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'ELASTIC SCATTERING OF 1. 6-Mev GAMMA RAYS
~ - FROMH, Li, C, AND Al NUCLEl ,
Lula Ww. Mmes. Frank 8. Crawford, Jr., snd M, L-yna stoven-eu

Radiation Laboratory and Department of FPhysics
Unhmutty of California, Berksley, Callfornu

May 7, 1958
ms‘rnAc*r '

" The elustic scattering of 1. 6-Mev gamma rays from H, 14, C, and
Al hu been measured at an sagle of 124°%,.  The ratios of the measured differ-
‘enttal cross sections to the classical Thomseon differential cross sections are
0.94 20,16 for H, 0. 92 & 0.10 for L4, 1. 06 2 0. 10 for C, and 1,15 & 0,10 for -
Al, These results agree with the fleld<theory prediction that in the low photon-~
energy limit the cross section must apptmh the claulcal ‘l‘homuon cross
‘ ucelon. ' ‘
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EMBTIG WT?ER!NG @F 1. 6-Mev GAMMA MYS
 FROMH, 14, C, AND Al NUCLEL -

th w. Alvares, Frank 8. Crawford, Jr., and M., lam Stevenson

Radiation Laboratory and Ecputment of Physics
ualverclty a! California, Berkeley, Cﬂuornla

MQ.y ?. 1958

Z IN'I‘RODU G‘I‘IGN

h,
\i

Previotu mﬁmeuw mdiu of ﬂu elutic uutarlng of luw-enargy

S bgammt rays have for the most part hom confined to the heavier elements. b

| bae of tho reumt ‘for this is me the mmu croas sections for the several fm-

) . poruat pracaun Sawlveﬂ all até -wm;ly z dapandmt. while the rphﬂvoly

imga ¢ross section for Eompm umteriug by blectronl increases directly wtth
Z. Two problems eon&cmuug an axpoﬂmmter who attempts to sbserve the
Thomeoen mcucrhs from pretcn are the fb!imaring: {s) the dm.roatm erosn
uetiua at 124 {s emly 1.58 % 10™ -32 emz otgnd ‘. 80 that one medt strong
. sources md efficient detectovs to- ;tvc cauntlng rates above uhul backgraunds:
. SM (b) imhring from ehctvoni is several milllon times more probable than
- it in frow  protons, so ﬂu.t extreme precmhm must be ukon to reduce the
= afioctt ﬁf&lﬁctrmaocuteta& quanth; o B :
R ?heu anpcﬂmnuz lmn wu mado poulblo by two devolopmenu et
- ehe pnt dccadc. The wtnabmty oi mnmcuﬂ- sources of mmcuuy radio-
' actim nubmncn from ehalnenmtin; puac has vvercome the first dmmm.
and. the dwolepmmt of the large Ku«zrvsm counter has pravidcd a solution
to thc uem “The hrge Rn! eounter is euentiaﬂy a tam-margyuunumve

mntar. whwh ﬁwa Y wtpnt pulu pmpoﬂioud to tho onergy of the incldont |

E Polhrd and D, E.. Albm'aer. %ya. Rov. 14, 926(19485: A. Storruu.

L !’rm. Phys. 86e. (Lmuim) Ab3, 1197 ( 1950); Robert R. Wilson, mm. Rev.

}9@. 720 (1953); Thomas D. &r&c&ler. Phys. Rev. 92, 923 (1953); W. G. Davey,
- Proc, Phys. Boc. {1ondon) A&&. 1059{1953}3 3. L. Burkhardt, Phys« Rev.

o 100, 192 (19851 8. mndtm A. Storruste, Proc. Phys. Soc. (London) A6,

7 381.(1956); and Alfred K. Mann, Phys, Rev. 101, 4 (1956},

' zA preumm:y report was given at the Ameﬂcn Ehyﬂcal m&m Meet&ng

" at Berkeley in 1934, and is summariséd in Phys. Rev. 98, 280 (1955).
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~ photon. This {s in marked constrast to the older gas counters, which had no

