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A, Gesere) Bachground

: Srensetrahlung, or braking redistion, say be
Sefined an the electromagnetic rediation enitted by & free
charged particle wvhea it wndergoes sccelerdtion with
respoct to the obeerver, A well-known exaaple of this
phenoneson 18 the coatisuwous part of the E-ray spectrus,
produced vhen free electrons 1 the kilovolt energy region
strike and pesctrate & setal target and henoe underge
docoeloration,

In the experineat to be desoribed, various tar-
g9te wore bosbarded with protoss in the #0140 Nev region,
and the Veray spocters were detected snd antlyced, Uader
the sssumption that the Verays originated from the de~
flected protoss, the purpose of the sxperisent was to obtals
information about the sature of the muclear intersctions
through which the protons suffered changes of siste.

In brief, the experimental method of investi~
gation consieted of bombardiag variows intersal targets
with protons in the syschrooyelotron, and viewing these
targets with & pair spectrometer. The bombarding energy
wae kept below the neutral meson productioa threshold so
that photons from neutral meson decay would mot distort the
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bremsatrahlung spectrus,

N ncwmmhrmmmnhm

beon done on protom bromsstrahlung , At was felt that the
spplication of & differeat and sore refined techuique of

pair spectrometry might make & more ccwplete study worth-
vhile. 1Is particular, the E-dependent and snergy depondent
tpectra were lovestignted mere fully. Compariscns of ex=
perimental results and theoreticsl conclusions with thie

previcus work will be made leter,

There are & number of possible aveoues that
ohe may explore in attempting to predict theoretically the
sature of these Veway mpectra,

The claseiosl electrodynanics 18 useless ia
this came, It i0 clear that for the sualear iatersctions
vhich can posuibly be involved the detected wave length of
the rediation is compareble with or shorter thas the disme~
tor of the region in vhioh the proton may bo supposed to be
effoctively located Guring ite change of state, This is
the well-kmowa eritoricn for the breakdown of clasaiocs)
electrodynanios in such rediation processes, end the clasei~
ool approsch wust therefore be sbandosed.

Various authore have attempted to predict the
protoa bremeetrablung spectra using the quantum eleotro-
doonten, """ Ginca, Mekis 00t Mrebeh seswe single
protoa-nvulecn collisicnn, and prodict spectra based on
wenon and phencmenclogiocal nuwoleocn-nucleun interscticas.
The phencmenclogical treatseat is discussed ia D(3) .
Rursusogla sssuses caly a protoa-unucleus imtermotion by
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k moans of & complex square-vell poteatial, but at the preseat
time sccurate quastitative results of this calevlation are
not available due to the vast coaputation work iavelved, A
tabular swssary of these predictions is gives ia figure M,
and figures 13 and 13 give various graphical ssalyeis.

The sucleca-sucleocn collisiocns vhich contribute
to the radiation are oaly of the p=a type, since the gquantum
elocirodynsmion shows Lhore cam be no electric dipole redia~
tion from p~p colliietons, Oune of the possible results of
this exporiment would bo the test of the purity of the pa
or proton-sucleus collisica processes,

On simple theoretical grounds one would expect
that the pure p-u collision ploture should not be perfectly
valid for proton boubarding energion of 140 Nev and less,
since the de Broglie waveleagth of a 140 Bev proton Le about
3 210 eno., vhich 10 slightly less thas the @ismeter of
the Do’ suclous. Be vas the target most carefully dealt wih
in thie sories of experinents. Hovever, in view of the fact
that ot this tise a0 comprebensive, precise model of the
suclons is s existence, one must resort to perhapse artie
{118l and restricted models which Bave bess wseful ja this
bonbarding esergy renge. The nuclecn-nucleon collision

. ploture has been shown to be frequeatly adequate at bom~
barding energies of 00 Nev 4nd greater. The target ancleuws,
in the simplest case, 18 vieved 8s & degonerate Fermi gae
of nucleons, This 18 8 rough firet approximstion from which
one easily finds & swclear sonentum distribution, Thie
distribution for low % nucled hae Deen found to differ

-‘l {j W
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siguificantly from the oxperimental distributiocn results,
aod honce cananot be used with any accurscy snd validity for
the lower £ targets,

For much lower protoa boubardiag eneorgies,
wvhere the protom de Broglie wavelength is apprecisbly
greater than the diameter of the struck nucleus, in general
reactions sre described through the compound nuclear nul'.
This can be justified from seversl points of viev, On the
vave-sochanisel ploture, the bosbarding proton “camnot
distinguish sny suclear structure™ and therefore interacts
vith the aucleus as & whole, Oa the more classical ploture,
the bombarding proton 49 travellisg at & lower speed, spends
more time in the nuclear vegion, suffers more collisions
becnuse the total p=an eollision cross section varies
faversely as the energy, and so the suclear systea bas a
high probability of readjubtmeat to a compound muclear state}
after the proton has undergone enough collisions it will not
have onough energy to escape the nuclear well, and i
captured, It would appoar, therefore, that a theoretical
description of the bremsetrahlung in this energy region
would be difficult. 1If the bembarding energy is lov enocugh
00 that oaly the Coulcomb field intersctiom is preseat, the
breomastrablung cross sectiocns may be predicted from the
analogous eleoctros case, with proper correction for the mass
difference. ‘

unomnciutn high for compound
nuclear consideration and too lov for pure p=-a collision

analysie (for example about 20-80 Mev bombarding energy for

1R4
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Be), vhere the bosbarding proton has & good probability of
escape from the struck sucleus, the most direct theoretica) :
spprosch for the prediction of the bremsstrabluag effects :
would be consideration of proton collisions with s nuclear |
potentisl well, The well is described in terms of real and ;
imaginary parts, since there will be sscondary protoa g

enissioa, Mummmnmu‘.
The general methods used &n the nucleocs-nucleon
collision pleture were proposed by Serber®, emlarged upos by
seviral m"'. and vore used to explaia severa) suclear
phenceena®™, amosg them the high-esergy spallatios resotions®
These methods consist of following the paths of & musber of
bosbarding suclecns in the nuelesr region a8 they suffer
single and multiple eollisions with the target mwolecns of
various momenta; due to the element of randomness involved,
the Monte Carlo method cam be wsed, and 8 recent attempt hae

beon succemsful in an application to (p,pn), (p,.Bp) end
(p,2n) resctions®,

'AM:Mudﬁmumumo
type of problea 18 presented on pages 30, 143, ete, of B,
Segre “Experimental Wuclear Physios™, Vol, 1I.

