0 _ s -I" 0_I0 ----- 0.07 X 10i i -_
He" 252 ii-i 368 :i: iT i -i

F_gure 11. Comparison of calculated and experlmental capture rates. 4)
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Figure 13. Transverse E1 form factor for the giant
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322

:>

o:
w

E
u

2.0Ix iO osz

L5

I.C

0.5

o

CIz 65MeV

151 MeV MI

"lrRANS)T ION

½ t

½

EXCITATION ENERGY (MeV)

Cross section for inelastic scattering of 65 MeV

eLectrons at 180 ° from carbon, plotted as a function of

the excitation energy.

Figure 15

0.002(] /

0.001-"

-=

?.

_0.._ 0.00 JO

=

o.ooo,I

0 20 40 60 80 100 120 140

q(MeV /¢ )

Walecka

Figure 16. Form factor for the 19.2 MeV level in C 12. The

solid line is the particle-hole model result

[reduced by a factor of 2]. 22)



523
Mnon Capture

!

0

J
i

i
m

!
I

e4 c_-_
XO-
UJ09

I ! •_ O 04 '__
,,4

Od

r.-
cu

i
04

i
I

o_

o,I

O_

6,4

I

to¢D

O

I
o "

._1

m

I--
Z
I.U
Z
O

X
I.d

ZD
>-

I

I!

I.--

I
CXl

O
LL

n,"
4m

W
4-J

m

Ld
I.U
n"

c_

r.=

>
CD

:E _!

Z _.- Z I.iJ
-- Z -- U_

IJJ I,I

-
rY" "uJ n_ ijJ
W n _ n-
Z X ::) ,_
W UJ Z O-

_J

C_I I--
C_I

0_,--,
• m

_4 C__"IJJ

O.-.J

IJ.I>

0
II

I-



324
Walecka

324
Walecka

4xlO 6

-/)z>

2
-- GIANT DIPOLE

RESONANCE
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PHOTON SPECTRUM

RADIATIVE CAPTURE

Ca 40

_E
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! I
40 60 gO IOC

k IN MeV

FiRure 18. Photon spectrum for radiative muon capture in Ca 40. The result is

normalized by the calculated total capture rate.26,27)
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Figure 19. Best f_t to the experimental values of the transverse malefic

dipole form factor for the 15.1, 1+, T=I level in C 12. 30)
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Experimental and theoretical values of the partial capture rate for the process (1) plotted against
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Figure 21.
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It hasoften beensaid that muoncapture in complexnuclei,
besides providing the possibility of determiningthe coupling con-
stants of the weakirleraction, could also be usedas a tool for
probing the structure of the nucleusoncethe coupling constants
are known(or assumedto 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

(1-5). It has only recently been attempted, after one had realized

the important role that _iant resonance states play in muon capture

_6,7), to introduce detailed properties of the giant dipole states

(7-12)into the muon capture formalism, end _o 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 T 3, with mutual interrelations provided by charge independence.

_uon capture can therefore be used as a tool for studying the giant

resonances in the same sense in which the conventional photonuclear

an_ more recently elect roexc_ation processes have been used. As a

matter of fact, more states can b_ reached this way, such as (starting

with a O _, T = O nucleus) 2- states which are fairly inaccessible for

(_,N) reactions, and O- states which are inaccessible to both photo-

and electroexcitation. _uon capture is however somewhat restricted,

as is photonuclear excitation, by havin_ its momentum transfer rela-

ted to the energy transfer, whereas in electroexcitation, the moman-

tum transfer can be varied in_epenaently. In any case, muon 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_ which ma_ 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 discussion 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 concer_ed _14_ . _e also take
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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). A 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 discusse_ excitation mechanisms,

will be touched upon in an appendix.

The realization of The important role played in muen cap-

lure by the giant dipole states arose from a discrepancy between

experiment and cal_ulation of total capture in 160 end 40Ca which

Tolhoek et al (18) had performe_ usinF a simple version of the shell

model, sssumong the Universal _ermi Interactin. The theoretical va-

lues of the capture rates were by N 50_ higher than the experimen-

tal results. Barlow, _ens et a! (6) confirme_ this aisggree[ent in

160 by a new measurement. _ig.l s_ows their experimental result for

the total c_pture rate,

A:Vf ('_0) = (o'9_ _ o'o_-) _ In _ _c-' _ (I)

and the theoretical values obtained by different methods, iuyten

et al (18) had performed a sum over parti_l transitions to final

states, whose energies were taken as the ei_enstates of a harmonic

oscillator or square well potential; the wave functions uses for the

calculation of +he matrix elements were those of en in_epen@ent Dnr-

title shell mo_el. In T_ble I, v e exhibi+ the results of t]zeir cal-

culation for the squared matrix elements, _,2, of the individual

transitions which ere classifle_ by a mu]tipole expansion (oraer_).

It is seen tha_ the most important ccntribution by far (_9OZ of the

totel) is that le_iny from the O* ground state to s l- dipcle state

by _ = l, with matrix eler_ent

_De ener_ie_ c _' this "_iant dipole state" are 12.7 '_ev for the oscil-

lator, 13.3 Uev for the infinite square well potential. There is a
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similarity with the _iant dipole states of photonuclearAexcitat_

ion, which are also T = l, J = I-, and in which most of the elec-

tric dipole excitation strength is concentrated; their experimen-

tal energy in 160 hiwever lies at _, 22 _fev. The situation suggests

strongly that these final states should be the isotopic analogues

of each other (6,8) (T 3 = O in photoabsorption, T 3 = -I in muon

capture); then the low calculate_ energy of the dipole state most

effective in muon _apture should just be due to the shortcominfs of

the independent particle shell mo_el, and could easily be "raised"
,(to) ..

using Elliott and Flowers me_no_ of oonfi_uration mixin_ by a resi-

du_l particle-hole interaction. The situation in the 160 photonuc-

lear effect is pictured (21) in Table II. For the single-particle

excited configurations (in jj-coup]in=) of the first column , the

unperturbed energies _ are taken from states of neighboring close_-

shell-plus-particle (or hole) nuclei, and one finds dipo%e strengths

D 2 (in _ of the total) which are fairly uniformly _istributed. _Jix-

ing of the configurations by the residual interactions leads to ener-

gies E' that are raised somewhat; but now the dipole strengths D '2

are concentrated in the states of highest energy.

nssuming, then, that for the dipole transitions, Luyten's (18)

matrix elements could still be use_, but that now it should refer to

the state of 4ominant dipole absol_ion strength (at_Eab = 22.2 Vev

in Table iI), Barlow et al (6) note that the correspondin_ neutrino

momentum _%=_-_E_b would be decrease_ by _ _O '"ev, with a corresp-

ondin_ decrease of A cap t which is a sensitive function of Yah;
they thus obtain a value

in good agreement with experiment.

Poldy and alecka (3) extended this _rocedure and related

mUCh capture rates in 4He, 12C, 160 nnd 4Oca to experimentally mea-

sured photonuclear cross sections. The mUCh capture matrix elements

were written as a _ei_hted integral over energy of the experimen-

tally measured photonutlear excitation cross sections. The results
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are very satisfactory for all these nuclei. Por 160, e.g., the theo-

retical value for the capture rate thus obtained is

(4)
We may take the agreement of this phenomenological theory of refs.

6 and 8 as an indirect confirmation of the predominant role tha_

transitions to the photoauclear 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 th_ giant resonance effect in m_on _pture independent!y, _nd

in a different way. ,fter the partible-bole mo_el of the dipole sta-

tes had been applied (P2) to 40Ca in orSer to calculate the photo-

nuclear absorption, and the subsequent single-nucleon emission from

the decay of these states, it ha_ been realized that muon capture

should proceed to the giant resonance states in an entirely analog-

ous fashion, and a corr_spondin_ calculation _as made by _abachnik

(23) in 40Ca, and by Balshov et al (7) in 160, using the standard

particle-hole formalism (20,24,25). Pig.2 (top) shows the T = I,

J = O-, I- and 2- states in 16N (the T 3 = -I isotopic a_alo_=ue sta-

tes of those in 160, T 3 = O) obtained in this way; the numbers on the

right of each level indicate t_e partia] muon zapture rates. The sub-

sequent neutron _ecay to the single-hole states of 15N is also in-

dicated, and the partial _ecay widths, lea_in_ to the branchin_ ra-

tios indicated in _" _ig.2j were ca!culate_ by _ matrix theory (26,P7).

The neutron spectram thus obtained iB shc_n in _i_.3 {bottom). Vere,

the widths were arbitrarily taken as 2 "ev each. it see_s to be indi-

cated that a pe_k around 4 _ev and a smaller one _roun _ I0 L_ev in _he

neutron spectrum shoul_ be present, t_e latter due to transitions

from the high I- states of 16_[ to the 151_ ground state, the former

due to transitions from both the low 2- state to 15N_d en _ from the

high I- states to the excited negative-parity state of 15X. An accu-

rate experimental measurement of the spectrum O f neutrons emitte_

after muon _apture showin_ these features shou!@ be a _ood _irect

confirmation of the giant resonance mechanism in mUCh capture. Te

only relevant e_periment_! res_ts existin_ so far seem to be those

of Hagge(14"; _.3 presents his neutron spectra in ?TAI (top) and
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4OCa (bottom), an_ indeed , the in_icate_ features of the neutron

spectrum given by the resonance mechanism seem to be present qua-

litatively. The continuous curve in _ig.2 (bottom) represents the

spectrum of directly emitted neutrons after muon capture as _icu-

lated with a direct- interaction optical model (28). T_eir small

yield compared to the line spectrum of neutrons demonstrates again

the importance of the resonance mechanism in muon capture.