. : " sach onergy-sensing proporti“. One makes use of the well known fact that
PRI comytan«-tumnd photone at 90° all have an energy of ayyrox!mnely mocz

it their initial energy was conﬂdanbly higher than moc +« The elastically
3 -eattend photons then give larger pulges than the Comptonaccattered photons,
- and so should be recognisable by a properly biased electrenic circuit. This

i dueriptien of the experimental technique is, of cauru. avatoatmpnﬁed~ the

: a lamu. ue described in the next section,

, One migm think that tbe calculation of the Thomuson cross section for

: ngm nuclel {9 s0 straighﬁ@rward that no new information could coms from its
: ;’meunrament. cna of enr couugueo. an the basis of a theoretical model (which
h@ later nhuwcd was in arrox). encouraged us to look in the range of raéioacziw
gamma ray energiss for what he believed might be a substantial departure from
the strople Thomsun cross section. In any case, from the purely experirnental

o pﬁiﬂt of view, it did cum worthwhue to. search for an increased cross gection

dne to icntoﬂng from the light, virtual mesons surrounding the nucleon core.
| Actually, there oxists a ‘theorem from field thooty that requires the

' acuturiug cross ucttm to spproach the classical Thomeson cross section ae
~ the photon anorgy goes to zsero. 3 The oxputmenm results can be comidered
to substantiate the principles of Loreats, gage, and chargwcan}ngaﬁan invar-

L dance m which this theorem {rom renormalizable field theory is predicated.

: At much higher photon energy, deviations from the Thomson cross
: “ction are expected. If one neglects the momuloua magnetic moment of the

: Vprotom the cross section is given by the mein-mohm formula. Powell has
calculated the scattering taking into account the anomalous magnetic moment
of the proton.. 4 Messurements in the high-energy region just below photomeson
ﬁhrnhol& have been made by Oxley and Telegdi, 5 and by Janes et al." these
: ngrce with the' Powell theory for 90° scattering mt seem to fall below the pre-

' dicted value for mgl« gnmr than 90° -

3w.am Thirring, Phil. Mag. 41, 1193 (1950); N. Kroll and M. Ruderman,

Phys. Rev. 93. 233(!99&)) Frmch E. Low, Phys. Rev. 96 1428 (1954 M
Gell-Mann and M. L. Goldhargor. Phys. Rev. 96, 1433 (1954); R. H. Capps
~and W. G, Halliday, Phys. n-'@v 99, 931 (1955); Abraham Klein, Phys. Rev,
99, 998 (19%5). and Karsas, Wateon, and Zachariasen, Phyn. Rev. 110, 253
11958) o \ :
| 430hn L. Powell, Phys. Rev. 75, 32 {1949). See also R. Gomez and D. Walecka,
Phye. Rev. 104, 1479 (1956) and Phys. Rev. 106, 1371 (1957).

®C. L. Oxdey and V. L. Telegdi, Phys. Rev. 100, 435 (1955).

63&509.' Gomes, Pugh, and Frisch, Phys. Rev. 100, 1245 (1985).
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Fuller and Hayward have investigated elastic scattering on varicus
elements from Na to U for gamma-ray enerjgies betweesn 4 and 40 Mev, 7 They
observed two maximsa in the efuei'gy% depeéndence that they feel indicate scatter-
{ng by separate nuclear levels and by the ‘igiant resonance" process.

B. EXPEMMEMAL DE‘I'A!LS
; _ Geometrz

- Figure 1 shows the experimental arrangement that was used in the course
of this work, The scattering geometry had & horisontal axis of symmetry. The
. chrce of the gamma u?t was placed at Position A. The _source, when not in
. use, was uhhkhd by placing the movable shield 1 in contact with the fixed conical
shield H, Whon the source was in use, the shield 1 was moved back to the po.iticu
shown in Fig. 1. A cauleal sheath of gamma rays radiated frorm the opening formed
by the shields 1 and H, 80 as to completely bathe the ring-shaped target with pho-

- tons. The shields ! md H were s0 placed that the targets would be irradiated only

_ when in the "in" positicn of target C and not when in the “out" position shown

by target B. In addition to preventing gamma rays from striking the targets when
in the out position, the conical collimation furnished by shields I and H restricted
the zone in which als scattering could take place #nd hence reduced this form of
ngrmd. ‘ '

The gammt rays that scattored from the target C inta the detector D,
were deflected by 124 & 3%, The detector was a Nal crystal 4 in. in diameter and
4 {n, long, viewed by a 8.in, -dlameter photomnltipncr tube. The photomultiplier
{(not shown in Fig. 1) and the crystal were located on the axis. A lesd filter (not