t'U‘.
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The mean free path of the bosmbarding nucleon
in suclear matter is given by
vhere ¢ 1is the aversge total
R cross section™ for the mucleon-
'/ t sucleos collisions asd o, i.
the total nsucleon denmity,
00 that for 100 Mev protons the mean free path is about 1.0
x 107" cas., or somevbat less than the radius of the Be’
suclevd; for 140 Mev protons the wesn free path is mbout
equal to the l.' suclear radius, These facte allow » great
sisplification im the theeretical application to the Be’
sucleus, for they show that for 140 Mev bowbardiung protous
only single nuclesr collisions need be cousidered for an
sdequate approximation, and the luiu Carlo method may be
discarded in thimw case, VFor larger nuclei, wuch as Cu,
sultiple nuclear collidions are more probadble than single
collinionw, and a theoretical spectrum prediction must
iavolve & collision campling process, such as the Noute
Carlo method,
The case for larger nuclei is further compli~
cated by nuclear eveats which compete with the (p,p) process.
" Por exanple, for a nucleus of mass 64, ludm’ has showa

—

® Values for @ were chosen for the boubarding onergies

of interest by using the experimental values from references
15 and 16 of Meadows'? paper,
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theoretically that the probability for the (p,2p) eveat is
conparable to the (p,p) probability, whieh 18 in sgreement with
exporiscntal results, Tho esergies Lavelved with the ouwt~
golag sucloons of those coapeting Cesetions are such thet &
significsnt contridution to tho photos spectrus say be e~
pected,

Theso coamiderstions show that the 140 BHev protes
bosdardasst of Do’ 48 She least scmplex case is these experis
monts for & theoretical sucleco-nucleos amalysis, This case
wvas given dotailed consideration and interpretation, while
all othor spoctrs were treated ie & more qualitetive fashion,

The experimonts here desaribed slso set limits
to or motoure the eroes secticn for the wresction pra-+» W
inoide the target muclel, A simple analyeis of this reactics
shows that for stationary target asutrcus and fixed detoctor
pecnetry the resulting photoas are confined to & marrow
spectral rogion, vhere the metn photon emergy 1is about one~
balf the protoa Dombardiag energy in the laboratory systes.
For moving target nuclecns this parrow spectral regios ie
sonewhat broadencd., If the photon flux from this resctios
is ccoparable in sagnitude to the bremsstrablung photon
flux ia the same spectral region, & “hump™ should be seen
superimposed on the more slovly-varying bremsstrahlung
spectrus,

B. Experinenta) Techaique
| (1) Puir Spectrometry in Genersd |

The essentinl principles and techniques of pair

spectrometry have been knowa and used hrmtm“. and

1894 B0
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vill ‘ore Lo oaly brieofly roviowed, A photon of onorgy
grodter than 1.03 Mov, in pasaing through a metallic foll or
‘gonverter™, may undorgo pair production, The ronulting
oloctron~positron pair, in a uniform magnotic field, nrocecd
vith opposite ciroular orbite to dotection arcas, whore
oharged particle detectors record the coincidont passage of
the pair. (Boe figwre 2. Tir the cane where the dotoctors
and converter lie on the sane etraight line perpeadicular to
the ¥eray direction, the pair spectrometer i called the 100°
type, ond & siuple apalysis showe that

'an..o.ohn *J‘l.. t g,

e B -,0. then

e | AL ruLe :

and for o charged particle in & magnetic field

(N I’D y 80 that

Y BeelAa * )

vhore VW 40 the photon energy, B is the magnetic flux density,
¢ ia the electronic charge, ¢ is the velocity of light, and
Py A are the radil of curvature of the electron and
positrom, respectively. Thus for a given magnetic fleld,
the Ye-ray onergy is uniquely determined by the electron-
positron separation on the lime. The pair spoctrometer used
in this research wes of the 180° type.

(2) Domign and Use of the 180° Pair Spactrometer
The pair spectrometer was set up at the 184"
syochrocyclotron outside the concrete shielding, and viewed
internal targets from mbout 48' through the shielding holes
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and tenk porte. (S0 figure 2).

. Tho prisary cousidoration im the genorsl dosige
of Lhe gpoctrouoter vas to minin 30 the energy loso aud
scattoring of low-energy paire in paseing through the con=
verier &v LSt contisvoua W eray spectrs in the 10-180 Mev
soterval could be detected and analymed without the iusertion
of sevore nn‘;o'tm. The epectrometer vas desigoed, them,
to use relatively thin coaverters) o.g., 003" tanta’ius
foil, Tantalum was chosen bocsuse of ite relatively high 8.
A Bigh 5 saterial was Justified because: ’

(a) the pair production (desireble process) cross
section is propartiossl to

(b) the Compton effect (undesirable process) crose
section is proportional to

(o) the meas woattoring angle J3¥ (undesirable |
process) is proportionsl to !m. - 4

(4) (2)“. (undesirable process) is proportiocasl

to

]
(o) ‘Qr« (undesirable process) {e proportionsi
to ; :

e AN A g i S i A SN

vhere t, 2 , and A are the target thickaess density, end
atomic weight respectivaly.
. Since the ‘e)'“. and rediation etraggling
offect were not seriows for continuous spectra doterminations
vith tantalus coaverters of ,003" (or thinmer), and the mean

scattering angle ves of importance im both horizontal and
vertical scattering, & bigh £ waterial was choson. It wae
also found that Compton electrons, undor some conditions of

BRSNS GRS fis A i e
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detection, were bothercome (mccidentals, blosking of geiger
tubon) and 4t was uwooful to bave thoir relstive effect min-
iniged,

Vith thin converters it wvas nocessary to evacuate
the air Lo and proceding the coaverter regioa im ordor to
elininate pair production 4n air and the reoulting detectable
spoctrun dietortion, Ten geiger tubes on esch side, syn-
motricslly pleced with respect to the coanverter, detected the
elnctron paire, (Bee figure 3), Bubsequent electroaice
analyned the spectrum,

(3) Ehyeical Arrengoment is Peteil

The pair magaat was origimally designed by
R.F. York and Paul Hermandes for goneral high emergy peir
spoctroscopy at the synchrocyclotron, The pole tipe formed
the top and bottom of the enclosed pair chamber, and the
entire chamber was removable. The tips were of 1}™ magnetic
stoel, with a 3" separation. The chasber sides were of
stainless steol, and all joints were welded vacuum tight,
Vherever possible the chamber was lined with aluainus plate
to reduce scattoring from the top, bottom, and sides into the
gedgor tubes. (Boe figure 4). The converters were mounted os
vire frames which were comtrolled !rql the outside by means
of springe, strings, and rode through Vilsom senls., The two
vindows im froat of the geiger tubes were covered by ,007"
sluninue foils, and were the best compromime betweea strength
toi @aintaining v2cuum and emall electron scattering angle
into the geiger tubes. A 6' loag, 4" diametexr brass pipe
conpleted the vacuum system. An 18" collimator with sides of
brass and top and bottom of magnetic ltooi wvas built ioto this

