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LEGAL NOTICE

This report was prepared as an account of
Government sponsored work. Neither the
United States, nor the Commission, nor any
person acting on behalf of the Commission:

A. Makes any warranty or representa-
tion, expressed or implied, with respect to
the accuracy, completeness, or usefulness
of the information contained in this report,
or that the use of any information, appa-
ratus, method, or process disclosed in this
report may not infringe privately owned
rights; or

B. Assuines any liabilities with respect
to the use of, or for damages resulting from
the use of any information, apparatus,
method, or process disclosed in this report.

As used in the above, “person acting on
behalf of the Commission” includes any em-

ployee or contractor of the Commission, or |
employee of such contractor, to the extent
that such employee or contractor of the |
Commission, or employee of such contractor :
prepares, disseminates, or provides access :

to, any information pursuant to his employ-
ment cr contract with the Commission, or
his employment with such contractor.

e MASTR

Department of Physics
and
laboratory for Nuclear Science

MAR 1 6 1965

In recent years & variety of efforts have been made at MIT to cheerve
comic photons in the range of epergies from 10° ev to over 10"% ov. I
would 1ike to review four of thess sfforts starting from the bdottom and
working up in energy. )

Maive pover-low extrsjolations of the -nur.d fiux densities of x-rey®

_ near & Xev from the recently discovered commic x-rey sources predict inten~
’ utu-cbonlstnmﬂ-haﬂﬂhuhet?hnth%ﬂnmﬂh

balloon altitudes. In contrast, the blackbody spectrs expectad from the
mmnofm-m,yucha-mmmmmuwum
sources of the nevly discovered cosmic :-m-.‘mummmu.m
10 Kev. It, therefore, sppears that balloon msasurements of x-ray spectra
in the 15 Kev to 6O Kav can provide a test of the neutron star hypothesis.
Purthermore, the general prospects of balloot x-ray cheervations are

® This wvork has been supported in part by the' Matiomal Aercnsutics snd Space
. Mministration under Contrect and Orent BeG-306, ia part Wy the U.8. Atomie
Energy Ocamission wnder Oontrect AT(30-1 , ond 1n part by the U.8. Atr
Foroe Office of Sciemhifie M i Sewnt AP-ATORR 92&
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attractive for a variety of prectical reasons. These cousiderations led

to a recent successful atteapt to chesrve cosmio x-reys in & balloon

experimnt .:(‘1) g o

i song e

For this cbservation, I prepared a umsmum detactor consisting

u-mnm«u(n)mxuu:ewwss'mmmo-
multiplier. The pulses were analysed and recorded in five pulse height
channels from 9 Kev to over @ Xev. In fromt of the detector ves a frame
of breass slsts vhich defined & field of viev that was 32° vide by 110° longs
The packsge vas oriented with the axis of the detector tnclined at 35° from

the zepiih, snd the 110° direction was:in & vertical plane. During the

flight the package wvas rotated about & vertical axis by a rotatar and the
instantanecus azimith of the detector axis vas determined by interpolating
between eriodic resdings of & megmetomater.

The balloon was launched at dawn om July 20, 196k and reached its
saximm altitude of 133,000 feet three hours before the meridian trensit
of the Crsb Nebula. During the naxt 80 minutes, wvhile the balloon \emained
shove & pressure altitude of 3.9 sb and the package rotated about a vertical
axis, the diwrval motion of the Ored Mebuls carried it from 35° to 18° in
senith engle and from 96° to 118° in astmuth.

Hgure 1 shows the observed counting rates in the five pulse height
channels plotted as & function of the asimuth of the dstectar sxis measured
relative to the Crad Nebuls. A pesk in the counting retes in the three middie
_channels is clearly evident nesr serc relative asimuth vhen the Crad Nebula
vas within the f1e1d of viev. 8iooe the Ored Nebula is the culy known source
of lover energy x~raye ia this f1e24 of view it is 1ikely %0 be also the
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source of the higher energy rediation cbeerved here. The ssall discrepasay
betveen the spparent position Of the peaks and sero relative asimith cen
be accounted for as systematic error in the magnetic field messurement.