" shown) in the form of a coaxial cylindrical lead sheet of variable thickness was
 placed between the detector and the scatterer. If insufficient filter were used,
the very strong flux of 0. 3-Mev photons from the Compton scattering from electrons
would, through accidental ¢oincidences, shift and broaden the pulse-height spec-
trum of the elastically scattered gammas and make pulse-height analysis impos-
~ sible. The lead filter produced a differential absorption effect; the Compton-
, ocsﬁeied photons of 0.3 Mev were attenuated much more effectively than the
nuclear .catterod gammas with the full energy of 1.6 Mev, The optimum thickness
of lead varied between 1/2 iu. and 3/4 in., depeuélng upon fhe source intensity
and the :cattcring material, and provided a relative filtering action of & X 106
{(1/2 ia.)to?xm (3/45: ). :

,"r.. G. Fuller and E. Hayward, Phys. Rev. 101, 692 (1956).
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The massive absorher between thd source and the detector éonainted

of a uranium cylinder 7 in. in diameter and 12 in. long. In order to shield the
‘counter from the gamma rays and neutrons emitted from the uranium, 8 inches
of lead was placed between the uranium and the detector. The additional lead
shown near the head of the arrow H in Fig. 1 eliminated plural Compton scatter-
ing from electrons in air atoms, which could o&hnrwiu carry 'y gamma ray
around the uranium from the source tothe detector without subatantial energy
loss. Additional lead was plsced undemaath the table that supported the semi-
cylindrical geometry, Because the apparatus was located on the roof of the
la.boratory. this additional ahiolding Was necessary both as & health measure,
- snd to elimtuate background in lowe-level counting oxporimoau in the reoms

below. v _ o ‘
A The value of tho lcattering cross section io caleulated in terms of
‘Tteveral measured ratios, plus two macmicoptc meuuramouta--one of length
with a meter stick, and the other of mass with a bathroom soale. No measure-~
ment of source strength, nor of nbmlute counting rate ie required. The stréng ,
‘source was put into solution, and aliquot ratios of 10 6. w"‘-", and 10° -8’ were
‘prepared, This was easily done by uking alo” umple of the original source.
that was in solution and dissolving it in the same volumo of water, This opera-
tion wase repund twice to obtain the 10° -6 sample. Similar procedures were
used to obtain the other aliquotu of 1077 and 107 8 - The aliquots were placed
in small vials with walls of negligible thickneas. One of the vials, the choice of
which_depqnd- upon the thickness of the filter, was then placed at the same average
position as the target. The counting rates produced by the scattered photons plus
the direct photons from the aliquot were measured; the aliquot was then removed
and the counting rate was measured for scattered photons only. By subtraction,
one obtalns the counts produced by the aliquot alone. The reason for obtaining
the aliquot counts by subtraction ia to reproduce the same "pile*'up"': dltte.r’tlon
{if any) of the'palu-heigh't spectrum for the aliquot measurement i_n for the scat-
. tered-gamma-ray measurement. ' The ocuttered‘-gammuuy counts ur‘e obtained -
by uubtrncting the emmzt obtained with a blank target from the counts obuined
during an aqual amount of running time with the target "in." The ratio of scattered-
gamma-~-ray counta to aliquot counts thus obtained is called R. The distance,
L, from _tho.warca (A) to the targét {C) was then me‘a.mr-ed with 8 meter ?oti'(:k..

Thon was uctually no distortion of the tpoctrum caused by pile np. %ut the
proeantton was uken nevertheless. :
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Finally, the maes M of the scatterer yields the number of atoms responsible
for the scattering. The differential scattering cross section is then,

Cdo _riiRA | :

L av | e ' (,”
 where A s the atomie woight. and N_ ia Avagadro's number. Typically, when
- the aliquot utio r was 1077 s the Vcounting-rate ratio R was of the order of 1072,
In practice there are small corrections to be made to eqnaﬁm'(l) to
take into account (&) the photon attenuation upon entering and leaving the scatterer,
(b) the attenuation in the primary-source holder, (c) the attenuation of the "aliquot”
photons in the vials, {d) the change in average scattering angle for targets of
duierent thickness, (e) the fact that the calibration counts were not taken at ex-
actl'y the same time as the scattered counts, and (f) bremestrahlung effects present
in the scattered photon spectrum but not in the "aliguot” spect’rui_n. Actually,
in datermiatng croes éoctioa-. we conii'der‘only that part of the pulse~height
spectrum where the 'iaremutnhiuug effects are visibly negligible. We et it
as a correction only to emphasise that we are aware of the effects. [For an
. excellent discussion of these latter effects, see 8. Messelt and A. Storruste. ;] |

The thickness of the scatterer was limited by the magnitude of the first

correction factor. We restricted the target thickneeses sulﬁciently to keep all
- calculated abnorption corrections below 20%.