1864 04
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pipe ot tho ontravce ond, Uoavy slulco magnots and oteeld
yolte around tho pipo providod the nucossary magmotic fiold
inoide the collimator for cloaring away paire foruod in the
end foil (.007" A1,) and the collimator.
Tho various intornal cyclotron targets vore
mounted in & copper olaup at the ond of & thim coppor bar of
0" longth which was oxtended redially inte the eyelotron tonk
and the entire uanit vam bolted to the water-cooled end of the
*"hollow™ probe, (Ooo figure B). Constantan wires wore
soldered to both onde of the coppor bar, and the reculting
thernocouple alloved mossurenents of beam power dissipatod in
the target and honce & caloulation of beam current nocouvary
to absolute orose sootion moasurenonts,
(4 Pasr Srostrenotor Congopts in Potadl
(a) Ihe Itrix Principle
The electronic mspocts of this primciple had beon
developod sone O yoars ago, and wore last used in ite prosent
form by Crendall and Hoyer.'® Since pairs may origisate any-
where in the extonded couverter, and all types of enorgy
splittings are poosible, it can be seon that pairs origimating
from a particular photon may end up in any one of & munbor of
pairs of gedger tubes; i.0., & partioular pair of goigor tubon
' u\onuu tho photoa energy oaly by virtue of the distance
i i betwoen then, Referring to figure 0, it io apparont that if
goigor tubo outputs dotorninoe the rows and colunns of the
matrix as indicated, the 1inos parallel to tho vertical diago-
nal are monoonergotic in nature (to a rosolution aw dotornined
by geigor tubo width and mapmotic field), IDach vartieal 1ino,

184 013




then, rofers to & particular F =ray onergy within roso~
lution aw , end the ¥ =ray enorgios of the various oo~
Anoldonces ons bo neatly sorted by the electronice of such
& matrix, Nonceforth, these vertical lines will be desig-
nated as “enorgy channels®, The channel esergion are uniquely
doternined by the magnetio field for a given tube epmcing.
(v) ghannel Efficiencien

The efficiency of each channel in recording the
number of qnuu of appropriate enorgy which are directed
At the converter depends on & mumber of considorstions, To
dorive the value of the efficiency of each channel it i
weeful to trace the events which may occur to & nusber of

photone of various energles which are directed at the con~
voerter., ;

A T RN T R I N VT SR e e XN T AR AN

The first phenononon enconntered is that of pailr
production in the converter. The probability of one of these
.l»ou.muc & pair in the coaverter depends om the
i total pair production croos mection, which is & function of
| the target B, and the photon energy. Dotbe and Heitler have
: theoretically derived this cross sectiom on the baniz of the
: Born approxization, and & particularly useful form of the
! cross section is given by Rosei and Gressen,'? 8ince the
! conditions for the validity of the Bora approximation in the
; mmmtmtomtlﬁv_[q.x.attu

P & expocted that the Bethe-lloitler cross section may be a poor
‘ approximation for incronsing 2. mmm“ shows that this
18 indeed the case, (for tantalum tho error is of the ordor

" of 10%) and the pair-production cross section here used
- : 186 014
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containe the suitable eupirical corrections. The total paire
production probability in the coaverter ie then &, £+ F(u),
vhore m, fit 10 the nesbor of nuclol per wait ares, aed
J(W,z) 1o tho corroated total pair-produstiom eroce section
for the coaverter naterisl, of stouic sunbor B and photon of
enorgy ¥,

Tor & given setting of the magnetie field of the
palr rpectrometer, only those paire in the appropriate esergy
range have a chanoe of coincidence detection by ose of the
19 chasnele. Other energy pairs may eplit in such & way oo
that one member of the pair nay paes through & geiger tube
on one oide or the other, But the other mesber will fall ia~
eide or outeide the geiger tube regios oa the opposite side.
The production of Compton electrons, (vhich is not Assigaifi-
cant below 20 NMev photons) and photonuclear eveats in the
converter do not produce paire for colncident detectios,

The production of electron-positron paire by the photons ia
the 1014 of the atomie electross’ (s snother effect to be
considered; caloulations show that for tantalum the proba-
bility 10 of the order of 1% of the nuclear analogue, aad
henoe this effect can be meglected.

One or more of the following four eveats may sow
' ocour to & pair of appropriate emergy.

One or both mesbers of the pair may be vertically
scattered into the top or bottom of the pair chamber, and be
lost by pemetration into the aluminum plate., (For sluainum
this is far more probable tham backscatteriag imto the
geigor tube region). This vertical scattering loss will be

W ‘ 184 015
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doalt with pore fully in later sections,

030 or both noubors of the prir may pans boe
tvoon the counting arone of neighboring goiger tuboo and are
lost for dotection. This "dond™ area ie evaluatod by goo=
potric connidorations and by & sinplo analyois of the affoot-
ive goligor tube arcns vhich involves the eylindrical form of
the tuboo,

The moxt typo of ovent Anvolven the charactor~
istics of the divicion of mvailable kinotic enorgy botwoen
the menbore of a pair, All typos of splitting are possible,
and & cmux'»umn probability curve is showa in tigure
6, The total pair production crose section is proportional
to the area under thio curve, Only a cortain range of

range doponds only om the goomotry of tho convorter and
gedger tube arrangonout, and is indopondont of tho magnotic
fi0ld setting, 1f tho oplitting curve was flat, thon it 1o
clear that this gocoetric efficioncy 1o the ratio
amwmwm tor pats
However, since the curve im not flat, the precise dotormi-
nation of the efficiencies involved is cozplicated and
involves pone tedious numexrical work., In tho appundix (1)
a full derivation im givon for tho channel officioncios, and
approxinations nreo nade in ordor to obtain pizple, urable
rosulto, Pori. 2 the noot wignificant spproximation ie
considordnz tho splitting curves CLS flot., In practico tho

184 01
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hoight of this horisontal line was chosom to correspond to
Uw .3 « .7 o0n the actual curvon} this was consldored &
good averaging, and alloved rapid caloulation of thoe of~
ficiency.

Tho fourth poosible ovent is actual colncidonce
dotoction,

The aboolute channel efficiency i thon approxi=
matod Ly (pair production probability for m particular con-
vortor and energy) X (fraction of paire surviviag loss by
voertical scattering) X (fraction of coinoidences surviviag
loos by pacsage detween geiger tubes) X (ecmotric efficienmcy).