One can give a Feneral view of The giant resonance states as

members of isotopic multiplets, and describe muen capture as one out

of a family of weak and electromagnetic interactions which can excite

different members of the multiplets, and which may be used for a study

of the giant resonances, complementing each other for this purpose.

_uch an approach will put the muon capture reaction into its proper

perspective, and will indicate its relation with other processes.

Por simplicity, v'e shall consider only light nuclei _ith T = O, O _

Fround states such as 4Fe, 12C, 160 and 40Ca.

Figs.4 and 5 outline the relations between _he various inter-

actions mentioned. Pig.4 shows %he levels of concern to us in 12C,

Fig.5 those inl60. The observe_ giant resonance levels show some-

times a considerable _eFree of fine structure; the gross features

of the _iant resonance levels can however be repro_uce_ in a very

simple way by the collective Co]_haber-Teller mo@el (15), which we

shall use predominantly for the sake of its simplicity and its en-

suin_ pedaFogical merits. The energies of the various Goldhaber-

Teller states must be taken from experiment; in 12C, e.g.,(Pig.4),

they form a group of one J = I- vector level (V) at _ 22.5_ev, an_

of three axial vector (A) levels of J = C-, 1-, and 2- at r., ?6.0,

25.5, and 19.0 Vev (our desiznation V, A refers to the type of much

capture matrix element to which they contribute); the situation in

160 (Pig.5) is very similar. Since all of these states have T = l,

T 3 = O, there must exist in the two neighboring nuclei 123 (T 3 = -i)

and 12_ (T3 = +i) exact analogues of these states with which they

form members of isotopic triplets (indicated in Vigs.4 and 5), which

are only shifted somewhat by the Coulomb enerFy. Ne have Taken this

shift roughly from the energy difference bet_'een the 15.1 Yev, J =

1 + , T = 1 state of I_C an _ the 12B, 12N ground states which are its

T 3 = _ 1 analogues.
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The earliest _:ay to study the excitation of these states

was by photon absorption, with observation of total cross sections

or of partial (_',p) or (_) cross sections, or by the inverse of

the latter, i.e. (p,_) or (n, _) reactions. Consider e.g. the

excitation process

e (5)

From kinematics, it follov-s that +Ye nuclear re_oil momentum q equals

in _a_ni±ude the excitation energy _ = Eg.dip - Egd, _"

q = J. (6)

_.e shall see later that photon absorption leads predominantly to a

transition from the groun_ state t_ the I- V stale in the same nucleus

so that an excitation curve should essentially show just one large

peak. In Fig.6, we present the results of a total cross section mea-

surement of )[och et al (29) in 12C (top) and 160 (bottom); both eases

rouphly exhibit these peaks which possess a considerable width and a

certain fine structure.

The excitation of the giant resonance states by electrons has

also been studied; as in the photonu_lear case, transitions within

the same nucleus are induce_ onl_ :. The kinematics of the reeotion,e.F.

"/_ + _ _ q._,_ + "_ _ (7)

shows that nov: the momentum transfer q is not fixe_ to the excitation

energy, but may be varied in_epenaently by varying +he incident elec-

tron energy E 1 or the electron scatterin_ angle @ = _ (kl,k 2) where

_I, ..k2 are the momenta of e, e'. The eleotron scattering process is

thus ini_erently richer than photoabsorption since it allows the mea-

suring of the nuzlear form factors as functions of q, not just at

the fixed value q = _ -4 22 ::ev. Even better, it turns out that as q

is increased _way from _ , the magnetic axial (A) states come in

whose strength was too small in photoexcitation to be observable.

For this reason, inelastic electron scatterin_ seems to be the most

po,_erful tool for studyin_ the _iant resonances, superior to photo-

excitation. The spectrum of e' was obtaine_ in such an experiment by

Vanpraet anf shows directly the level scheme of the giant resorts.rimes,
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if measured from the elastic peak on 4ownwards. Fig.7 shows the_e

excitation curves, the top portion (30) for 12C at E 1 = 65 _ev, the

remaining portions (31) for 160 at _l = 43 (center) and 69 [Cev

(bottom). For 12C, we notice the excitations of the 1 + state at 15.1

_ev, of the 2-(A) state at 19.2 _ev and of the 1-(V) state at 25.5

_ev (the latter being the only giant state which gets substantially

excited by photons). For 160, there is much fine structure, an4 the

details are less clear. One notices, however, that the peak about

22.5 _:ev _ecreases with increasing q (at E 1 = 43 Tev, q _ 65 Vev/c,

and at E1 = 69=_ev, q _ 115 Vev/c), whereas the peaks aroun_ 19 or

20 _ev, which for photoexcitation ( q_,, 92 Vev/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 4iscussed later, and

we made our assignment of Pigs. 4, 5 on this basis. _urtber, the 19

_ev state was assigned 2-, the 25 _ev state i- as suggested by the

particle-bole model (25,32, 33). The O-(A) state cannot be excite_

by electron scattering since the electromagnetic multipole expansion

starts with J = 1 .

If one uses a 0 * nucleus as a 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 resonance triplets can be ex-

cited ann studied by the weak interactions whose matrix elements con-

tain _Z: much capture (7,11,34) or neutrino (antineutrino) excitat-

ion (17). _uon capture will e._. give

_-, _d "-, _ 1._,_ _ _ (8)

and so does antineutrino excitation:

Y 6 F i, _"_ _ ' (9a)

whereas neutrino excitation leads to the other member of the iso-

topic triplet:

These transitions are illustrated in Pig.4 and 5 also. In muon

capture as in photoexcitation, the momentum transfer is fixed and

related to the excitation energy:
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q : mr - _E; (lO)
but whereas for the dipole states, photoabsorption had q _ 22 Uev/c,

muon capture has q _ 90 vev/c so that, since the matrix elements

are similar, both V and A states are strongly excited in mUCh cap-

ture; this includes the C-(A) state which cannot be reache4 in elec-

troexcitation. Vuon capture should thus, in spite of its fixed mo-

mentum transfer, also be a rather useful probe into the giant reso-

nance states.

Neutrino excitation has the sane matrix elements as muon cap-

ture and the additional advantage of a variable momentum 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.

The question of course arises as to how to stu4y the indivi-

dual resonance states participating in muon capture; an excitation

curve cannot be obtained since the muon_ are captured at rest. The

investigation must thus use the decay mechanism of the resonance

states, which is alrea4y well known in photo- an _ eiectroexcitation.

It is illustrated for this ca_e in Ti_ 8 for 16C. If this nacleus is

irradiated by a continuous bremsstrahlun_ spectrum, or, what amounts

to the sane thing, with electrons which are not observed after the

scattering, the decay nucleons from the reactions which are now es-

sentially e.g. a (_ ,p) reaction,

or, e.g., a (e, e'n) reaction,

_ _0 _ '_O (_' +-_
I
÷_,'L

(lla)

will form spectra with distinct peaks. _t the high end, the peaks

will correspond to highly excited --) _round state transitions;

lower energy peaks are a =ixture off less highly excited -9 _round

state and highly excite_ -_ excited transitions. _us, the himhly

excited giant resonance states will appear clearly near the upper

end of _he spectrum.

Fig.9 (top) presents another illustratien of the (_,n) _ecay

scheme in 160, and Fig.9 (b@ttom) the correspon_in= observe_ photo-

, (llb)
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levels (34). If there is a large proportion of ground state trans-

itions present, then one wouia feel tempted to identify the peaks

in Vagge's (14) neutron spectrum, shown alongside in Fi_. 12, with

the 40 K giant resonance levels as indicated. Yore experimental

( and theoreticaD work should be done on these neutron spectra.

A final remark should indicate that in the 40Ca ease, proton

decay from 4OX to 39Ar is enerpetically possible; and this is also

true for the O- and I- _ states of 16N in the 160- mUCh capture

case. The 39_,r grcund state is probably a (If 7/2) state with two

extra holes. If therefore, emitted protons are observe_ with an

energy corresponding to the groun_ state transition, this would con-

stitute a check for the presence of 2-particle, 2-hole staCes in the

giant-_ipole configuratSon; concerning t_is, there has recently been

so_e argument in the case (39, 40) of 160.