1 calculated the relative counting rates in the five pulse height
channels cxp.octed for various hypothetical incidert x-rey spectrs, taking
into account stmospheric sbsorption along the slant direction to the
Crab Nebula, and the efficiency and epergy resolution of tbe seintillation
detector. Figure 2 shows the results for three trial spectre: The valuss
are all normalized to the cbserved rets in chemmel III. The tempersture of
80 million degrees required to fit & blackbody spectrum to the date is far
higher than the surface temperatures predicted for Deutron stars. This
o‘burntdon is ‘therefare strong nev cvidnnu uuut the uwh m
star !upothnu for the x-Tey source in ﬂn m Febu'a.

o The data from direct oburnnau nav nuhbh on the elsctromsgoetic
spectrum of the Crab Nebula are sumarised in Figure 3. The radio region is

"well established. The accuracy of the optical and UV results suffers from

substantial uncertainties in the corrections for sttemuation by imterstellar
dust. muummmc/.mmmmmmmmnnmx
the NRL rocket experiments. The results of the present experiment are
indicated hy & short plece of & pover lew vith spectral index 2 fitted to
the data.
mummmntﬂm;mmuhtoummumamum
nhmlﬂwhmatouuwmmnmouum
“wcmmm»mbmmmﬁcﬂuct
stariignt. (27 K. 0la 4t T hed potntet cut previously that such & clowl,
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lying at a distance of about 50 1.y, vouid bave to have a total energy in
relativistic electrons about equal to that relessed by & supernove in order
to give the observed X-ray imuiw.(” Bubsequently, P. Morrison suggested
than an ancient explosion in the galactic mucleus may ’ave generated the
required elettron clowd which is presently moving out along the galactic axis
vhere we observe it as aco-n.m In any case, if muich a cloud is the source
of the observed X-rays, it must also be & source of bremsstrahlung gamma rays
produced in -ollision between the slectrons and the ambient gas. Overbeck
searched for these gamma rays in a bdalloon experiment at 115,000 feet in vhich
e periodically interposed a lead shield between & large gamms ray deuctq-
and BCO-X1. The apparstus ie shown oeh—e:lcn.ty ‘tni Pigure A. Be obtained
negative results vhich appear to eliminate the inverse Campton effect as a
mechsnism for the x-ray prodtiet:im.

To see bov the ismplications of Overbeck's experiment work out quanti-
tatively we note first that the aversge energy of the recoil photons produced
in Compton collieions betveen electrons of energy B and isotropic photoos
of energy < 1s approximately

e/t o, Q)
Taking €, to be 2 ev for the aversge photon energy of starlight and

€ » b Zev for the energy of the cbserved X-reys ve find E425 Mev. The
mmber intensity of reccil photons from & cloud vith ¥ electrons et a
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distance R and vith 4 photon density L 19

cla
9 oM,

e ' (2)
ER \ »
vhere o, 1s the Thomson cross-section. These sams electrons will suffer
radiative caollisions with the aabient protons with density n, ond give
rise 0 an inteneity of bremsstrahlung gamme rays vhich is about

S f%. (3)
W o d las

over & wide spectrym wp to about 25 Mev. Ommbining (2) snd (3) we can
axpress the expected intensity of gumma reys ia terms of the X-ray intensity

by the relation

- i :-E F] ) . (‘)
4 x

n, 17

By deternining an upper limit oo :,,mm’huumuutn q’
1n terws of the starlight densttys
37

3
- -z {s)
" ey

This limit can hardly bv less than the demsity of electroms for otherwvise
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the clowd would not de elsctrically meutral. Thus
% > ‘ny .(6)
Bat the density of electrons is approximately

. (n

RIS

vhere @ 1s the obeerved angulsr dismeter cosbining (2), (s), (6) and
(T) one finds

2
2hx "x

R> p ;m_? . (8)
Overbeck found J, < .01 in the enetgy rangs from 3.5 to 7 Mev snd
3, < 0L from T to 28 Mav (99% confidence). The recent investigation by
Oda ot al. of the SCO-X1 source with the mofwlation collimator demonstraied
that 0< .0 redtens.(®) Bocket measurements give' 3, ~20 a? gea.(®)
Ve may reascoably sssume n.<1u". Vith these values in (8) one finds

n>lxld?6u

_m.m.mmummmmmummmmn
x-mwmmommumammmmmmu
Whuot.

-T-

An exhaustive treatmeut of the data cbtained in the snergy range ebove
100 Mev from the Explorer II gemma ray astroncsy satellite bas just deen
completed and will appear shortly in the Astrophysical Journa1.(T) mis
cxpwwntmmwdnnnlm-mwmmmm,u
was launched in April 1961. It has since enlisted the efforts of several .
sssociates and stulents et MIT.