(¢) Goigor Tubos

The goiger tubos would have beon considered
idoal if they all had the ssme area and counting efficiency,
and 1if their characteoristics remained ronstant throughout
wany monthe, Unfortunately, neither of these conditions
existed, and soe time wae spont in overcoming thoe resulting
difficultion, :

It is cleoar that if, say, the inside geigor tube
on one side had, say, 30% groater area than sll the other 19
tubes (vhich may aere for the mke of argument be considered
a8 & "matchod set™ of 19}, then appropriate corrections must
be inserted in the channel efficiencies. BSince this inside
tudbe doos not appoar in m 11th channel, it may be called
& "good™ channel, and with resprot to this channsl & corroction
of 30% must appoar in the first chasnol, 15% in the mocond
channel, etc, If the 30% changod after somo months to, say,
40%, then idoally these corrections must all be changed,

194 017
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vith rogulting nunorical tediua,

Hothods and ideas wore finally evolved so that
sono of thoso goiger tubo officloncy corrections wore nocoa~
pary. To deal with the problozs involved it was ossontial
that & boan of particleos be fouund vhich was uniform over &
largo aroa in order to tout tho counting efficiency of the
tubeo. BSuch a boam wap furmished by the cosmic rays, vhich

have an enorgy and aroal sproad quite suitable for tosting the
tubes. The tubes wore oveatually tested by being placed in
8 horisontal plane on & table and alloved to count during the
night wo that the sccolerator radiation background was not
prosent. Each set of 10 tubos was contained im ite pair
spectrometer mounting, and during succeeding aights theme
sountinges wore rotated im various vays so that variations
(due to nearby structures) of the cosamic-ray intensity mlong
the surface of the table would be componsated for by udnblo
sveraging. _ﬂo electronicr involved in m&“n the cosmic~
riy counts consisted of the aveilable pair spectrometer
ooﬁttu and recording equipment, and the results pppeared
on the geiger rogisters. (See secticn (8)).

By means of such testing it was possible to find
& sot of tubes which had counting efficiencies matched to
vithin 8%, and wvhich did not change in counting character-
fetices over the many nights of testing., Occasionally, of
course, a tube ntnt» gun_cuny change characteriatics during
an actual cyclotrom run, and was replaced by a suitably toutod
spare. i

The maxzimus 8% efficiency difference betwoen
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tubes may bo chown to produce no sigaificant revulting
gpoctrun distortion if tho spoctra are vioved with suitable
magaotic fiold sottinss in the mpoctrosoter. That iam, 1f the
onorgy rangos corrouponding to the different mapnetiec field
sottinge ovorlap ono anothor for a givoa epoctrun, thon the
goigor tubo officiency orrors tead to bo niniuized, since a
particular photon cuorpgy will Lo acsociatod vith differont
goigor tube arrangozonts for oach maguotic flold sotting.
) Yortieal feattoriny

An apprecioble nusbor of electrons will not resch
tho goigor tuboo bocuuse of vortical scattoring into the pole
tips, _" it can bo ohown that at any vertical lime (i.e.,
for any given eoloctron path radiuve) in the goiger tube rogion
the fraotion of oloctrons loat froam tho sensitive sognont of
this 1line by vertical scattoring ie a constant, it thon
follows that thore is no rosulting opoctrua distortion, In
tie appondix (2) it 1o provod that cortainly at loaot to a
firet approxination thie is truei and by usoe of thin con-
vortore n;i proper nmatching of cpectra froa different magnot
field nt.ttm thio socond order diotortion is made mogligible,
The constant fractional loss, howover, is not nogligible and
is dotornined both thoorotically and enpirically.

() Dorizontal foattering

Tho focucsing proporties of 100° circular orbits
are woll=known, 0o that horirzontal ccattoring ro'anl.tu in no
gpactrua dutortion. if tho scatteoring anglen are cuall.
Orbits vore exporinontany inveatigated by tho "wire orbu"
mothod, (Cee fiecld calilratioa section).
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(8) Goneral Description of Electronice
FPigure 7 outlines the goneral electronic
arrangement, Back of the 20 goiger tubes was followed by
& pulse~foraning unit, designed by Charles Waddell, which
trannformed the rising portion of a geiger pulse into & ome
microsecond square pulse. The bias on each of the 20

thyratrons was controlled by moans of a potontiometer, and
allowed the firing voltages to be lined up with & pulser, In
this way all thyratrons fired at the same point on the rise
of the goiger tube nuqo and vould not distort suoceeding
coincidence characteristics, The thyratrons in general fired
at a snall fraction of the maximum geiger voltage, so that
the firing voltages wore not critical and electronic “jittexr"™
wvas effectively eliminated,

If the geiger tube events occurred so that onmly
ono tube on each side fired within s tiwe range of .8 micro-
soconds, then this was called a "true” ¥ ~-ray coincidence
and a gating pulse (from the lower half of the electronice
in figure 7) allowed the modified geiger pulses to pass
through the 35 channel gated amplifier. Twenty channels of
the 38 channel amplifier were used; ome channel for esch
goigor tube. These amplifiers served the purpose of ampli-
fying the modified geiger pulses into 20 millisecond pulses
to suit the current requirements of turaing over the subse-
quent channel registers. One bank of tem amplifiers led the
' rows of the 10 x 10 matrix, the other bank feod the columns.

_ The matrix proper consisted of a square of 100 68J7's, Along
any row all suppressor grids wvere tied together, slong any

‘colunn all control grids were tied tu&m. and along eny
; 184 020
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.dumn all platos were tied together. The tubes norsally
oporatod at cutoff, and & coincidence o8 any row and coluan
would allow plate current to flow in the tube situsted ot
the Junction of the rov snd coluan, The wigoal was trane-
mittod along the diagona), suplified, and cperated a channel
roristor which roforred to this particular diagosal, The
golgor regietore indicetod which partioular twe gelger tubes
bhad fired, snd prisarily sorved ae sonitore allowing repid
spotting of any ineffective geiger tube.