_e shall now present expressions for the matrix elements of

the various transitions (in@icating their similarities), and their

values found on the basis of the Goldhaber-Teller model with its

spin-wave generalization. Table IIT lists the total cross section

for photon absorption integrate@ over one absorption line (32), and

the differential _ross section for inelastic electron sca&tering,

(32) in terms of multipole mstri_ elements ("nuclear form f£ctmrs")

ant_ _ . _ere,_ = 1/137, _i is the initial nuclear spin,

i = (2Ji * i){, /k2 is the square# four momentum transfer, an4 the

electrons have been assumed extremely relativistic. V_ (@) and

Vt(@) , v'here @ = _ (kl,k?) , are kinematical fzctors of which

has the property

'¢$(18oo) = o. (12)
The last line lists the partial much capture rate (18) correspon-

Sing to the nuclear transition Sron state a to state b, with V

the momentum of the emitted neutrino, m the nucleon mass, and Gv,G A

and Gp the vector, axial vector, an_ induced pseudoscalar coupling

constant, in terms of the vector (Fermi _ an_ axial vector (Gamow-

Teller) matrix elements YV and _" All these matrix elements are._ -

listed in Table IV; matrix ele_ents _iving rise to correspon_in_

transitions are put into the same line. Clectron scattering matrix
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elements are written for the particular transition to the states

of the Goldhaber-Teller mo_el to which they give rise. The "lon-

gitudinal" matrix element _j_{ is due to the Coulomb interaction

between electron and nuclear charge, an_ _epen4s on the nuclear

transition charge _istribution _ (r). It usually dominates the

electron scattering process, except at @ = O°,and at 180o due to

Zq.(12). For 180 o electron scattering, one can best observe the two

"transverse" matrix elements _- j_] containing the nuclear transition

charge current density j(r) (_jL1 _V is a vector spherical harmo-

nic), correspon4ing to both electric (e) and magnet__c (m) multipo-

les (the latter vanishin_ for the transition to J = l- from parity).

For photon absorption, exactly the same matrix element enters and cau-

ses the giant electric dipole transition. For muon capture, it is the

vector matrix element L"V (_ bein_ the wave Function of the bound

muon) in the third column which due to its similarity with ve3

causes nuclear transitions to the V giant dipole states also (18):

it may be rewritten ss

_V ; dl'r _ -" _'_"
(13)

(14)

is a T 3 = -i analogue of the transition charpe (or current) 4ensity.

_inally, there are two transverse matrix elements due to the nuclear

transition ma_entic moment _ensity_(_r) (also best observed for 180 °

electron scattering), ,_;hicb for photon absorption with recoil q =

become very sma]l, an._ whic_ have their muon capture analoFue in the

Gamow-Teller matrix element I_,_ , as l_accmes obvious when considering

the expression for the magnetic moment _ensity operator

- IPr-h'l. ' (15)

where __p, _n are the proton (neutron) anomalous ea_,netic momnets.

-_ r the schematic Goldhaber-Teller mo_el and its spin-wave _-e-'_0

neralization, which satisfactorily 4escribe the gross features of the

giant resonance states (41), the correspondence between the matrix

L
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elements and the various states to which they exclusively con-

tribute is exhibited in ?ig.13. mhe original Gcldhaber-Teller

model (15,16) considers the neutrons and the protons with their

original distribution rigidly displaced a_ainst one another, and

oscillating back and forth. In Fig.13, this is in_icate_ as the

"isosoin mode", 8rid i_ _1=_!y _iv oo .is_ +_ a large "_-_:---"

electric dipole moment, thus absorbing photons strongly t_rough

the electric dipole form factor _ i ej, an_ contribu÷ing strongly

also to the other matrix elements in the first line of _ig.13; the

corresponding i- state to which a transition from tbe cround state

is induced in this why is what v,e calle_ the vector _tate (V). One

may introduce a density matrix _(r), with the help of which, nuclear

densities of a spin and isospin operator _ may be e_pressed as

_r _X ) = T,-.- _ 4' CC)-
(16)

The density matrix of the isospin mode of oscil-la+_ion is then:

i. "!:a.

where _ o(r) is the ground state proton density satisfying

f _ r._ ) ',.,4"1"r" = _ - (18)

If one considers._, the displ_cement vectcr of the protons against

the neutrons, as the coordinate variable of a harmonic oscillator

which is subsequently quantized, an _ becomes a creation operator,

one finds in an expansion to first order oE d the transition den-

sity matrix

/'r') = -w T, _-- -- .
(19)

With its help, one obtains the re_uoed matrix element of -4_jK,

-- _ (__; _-r__), (2oa)

or of _j_ej,

"ll 'Sllr-'%o') =- ) ) ,
(20b)

or the vector matrix element

•_______'&--
<T=!, t , ( oc)

in terms of the ground state form factor
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f

"-"" (21)
In order to describe the A states in this model, one notices

that theories of vibrations of nuclear mater (42-44) had predicted

four different types of modes of vibrations in a hydrodynamic pic-

ture: the four interacting fluids consisting of p_, p_, n_ or n_

(the arrow indicating spin) may vibrate in the four modes indicated

by Fig.13. The previous formalism may again be used, with the results

for the A states:

¢,.. c_l_ -4 % m,. _-_"_v _o_), (22)

@s (_-) - '
.... (23)

for the spin-isospin and spin wave density matrix, respectively. The

model is essentiall_ an LS coupling model, with total orbital an_ulsr

momentum L being given by the oscillator transition, whereas the nu-

cleon spins in the qoldhaber-Teller state couple to total spin S = 0

(in ¢i) or S = l,m (in @si, _s)" mherefore the A states can couple

to J = 0-, l- and 2- which may either be T = 0 (for @s) or T = 1

(for ¢i, _si). altogether, this leads to fifteen states (counting

the T 3 substates) classified as follows:

3 isQspin states T = i with J = i- (V states) (i)

9 spin-isospin states r = I with J = 0-1-2- (A states) (si)

3 spin wave states T = 0 with J = 0-I-2-. (s)

_{ final sixteenth state is provide_ by the breathing mode:

1 bresthinF state T = O, J = 0 * (b)

The matrix elements containin_ spin an_ isospin operators contribute

strongly to the A states as indicated in rig.13; one finds e.g.

2_ f_
(T=I, ,-II 3, rll T--o o+>= - ..,. _

4_ (24)

or Tc,_I f 2,_ ,_,.,.
_T_,,Z-'I_"_'"T=°,°*'=lJ_v ,,' .__t_-_ --, _,_ 7- Ld,T (A--_ -J )

(25)
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for the only non-vanishing transitions. _ote the factor q? which

makes the matrix elements of the A states increase more strongly

with q than that of the V state, as _,as mentioned before. The tran-

sitions to spin-wave states are negligible since the matrix elements

would contain (_p + _ n), and one has (_p ,_ n)2/(_p - _ n) 2

= 0.035. There are no much capture transitions to the spin wave

states rs they have T = O. (Strong interactions of course may reach

these states). The breathiny mode may be reached by the _o monopole

Coulomb matrix element in electron scattering.

The energies of these states are not _etermined in the Gold-

hab=_-Teiier model. We s_all take them from experiment, but we ig-

nore a possible configuration mixing which the spin 3epen_ence _f_he

nuclear "'amiltonian, that removes the _e_eneracies of these states

in _i_ner's supermultiplet theory (8), would also cause, and which

results e.g. in a photoexcitation of _he l- A state.

In _ig. 14, we show pre_ictione (41) of the Gol_haber-Teller

model for the 130 ° electron scattering cross section in I_, at

various momentum transfers. At q _ 1CO }_ev/c, the data of Vanpraet

(30) are entered, an_ show reasonable agreement. Al_o exhibited in

the figure are the excitation strengths of the _n_ividual s_ates

(solid lines), and further (broken lines) the excitation strengths

of the states of a particle-hole mo_el (ll); we have marked its 2-

states with a _ot. Apart from giving a certain fine structure, and

being partly shifte_ up in energy, the particle-bole states may be

easily identified with the Gol_haber-Teller states by their q- depen-

dence ; this identification is indicated in parentheses in Fig.14,

an_ we have also entered the principal configuration of the particle-

hole states corresponding to I- V, I- A and 2- A next to the respec-

tive levels. These configurations, to_ether 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 Coldhaber-Teller model are reasonably good; they have also

been used for obtainin_ the muon capture rates in Fig.ll.

We finally show in Table V various sum rules for the elec-

tromagnetic and weak transitions considerea so far, and investigate
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to wha% extent they are satisfied by our mo_el. One can first of

all derive sum rules in the dipole approximation, qR_l,_where R

is the nuclear dimension. The classical example is the Thomas-

_eiche-Kuhn sum rule of the electric dipole %ransition, which oc-

curs in p_oto- 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). A magnetic counter-

part of the TRE 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 ann the observed _iant dipole resonance e.g. does not exhaust

the sum rule ( a considerable smount of dipole strength occurs at

30 _ev due to short-range correlations), we expect the collec-

tive model to overestimate the actual results.

_or 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, II) and by Rho (46) that it

also holds approximately (within 12_) for the particle-hole model.

The relation was also proved (17) for the GolChaber-Teller model.

This relation is important because it ties the A to the V states

and, from the observation of the _iant resonance in photoabsorption,

already implies the existence of giant spin resonances e.g. in

Gamow-Teller transitions o_ muon capture or in magentic quadrupole

transitions of electron scattering even before they have been seen

experimentally.

It seems that the most interesting task as far as muon cap-

ture is concerned would be a direct verification of the giant 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 accurac_ and with narrower energy intervals in order to con-

firm the structure found so far and improve the resolution; the

measurements should also be extended to lighter nuclei (0÷ and

others). The positions and widths of the levels should (apart

from the Coulomb shifts) agree with those in ( _ ,n) reactions. Fig.