The final results from Explorer XI are essentially the same as those -
Wcﬂﬂuhmlhimm.(e) Rowever, they are nov more ade-
muuww-mmmmmamWMam
ncmcaodwnuhmtmumtmmtdmnmwm
rays st the Cal Tech synchrotron, and by s thorough analysis of the depend-
ence of the observed counting rate in crbit on those physical conditiocns
which should affuct differently the part vhich is dus to true cosmic gaume
ma,udwpnrtﬂichmbe“totdu’mmwwm
ries, mm-zomnmnmw-mwom-mmm
statistical method of Monte Carlo simulation tiat permits cne to evaluats
the effsctive exposure time of the iustrument for any given range of the
parsmeters that describe the situati-a i .cbit.

&uowmmMnmtamm-mmmmm
ward direction gave a characteristic signature of pilses which we call &
gums ray event. Other forms of radiation could caly very rarely forgs this
sigoature.

OGround tests on the dwplicats instrument demctetrated that the response
M-n‘mmmomcun“mm—rmm-
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energy began at 50 Mev and rose to a Plateau values of 7T a2 ofnc‘tin ares

at ahout 250 Mev. The angular response fell by & factor of 100 between

0 and 60°, The analysis of date obtained in arbit shoved & maximm count-
ing rate for gamme rey events mthohorimuncticnd\utotlbodom
Tays, and o platesu in this rate at angles greater than 63° above the horisom,
a8 chown in Figure §. Vhereas the albedo rate showved & variation with geo-

magnetic latitude as expected, the platesu rate wes constant vithin the poar
statistics, .

The total mmber of gamma ray events recarded when the axis of the
detectar vas mare than 63° above the horison ves 31. Taking into accoumt the
total exposure time, and sssumirg that the: detected rediation is gammm rays
Vith @ differential energy spectrum of the form V7 with 7 e1.7, ve fina
&1 aversge integral intensity for W > 100 Mev of )

-5 2

Iw2x20" n 1

ste 'JF.

sec”
In the absence of more definite procf as to the nature of the radiation that
causes the gamma ray events thilvummtbecmmnndon.‘lyunwlmt
to the true integral umhuw. It is, in fact, ten times higher than the
rate expected from the intersction of cosmic Tays vith interstellar matter
in the galaxy, assuming the distribution of stomic Yydrogen determined from
radio observations and also assuming & density of cosmic rays throughout the
mmumwmzv. The ratio of the aversge intensity within
45° of the galactio plane 10 the svevage Lntensity vithin bs° of the galactic

poles 1a

(+]
Lm>45) . 1.640.6

1 (b < 45°)

There is no evidence in the data of game rediation from various possible
point sources such as Cygnus A, the galactic centar,etc. Typical wper limits
on the possible fluxes are sbout 10°7 em? gec”l.

Int.henngeotuargiucbonlonwthccnlytmibhapprmhto
goxma rey astronowy i¢ the study of the extensive air showers vhich energetic
primary phctors genernie when they enter the atmosphere. The major difficulty
vith this spursach us that ordinary charged prissry coemic rays, which are
tremendously more frequent, also generste extensive air shovers. NKowever,
ordinary cosmi{c rays are protons or nuclei, and they generste mixed nucleoaic
and electrcancnietic showers. These mixed Mu contain, on the aversge,
sbout 1% of peustrating mi-mesous near their cores. In contrast, shovers
initiated by prisary gasms ray photons are nesrly pure electromagnetic showers
apd conain only about .01% of penetrating particles that arise from photomeecn
production. The problem therefore comes down to mrchiu for "low-su” showers,
1.0., extensive air showers vith unusually few penetrating particles. Thie
can be done with an air showver detectar arrsy opersted in enticoincidence with
& psnetrating particls detactor of very large ares. . .

A group from MIT, the University of Tokyo, the University of Michignn snd
the Bt. Andres University in Le Pus, Bolivis has set wp oa experiment called
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the Bolivian Air Shower Joint Experiment (BASJE) whose main purpose has been
to search for gamme. rw air lhaverl.(9) The air chover detector consists
prcuently of tventy 1 w° -cmtimtion detector- in an array 600 » in
diameter set out around the hbmtory of Cosmic Physics is at an altitude
of 17,000 feet on Mt. Chacaltaya near Ia Pasx. The penetrating particle
detector 1s a 60 12' scintillation detectar covered vith 200 tous of concrete
and galens (Pb3). The shielding ensurass the complete absorption of all
electromgnetic radiaticn that strikes the 60 m° srea. The detectors under-
neath are sensitive enough to measure ‘a single particle traversing any place
in the 60 » area. The air shover array gives data from vhich the arrival
direction can be determined within A @ ~ 3°, the core location vithin
AR~2m, and the size within A /K~ .1 .