If two doparete colnocidences were allowed to
arrive at the matrix separated by, say, one millisecond,
then it can bo woon that s many as four regioters may tura
over, giving tvo false couate, This sort of mixing 10 elimi~
nated by the dead~time circuit, which only pasmed gating
signale to the 30 channel smplifiere Lf they were separsted
by at lesst 18 milliseconds. e

The most critical section of the electronice 10
situated 4n the lower half of figure 7, This A8 the sectiocs
in which the coincidence charscteristice of the geiger pulses
are smalymed, It can be soen that tvo cablms, labeled L end
R, food this lower section, Bach cable carries all outpute
from each bank of 10 geiger tubes, tho left bank and the
right bank. The thyratron outputs on each bank were mixod
by means of cathode followers to yield these added left and
right bank “siogles™, The uanit labeled "smplifiers and snti
circuit” sorved tvo purposes. The first vas to amplify those

» addod puloon So tﬂat_thotr hoightes are suitalle for oporating
tha sulooquont adjustable gate~forolug units, Tho ono minro-

vecond puleo width was unaltered., The @ocord prrpesa van to
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doternino, by means of a germaniun diode system, it tuplo-.
coincidont events wore prosont and to transmit a pulse for
any such event., Triple-coincidint events were dofincd an
evonts where three or more geigor tubes fired withia .8
microsoconds of sach other, involving both banks of geigor
tiboo. ¥or oxanple, if two geiger tubes on the loft eide
firod in coincidonce with ono geiger tube on the right ltdo.'
such events wore not pormitted to enter the matrix, by the
sction of the “anti® circuit, There were several reasons

for monitoring suchk events., It was possible, by means of

such monitoring to investigate the kinematics of the pulse-
producing particles in the geiger tube region, so that ulm-
to-geigor scattoring, and other such eveats, could be exposed
Af they took place. Also,- the froquency of these events with
the rise and fall of tho cyclotron beam level gave infor=
mation mbout meccidontals from Compton mnd pair electrons from
the converter and tho genoral radiation background.

The left bank, right bank, and anti-pulses were
then mid up with respoct to one another and the arrival
tu@ of the modified geigor signalo through the dsalay lines
into the 36 channel amplifier by means of the three adjustable
gate-foruing units precodiag the 10 channel guad mixer. (Thie
mixer is sinply a multiplox coincidence system in which may
coabinations, up to quadruple coincidence, uay bo selected
out of ton input channels), The loft bank addod pulses vore
aleo fed dnto an suxiliary adjustable gate-forming unit which
dohiod those pulses by 5 microseconds, Those «iaml pulees,
when mixed with the added right pulses, alloved monitoring of
the purely accidental coincidence rate. The pulses froa all

B e ) B L v PO
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fowr mto-!cru;u units were adjuoted 4n width so that the
various coincidences, which were detormined in the 10 chasnel
quad mixor, wore of .8 microseconds remolving time.

The 10 channel quad mixer was adjusted so that
it was uood as @ coinoidence unit which detorminod evonte as
leboled on tho four subsequent scalers. Cortain scalers vere
disabled with a 186 microsecond gate triggered by the cyclo-
tron r.f, nlio. and thus monitored only the “off-boam"™ cousts.
The gatod scaler which recorded the true coimcidencos of
particlos of a single pair, laboled L+ R * A, nlwo sent out
the pgating pulve, through the doad-time circuit sad a
varisblo~delay, variable gate (V.D.V.0.) unit, to the 30
channol amplifiors. '

in mrn. the electronic arrangemont wae
deosignod to use a® much avallable equipnent as poonible,
honce was momovhat more involved than was really mocemmary,
Hovover, it was found that eatisfactory operstion was obtained
1f frequent, goneral tuﬁ vore nio with 8 pulser substi-
. tuting for the rawv goigor pulmes. BEventually a semi-automatio
pulsing testor was evolved vhich tostod all phasos of the
electronics in tho order of 30 or 30 minutes, The monitoring
ccalors and rogistors were so arranged that any bad electronic
: tubos elong the 114e could be dotectod without having wantod
: much beam time during an sctual rum,
(0) arnotic Piold Calibrations
The nagnotic field dintﬂh“u and field

strongth an a function of magnet curront vore calibrated by

three indopondont methods, It was of primary importanco

184 023 i
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that tho proportios of the field distribution bo such that
o plot of olectron energy ve. distance along lino of centers
of tho' goigor tubi- yield a straight line for am oloctron
loaving the convertor region. Ef mno straight line rosults,
then the matriz principle im not applicable.
(e) Ploating Wire Technique

Tor & current-carrying vire in a magnetic field,

vhere no forces on the wire other than the amperian force and

tonsion are acting, it can be showa that the wire vill take
up an orbit such that

;- l’ vhere T 1o the tension
1 1is the current,

B is the magaetic flux
density

£ 18 the zadiuws of curvature,

but since for nn electron

*a f vhere p is the mosentus
e is the electronic charge
and it pol then

.g* where B is the total or kimetie
onergy)

o0 that

t=&

Thus, by suspending & wire in the median plane of the pair
chambor, varying the current, tension and exit angle from
the cosverter, it vas possible to plot orbits, check the 180°
focussing propertien, ‘and obtain a general picture of the
magnotic field properties,
(b) Proton Probe Neasurenents
The magnotic field at various points ia tho

184 024
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pair chanber was momsured with a proton spin-resonance
probe, and the resulting magnotic field distridbution allowed
the plotting of orbits of tho pairs as a function of
current through the pair magnet.,
(o) Calgbration with Knovn Y -ray Lino
The woll-known'® 17.6 Moy 7 ~rey Line froa

Do®" vas gonerated by 440 Eov protons on L17 at the Van de
* Granf genorator, and the pair spectroseter was moved to the
targot rogion in ordor to detect this line., In spite of
low apunting rates, the line was suitably detected and -
. snalysed, '

The agrecuent betweon all three calibrations
vas very good, and the recults ,! the floating-vire nossure=~
ments shoved that the matrix primciple vas applicable,

(7) Evaluation of the Accidostal Cpootra

l-"n'c'm of ‘u ruos the perceatage of co-
incidences which were accidental ia origin was found to be
‘a8 high se 20%. . In order to dotermine the spparent photon
spectra due to these sccidental coimcidences, as a function
of target material and magnet current, the 20 smplifiers were
gated vith a wide (sbout 100 microseconds) “on-gate" dorived
from & frequoncy-sensitive devide sampling the cyolotren R.P.
and initiating the gate at that frequency for whish the boss
vill emorge from the cyclotrom, Bince only a small per-
contage of goiger counts had their origin in ¥ ~ray pairs,
tho registers in this case rapidly ucn\ahtol tho acei-
dental spectra. Those spectra were then pﬂ‘norly pub=
tractod froa the spectra accunulated undor propor running




UL

conditiono,

The accidentals had their origin in Compton
electrons from the coaverter (especially at lower megnet
curronts), the sec ry products inside the chamber from
targot neutrons, tBW goneral radiation hackground, snd from
fraguonts of two or more independent pairs,

C. Evaluation of the Data

The spectra froa the different magnetio field
settings, suitably corrected for accidentals, were plotted
indepondontly of ome another. (See figures 6 snd §). 1In
plotting these mpectra absolutely, some care vas given to
the ase of the target thormocouple readings. In particular,
it wao necessary to knov how much heat was being lost from
the target by radistion, BSince ity in carbon is
much higher tham in the metals, & large radiation loss
relative to the metals wvas to be expected. The probles was
solved by plotting therasl rise snd decay curves for
difforent targets bombarded to various temperatures. It
wae noticed that after a relatively low beam was turned off,
the thermal decay cwrve was an exponentisl from s metal
target. Deviations from the exponentisl were found at
initially higher target temperatures, this doviation being
especinlly marked with carbon, By solving for various
constants in standard thermal expomential equations froa
the decay and rise curves, it was possible to evaluate
roughly the radiation loss, This loss wvas small in metals,
but of the order of 50% at times in carbon.