15 presents the situation in 120 again. In this figure, we have a_-

so entered the _,id±hs used for _rawing the levels in the neutron

spectrum, and the neutron polarization which is expected (34) from

the decay of the l- A state to the lIB groun_ state, hav_n_ lon-

gitudinal component

Pnl= 0.2 Pr cos @ (26)

along the direction Pn of the emitted neutron momentum, with

@ = _ (pn,_s_) where ss_ is the polaEization direction of the cap-

tured muon (degree of polarization Pr ), an_ a transverse component:

Pnt _ - 0.I P_ sin @, (27)

along P_n x _r X_n). No polarization is expected £rom the O- A

and l" V state decay neutrons.

qnother indication fcr the excitation of the giant resonance

states in muon capture may be the observation of photon decay of the

20.5 Lev level (I- V) in 12B. The corresponding photon of 7,1 i'ev

could be very characteristic. Excitation of the lower excited states

of 12S by muon c_tare h_s been investigated (47), an_ the corre-

s_on_in_ rlama reys bare been found '4_); the 7.1 ,_ev _amma ray has

not been looke4 For. Since the l- V state is particle-unstable, gamma

emission has to compete with the large amaount of neutron _ecay, but

the tran£it on _ees to the 1 * groun4 state and is therefore s reYa-

tively large El. e have es+im£te_ (33) its 4ecsy rate, a_ain on the

basis of the Gol;haber-Teller model, and find

_'" 0.8 (2_)key,

r_hizh co_pcred to th_ neutron _i_th Pn _ 3 Yev, shows that about

one out of 4000 decays shoul_ produce a photon emission; this should

be experimentally observable.

In conclusion, we have demonstrated the interrelation of giant
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resonance excitations b7 muon capture with other electromagnetic

and weak excitations, an_ have shown that due to the isospin _e-

penfience and to the particular structure of t}_e ,_eak an_ electro-

ma_:netic matrix elements, a variety of _ifferent states may be exci-

ted in neighboring nuclei. This permits a stu_y of the _iant reso-

nances by electrons, muons (49) and photons, whose results should

complement each other and thus lea@ to a more complete understen-

din#_ of the giant resonance states. Our _iscussion has been simpli-

fied, v e feel, by the predominant use of the 1oldhaber-Teller rno_el

of the _iant 4ipole state an4 its spin _,ave Feneralization (17),

which owin< to its property o_ @escribin_ all essential features of

the s!)in anl isospin vibra_:ions by the simplest possible means,

Kives a h_'h!y iPstructive view of an otherwise rather complicated

situation.

:,2pendix.

The breat_in_ mo@e completes the aixteen states of the collec

rive nuc]ear vibrations. A Gol_haber-_eller type mo_el can also be

established .(50) for this stale an3 shall be sketched here, although

the excitation cunnot occur by muons and _hotons, but only by the

monopole matrix ele_:'ent_ o cf electron scat_erin_, mhe vibration

san be visualized us a scale-vibration of the nuclear ground state

density _(¢- _ ) = N_) _o (_/_ _- )_

_- (P9)

with R the r.m.s nuclear radius, _ its _isplacement. One may re-

present to first crier in

)_ ]/ ; (3o:

consi_er _ as the position variable off a harmonic oscillator

which one qusntizes, sn_ ffinds a lran_ition Corm factor

= _ _ (3l

in term_ off a derivative oe t_e _:roun_ state _orm _actor ?(q),gq.(2
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The differential inelastic electron soatterin_ cross section is then

_--_ = _ _e) I_. _ I_, (32_
where _r_ (@) is the Mott cross section.

It has been attempted to explain the 20.4 _rev O* level in 4He

recently ^4 ..... _ .._ ______^__o=_._ _ __ scatterin_ '_ in ter;,s of this col-._ l. RAJ

lective model. Since the 20.4 _ev state lies _'O.5 _,_ev above the

t • p and _ 0.3 T_ev below the 3_e , n threshol_, the width and

level shift in the equation

are rapidly varyin_ functions of E 1 which have been obtained previous-

ly (52), an_ usin_ t_em, the Lorentz factor in Eq.(33) integrates to

3/4_r instea_ of to unity. In Tim. 16, we show a comparison between

theory and experiment for the quantity 2(q) _ Pin(q)/(l - F(q)/Z) and

for the diF_'erential cross section. The excess of s factor 2 in the

theory is not unsatisfectory (II). It can also be shown that our cd-

lective _odel exhausts _errel's (53) monopole sum rule

@

z_J<o: i_ I_..'lo# >1_ = _A /z.,.,.. _3_
The 20.4 ?'ev level has also been observed in inelastic pro-

ton scette£in_ (54) by 4_e, see _i_. 17. _he same ¢urve sho_,s the 2-

state of 4He at 22.2 "ev. Tf this state h_s T = I, it would show up

as the ]_shed curve in Fig.17 in electron scettering _ue to a mag-

netio qua_rupole t_nsition (P- A state), qinte it is not seen there,

we i_entify it ",ith the T = O, 2- member o? the spin-wave mode of

the _iant resonance.
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Results for the total matrix,elements M 2 and matrix elements for partial

transitions M_nalanblb I for L_O

Partial A) harm. osc. well 8) infinite Dotential wel_

transition (b = 1.80 fm) (R_ = 4.55 fm)

nala--_nblb;l Eab M2nalanblb I Eab M2nalanblb I

(_eV) (NeV)

i 0 i 2 2 25.5 0.021 23.5 0.030

I 0 2 0 0 25.5 0,010 29,6 0.007

i I i 2 1 12.7 1.107 13.3 1.048

I i i 2 3 12.7 0.010 13.3 0.006

i i 2 0 1 12.7 0.174 19.4 0.095

I i 1 3 2 25.5 0.082 29.1 0.056

1 I 2 i 0 25.5 0.042 39.8 0.009

I 1 2 1 2 25.5 0.013 39.8 0.003

I I 2 2 I 38.2 0.004 62.7 0.004

M2 i._63 1.258

Table I

Squared matrix elements of partial transitions for muon capture

in 160, obtained from an independent particle shell model 24
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Transitions in 016

Transition D2(%) E(MeV) E' (_V) D'2(%)

I p3 '-> 2 s% 11 18.53 19.6 2

1 P3 _P 1 d 5 50 17.65 22.2 73

I p_ .-_ 1 d 3 28 16.58 18.1 i

i P% -_ 2 s% 5.5 12.38 13.5 4

i P3 "P 1 d 3 5.5 22.73 25.2 20

Table II

Energy levels and squared electric dipole absorption strengths

in % before (E, D) and after (E 1, D1) configuration mixing by

a residual interaction, obtained from a jj coupling shell model 28.
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Photons: ,,,:r,.+z II::r?I+-+j:.r?-,,-
3-

ELecf.r"on3"
_.0.

Where

__g-l.v_ (_)2- IJ{_-I+
T-0

-,-v++z 0+-,j2-+I_+r-)}
7,,,I

_UO_.._:
A,+.,,,=_--y:/+_A,,,._<,+M,jz++ G_ IM+I++

+G?i&_:+(G,:.'--.+%_)I,_.&I'-}

Table III

Cross sections for photo- and electro excitation

of nuclear states, and partial muon capture rate.
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_Lec'Lr'on.s _ o Ft.S

5CIllr/l_--),'

F "rJo .Mv=(_lz=;i

i:r.°_= ,_,-j;c_,-_'-Y,7,

J2. =ja,--,=.Vxj,_(,e")_,,
L

-d.v.rj

(#e- P" ) _ ,.

Table IV

Detailed matrix elements occurring in photon (first column) and

electron (second column) excitation o£ the Goldhaber-Teller giant

resonance states. Last col_n: Corresponding general matrix

elements for m_n capture.
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• Ml; '_¢

holds ?:or G'oldl_abe_r-'Telle," (W'_L eck,x)

Zts H-anc_Log_e holds _c,_r _-T (OberalL):

tz,, _ _ I<l-IMvlO?l _-= _--_-_g-,o _-A

2.)Hagne{,'c Analogue of TRIK (v/aL_¢kcL]:

ZE ;l<Z-lZ -_L_®;<3_..Io*>l==(2:r-,I)

hold, "For G-'7- (Wc_Leckc_)

_. Sum Rules Gr GenenclL.,c_, :

E _;P_I_'_=3_= f_ I.,/•
holds a.) in sh_ll modet w,'th ctosecl subshgLL (rothoek )

6.) £n W_gner supermulflpLe_ £heory (SU,_ _nvariance)

(Foley-V,:,te_-ko): A , __-I<z.MIz_:_,Iovl -¢I<z,MIZ=2_,.*_1o'51

c.) wflhin 12"/. for poH:,'cle -)_ole model (T'old.),, l:_ho)

2.

Table V

List of electric and magnetic stau rules in dipole approximation,

and of sum rules for muon capture,
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_Experiment

Top: Formula for the partial muon capture rate to gian t resonance states.
Bottom: Comparison o£ Experimental 12 and theoretical .4 results for the
total muon capture rate in 160.
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Figure 2

Top: Level scheme and neutron decay mechanism of the giant

resonance states in 16N (as obtained from a ale

calculation 13) after their excitation by muon capture

in 160 (numbers on right: partial muon capture rates)

Bottom: Neutron spectrum o_ained from the decay of

giant resonance levels in -VN. The width of each

state has arbitrarily been taken as 2 Mev.
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Figure 8

Nucleon decay schemes of the giant resonance st.tes in 160

after photo-or electroexcitation.
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Figure 9

Top: Level scheme for neutron decay o£ the giant dipole states in 160.