Boarce

~ The choice of the primary scurce of gamoma rays was governad by sev-

~eral ‘factou._ First, it was desirable {rom the standpoint of reducing possible
 distortion of the pulse-height -speqtmm due to accidental coincidences with Compton-

scattered photons to use u’high‘ a8 gamma-ray energy as posaible. Thé relative

, mtaring action of the leud filter imptovas drastically with increased photon en-
ergy. Second, the source had to have a half life of the order of a week or two

te allow mfﬂcient time to perform the measurements and to check those measure-

~menta. Third, the source had’ tc be available in multicurie quantities at reasone-
able prices, ' B : .

The source that was ﬁnauy used in this work consisted of approximately

-wo c&ries of Eaue La;l . This source emits among other things & 0.5+

Mev gamma ray of 20% abundance, a 1. 6-Mev gamma ray of 60% abundance and
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8 2.5-Mev gamma ray of 3% abuadance. The half-life is 12.8 days. The crogs-
 section messurements were made with the 1.6-Mev gamma-ray. Figure 2 shows
" the sodium iadide puhe«hcight distribution in the vicinity of the 1. 6<Mev gamma-
L ‘tiw pealk. -’l‘hu di!tribution was obtlined hy plactng the 10 -7 tliquot of the main..

| douree 8t the targot poamon c. -
| Eloetran!es

The scattend phctms were dutectod wbeu thcy cmwertea in the Nal

| ., cryom via Gampm Qcat&ertug. pair production, or phctoalectric effect. The
X : Ltamltiug puhaa from ﬁm Sein; -dtam photomultlpuer were amplified and then

counted with a 10-channel pulu-height analyser. The 10 channels could be set
" to sumple any desired portion of the pulse-height dicwi%muen. The horizontal
"uparatim between any two adjacent points in Figs. 3 to 7 corresponds to a chan~
- nel width of 2 volts, To minimize thermal drifts, as much of the electronic ap-
: pautun as pnulhla was placed in an niweoaditioned room. Kowevar. the photo-
tube meeuuﬂy h&d to be placed ouuld- where there were wide vuiaticns in
_ v_'tempouture. Ganuquontly. steps had to be taken to compensate for the appre-
" dlable drifes which occurred over approxtmately i12-hy periodt. We overcame
i theu long-tlme drifte by using & fee&back ampliﬁer and sefvo mechaniem fn-
the fonawing way. We periodicany. and automaﬁcauy exposed the Nal cryntal
~ directly to.an aliquot oi the miain sonrea which we refer to as the moaitor source,
At the same time, we switched the phowttxbe output {rom the 10-chahnel analyzer
toa linglwchmnel pulu-haight amnlyzu. The -ingie-ch&nnel anﬂymer was -
, tct to umple the cmmting rate on the steepest part of the 0. 5~Mev photon pulse-
"he!ght dictribuﬁoa. Thu counting rate was so large that the single-chamel |
: pulae-height analyrer actcd asa ueurcp ol dc current. When the amplificatien
in the crystal plus. phototube changed ‘by 8 altght amount, a large change {n the
. 46 current wat produced, Thc dmeunce in dc current was fed into a difference
amplifier as.a source of feedback aond thence to a servo motor which controlled
.. the gaiu on tha Hoear amplifier. The feedback system then maintained the count-
. ing vate on the suep s&apc of the distribution constant by varying the linear-
- aguplifier gain, This in turp kept the pulse-height distribution fixed.