A more accurate mothod of dealing with th108-
By b




radintion loom wvas baood on the assuaption that tho left~
bant end right-bask singles rate wao directly proportional
to the beap lovel up to tho point whore "blocking® bocone
- approciable in tho geiger tubos. Thus, at low boam lovels
whore tho wadiation loas from the target was mot approci~
able, the einglos rate could bo calibrated for aboolute
boan lovel fros the thormocouple reading., At highur beam
lovols but still short of blocking conditions, the singlos

rate thon merved a8 an adoguate monitor for aboolute boam
lovele.

Pigures 8 and 0 show thet the variouws spectra
overlap and match quite nicoly, Oince wide variations of
tunt tonporaturos wore attainod in gathorinmg thone spoctra,
‘the suitableo matching indicates that the thormal radiation
vas adoquately doalt with,

Tho errors shown on the curves are the “proba~
ble errors™ fron ntatiotics,

D. Pimal Posvlts
(1) Gonoral Digecuseion

Pigures 8, 9, 10 and 11 shov the oxporimental
results. The points for the various nagnot currents wore
plotted absolutely and indopendontly, and the satisfactory
continuity of the rosulting average curves through those
pointe lend coufid>ace to the goneral exporimental tochnigue,
oopocially to tho thermocouple baam nonitoring,

1t 10 ooon that the nunbor of points i® con-

-

sidorably lous than tho nuabor of enorgy channole involvod,
. Yor omauplo, in fijurn G thore would ba 67 points if every
Yo 184 027
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‘coiving 1f one ceonoiders the horiwzontal probable error of

" Mov, vince it mppeonred that s difforent wochaniom was re-

vtutuﬁu no tho structuro, cutoff paint, ard #lop2 of thin
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enorgy channol was directly plotted. Bince the total number
of counts sccunulatod by eack channol was quite small,
(gonorally leos than 100), and since the inherent uncertain=-
ty of the resulting curve is not A sonsitive function of

tho uamnor im which the counting imformation is graphically
diotributed, it wao convenient to wimply combime channols
arbitrarily bofore plotting. The enorgy uncertainty of
oach polnt on the figures cam be inforred frouw the horizoatal
spacing of neighboring points, Thus, for instance, vhile it
appours in figure 10 thet all curves cone togothor above the
bigh end of tlomtnmi, this poiat of view may bo de~

each point. The moat one may safoly conclude im connidor-
ation of tho statistics in this caco is that m curven

probably fall vuhti a range of 2-4 croos soctional unite at,
say, 0D Hov. : ;
" Data ves not showa for esergies belov about 18

spongidble for the production of the lower energy 7 -rays,
At sono point botwoon 8 and 13 leov the yield suddemnly
{ncronsed very greatly with decreasing ¥ -ray enorgy, and
it voo assunod that nucloar excitation wes responaible for
thin offect. Docause preliminary studies in this rogion
indicatod that tho change was quite sudden, it is sugpooted
that furthor ouporinonts bo domo to chock ruch character=

rapidly rioing curvo,

184 028
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(2) Ccupardoon with Provious Work
Wileoa's® techaique consisted ia brief of

noaouring the electron pair enorgies from pair production
in thick lead converters by absorptiom is a carbon block,
and honce the uncertaiaties in hie experimeantal technique
wore relatively large. Thus comparison of this work with
eimilar target and beas situations in Wilson's work caam at
best be an order-of-magnitude comparisca. The folloving
experinental results may be compared:
(a) Goneral Gpectrus Shape

His epectre from 143 Mev protons oa Be, C, and
Cu ot 90° have roughly the same shape as those presented bere,
vith the outstanding difference that his Z-dependent curves ;
o not diverge at lower esergies.

(b) Absolute Cross Secticas

In caloulating an sbeolute totsl cross section,
attention must be given to the sngular dietribution. Al~ :
though no definite data is now aveilable on the yielde ot
0° and 100° 10 the laboratory system, prelimissry expert~ |
moats at these angles have shown that the 0°, 90°, snd 100° :
yields probably do not differ by more thas o factor of thres,
This inforsation, along with the fact that 90° saisston 1o
characteristic of & large fraction of solid angle, and the

Rt ey o 0 20 2 g g Y T
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; fact that detectionm at 90° to the beam involves emissiom

from a large angular range of the p-m center-of-mass

~ systens (vhich move at all angles to the besm) justifies !
multiplying the 90° differential cross section by 4T to :
obtain the total cross section. 1In doing this, then, the
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B SR A B
b : kA



-30-

total cross section for tho production of ¥ -rays with
groater than 20 Mov emergy with 140 lMev protons on Be is
.3 & .5 2107 cu.?, vhich 10 10 agroenent with
Vilson's absolute cross section

The relatively large error of ¥ .0 x u‘”
en,? 18 & ru7ult of the counting statistice, lsck of precise
knovledge of the angular distribution, and umcertainty in
such moasureneats as effective geiger tube areas, vertical
scattering loos, ete. :

(e) Cron

In the present work, the total cross section
for ¥ -ray production above 20 Mev is mearly independeat
of beam energy, vhile in Wilson's paper the yield incresses

with increasing bosm emergy. Since his estimate of beaw
‘current was basod largely on indirect deduction inatead of
direct measurement, ono assumes his errors inm these de-
cutions could pn been large.