Bottom: Photoneutron spectr_ from 160 irradiated with 25 Hey

Bremsstrahlung (after Firk 44).
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Figure 10

Proton spectra from the (e,e'p) reaction in 12C (top) and 160 (bottom)

with 30 Mev electrons; protons observed at 76 ° emission angle. After

Dodge and Barber 45.

1.4

o_

0.4

0.2

!

' _ : _ : J, _ ,I ,_ ,; ,,
PROTON[NIRIY (MIV)

PHOTON(NEIIGY IMEV)

1.6

1.4

1.2

z

o
4 1,0
e,,

"_ 0.6

°e
_ o.6

0.4

0.2

0 1 I I I. I I I I I I I
2 3 4 5 6 7 8 g I0 II 12 13 14

PROTON ENERGY IMEV'I

I J I I 1 I I I l I I I I
Ill 16 17 18 19 20 21 22 23 24 25 26 "27

PHOTON ENERGY (MEV)



Nuclear 6tant Resonances

Figure 11

muon capture in 12C leading to 12B;.dip and subsequent
Level scheme for

neutron decay, with theoretical neutron spectrum.
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Figure 12

Level scheme for muon capture in 40Ca leading to

40k;.dip and subsequent neutron(proton) decay,

with experimental neutron spectrum.
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Figure 13

The possible modes o£ collective vibrations in the Goldhaber-Teller model,

and list of the matrix elements which exclusively contribute to the

corresponding states.
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Comparison of electron scattering cross section at 180 ° in I_C

as predicted by the Goldhaber-teller model with experiment, and

identification of collective and particle-hole states.
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Figure 1S

)-A:

Neutron and gamma decay spectra o£ giant resonance states o£ 12B

following their excitation by muon capture in 12C. Decay width

and neutron polarizatitns
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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

colleztive model.
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Figure 17

Excitation functions of 4He states by inelastic proton [solid

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 i- spln-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 llke i0 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 sensitive to the excitation energy, perhaps

it would be misleading in that situation.

WALECKA: The data that I showed was integrated over a region 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 multlpoles. 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 May, but, I 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, hut 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: I'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-shlft analyses of Tombrello.



371

Huon Capture - Giant Dipole Resonances

The results seem to be that the T=I 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

whether this might, therefore, reduce that Nv in comparison with Ma. That would

explain why the experimental muon capture rate is much ]srger than the theory indl-

caked.

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 I- 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 predictions for

the first forbidden contributions to muon capture are probably pretty good, probab-

ly good to something llke 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 adm/xture 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=I or T=O, O- states,

would he very welcome. They're very hard to see, to really pick out, and some of

these should have all the strength concentrated in them.



372

Muon Capture Giant Dipole Resonances

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 4 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 He 3 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 on the deuteron are very sensitive

to details. For example, recent experiments of Ericson, 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 N 16. He 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 one 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 016 and the N 16 is just the fact that since the

giant dipole resonance tends to dominate the transition, the sensitivitywith

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 sensitive to

small details.

TELEGDI: All partial capture rates will be of order l/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? I know that this is a sm_ll 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-Tellermodel. 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 su 4. Then part of the argumentation as I
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understoodit didn't seemto proveto meanythingin particular. Namely,you
showeda certainnumberof stateswithspecificspins,i-, 2-, theonesthatyou
wantedto find. Youthenassumethat thoseexistandhavebeenprovento havethe

quantumnumberssuchasdesiredbysucha theory. If onetakesSU4 asa suitable
startingbasisit is unavoidablethatsuchstatesexistsomewhere.Oncethose
stateshavebeenlocalized,thenyouhavesaidwhatwouldhappento themin their
electro-excitation.Now,asI understandthesearguments,it simplyrestsonsee-
ingwhichoperatorshaveQ'sinwhichform. Thevectorparthasa Qin a damping
factor,themagneticpart requiresvelocitydependentq's in awaythatmakesthem
rise. Soif I don'tknowanytheoreticalphsyicswhatsoever,excepttheformof

theoperators, 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 he 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 a_v,_e._.#.... c._, _,._.._o,T_ _==_,=--"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 conm_ent 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 what 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 co,_ment on Telegdi's question, on the Goldhaber-Teller model.

There are microscopic models of Goldhaber-Teller based on shell model consldera-
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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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I would like to talk about two topics involving muonlum

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 (_+ --* _+ + v) produces a positive muon with its

spin in the direction opposite to its linear momentum. The

decay of the positive muon (_+ --, e + + v e + v--_) occurs with an

angular asymmetry favoring positron emission in the direction

of the muon spin. Hence polarized muonlum can be formed, and

changes in muon polarization, which accompany changes in

muonlum state associated with magnetic resonance transitions

or collisions, can be observed through the change in the

angular'dlstribution of the decay positrons.

The first topic is a new measurement of the hyperflne

structure of muonlumwhlch 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 quantum electrodynamic reasons. Muoni_n is the simplest

system involving the muon and the electron, and hence a very

suitable one for studying muon 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 = 0 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. In

previous work I 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 observe 2 transitions In a very weak

field between the F = 0 and the F = 1 states, in particular

both the transitions (F,MF) = (i,i)_ (0,0) and (171)_ (0,0).

Figure 2 shows the theoretical expression for the hyperfine

strucm_ inter_al In muonlum. It is based on treating the muon

as a heavy Dirac particle and is an expansion in powers In the

flne structure constant, _, and of the ratio of the electron

mass to muon mass, me/m _. The value for _ comes from the

deuterium fine structure measurements of I_mb and hls colleagues. 3
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The value of 2 is known to about 18 ppm, and contributes

the principal uncertainty to Av(theor). The ratio of the muon

magnetlc moment to the proton magnetic moment, whlch 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. 5

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

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 quantlza-

tion direction), the relative populations of the hfs states

will be :

(F = 1, M F = i) = 1/2

(F = i, _ = O) = 1/4

(F = O, MF -- O) = 1.14

(F--l, _=-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 = 0, M F = 0) state in which the mucus are unpolarized

to the (F = l, M F = +l) state in which the mucus 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 llne shape. It is

based on the time-dependent Schroedinger equations for the

state amplitudes ap and aq, in which the much decay rate_ is

introduced phenomenologically. Matrix elements Vpq of the

Hamiltonian term involving the microwave magnetic field Hrf

connect the two levels. The initial conditions are a = l,
P

aq = 0, at t = 0. We calculate laq(t)12 = Ppq. The signal

observed is the change in angular distribution of the decay

positrons and is proportional to the quantity Pq. The line-

shape is Lorentzian.

Figure 5 shows the experimental arrangement. The incoming

much beam passes through counters numbered l, 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 _sec after

the much arrives. A principal technical problem was the achieve

merit 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 I0 gauss and the field inhomo-

geneity is about one gauss per foot. The requisite magnetic

field with a homogeneity of better than 0.05 G and a stability
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of better than 0.01 G was achieved with the use of a struc-

ture involving three large moly-permalloy shields surrounding

a solenoid and associated correction coils. The static mag-

netic field was monitored and mapped with a Rb 85 optical

pumping magnetometer.

Figure 6 shows the microwave 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 is fed into a resonant cavity with a Q of 12000, operat-

ing in the TM220 mode, which has the virtues of having conven-

ient dimensions for a gas target used in the Nevls 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,_) = (l,-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

llne shape, Pq, given in Figure 4. The amplitude of the

resonance curve is 0.7%, which is 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,M) = (i/2,1/2)---_ (i/2,-i/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 field result, is -0.45 Mc/sec.

On the basis of two resonance curves for the (F,MF) =

(1,-1)_-_ (0,0) transition and one resonance curve for the

(1,1)_--, (0,0) transition, we obtain

Av(expt) = 4463.18 ± 0.12 Mc/sec

where the error (one standard deviation) is due to counting

statistics (O.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 fleld 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 fleld measurements

is that the low field measurement determines Av directly and

the high field measurement can be used to determine _/_. At

present the high field experiment determines g_/Kn= only to an

accuracy of about 2 parts in 104 because the interaction of the

external magnetic field with the muon magnetic moment contributes

only about 5 per cent to the transition energy for the (Mj,M) =

(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 g_/_ could be determined in this way.

The value so obtained would not be subject to uncertainties

about magnetic shielding as is the experiment involving muons

in water from which g_/gp is presently determined. _

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 electrodynamlcs, 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 is

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 is correct, and use

the value of Av(expt) to determine an independent value for a.

