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Proton Bremeatrahlung at 14') Mer.
by Sichard Wilson® ™
MO-"879'

University of Boohester, fiooheeta.?, Kew Torle

0J.0,
LBS'miQT

She high ©OTjergy gaism raya a-l«is>a: zsm 170 !IOv -Diroton 'bom'fearti*
ri@nt of several ©leiaanta ha* 'been atudied using a eeintillation ecmé&te?
feeleecop© to dfitect neoondary e'leati?on®) Jh® aagulay distribution is
coneiiteut with aa appioxiaately ieotycple distyibution la the cent®?
of mm system if vs assume the hrsmestrahluag to come fron p-a colli-
sloae ineide the nudi.eu.ee Shis is ia AisagreeTOnt vith a pheno-ueno-
logical potential tyeatwnt of the p-n force 97 the scalar meson theorbo

The form of th© spectrum i® found to be consistent with th®

afcapo, find tho dependence oa Z much, as would bO espooted from a®

opaque mslou® with only the neutrons contributing to th© bramsntrahlung*

® This verk was assisted by th© Atoailc Energy Gommisflionl

w Now at Stanford Uni'rarsity, Palo Alto, Califomial
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are thicker; th» el.ectron energy loss in the thie>r eryatals lg greaterf
so that the threshold Mae say he inereased with a rodrwtlon of had?-
ground’> The size of the other crystals is Smoreas®!i so that oleetrom
scattersd a”ijr from the forward direction hy multiple Conlomh scattering
will still reach the crystals* With no absorber between crystal 3 and
crystal 4s they are placed doss together in order to avoid scattering
losses; vhen absorber in used, the scattering losses for the electrons
which can still, penetrate the absorber are less and crystal U- is removed

sufficiently far away to allow roon for the absorber.

MONITORS

fwa monitors have been used during this expertmate One,
axial monitor,™ Is on th® axis of the ragnet and above the magnet yoke
and in an anthracene scintillation counter biassed at 2 Mew; 1t counts
at approximately the same rate at whatever azimuth a target is exposed

6

to th» beam, The second, neutron monitor. © is a sodium iodide crystal
blase! at about 5-10 Mev placed in the forward direction from the tar-
get and is shielded from scattered protons 'by 10 ems. of coprer. This
counte neutrons which are produced in the .target are! haa only a 20 <4
backgrotuid from other parts of th® cyclotron. During most of the
operating runs, the neutron monitor is used to '.aerrnalisa th® counts

since if the beam conditions change a0 that th© fraction of th® beam

which hits the target changes, the number of neutrons is expected to* 6

I—>wnaww’ —umwn

6 The axial monitor was set up and maintained by J, Norton, the neutron

by J, Ferry.



h0 proportional to the nuraber of “>rays* Tha neutron monitor is mor®
stable oyer short periods than ths axial monitor* Th® axial monitor
is n-iore permanent, hovever, and 1» u«i«d to givo an indication of abso-
lute beam intensities and for comparison of runs,,
RESULTS
A* Proof of Photon Identity

The radiation from several targets has beei» examined; the
absorption curves for radiation from a 1° ParvllluM target has bO«a
examined In the .greatogit detail* Plg« (3) shows B log plot of tfeo
coincidence counting rate against primary lead absorber showing that,
moat of the counting rate *e due to a radiation heavily absorbable in
leads, If we aseurns that the residual effect is due to feat neutron®
converting in the first crystal, or t!i3 lead radiator, th© radiation
can b® spilt Into the tvio eomponente shown; tha mutron ftb«oi*rtioa
cross section of lead Varies little up to 100 Mev, Bo this separation
is likely to bO fairly accurate. The ) ray energy found in this way
agrees with an energy of 30-60 Kav.

ThO low absorption in aluminum of the primary radiation con-
firms the view that it is not merely an absorption of charged particles
taking place.