Tbo noceuity for such pgecwtioua can be appreciated when one observea
that in the case of hydrogen, we were detécting a difference in counting rate
between L8 and L4 of about 40% gof the Li counting rate, which in turn was only

about 20% above ba,ckgremﬁa In order to obtain sufficient statistical accuracy,
the duration of the counting times of single runs were in some {nstances as long
as 24 ht‘l#' |
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'me counts induced by 1. 6-Mev gamma ray from the monitor source
were accumulated in a separate bank of registara and prcwidad us with a check
. against drifts. » |
4 In erder to further minimize systematic errors due to drifu. an elab-
erato method of target cycling was used. A typical target cycle_io rcprenenud
symboucany as fonows' ' ' o '

L(1/2), M(1/3), B(2), M(l/S). L/, |
_ uu/z). H(1/21 MO/ H(1/2), M* (1/9),°

repeat. L, M, Band H represent the Li target, monitor source, blm;k target,
and the LiH target respectively. The quantities in parentheses indicate the time

in minutes-that the parﬁcuiar' target (or source) was {n placs. The L4, Lm. blank,
and mcnitgr counts were accumulated in four separate banks of ten scaling reg-
isters aach Each reg“ister bank was provided with a clock whichirecorded its
1nteg._:atrcd "ou" t{me. About three timea during each run the aliquot source was

- placed in position C, and & calibration run of a few minutes duration was made.
The pulse~height spectrum obtained from the aliquet source was then ccmpared
with that obtalned from the accwmulated monitor cmmts to immra that no drifts
 had cccutred. ‘ '

10

. 'MEASUREMENTS

_ Figuze 3 shows for a typica.l run the pulse-height distributions obtained
from LiH, Li, and the monitor source, prior to background subtraction, The
bukgrm& is also shown, The curves give the actual counting rates in this par-
timlar run in co\mta/min. '

. That one is detectlng elastically scattered gamma rays is evident from
the stmﬂaruv of the "scattered gamma ray" pulse-height distribution to those
obtained from the aliguot source. The target~out curve also shows a slight
peak corresponding to elastic scattering of 1. 6<Mev photons from air nuclet.

FThe last monitor Fun (M®) of each cycle was used by the servo mechanism to
compensate for any drifts that occurred during the cycle.

m’fhe blank is not shown in Fig. 1 in order to avoid mmplicatiun of the draw-
ing. However, the flanges that supported the Styrofoam blank target are ahown
on the cart thu cansum the other two targets.
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‘l'he_mmt striking dissimilarity in the curvee is the presence of an éxcegs of
small pulae heightn in the scattered photon distribution not present in the aliquot

distributions. We believe this différence to be caused indirectly by electrons
ejectad from the atoms of the target with almost the same energy aa the primary

_photon. These high-energy electrons undergo' several scatters and subsequently
“radiate bremsstrahlung photons into the detector. The effect of these photons

is to produce a high-energy tail which partially fills in the valley present in the

unscattered aliquot distribution. For this reason, only channels 5 through 8,

- which ara mbat&ntﬁaﬁy a,bavc the tail, were used in the cross section determina-
tioun. S '

- Hydrogen Gro“ Section

The hydregea cross section was obtained by a LiH - Li aubtra.ctmn.
The lead filter used was 1/2 in. thick. The LiH and Li targets consisted of 25
ind;vldual 2 by 2 by 4-in. blocks on a Styrofoam support in the semidrcular
.ﬂrraﬁgefméme shown in Fig. 1. The LiH target contained a total of 569 moles ,
of H, 513 moles of L1, 31.8 moles of C, and 7.43 moles of O, the C and O im-
purities ware contained in the plastic binder that held the LiH together and in
the Saran wr'tia and inasktﬁg tape used to keep meoisture from the LiF.
- . The 14 target contained 9. 48 moles of H, 514 moles of Li, 4.74 moles
of C, and 2.2# 1.4 moles of oxygen. The C and H impuritieas are from the Saran
~ wrap and masking tape. The oxygen was due to a small layer of oxidized lithium
on the auriace of the targets which was ca.used by moisture that penetrated the

o pratactive wrapping.