This procedure gives:

-1
= 137.0388 (± 9 ppm)

If this value of a is combined with that from the deuteriurn fs

measurement, we obtain the new value

-1 (±= 137.0388 6 ppm)

Apart from the desirability of having a better value of

7
as one of the fundamental constants, the value of _ is of criti-

5
cal importance to the comparison of the theoretical and experi-

mental values for the hfs of hydrogen. (See Figure 8) The most

precise experimental value for Av of hydrogen is obtained from

muonium
measurements with the hydrogen maser_ The measurement of Av for /

provides a confirmation of the value of _ 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 _p).9,10

Two unconventional attempts to explain the discrepancy have been

made by Nambu and his colleagues. One introduced an axial vector

ll,12
meson in 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 detail

the effects of dyt_amlc proton polarization. 14

Hyperfine Structure of Muonlc Hydrogen

The hyperfine structure interval of the muonlc 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

hydrogen. As mentioned above, the calculation of the effect of

proton structure and proton recoil included in the term _p is

ambiguous. This term is of order _ m /m for hydrogen and hence
is e p

0.5/1_, but for muonlc hydrogen/of order g mw/m p or N1/103;

hence the ambiguous term is relatively much more important in

muonlc hydrogen and indeed so large that its effect could not

be masked by uncertainties in = and other constants appearing

in the expression for Av of _-p. The theoretical expression

for Av of muonlc 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 H 2 gas at

sufficiently low pressure so that _-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,_) = (0,0) to (I,i). 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 _sec (the muon

mean life). The required amplitude of the time-varying mag-

netic field is about lO0 G. Since the natural, non-power-

broadened linewidth is 0.14 Mc/sec and the transition fre-

quency is 4xlO 13 cps, the fractional linewidth will be 1 part

in 3xl08. 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. 15

However, the line is very narrow (power broadening would prob-

ably require excessive power); the exact location of the line

is uncertain theoretically due to the _ m /mp term; and tuna-

bility is required. With an optical cavity of reasonable size

(lO 3 cm 3) to contain a H 2 gas target for stopping negative muons

(or negative pions),bavLug 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 available.
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Muonium Chemistr_

Muonlum 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

a scarch for the chai_acterlstlc muonium precession 1"requency

was undertaken. The absence of a signal In some cases was

probably due to the subsequent chemical interaction that

muonium had _,zithmolecules that were present.

Muonium will behave as a light isotope of hydrogen wlth

regard to Its atomic interactions and chemical reactions since

the muon mas's is 207 times the electron mass and since the muon

mean lifetime of 2.2 _sec Is lona compared to electron atomic

orbital times. Muonlum in_ractions wlth various molecules which

produce changes In the muon spln direction have been studied.

The direct interactions of muonlum wlth various molecules

can be studied by one of two related methods. 16 For both,

polarized muons are stopped in argon gas to form muonlmm 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,M) = (1/2,1/2)*-_(i/2,-1/2) as a func-

tion of the impurity content In argon. Results are shown in

Figure lO. Decrease In the signal implies colllslons which

remove muonlum from the resonant states. These data are analyzed

to yield an effective cross section, fl" for such a colllslon
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and the results are given in table I. For the paramagnetic

molecules NO and 0 2 an electron spin exchange collision

which transfers muonium from one hfs magnetic substate to

another is probably the reaction mechanisml7'18"
• For C2H 4 ,

_hich is an unsaturated hydrocarbon, a muonium-containing

molecule may be formed• No reaction is observed with H 2

(or with N2) , which is consistent with the facts that H 2 is

not paramagnetic and that the chemical reaction M + H 2 --_ + 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 positrons_ 9- Such data

are shown in Figure ll for NO. These data are analyzed to

yield an effective cross section d2, for depolarizing collisions

(see table 1). The cross sections _l are much larger than the

cross sections _2" 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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Table 1

Muonium-Molecule Cross Sections

Gas % ½

(lO-16cm 2 ) (lO-16cm 2 )

NO 3.2 + 1.5 0.27 + 0.08

02 5.4 + 2.5 0.31 + 0.08

C2H 4 0.29 + 0.16 0.024 -+ 0.006

3-2 +7

17 -+9

3.2 +7
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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 spin exchange transitions between different states

depends only on the spin elgenfunctions for muonlum. It can

be shown that the ratio of _i/@'2 is

fl/f2 = !
4s2c 2

where the amplitudes s and c are defined by

_I,0(H) = c aep _ + S_e _

_O,o(H) = Cpe a - s aep_

The static magnetic field was about 5200 G, so s2= 0.02 and

02
= 0.98 and hence @'l/d_ 2 = 12, in agreement with the results

of table 1.

A more detailed study of the nature of the depolarizing

collisions 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

s2c 2. Figure 12 shows such data for NO. The molecule NO has

a ground 2v state with two fine structure states, 2
_3/2 and
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2

_1/2" 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

_, _ _, .2^2
"'2 -- "_0 o u

where _ is a constant chosen to fit the data. Agreement of
o

the solid curve with the experimental data confirms the electron

spin exchange nature of the depolarizing collisions. The corres-

ponding electron spin exchange cross sectlon 18 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. 20

Our work on what ,may be called muonium chemistry is still

in an early stage. Further studies of other molecules, analyzes

of the possible collision mechanisms, and comparison with corres-

ponding hydrogen cross sections are in progress.
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Figure 3.

Energy Levels and Transition Frequency
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Figure 4.

Theoretical Line Shape
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Fig. 7. Resonance curve for the transition (F,MF) : _,-1)

(0,0), showing 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 connection 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 wouldn_ 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 _2

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 tow hat you have on the board.

HUGHES: Yes, this is all muonlum itself 8nd that's in good shape. And all

this is used for is to get e - 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 go to lower pressures? This

seems tome the fundamental experimental problem here.

HUGHES: Yes, I quite agree with you. To go 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 I00 to I000 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 function 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 -

l'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 I 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. In 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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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 (1) involved exposure of about 30 targets (each weighing about a pound),

most of them natural targets except for two separated isotopes,one Sr 8g and

the other Cu 63. The experiment was performed at the Carnegie Tech cyclotron

and the experimental arrangement is shown in Figure I. 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 scintillants (No. 5 and No. 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

N 1 or N 2 with neither 5 nor 6. The elapsed time between muon arrival and

detection of a neutron following muon capture was then timed using s i00

MC digital timer. (2) 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 (It) + B, where the exponential slope should he the muon disappearance rate. o

The muon dls_ppearance 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. (3) The muon capture rates so

obtained are shown in Table i.

The capture rates so obtained were fitted to the Primakoff formula as modified

by the suggestions of Klein, Nell and Wolfenstein. (4) The form of the fit used was

_c(Z,A) = y_(l,l) Z_ff (0.97) (i+_ a) [I-_(A-Z)/2A]

The quantity %(i,i) represents the spin-averaged muon capture rate on a proton,

y is a measure of the relative phase space available to the neutrino, and 6 is

a nucleon-nucleon correlation parameter whose value from a closure approximation

is estimated by Primakoff (5) to be 3. Since the relativistic modification given by

8a varies only slightly in magnitude throughout the periodic table, an average

value of 8a = 0.15 was chosen.

An analysis of the data was also made using a Fermi gas model (6) 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 yl(l,l) 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: (i) 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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distribution. The Zer_'s calculated by method (2) will be denoted by "Zedge".

l! t!
The Zedg e calculations were motivated by the recent work of Foldy and

Walecka, (8) in which the u-capture reaction leads primarily to nuclear transitions

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 tends 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 _ also usingelf'

a weighting ...... _ to to seeprupo_t±_na_ _/_r, how important such an effect might be.

This "edge average" is called Z _ (9)
edge"

The results of statistical fits of the data to the Fermi Bas and Pr_makoff

formulas are shown in Tables 2 and 3 respectively. We attach no significance

to the absolute values of X 2 obtained, but consider the relative improvement

in the fit using Zedg e to be significant.
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Table i

Mean Lifetime, T # Capture Rate,

Z Element (nsec) m (106 sec-l)

4#
c

(A-Z)/2t

12 Mg 1021 +- 25 0.52 +- 0.02

14 Si 758 -+ 20 0.86 ± 0.04

16 S 567.4 + 8.4 1.31 ± 0.03

?? T_ _ _ _ 4.5 _ _ + 0.04

23 V 282.6 +- 3.2 3.09 ± 0.05

24 Cr 264.5 + 3.2 3.33 + 0.06

25 Mn 225.5 -+ 2.3 3.98 -+ 0.05

26 Fe 206.7 -+2.4 4.40 + 0.05

27 Co 184.0 ± 1.7 4.96 -+ 0.05

28 Ni 159.4 + 3.1 5.83 ± 0.ii

29 Cu 163.5 ± 2.4 5.67 -+ 0.09

29 Separated Cu 63 162.1 -+ 1.4 5.72 +- 0.05

30 Zn 161.2 ± I.i 5.76 + 0.05

31 Ga 163.0 -+ 1.6 5.70 + 0.06

32 Ge 167.4 ± 1.8 5.54 ± 0.06

33 As 153.8 +- 1.7 6.07 -+ 0.07

34 Se 163.0 ± 1.2 5.70 ± 0.05

37 Rb 136.5 ± 2.7 6.89 + 0.14

38 Sr 130.1 +- 2.3 7.25 + 0.14

38 Separated Sr 88 142.0 -*5.5 6.61 ± 0.27

40 Zr 110.8 +-0.8 8.59 + 0.07

42 Mo 103.5 ± 0.7 9.23 ± 0.07

45 Rh 95.8 ± 0.6 I0.01 -+0.07

46 Pd 96.0 ± 0.6 i0.00 ± 0.07

47 Ag 88.6 +- i.i 10.88 ± 0.14

52 Te 105.5 +- 1.2 9.06 -+ 0.ii

72 Hf 74.5 + 1.3 13.03 ± 0.21

74 W 74.3 ± 1.2 13.07 ± 0.21

80 Hg 76.2 ± 1.5 12.74 t 0.26

82 Pb 73.2 t 1.2 13.27 ± 0.22

0.25319

0.25076

0.25050

0.27026

0.27425

0.26922

0.27247

0.26722

0.27093

0.26151

0.27182

0.26958

0.27059

0.27767

0.27971

0.27977

0.28478

0.28353

0.28314

0.28386

0.28076

0.28078

0.28135

0.28389

0.28232

0.29629

0.29811

0.29834

0.30000

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 Energy y_(1,1) X2

57 Zeff 66.4 Mev 184/sec 2000

$7 Zedge 81.2 Mev 158/sec 1300

Table 3 -

Computed results of Primakoff fits to muon capture rates

Number of Elements Effective Nuclear Charge y_(1,1) 6 X2

$7 Zeff 1S1/sec 3.14

$7 Zedge 140/sec 3.01

2100

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 philosophy 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 chi-

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 = i0 and omits AI, 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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b

imTc_:sible. For u the very low absorption rate due to the weak interaction

in hydrogen has allowed an accurate u- lifetime determination. Thus it is

necessary to perfor_n the lifetime measurement for negative Dartieles in flight.