(@)

-

Doth exporimental results are in general agroe-
mont, . |
(e) Transformation Calculations

Calculations on the transformation for a

spoctrun from the cntw-o!-ini to the ladora=-
ohY .

tory wystem with both stationary and Fermi gas target nucleons
were dono for Wilson by J.B, Prench and P.B, Daitch, and are
‘shown mph'tuuy in hie paper. These may bhe conpared with

~ their aulmu in this work; (m the following section 3).
184 p3o
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A nunerical comparison vhows that while the stationary-
sucleon curves agree almost exactly, the moving-asuclooa
curves disagree by about 25% in sone spectral regiome, Ia
the ouumiﬁ- case they apparently chose 8~10 Mev

* for the energy picked up by the bosbarding proton im the |
auclear region. In the present work 8 Mev vas chosen.
(800 the end of appondix 3C for @ discussion on this energy
gain). The 20% disagreement is most likely due to the choice
of monentus distribution; the form of disagreement is such
that 1f both caloulations had boon done with the same mo-
montus distribution, the agreement vould have beon such
botter. :

@)
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Both tho predictions of the phencasnological
thoory of Ashkin and lnnut’. and the acalar moson {moaler

coupling) theory of Gimon® give spectrs of which the center-
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of-uave yleld e - for pea collistons, whore R, 19

the available energy in the mt'or-;ot-n -ni-. ¥
Poeudoscalsr meson theory with pseudoscalar

coupling (by Simon?) gives EXhWJE,-hy spoctrun, which 1e

ruled out by the experimental results of, say, figure 0, It

can be shown through consideration of nuclear momeontum distri-

o bution and proper transfornstions that the curve shape of

' figure O cannot result from additions of hY JE,-hy  curve
shapes unless perhaps 8 grester mumber of extremely low-

energy collisions are postulated. This extreme multiple~

collision picture is certainly an inconceivable une for De®.

184 031
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-function transitions, two give rise to magnetic radiation,

. the raised position of the 38 Mev experimental curve., The

In the phonoaenological tboory’. Aohkin and
larchak use the quastun olnfrodmm. .'uh non-rolativistic
nucloon moticn and tho Born approximation, in order to derive
oxpresoions for the tranpition probabilities from initisl to
finnl states, Tho nuclear potentisl used is the Serber
v(r) = Qﬁfﬂ— 9 £, wore , 18 the Wagoran
operator, Thie potomtial is found to give & good fit to 90
¥ov noutron scattering omﬂuiu. 0f the six possible spia

the othor four give wise to electric rediation, The megnetic
radiation from spin f1ip ie calculated to be small coupared
to the electric dipule radiation, and can be -uhou“.

4L for the electric dipole, radiation 4e given as
¢ complicated function of X, aad ¥V , which can be simpli-
fied in the high-energy spectral region to be proportiocnal
to ‘..v . 'no't depondence 18 & ressonsble ose,
since the elastic n-p total scettering cross section varies
vith B  ia the same way.

As a first trisl in this present vork, the
centor-of-mass -@gj spectra were transformed to the
laboratory system for proton labovatory bombarding energies
of 38, 100, and 140 Mev; the struck noutrons were considered
to be at rest, Figure 12 shows the results, It is apparent
that these curves are roughly similar to the corresponding
‘exporinental ourves of figure 11. A striking difference is

probable explanation is that for 38 Mev protons the u-nc

nucloon=nucleon collision plctm ie not valid, and the
S 184 032




proton~-nuclous collision mechaniom is mainly responsible for
tho production of those photons. It is thom obviocus that the
yuu'mu be groater im this case.

" The rough sgreement of the figure 12 curves with
expariment poiante the wmay to refinements in cslculating the
actual laboratory spectral yield froa %’: to compare
with experimontal results. Appendix (3) outlimes the deri~
vation for the calculation to take into sccount the mwolear
motions. Ja mccordance with recent Berkeley muuu. -
gaussion with half-width of muclear mcaentum deasity corre-
sponding to 19 Nev kinetic emergy vas used, It vas alve
ascumed that the sngular distribution was sphericelly
syzmotric in the center-of-mass system; however, it can be
shown by the mothode of munerical integrations uol iht the
resulting emitted spoctrum im the laborotory system would ut
be markedly imfluonced by at least & mild departure from this
distribution, Becanse of the use of Bimpoon's rule for the
nuserdcal integrations, it 1s to be expected that the high-
enorgy tail (say above 80 Mev) may be ia error by as much
as 283, :

" The results of this calculatiom m shown in
figure 13, A comparison is mede of this celculation with tho
experimental result and the previous mucleoms-at-rest calcu-
lation, The tvo theoretical curves are mormalized at 18 lev,
while the experimental points are scaled to be grouped mbout
the moving-nucleon curve. An abazolute determimation of the
yield from the theory involves some considerable calculation,

and has been done for some special cases by th}o,)n/uthon; the
24 0134
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reoults will bo procentod in a followisg divcussion.

It 1o soen froa figure 13 that im ganoral there
12 pood agrecasut batwosn thoory aud experinoat. Up to about
75 Uav the curves agree to withia the experiseantal error,
swhile slove this enorgy the theoretical curve 18 scaosbat

bighor thas the ezporivental one. This discrepancy uay
retult from three sources:

(1) 1sadoquacy of the gauseiam distridution as & represen-
tatiocn of nucleos monontum distribution;

(2) Siupuon's rule error as previously explained;

(3) luproper cholce of curve fittiag to the experimental
points,

"It s of interest to compare the tetal cross
soction of experiment with theory, OSimon lists some calou~
1ations for the field theoretic cises, vhere the protoa
laborstory bonbarding energy ie 100 Mev and the Lategrations
took place between photon energies of 43 ami 00 Mev, This
should mot differ groatly for 140 Nev bomburding emergy snd
& yleld betweon 35 and 70 Mav. The experisentally (antegrated
oross section sssumes & spherically symsetric distribution
in the ceuter-of-mass. A comparison, botween theory and
exporiment, thea shows:

exporimentally integrated crose section per neutromi = = =
T PO 3 07 % Ll |
Scalar moson theoryi= = = = = = = = =« 3,0 x10"0n?
puoudoscalar moson theoryi= = = = = = = 1,3 210" %’
phencaonological theoryts = = = = = = = 1,0 x10" e’
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figere 10 should bo exssined, As previowsly explatmed, It
13 sot to bo ssouued that the curves are rostricted to waloa
8% the high-onorgy oad, This 10 sizply vhat appoars (o be
tho moest prodable vet Of curves through the experimowisi
polats, There are st lesst 1vo ressosable qualitative ex~
plasations, however, for the gesersl serging effect of the
high-otorgy talle,