The total counts obtained from the Li targat are subtracted from those
‘obtained from the LiH target to give the counts preduced by the hydrogen plus
. the impurities. Figure 4 shows the pulse-height dint:ibutinngef the hydrogen
~ plus impuritles. The contribution from the impurities is calculated using the
theorotical Thomson cross sections for C and O. Thie correction is 60% of
the hydrogen contribution, 1 Algo shown in Fig. 4, as a selid line, is the -
pulse-height distribution from the calibration source (r = 10~ ) The abaolute
~ value must be shifted vertically by a factor R = 5,00 (1 & 0. 10) % 10“3 80 a6 to
fit the observed distribution in thes vicinity of the peak. The measured distance

: e"‘-rho carbon cross section was measured later in the experiment and agrees
with the theoretical Thomueon cross section {see later gsection).
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Lis 1. 17 meters. The aumber of nuclei within ehe Mget u 3.36 X !O?‘é
that equation {1) hecame-

do

m-uosaxxo ”emzmud -1,

'l’he rem!ttag nncarroeted cross section s 2. 03 {1 % 6 10) % 10° 32 cm otetad l
* Pable 1 summarises the cotrections that were mcdc to obtain the corrected cross
section for hydrogen '

| i%%ﬁ, 1.45(1«@ mxzo 32 ? storad”!,

which is equivnent te

iﬂ}..f‘i% - | 20.94(140.17).

omeson, hydmgm

Mthw.m Crou mztoa

_ After the bu:kground counts are nubtrutodl lrbm the 14 nrgct counts,
. we obtain the palu»hetaht distribution shown in ¥ig. 5. 'I'lu solid curve rep, "
. .resents the 107 dltht dictﬂbutloa which this time hdu heen ohmed by a factor
- R=520(140. 10) x 10°° to fit the observed coum- near the peak. ‘After making
o tha carnctiom summarized {n Table l. we obtain tor the normal iuotopic mixtun‘
- of Li (A = 6.94) the cross section, ‘ o -

: é&%‘ﬂaz 39 (140.12) X 10 ”em ateua -1,

1

defl2d) do . seezusoan
B ¥ m‘i‘h@mso&. Ll""“ h o

Garbon Crou Seeuon

F!gure & shows the counts from & l/z-laeh-thick cn'bcn mget mcr
background has been subtracted. The calibration source w&s the w aliqnot ,
In this particular run, R = 1,56 (1 #0.09) X 10° z. When we average this r«ult
~ with other similar r«ults and make the coruetiaus of ‘Table 1 we obtsin R
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-'-'»_“" 1240 . 14,9 (1 20.10) X 103 cmn? atered” -1
[~}

-

or

do‘é mz . = 1,06 (120,10).

Themom, c .

Mmminum Croeu Section

- _ The Al tnx'get was 3/8 in. thick, the lead filter 3/4 in. thick. Figure
7 shows the. dhtrﬂmttca of ncattoud photons after background subtraction. The
" calibration source was shifted by R = 3,80 (1 & 0.09) X 10 3. Atter making the
. correctiona shown in Table 1, we obtain |

- 4ol f: = 69. z(uo w)xw‘” em?® sterad”},

or -

dofizd]) do e 1.15(180.10) .
Al mrhommg. Al ‘ _-

1V, DISCUSSION OF RESULTS
. ’rhe Z dependence uf the cross secﬁona at 1.6 Mev is aummarimed in
o mg 8. The measured differential cross sections are plotted in units of 10~ -32
cm /ltetad as talid circles; the ratios of the measured cross section to the
clucicn Thomson cross section are plotted as open circles. Our result~
that the measured hydrogen cross section is equal to the Thomuon cross section
' (wlthia the azpeﬂmenm error)—verifies a prediction of the low-energy theorem
of renormalizable-field theory. 3 This theorem, which is based upon Lorents,
gauge, dhd‘chuzeoeoujugitiou invariance, states that as the photon energy

: _ cpproaehas rero, the scattering cross section must approach the classical

Thomson cross section. Low photon energy is that which is small compared

~ with the pion rest energy. In this lmit, it appears that the classical deucription
. of the scattering process is adequate. When oune tries to extend this theorem

to more complex nueui. the effects of Rayleigh scattering from the bound elec-
trons, and of virtual pair production in the field of the nucleus {Delbruck scatter-
"ing), which are unimportant for hydrogen, become complicating factors. Brown
and Woodward!z point out that the calculation of the Rayleigh scattering from

126, Brown and J. Woodward, Proc. Phys. Soc. (London) A65, 977 (1952).
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» cemplex atomic: system in & formidable task for the general case where large