In our experiment the _* lifetimes are deterTnined bv measurinK the

attenuation due to decay as a function of distance of nearly identical beams

of _+ and 7-. The layout of the pion beam is shown in Fi E . 1 (Slide 2). The

pions are produced in collisions of the external proton beam (T = 73_ MeV) with

a 6 in. lonff Be tarffet. At this energy the number of w+'s produced per incident

proton is about five times the number of 7-'s produced. Therefore the 7 + rate

relative to the backeround resultin_ from the proton beam is also five times

the _ rate relative to backeround. The beam is momentum analvzed by the bend-

ins magnets M 1 and M 2 and weometricallv defined bv five thin scintillators, S 1

to $5, and four anticoincidence scintillators, A 1 to A_, which are simply

counters with a 1 in. hole in the center. The entire trajector_ after S 2 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 an_ular spread of the beam

is less than i 1 de_. The 7 + beam contains aDproximatel V 6% u + and

1% e ÷ and the 7- beam contains aDproximately 6% u- and 3% e-. The

÷
7 rate is 50/see and the _- rate is 10/see. At this time all of these numbers

are preliminary and further measurements of these Quantities will be made. The

polarity of the beams is chan_ed bv reversinE the fields in the magnets of the

beam transport system_

The detex,nination of the exponential attenuation of the beams is accomplishe_

by measurin_ the number of pions in the beam as a function of distance alon_

the beam trajectory. Measurements are made without the quadrupole, Q, up to

17 ft past A 4 and with the quadruDole UD to 36 ft Dast its exit end. At the beam
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momentumused this maximum distance coz_esponds to 0.77 mean lifetimes in

the plon mest fmame.

The pion detectom is a veJx)clty-selectlng, liquid hych_ogen Cez_nkov

c_-_tem. A schematie dia_am of the co%rater is shown in Fig. 2 (Slide 3).

The Ce_-enkov light produced by a particle _ich traverses the radiator is

focused by the optical system in a rink at the _ing ape_ttrr_, A. The diameter

of this ring focus is a _unctlon of the an_le of emission of The Cerenkov

light and hence of the velocltv of the particle. A cvllndrical mlr*ccr whose

axis is pa_allel to the optical a_s of the lenses is contained in the hv@ro_en

flask in omdem to have full efflclencv across the 4-1nch dla_tem of the

madiatom. _n or4em to reject particles with tra_ectorles inclined to the

optical axis of the countem, the coincidence ring is s_unded by a concentric

antlcolncldence rinK. The mc_entum resolution of the counZem is _ 3% (HWHM)

and the anvulam mesolutlon is ; 3 de_ (HWHM).

In this experiment the rln_ aperture which masks the coincidence photo-

multiplier has a diameter which corresponds to the II deg Cerenkov emission

an_le of 315 MeV/c oions (B = 0.913). M_mentum analyzed electrons _nd muons

in the beam have higher velocities and hence are n_t counted. _uons from

315 MeV/c pion decays have a range of velocities that includes B = 0.913, hew-

ever, these muons are emitted at 7 de_ with respect to the beam direction.

Thus far the data have been taken at 7 points afte_ the quadrupole.

+
w and _ data are taken at each ooint alter_atelv. The io_amithm of the

=_

#atio_nlon • counts/beam counts as a function of distance alon_ the beam t#a-

_ectorv is fitted with a straight llne by the least scuares method in o_er

to deter-mine the slope of the cut_ve. _is slope is equal to m /n cT . At

the present time we have the 9ollowin_ results:
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+ i0 -3slope : 1.429 * 0.005 x in. -1

_- slope : i._54 ± 0.012 x i0 -3 in. -I

The quoted errors are statistical only because complete studies of systematic

errors have not been made yet. At this point multiplyin_ 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 cor"eect these correspond to

+
lifetime = 26.26 ± 0.08 nsec.

lifetime = 25.80 ± 0.21 nsec.

Because possible systematic effects have not been completely studied

we Drefer not to Kive 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 datatakin? and more complete analysis

will vield an eventual accuracv of about 0.3% to 0.5%.



Table I. ;?le experimental values for f and 

7- 1 i f  et i m e s  . 



424 Macdonald et. 

Figure 2. A schematic diagram of 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: Is 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.

WELSB: I 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 Lifetime of the Positive Pi0m

K.F. Kinsey, L. Lo_cz, M.E. Nordberg, Jr.

_t of Physics ena As_

University of Rochester t 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 I%. This number was, moreover, based on the analysis

in all experiments of a total of about I0,000 pion decays. Fast electronic

techniques and good low energy picm beams have made possible a re-determln-

ation of the lifetime, using an essentially unlimited number of decay events.

Tn this experiment we have measured the decay of about 108 positive

pions.

The counter array is shown in Fig. I. A stopped pi_ is indicated by

a 1 2 3 _ coincidence. The decay muon has a short range and does not leave

No. 32 so produces a 38 or _) . 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 A ) coincidence.

The electronic al_paratus is shown in Fig. 2. The crucial part of the

circuitry is in the top two limes: The _ pulse initiates one 550 nsec

pulse, the M initiates the second. The time overlap of these pulses is

converted to an amplitude by the time to pulse height converter and recorded

pP, ECEDI_G PAGE BLANK NOT I:iL[_ED-



428 Kinsey _t al.

in the 400 channel analyzer. The rest of the circuitry is responsible for

detecting the electron in a 5 wsee gate after the _ pulse and for suppress-

ing analysis if a second beam particle entered the a_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 cotuuted with a crystal

controlled EPUTmeter 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 cubic 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,

so 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 cu_e 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 a_y statistically

significant effect.

The direct expression for the mean llfe could not be used because of

the background. In principle the time _ependence of the background should

be 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 _'s decay

undetected. The logic for these decays could be completed by a random

"_" count followed by the electron decay from the real _ or by the

electron imitating a w , followed by a random "electron". Since both of

these effects were small and had a decay time _lOOtimesthe _ decay

time, the background was treated in the analysis as though it were a constant.

The data for each run was fit by a 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. 4.

Th_ F are consistent _rlth 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 _m and analyzed to give a value of

26.41 nsec: Fig. 5. A different subset of 25 runs was selected, eliminating

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.

_nis number disagrees with the earlier value of 26.51 ± 0.26 nsec.

and with the recent report of Eckhause et al I 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

i. 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 _ 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 _ giving ringing

could anti-coincidence its own decay mu at later times and so might show system-

atic effects on the lifetime. I 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

!

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,thesecondincidentparticlevetoedanalysisof thewholeevent.

WELSH:Eventhoughthedecaymuonmighthavealreadybeendetectedfromthe

first stoppedpion?

KINSEY:Right.
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In this paper we will review the problem of calculating the

elastic _cattering of pions by nuclei, and will 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 pion-nucleon interaction and

nuclear structure, and calculate the plon-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 Watson I and others and has had semlquanti-

tative success.

Alternatively, we can fit the pion-nucleus data with a pheno-

menological model and try to extract some new information from this

model. In 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 Foundation.

+ 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

A

H: H + Z V ,
0 c_=l

where

H ° = K.E.7 + Hnucleus '

and defines the amplitude for scattering of a pion by a bound nucleon

to be a solution of

t : V + V it

i _ i : p i i76(E - H )
a E- H + IE E- H o "

o o

Then the pion-nucleus scattering amplitude is given by

' i i
' i + Z t -- t -- t + ... (i)

T = Z tal + Z tal a ts2 al a a 2 a a 3

!

where Z means that a i # ai+l 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 t 's equal to the free t 's, we obtained 3 reasonable

agreement with small angle _- - C, 7 ± - Li and 7- - 0 elastic scat-

tering data near 80 Mev. Similarly, we crudely estimated the effect

of the pion form factor on _ - s scattering and found appreciable

contributions to T near the minimum. 2
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Watson also showed that if one assumes A is large and neg-

lects effects of virtual nuclear excitations, s"_r_ the sePles for

T Is equlvalent to solving a Schroedlnger equation containing an op-'

tlcal potentlal given by

(q'[vlq) " A(q'[tlq)P(q' - q), (2)

where p(9) is the Fourier transform of the nuclear density. Since

p(_) drops off rapidly with increasing q for a large nucleus, it is

plausible to set (_'Itl_) - (_Itl_) in (2), leading to

v(r) - constant-f(o)p(r)

Cross sections obtained from this simple model fit reasonably well

at small angles, but are much toesmall at large angles.