Table I shows the variation of the counting rate for change
of radiator with and without #/2 ® of lead primary absorber! The differ-
ence between these two 1E a tneaaur© of the contribution dua to “>rt*y®

Tli® interpret'iti.on of these is difficult; large thlekneseee of lead

radiator will scatter and absorb the low ©"aergy electron® produced, eo
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that; fche incyeaae of intensifty with radiation thie>ra«sgi le not so /’reat as

with higher energy £raye,* However, It is not in dlsagreefacat with the cal-
culated efficiency for the ""-ray spectra expectedo A thickness of 1 trac tiaa
chosen for meet exisrinenta in order that the low energy electron® should not
he attenuated 'ay scatterings It is worth noting,, that th© coimta without te®
radiator ia position are not heavily reduced hy a primary lead absorber and
axe therefore mainly duo to neutron3« Using a radiator equivalent to ths
first crystal indicates that most of this hackgrouad comes from events in
the first crystal, tut a little may com® down the collimator (prestsma'bly
caused by neutrons hitting tha sides)» A cheek has been made with an anti-
coineldenee crystal preceding the telescope to cut out any background from
charged particles coning down, the collimator®* Ho difference was observed*
Chance coincidence counts are less than 1 per cent of the total
ray count except when large thicknesses of secondary sbeorber are used*
‘The main contribution to this chase© coincidence rat© cows from genuine
events in cotosters 1, 2 anti 3 in chance coincidence with an event in counter
4§ and gemrirvs events /n counters 2, 3 and 4 in coincidence with an event in
counter 1, These are assessed by Inserting a delay of 5§ * 10™ sec. in
counter 4 and counter | channels in turn. Th® rat® caused by chance coin-
cidences between the doublet in channels 1-3 aad tha doubles in channels

£ - 4 1s calculated from the observed doubles rates. The

? J. §* Stelnberger, ¥) K. K. lanofSky and J, Stellar, Phys* Ksv. 2§-* 802, (1950)



dslay of 5 x 207 see,, is th<s period of fth® cyclotron oscillator# and
therefore of a feeam fine structure# ' A drop of y> % 23 eh&siea eoine2«-
dew® rate .I0 o&serrabl© 'by yein,® a delay which is not a HmltiTla of
tha o...cillaior period.

approximately Od of th® counts comO from other part® of
the cyclotran than the target.

Ia order to shack that each counter was counting th® electrons,
a plot was 'sadO of counting rate aa a function of pole® height for th®
various weate ia th® telescope. Fig, U- above a curve of (1) the single
counting sate ia on© crystal (5.2) quadruples rate against pula® height
and also for comparison a curre taken for the quadruples rat® (ill)
with recoil protons from fast neutrons. The counters are Massed to
accept virtually all th® fast aleotronG. Some of the y ray events glv®
hoth an electron and a positron through a crystal,, which spreads the
distributien ©utl

B0 Secondary llactron Spectrum

llgc 5 shows the secondary electron spectrum obtained from
Be and § targets at $>0" to th® proton beam, the energise being inferred
from the elsorption in carbon. The absorption in carbon and in th©

hydrocarboy crystals is obtained from the calculations of Halj©Orn and

im-auiicqstjiiaiai* MBanMiuiM mm z-tmamnrvtu*mw.imtai

8 [ am Indebted to Mr. H. Reynolds for communicating to m® tha Smrcr-
tones of this effect in meastiring chance coincidences and for instruc-

ting me generally in the uses of this type of eouipmsnt*



Hall.? Tho fiouM which sorae author©® ha<lo cfist on the accuracy of the®
viad.cS'al.ationf Is attributable only to confus'In/* obfierrabla ionisation
vrlth ener™r 10BP.0:" In this ease 'the ©nargy los® i©O wSnat mattes'©.
The accuracy has been chocked by ©xrerlmen™'"*o

Siege spectra are corrected for the neutron component at
each point and for tha background sdilch 0 present In the absence of
a radiator. These corrections do not alter th© shape of the cure® ae
they happen to be proportional to the electron counting mis (to within
etatiatical error) except at th® higher enexgiea (70 Her), Here the
correct!cjia due to chance eoincidences beco-"? appreciable also, and th®
correction is aprroximtely ') of the observed count!iv* rate, ThO
atatiotlcal errors shown are standard dairlat-Soas computed including
allowance for the corrections.

Table XI gives the angul.iir rnt™o, 90° to IPO% for all elo-
ftruns above 20 Mev for 9@wrnl target elements. An angular ratio
90° to 3C° is also given for beryllltmj thi« ia not very accurate bo-

cause of the large neutron count found in the forward direction.