We hnve atudied the diotributim 1n pepntmtins ptrticle content of a
1arge pumber of showers with lin in thc rnnse from 5 x 105 to '0 x 106
corresponding roughly to prmnry emrgin from 10 15 ey to 1016 ev Ve
selected showers whose cores vere m enough from the 60 n detector so that
local fluctuations in structure near the core did not affect the measurements.
We also required that the expected total mmber of particles striking the
60 n° detector on tup of the shielding exceed 1400. The observed distridution

in penetrating particle content (rigure 7) shows that the average value was about

10'2, vhich, for a shower of minimm acceptable site, corresponds to b
observed penetrating particies in the 60 m detector. The distribution »i low
values gives evidence for the existence of a distinct class of "lov-mu” ehovers
whose penetrating mtch conlent is less than 10 "3 as expected for pure
electromagnetic shovers. The relstive propartion of thess “low-m * shovers

el1-

k, depending on where the

amorg all shovers 1-beman15:103uﬁ3110
dividing line is placed. Firkoveki et a.(20) n.v:}::mm for lov-ma
showers in an experiment at sea level, and they have reparted positive results
at :L(J1 6 ev.

On the basis of the evidence presently avgimn one cannot prove that
m nnrl.y pure electxmtic -hovern ob:rmd in tbi- experiment are
c.uud hy primary gemma rays. Onn cannot exclude thc poufbnity that thay
Ariu {n rere muclear interactions of primery protons in vhich nesrly all
of the primary energy ie transferred to & neutral pi-meson wvhich decays into
tvo gamma rays. The clearest evidence in favor of & gamns ray origin for
scme of the events would bde an observation of scme form of anisotropy -perheps
s concentrated source or & tendency to cluster near the Milky Way where ve
can expect & higher rate of production. In Figure 8 we have plotted the
arrival directions as dots on & celestial map. Ve have also compared their
distribution in galactic latitude with the one expected on che basis of the
exposure time. In neither case is there significant evidence of anisotropy.

If one sssumes that the primaries of the observed low-mu shovers are
photons, then the relative proportion of photons among al cu:ic ray prx-:h-

1nuuenergnn¢eh‘alo]"wwmuwubomnSxm and 3 x 10

when account is taken of the different rates of development for pure electro-
magnetic and mixed showers.
Mumltiumctfwmmcctmmumemlmim
m&whmmu@nmhma&ﬁnﬂum“hunmum“
*lovem” msmmmwm"‘m Photons of this energy
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can arise from neutral pi-mesons produced in photomuclear interactions
betveen protons over 1017 ev and starlight. If the abundance of protons at
this energy is universal, then the metagalactic production of > 1016 ev
photons by this process may give an appreciable flux at the earth. Con-
veisely, if the BASJE observations plece a lov upmer limit on the relative
proportion of "low-mu" rhowers above 1016 ev, then it may be possible to
place significant upper limits on the metagalactic density of coamic rays
over 10]‘7 ev. In any such analysis the attenustion of the gamma rays by

collision with metagalactic infra-red and microwave photons vill have to be
taken into sccount.

Figure 1.

Pigure 2.

Figure 3.

nmk.

rigure 5.

Pigure 6.

. Mgure 7.

Pigure 8.

Pigure Captions

The cbserved counting retes in the five pulse height channels
plotted against the s:timuth of the detector axis meamred vith
respect to the arimu’. of the Crab Febula.

Expected and observe ‘elative counting rates in the five channels
for various assumed : :ident spectra. The expected rates are
normalized to the observed value in Channel III.

Summary of observational data on the electromagnetic spectrum of
the Crab Nebula.

Schematic disgram of the apparatus used in & search for goums rays
from the X-ray source in Bcorpio.

Counting rate for gamma ray svents from the Explorer XX sate.lite
plotted as a function of *he angle of the detector axis from the
horizon.

Comparison between the cbaserved intenaitien of gamwa ray events &t
different galactic latitudes (circles) and the intensity expected

fram interactions betveen cosmic rays snd the interstellar hydro=

gen in the galaxy (dark line).

Relative frequencies of extensive air t;hoveu with various pro-
portions of penetrating particles as observed at 17,000 feet
altitude.

Celestial arrivel directions of showere vhich vere in the lowest
103 fraction in penetrating particle content. The concentrstion
of events between declinations =55 and +30° 1s the result of
atmospheric absorption vhich limite the effective field of viev
to senith angles of less than ebout 45°,
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