4

Kisslinger suggested that since the w-n amplitude is mostly

p-wave, a better approximation is

(g'Ivlg') - A(a + bg-g')p(g, - K),

or, in coordinate space

v(r)_(r) - CoF_ - CIV-(FV_) (3)

where F(r) = 0(r)/p(o). This gives a wave equation of the form

v2@ = (I + ClF) -I [ CoF - Clef • _ - (E - Vcoul )2 ]

Rainwater et al 5 noted Re CIF - -I for some r value, so that

(I + #ClF)-Ibecomes pure imaginary there. They chose to write thls

instead as

1
= I - CIF + ...

i + 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 = 1.08A1/3f (in agreement with electron scattering data) and

thickness parameter a = .25f (half the electron value).

We have applied the original Kissllnger model, without the Rain-

water modification. The existing ABACUS optical model program 6 has

been modified to take into account the derivative potentials and

the relativistic kinematics. We are using the nuclear shell model

density function

F(r) = (1 + (Z-2)r2)e -r2/a2

3a 2

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 C o and C1, 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 = .i - .li
O

C 1 = -i.05 - .47i

The corresponding theoretical C's were calculated from Anderson's

_-n phase shifts and are

C = .I - .08i
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

Ralnwater's fit.
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Thesebest fit parameterswerealso usedto calculate _ - C
scattering at 69.5 Mevand87.5Mev,and_- - 0 at 87.5Mev. The

results are in fairly goodagreementwith the data, andslightly
different parametersshouldgive very goodfits.

It therefore appearsthat this modelcangive a goodfit to
pi-nucleus scattering, usingparametersfairly close to their theore-
tical values. Argumentscanbe given to explain the differences.

In general, the correct large anglebehaviorcanbe obtained, in
contrast to the casewherenoderivative termsare included.

Canwenowexpectto extract the pion form factor from _-_
scattering? Wedonot yet havea clear answer. Usingthe best fit
80MevcarbonC's abovewecalculated d_/d_for _ - _ at I00 Mev.

Thequalitative featuresof our earlier estimatesagainappeared:
a very deepminimumanda considerabledependenceuponthe pion
form factor for anglesnear the minimum.However,da/dCwascon-

siderably larger at small anglesthan is indicated in the preliminary
experimentaldata.7 Hopefully, the workin progresswill clarify

whetherthe pion form factor canbe determinedfrom _-e scatter-
ing, andwill indicate the mostappropriateenergies.

i. K. M. Watson,Phys.Rev.105, 1388(1957); Rev.Mod.Phys.30,
565 (1958); also earlier papersgivenhere.

2. M.M. SternheimandH. Hofstadter, II NuovoCimento38, 185_(!965).
3- M.M. Ster_eim, Phys.Hey.135,B912(1964).

4. L. S. Kisslinger, Phys.Rev.98, 761(!955).

5. Baker,Byfield, andRainwater,Phys.Rev.112, 1773(1958);
Edelstein, Baker, andRainwater,Phys.Rev. 12___2,252(1961).

6. E. Auerbach,BNLReport#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 0 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 C I is -1.4 - .4i.

Now, if you take these numbers, you see that the imaginary part is not so small

and so it doesn't get too near O. 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 should_t

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 _._' 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

unita ry limit. So, somehow you should be cutting things off. That's the

argument. Well, you can make an argument that t he pro c e 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



O_tlcalModelCalculations
445

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

gausslan drop-off at large distances. Of cOurse, we all know that that's really

wrong. Nave-functions do have to go like an exponential eventually. Furthermore,

the plon nucleus interaction might be affected very heavily by what goes on in

the surface. Therefore, might it not be more convincing to use a differe1_t

density even though this shell-model density is good phenomenology for some

purposes?

STERNHEIM: Certalnly, it is a question we can study. I think once we do get

a region of flt - to the He data for example - we _rill try making a variety of

assumptions about density functions to answer that kind of question. I think

indications are that it would not be terribly significan t . For example, Saxon-

Woods, which really does have an exponential drop off, does glve roughly the

same kind of results - as the gaussian term. So I don't think empirically there

is going to be a big effect, hut it will be checked.

ERICSON: I should like to make a remark on the parameters in this optical model.

I notice that the parameter _hat you call C1, and I call something else, is for

you -1.05 and the theoretical one which you got out of phase shift analysls l

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 therefDre we have a kind of effective value. Also, hoe did you get the

theoretical values for CO?

S_IH: We took some phase-shlfts, 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 I'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 I

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 C 0. It

changed about a factor of 2. It didn't much matter in the final results because

C O is small, so it doesn't do much as long as you keep it small.
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Introduction

This report concerns a continuing experiment on the phase shift analysis of

- He 4 elastic scattering being performed by the Northwestern University Helium

Bubble Chamber Group. The recently completed 20" Helium Bubble Chamber was

exposed last fall to _-meson beams at the Chicago Cyclotron. 150,000 pictures

were taken with _+ incident and 150,000 pictures with _- incident, at a hem.

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 bem.direction, i0" high and

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 _-meson form factor. To get an idea of the size of effect to

q

be expected we write the elastic scattering amplitude in a simple minded way:
%

1 Za

a(O) = _ {_(__cos@)F (g2) F (g 2) + 60 + 361cos}

where k is the _nt_, _ and _1 the phase shifts for pure nuclear scattering
o

and Fw(g2) and Fa(g2) the form factors of the w-meson and a particle at

momentum transfer g. Thus at 90 ° the ratio of the interference t_rm in the

differential elastic cross-section to the purely nuclear term is:_

2Z a

D90o _-'_-F F a
o
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which for the present experiment gives

D90o = 0.022/6 o

if we take F = I. 1/6 then appears as an amplification factor. It is desirableo

to have a low value of 6 o 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 4 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 _-mesons incident the elastically scattered pions

have 60 Mev energy and the inelastically scattered _-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 _- - He 4 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 hypenuelel to be made using the Northwestern

Helium Bubble Chamber. For the decay ^H 4 + _- + He 4, 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-sectlon is shown for the events below the median momentum, of the

beam (141 Mev/c). This bin has an average momentum of 126 ± ii 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-shlfts are possible and these differ essentlally

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 nbtained from the inelastic cross-

section which is discussed in paper CK-8. Figure 3 shows a similar duality of

fits for the upper momentum bln, 151 ± I0 Nev/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 I is plotted against cos8 *.

It shows a region where IDI is 20Z 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 concluslon we can say that _rlth increased statistics the S- and P-

wave phase shifts w111 be determined: however on the basis of present results

it is not yet clear what information the difference experiment will give on the

_-meson form factor.
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Figure i - Typical elastic scattering event in 20"

He bubble chamber

Figure 2
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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 millbarns. 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 60 and 6 1 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 60 and 6 1 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 llttle tnterfet_ce is that your imaginary part

became doulnant, all your phase shifts effectively 8o to pure imaginary and,

therefore, there would be no Coulomb interference with the nuclear scattering.

So that you have to be very cautious in this type of appraach Co be in an energy

region in which the imaginary portions are small. Furthermore, you have Co be in

an energy region where the exponentLal form factor, for example, for the alpha

partlcle, doesn't damp the complete reaction so much that that, in turn allows

you to have very little interference. So youtre rather bounded in the kind of

energy that you can use in this type of experiment.

MORAVSCIK: In the elastic case, how did Fou 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 • wore varied search, was that

the chl squared that we had at the level of our data was sufflciently small that

putting in P wave would be meaningless. In other words, we've gotten as good a

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 essent/ally measuring all other events and we'd just begun to

do that.

STERHI_IM: We've done optlcal model calculatlons at I00 Mew, not at 50 Mev, but

even there we find that you only need 4 or 5 part_al 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 i00 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 _ 0"

We get -4.45 ± 0.II 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 ±_ degree and a D wave turned out to be very small; it's .05 degrees

±.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 7+ and 7- the data could yield

a pi form factor.
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When a 9+ passes through the liquid helium in the bubble chamber it can

undergo four types of reactions

(i) 9+ He 4 _ 9 + + He 4 ; elastic

(ii)

(iii)

(iv)

(iv')

+ _++ nucleons; inelastic

+ nucleons; _ absorption

+ w0 + nucleons; charge exchange

_- + nucleons; double charge exchange

The elastic reactions have been discussed in the previous paper. In this

paper we would like to discuss some aspects of the inelastic reactions.

The first question is how do we find the inelastic events end separate them

from the elastic ones. Reaction (ii), in whlch there is a w+ in the final state,

may look similar to an elastic event, but the separationbetween the two types is

clean on the basis of kinematics; it takes at least 20 MeV to break up the a

particle, and thus the w+ which has characteristically 60 MeV of K. E. before the

reaction, emerges at most w_th 40 MeV of K. E. Reaction (iii) in which the _+

is absorbed and the single charge exchange events in which an 7 @ is emitted 15ok

alike. We estimate the number of _o events from the observed events which contain

Dalitz pairs* and then obtain the number of _+ absorption events by subtraction.

The double charge exchange events are easily found (apart from their scarcity)

because only these events can give a negative (non-electron) track in a picture.

* (SeeFigure i for Dalitz pair event)
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Theonlydoublecharge exchange event that we found is shown in Figure 2.

In this slide we note the incoming _+ 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 7- which has interacted with a He

nucleus. This event has been measured, and it gives 3523 MeV as the break up

energy of the _ 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 7 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 7 + 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 7 + 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 w+ 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 llke 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.
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