HAITATir'" AFP SCATTCRIV't COk"“CT*OHS

Correction© to thcoe data must be applied for electron© which
are lost from the telescope due to scattering and mciation. Per law
energy electrons, thO scattering losses in the gaomstry used are lees

than 3 ®o long as fcho ©leetron smarges from the third crystal with9 10

9 0. Halpeau and H, Hall, Phys, Hev. 2.1., ~77, 1950.
10 H, Hessel and D. M. Rltcoap Phil. flag. 129, 195C®



TaMe 11

Angular Batic

Target Measured Corrected for Aberration” Correctad for T'otpler
.Shift and Aberration*®
BO 3.0~ 0,2 1,9 £ Oo2 1.55 to A '

29 £ 0.3 iL.5 £ 0,5
.u 2,6 £ 0,3 1,145 £ o,,5
Cn 3ett i 0*3 1.8 £ 0,3
Ag 3£ 0,3 1.8 t 0.5
W 29 7 0.3 1.5 i 03

~ Tha correction) for aberration assume an n*-p collision, and
those for loppler shift talcO account of the efficiency of the telescope
as a fraction of energy* A spectrum of the shape assumsd her*,

hut thej'e is only 5% difference for a ""dlftype ar«ctruml

Angular Ratio MeanureA Corrected for Corrected for Doppler
for Be . Ahermtion

36°/904 55 ¢ 1 1.5 £ 0.8 - 1.0 £ ¢,6

1«<50/90¢ 2.0 £ 0.A 1.3 7 Q,3 1,0 £ 0,4

Ratio of ncutmi counts at different angles from Be target (due to

80 Mev recoil protons in the forward direction)

0c/30° > 2
30¢c/i>50 211 a
i*$0190° 30 £20

9Q°/18Q0 > 2



at least 4 Mev 3n®r,g/c  Sine© a 1 Mev pulse la needed In the fourth
crystal, this might introduce a spread la th© energy seal® of 3
a spread of 3 Mev Is also introduced hy radiation and ahnorption In
the radiator, making a total of 6 MeT)

At the higher ©aergies, large thickness®a of absorber ar@
used and appreciable scattering can ocsurl This has been calculated
uelng the method of Be J0 Williams ! , using th® Bom approximation for
the small angle cut-off. Since w® are interested only in small scat-
tering angles, the distribution can be taken a@ hausslan and the
large angle cut off chosen accordingly. Such a calculation of mean
square scattering an”le has been checked for electrons of 17 Her and
115 Mev'?,  Th® detailed multiple scattering calculation?) including
ansrgy loos arise from a simple integration following a method developed
by Biteon”. It ia found that approximately 50 P®r c«'n” the 70 Mev
aleetrons can escape from the talescop® when a yO Mev absorber is in
position but only 10 per cent of the 80 Mev ©leetroas. These values are
considerably lass at smaller absorber thicknesses and enorgiese Thus any
alSQtron which has sufficient energy to lose 2 Mev in the last crystal, ha#
only a 5 per cent chance of being scattered out. Radiative losses can be

important sv@n in carbon, for vO have her© nearly half a radiation length for* 12

A J. Williams, fhys. Rev. 58, 292, (1940).

12 L. Voyvodic and B. tiskup, fthys. Rev. 81, 890, (195i)<> 80 Gorson,
rhys. Rev. 303, (1950).

~ 1). Mo Ritson, Thesis, Oxford, C197*)S
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absorbing 70 electrons. Sine© the electrons are losing energy and
the cross section for breinseSrahluag falls, only about ?0 ofa of the

70 Kev electrons are lost fro'fi this cause, and these appear as lower
energy electrons. Thus the experimental curves my be corrected on

shown.

The nean square angle of pair production i® calculated from

the formulae of Steams”™ and it Is found that the pair products are

always within tha angle of the telescope.

Thor© Is a possibility that an electron which radiates in
the first few eras, of absorber mi”it produce - rays which later count
in crystal 4. If th® corresponding positron wa°® counted in crystal®
1, 2 and 3, it could simulate 70 H3V  rays. Galculationg show that
this could account for but 10 25 of the high energy elecfrone. A
correction is madO for this 10 26 in raking the correction for rad-
iation and scattering above.

SUMMARY OF COHREGTIOHS

Tho eorractiono to the sscondasy electron spectrum are shown
as corrections to the theoretically expected spectra,, These correction?*
ar« uralikely to be in error by more than 25 %« *n of the shape
of the curve;, this will not affect tho conclusion?! appreciably.