© . momentum trannfers are lnvolved. The uleulation of Delbruck scattering like-

wiu has bun mado only for small momentum transfers. 13, 14 Our experimcntal

ﬂwuo for L4, 6. atd Al indicate that for large momentum transfers (124°
ée!lecuon) the acat:m-hzg is otill predominantly Thomson scattering. However,
39 2z hwreuu. the alectreua become more tightly bound, and the Rayleigh

! mattotlng, whlch iuarenu réughly as the eighth to tenth power of 2 for hrge
| - momentum. trtntfcr. w becomes more important. At the same time the Del-
bmck scttteting is tammuing as z4 80 that all three a.mpumdu. Thomson,
Ruylc%. mﬂ Delbruck, interfere in some quantitatively unknown fashion.
Gualitativoly. theory predicts that the ccnmring amplitudes for Thomson and

' aamuu procnns interfere constructively with each other and both interfere
 destructively with the Deibruck scattering amplitude. 13,14 45 1ong as the cal-
culat!mu of Rumigh sca&tqmg md Delbruck scattering rom:m hmdequate.
thei'e leauu to be mae lwpe ct mucnmbuug these thres p:oceuu with any
qmuta&tve mcuucy. o S :

ACKNQW LEEGMENTB

Wc vdlh to thank Dr. Richard Huddlutone. Pro!euor Rabert Karplus,
Cnd Br. Y. Ftao for thelr helpful discussions ccmcemlng the theoretical anpacts
i.of'this work. We sre also indebted to on!nnor Rebert Huf-tadtaz. ‘who kindly
lmcd us one oi his hrge Nal crystals duﬂng the early stages of tiis work, to
Mﬂmrd Blumborg !or the design and construction of the apparatus and the
tﬂ‘get cycutsg ¢ircuits, to Mr. Justin Bloom and Mr. Barney Rubin for preparing
fhe 148 targeu. and to Mr. John Schulte and his collaborators at Los Alamos
Labnrutory for. :npplyiug us with 100 curies of Ba-La and for performing the
Mﬁﬂ dﬂnﬂma nhecessary for pnparing the calibration séurces.
v Thit research was periermed under the auspices of the U. 8. Atomic
ﬁaugy Commission. ‘ '

”r Robrlich and R. L. Gxuck-eem. mm. Rev. 86, 1 (1952).
My A. Bethe and F. Rohrlich, Phys. Rev. 86, 10 (1952).
R !lﬁms A. Bothe, private communicatlm to R. Wilson, Phys. Rw. 90 720

mss»



,,,14;. UCRL~6232

!‘IGVJM LEGENE)S

Eig‘ 1. Sc%ltéi‘iug gcomet:y. The LAH and 14 targets "C" and "B," respec-
tively, arve shown on thelr Styrofoam supports, E. ' The 14H target is shown

_ in the ocattgring._posiemm Not shown in this figure is the blank Styrofoam

target, aithough the amgeb that support the blank are shown. All threo

~ targets we motnted on an auteméticany controlled movable cart, ¥. When

one mtgat is {n the aeattaring position, the other two targets are in a position
such that nemaer the scurce, A, nor the dotector, D,. can "gec" the othes

- . tuaata, . The movable shield I umnins fixed during a given run, A aranfumn

_ cyundar, G, 7 inches in dameter and 12 inches long, prevents the source
from directly irudiaﬁag the detector. The conical laad :hial&. H, shields
‘the detector from n.ir-wattued gemma rays. -

Fiﬁ 24 Mae-height dhtﬁbﬁﬁm of &m Esl“ !..a“e souree near the 1,6-Mev

' gamma—ny peak, 'ﬂm distribution wae abtained bw,r placing al0® 7 anquot of

. the-maln source at the target position.

Fig. 3.. Maenhoxght 4i-mmwm prior to background mbtraeziou. This
ngun shows the r-laﬁu cantrtbutiam to the total couattng Tate by LA. H,
“and bmkgrctmd. Ons can #oe that the contribution of the H. aml 14 ncamuro

ke the ‘total counting tate i smali cempued with the mkgrmd. ‘

!"ig. 4. ﬁiwwrwted bydrogen pohachaighe distribution, This figure shows

o ‘_thu pulse-height éhtribuﬁm after the u-plua~bukgreund tounts are sub-

o -wwmd lwm the mnnplu--backgmnﬁd counts. Sixty peuem of tha rosults

o mg counts: come from ”&mpurlﬁen" that were in the LiH target but not in the

14 m:et. 'l‘he nma&aiag ms of the emmu ue fram photon-hydrogen acatten.