PHOTON YIELDS

Th® total counting rat© for secorflary electrons above 20 Wev#

from radiation at 90° to the incident rroten beam, has been measured

14 M. Stearns, Phys. Rev. 2'L» 1949
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for several targets and for several eBTlmain proton energies. The
targets had ap rorimtely enaal proton enorpy loss If recirculation
in neglectedt The counts vere normli®ed to the aTinl monitor, vhieh
was later calibrated, as a function of tar”™t radius, at a tim® when
the cyclotron 'beam was steady, hy moving the targets successively into
the beam with a flip colic

We tnak© th© following aocmmptlonSc (A) the circulating beam
la constant with radius; (B) th© recirculation of protons through a
target can bo calculated from th© miltlple scattering in the target”™
(0) tiis target al gasnsn'i is sufficiently accurate that all protons go
through all the targeto Assun”tion (A) might be in error by a factor
2 for a hea® energy charg® from 143 to 740 Mev, though there Is no
evidence for such a change, (3) is probably accurate to 10 °/o at
143 Mev, where tha vertical oscillation period is largel The accuracy
at 2’K) Mev ia likely to b® leas, and lead to an ov@r®atimt® of the
beam current for th©O lower targets. The relative accuracy between
100 and 143 Mev is likely to b©O higher. Assumption (3) has been studied
with auxiliary measurements and it Is found that 1/10° change in tar-
get alignment can be detected for a copper target. The accuracy of
alignment is about 2° and the values, in the table could be 20 ™
higher for th© lower when thick targets are wred.

Til® scattering formula used by Knos is not valid for our

proton energies. We have taken the ap-ropriat® formula of the Williamsl15

15 W#*J. Knox, UCPX 883, 1950



Tadl® III

field of Fhotona, 90° La"b syatesn.
Targ#t Max, proton Bscirottlation Tield/n®utron *-1/3
Sn«r«y - Correction

B® 100 0.50 7 .02
Bs 120 0.70 7 .02
Be 13 1.55 1.0 l.o
Be 240 13.5
C 143 1.6 0.9 0.9
c 240 14
hi 143 1.35 0.75 0.7
hi 2/40 n.)
Ctt 143 1.26 0.63 0.5
Cu 240 4.5 |
H 143 1.13 0.38 0.42
Ag 240% 5.8
fi 143 1.08 0.3 0.35
W 240 4.2

Th® statistical errors in the counts are small compared with

th© oth©? errors mentioned in the fcaxt
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state. It appears, howorer, that a larger effect to OTpeeted from

the reactions™

Th® cross section for the inverse rrooese has ‘been calculated

"by Marshall and Outh™ and hy Sohiffl8 #vith similar r©exalts. By uslr’g

the prine3.pl© of detailed fcalaneln”, tlvj cross section ml”*it be expected

to be 6 * 10730 cm." at 10 Mev, aa comparad with £ x 10”30 cm." for
byemsstraHong. Tha effect would approslmtely vary inversely aa the
energy.

A aurarary of those predictions Sa given in Table IV: tha
angular distribution expected Is of the form a > b sin2 0. Th® energy
8,-Ootruj?i for tho bransebrahlung theories will either be of the form
(to/1 ~™H)™N*F/tvor in the c« m. syitOm %hsre Is
th® incident proton energy la the laboratory system. The latter form
arises from th® Imrortaat role played by negative energy states in the
paaudoscalar mscon theory.

Thoa© theoretical calculations srrly only to iprofcon-nexxtron
collision®. To apply them to pjoton-mielptoa colliaions, wo regard the
nucleus as compoeed of independoat nucleons vith an energy distribution

2
given by the Fermi gas modal (15 dS up to 28 Mev), Th® first protoc.-

16 [ am Indebted to Dr. Marshas for mentioning this possibility and
to Mr. B. Francis for assistance in calculating th® magnitude of the
effect.