:Ahm ahom h; thio ﬁguu is- the 10° -7 eﬂibuﬁon source puuegheight dinri-
bution, which has been multiplied by a;-t‘~‘f;f actor R = §,00 (1 #0.10) X 103
%0 n to coincide vmfh the scattered Autﬂbution near the peank. :

. Wig.. 5. U%eornm& mhtm pulu-iwight distribution. The pulse-height «mm-
bution after subtraction of background counts from the Li-plus-background
gounts is ahawu. 'I'wclvo percent of the resulting counts come from "impuritlu"
in tho 4 mgﬂ that were not it the blaak target, Thc remaining 88% of the

. *w‘wcﬂmxts are from photem-u scatters. Here the 10” cdihratioa distribution

. has been Ihlfttd bv a factor. R=5,20(1«0. 10) X 10 "3 90 as to agree wtth
the lcattarad dmyzbntiou near the peak.

!‘ig. 6. Catbon pulae-height dintﬂbution. The C pulm-height dutributton after
 background subtraction is shown. Here the 10~ 7 calfbration distribution has
been shifted by & factor R = 1.56 (1 £0.09) X 10”2 go as to sgree with the
scattered ﬁlnﬂbuttcm near the peak.
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Fig. 1. Aluminum pulse-height distribution. This figure shows the Al pulee-
height distributions after background subtraction. Bhown alse is the 10'6
calibration distribution ehat has been shifted by the factor R = 3,80 (1 » 0.09) X

-3
10

E‘ig. 8. Z depaendonce of ﬁhe elastic scattering cross section at 124° for 1, 6-

-~ Mevigamma raye. The solid circles give the differential cross section as

. a function of Z. The open circles are ratics of the measured cross sections

_ to the claasical Thomeon cross sections. These ratios are statistically con-

o Laistmt with unity, which shows that the scattering under these ecnditions

 can be adequately explained by the classical Thomson process.



H - LEAD SHIELDING
T - MOVABLE COLLIMATING SHIELD

A - RADIOACTIVE SOURCE. . E -/STYROFOAM TARGET

B-Li TARGET ~ SUPPORTS

C-LiH TARGET = - REMOTE CONTROLLED CART

D- 4 DIAM X 4" NoT ~ FOR CYCLING THE TARGETS
CRYSTAL G- 302" RADIUS X 12"

URANIUM BILLET

50.050-3 .



Table I

Summary of cross sections and corrections

z~:1ememj Lead- r of R x 103 de Correction factors e do
filter cali- Uncor- - - Tati oy
thickness | bration rected uncor - Attenuation Finite Relative . Targelt . corrected Z
(inch) source rgcted target decay of impurities (10-32 cm?) do
(10732 cm?2) | Target | Source [ Aliquot | thickness| sources , an——’—‘(Th )
holder vial ' omsol
H 1/2 1077 5.00(1£0.10) | 2.00{120.10) | 1.18 1.03 0.96 0.97 1.04 0.63 1.45(120.17}} 0.94(10.17)
(A:Ig‘%) 1/2 1077 5.20(10. 10) 2.28(120.10) | 1.18 1.03 0.96 0.97 1.04 0.89 2.39(1£0.11)}| 0.92(1x0.11)
[ 1/2 1077 15.6 (1£0.09) | 13.4 (120.09) | 1.12 1.03 0.96 1.00 1.00 1.00 14.9 (1£0.10)| 1.06(1£0.10)
Al 3/4 1078 3.80(1£0.09) | 65.4 (120.09) | 1.14 1.03 0.96 1.00 0.94% 1.00 69.2 (1£0.10)] 1.15(1%0.10)

* - - . ; :
This correction includes a 5% correction in the relative source strengths of the 10 6 and the 1077 aliquots, and a small geometrical correction that takes into

account the fact that the calibration source was not placed exactly at the average position of the target. ~
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'CARBON COUNTS
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AL COUNTS
| MIN

10

ALUMINUM

16 Mev

R=3.80(1t0.09)x 10~
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