1? J. F. Marshall and 3. Outh, Phys. Rsv. ££, 738, 1S50,

18 ho Schiff, Hiys Bev. 78, 733, 19500
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Ion will giva the ener”stie mdiation; for th® saeond
nucleon ©norgies will ho raduced end the energies of the?
a correaponriingly lowar, The sacond collision has here

mriy of the nucleons whould, ©scape from tha nucleus for

ao if the effect 3s important,, it will 'be so only for

0 ara two important effects of the nuclear motion; the
ffect on th© angle of emission of the ™ ray, and th#
change of energy in th® proton-neutron system and there-
in oroae section and ™ ray energies. So long as only
®ap collision need he considered, th® nuclear motion

he mgl© of - emifition by more than 20° for a nucleon

tin,? a Fermi gas cf nucleon#. The second scattering

bl

and th© angle may be as large as 90° although low energy
ha produced usually,

effect of angle is ©spectod to be similar, if both primary
effects arO© included, to the affect on the angular dletri-
irons from protons on various elements. These indicat®
,ar spread is greater than 20° and therefore there may b®
icondary scattering.

‘0Cms probable also that, the interaction between the neutron
1 in the fiml state will be rartm’bsd by th@ presence

lons in the roicleuo so that the reaction p * n | N

,Or, D. C» Sevell and R« W, Wright, Thy”®. Rovf 81,

seutron baal“rround found in Table III of the present esrp-

1951*



Table 1?

SuiTOiry of Thaoratical Predictions for “remsstra'ilung in p-n collitiions

Theory potential Proton Ensrgy Form Of

Bmrgy Denendenee Snectram
C.«. System

Phenomenologioal 1 24{r) ? 250 JiJd
~ 25 250
12 (1 wvmyTory 15 250
Scalar Heson theory 230 IRC @ h V4
Psendoscalar theory | OoP IRQ Udf>
p>a If*s S*S» also V‘Oi 70 Ww lin®
* ira Ms”orana operator

** Depends upon the nuelmr forces; so© f-ferohell ant! G-ntb lee. eit*
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r :4uetiOn of tho latesgity 'oy th® faetor 2 la th® 180° dlvoetlon
fo? isotropie € ilcsioa in ih© e.®, system is th® Doppler Shift and aberration
©orroeUon air? ,dy inserted in Dahl® 11,

It Is possible tc ooopate the saconiary electron speatra theoretic-
ally expected ¢ ‘ora a gamma ray speetroa, Thitj la plotted for comparison with
the- ©aperinenta. crarrs© in Figure 5» St is elear that the spestrom (E/~-hy} 1?7di?
is not sonsis%« it with tl»s data whereas th© spsetru® (2;/g'»h”)/ -j7 fit® well,

Then Is a markoi. difference at tho low enar”™ and of the speetroa
between th® rat .ation from B?) and CT or 6n, This presumably arises from a
jmeLaa? raf if th© order of 15 Thus th© portion of the curves belov
20 MQV* lias bat ! disregarisd for angular distribution comparisons for yield
curias and for malyeis of the spectrum.

If w assume thal; th©O rent ©f thO spectrum is due to breasstrehlung,
a fit caa best i@ ©btainsd to the theory by assuming a ™" /// speotram,

a VdiP type si sstnsa ©ouM only bo tssadO 1f it mm tm© that secondary nu-
cleon collieioi 3 ar© of inriortance. This might be true for the heavier ale«=
ments.

The ¢ ngular distribution given ia Table /7 shows feat tha distri-
bution in the c9%n, system Is nearly isotropic * aa predicted by psau&ercalay
theory. If to secondary mclear collisions are importanty an intrinsic
sin2$ distribution might simulate aa isotropic distribution for tha low
energy gamma r. ys whore to$ angles ar® badly altered by collisiens. The
ginz@ distrlbn; ioa should 3till bs oorreot for larg® angles, Th® form of
the secondary «leetron ape izrm for S®y at 180 a“rae© with th® shape at

90Q with appro; ri&t® Sopplir Shift correction®; it would appsa” therefore,

that this does not occur aid that the phenomeraelogicaX and scalar meson
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Pig* 1

Fig* S

Fig* 8

Fig. 4

Fig. 5

Fig. 6

Captions to Figures

Drawing of the cyclotron showing position' of the collimator
for observing Y r&ys at 90° -bo the target™

The arrangement of the four scintillation crystals* The position
of the fourth crystal depends on th© ewoirat of absorber used*

Seduction of quadruple coincidences by lend and altsaintiia
absorption of the primary y ray beam.

Integral pula© amplitude distribution Is tha second crystal)
(5) single pulses ia th® crystals# (i1) Quadruple ooincidoncoe
firom y (ill) quadruple coincidoness from recoil protons*

Absorption of secondary electrons in carbon compared with theory*

Theoretical Y r&y spoc'jra compute! by French and Tsiitok*