The most plaveible sxplesation ifavolves con~
sidorstion of sultiple collinions ia the p=s collision
plcture, Por & given protos bombardiag esergy, the meas
susber of collisions within the suwcleus sust iscreams with
incressing stenie suaber of the target material. 1Im the
100 Hov boubarding energy region, the mean snergy lost per
collision is about 20 Iw"". Sisce the probability eof
bronsstrahlung eniseion varies spproximstely laversely with
the collision enorgy, them the lower emergy second, third,
and fourth collisions have a successively higher probabiliity
of contributing to the brensstrahlusg spectrus| and se &l
atonie nwabor of the target is incressed, the mess p-a eollision
enorgy will decrease, Decause of the Vi-hy~  factor, the
yield por nuclous at the high-energy end of the spectrus
should not increase uniformiy with iscreasing A and/or %
of the targot material,

Avother explanation or factor which comtri~
butos to the merging effect invalves the sucleocn momentus

distribution, IXf the ratio for the

ntua ce ponen
target nucleons was such that this ratio incroased with

increoasing A", then, for exaunple, the De bigh-enorgy photoa
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yisld would bo properticastely larger tham for Cu. There
18 o exporisoatal evideace aw yet of the suclear soucntus
distribution for the beavier suclel such as Cu, although
o5y WAy Prevest woae argusests to show that the relative
Mgh-ucsoatua conposents would tend to decrease with ta-
ereacing A. Ose srgunest would consist of saking & case
for & syston of mucleocns approsching & Fersl gae (from, may,
the sear-Gawsmian distribution of Do) a8 the sumber of
seciecas is iocressed, with the correspondiag decresse in
the high-sosentus conpooeats, Asotber argusest would cssune
& sguare~well poteatial, baving & radius which increases
with incressing A, The wave fusctions for the various
sngular soseatus states would wpread out with the radive,
resulting ia & sarroving of the correspondiag soseatua
distridbetion functions,

~ The repid divergence of the curves with de~
cressing photon energy is to be sxpected bechuse of the
sultiple-collision effects for heavy nuclel., Second and
third collistions within & sucleus (sseuming, of course, the
pa collision ploture) will be correspondiagly less snergetic
sad beceuse of SEERE.  will contribute & Migher rasto of
mm than the firet collision,

It Ls suggested that further experisests be
dose on hydrogea and devterius, in order to further check
the nuunnm@ type of spectrum and to sxamine
more carefully the high-enorby tall for these simpler cases,

46
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() Tia pen—> do¥ Isoctics

Figeres 8, 9, 10 and 1] fadicate mo “busp™
is the spectirel reglon vhore the photon energy is abeust oue-
Balf the boadardiag escrgy i1a the laberatory eystes, te s
sceursey dotorudncd by the cousting statistics ia these
spectiral rogioss, Thie 10 in sgrecnent with ¥ilsos's
resulta, If the resction vas sllowed to take place 1 »
field~froe rogion (ae opposed to fusife & suclews) thes calow~
Istioas guoted in Vilsou's pajor indicete that the resulting
photon flux should be sonevhat greater than the pure p=a
eollision bressstrablung flux in the higher energy spectral
region, Ose muat thorefore cosclude, ss does Wilsoa, that
the perturbations of the fissl resction states duwe 1o the
presence of the other nuclead constituents greatiy decrease
the oress seotion for the remctics per target sewtres. It
chd be doduced froa the exporineatsl results that the resctics
eross section por seutros must be docressed by & fsoter of
ot loast 40 for the besn~target situstions here favestigated,

In conclunion, then, this experisental work
showve that:
(1) the total crooe sectios for De® for the production of
photoos sbove 20 Uov energy by 140 Mov protons as (132 .8)
Il(”u'a
(2) the ceater=-of-nass spectrus shape for p-a collisions i»
clmh.@t uunwmumuhg
(3) the pooudoscalar meson theory with pecudoscalar coupling
prodiction is inconsistent with experimontal results)

SRS

A2 TS
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(4) the phoncaonclegiesl theory predictica is consietest
with experinental results;
(5) the scslar moson theory with sealsr coupling theory
prodictios in indicated by prelinisary experinests te de
foconsietest with experimeatsl rosults ocnly ia the sagulsr
distribution;
(6) thore 18 so evidonce for the reaction péa ~ der ,
. Asposdix
(1) chamnel Efficiescies Derivatics

: The folloving consimts of & derivation of the
sbaolute channel cowrting efficliencies for & beam of photons
directed at the couverter, The two factors of vertioal
scattering loas, aad loas Detwesn effective gelger tube areds
ave hore ignored, honoe It le sseuned that there 18 80 verti-
oal scattering, sad that the golger tubes forw a coatinuous
couating ares, The terminclegy coasiste ofy

4, the coaverter deamity)
¥y Avogadro's nuaber|

A, the atoaic weight of the coaverter material)
b, the coaverter height)

L, the converter linear thickasess)

Y the distance from the ccaverter ceater Aloag

the line of geiger tubes (see figure 18);

b A the distance along the coaverter)

L P the photoa energy|

w, the ratio of the electron(.) energy (totalgy

kinetic energy) to W;
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K, 8 fusetion of the mageotic field streagth
osuch that the oloctrom emsrgy equale ky for
an orbit through 0 and y (see figure 18);
g ™ the eacrgy epreas o iaterval of the J'th
clansol for the vane magnetic filold setting
80 10 isvelvod in the sbove k)

< the latessity of the photos bosw etrikiag the

‘. coaverter, confinsd to an energy range A!’..g

13, the suiber of paire valeh are dotected per
wslit tine)

3 the geseral istegrel dosigmation of the J'th

enorgy chasmel;

oy, the distance Dotwoes geiger tubes  ygo = Ygqm
730 * Y18 %% .

§ (3,%,0)du, the croos section for pair production for ¢
photon of snorgy W with » tmual‘ll eplitting
of u is an fntervel du, 1n & converter with
stoaie nunber 2,

2
The abeolute clhannel efficiency is then .
ey

It 1o cloar that 1§ in proportiossl to the ceaverter thiek-
neus t, mmu—mnunm—l.‘.mu-—
vortor boight b, and 15, Is sddition, it ie proportiossl te
an intozral with sosevhat favelved Lisite,

To evolve this istegral, it s fnstructive te
study pairs originating ot y' in the converter is sn interval
dy', and vhich are produced Ly photonn in the cmergy renge

Av,.,‘ and of onergy V appropriate to the J'th esorgy chanrs ),
7' tntesral 40 bullt around the ¢ O™ raction 4 (3.-!«!»;:;
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and tho Firat siep 1o to set the linite in . As iste=
grative over w thea gives the total croos sectiom for
dotected pliotoms for the case of particular photos enorgy
¥, origisating st y', and the 3'th chasnol, It should be
sotiesd that AW, W= I Ay 1s tndopendest of §. To
visuslize the Rimite it 19 holpful to inagine & live
corresposding to ¥, #lid beck ssd forth parallel to y
“WN“#M“]Q;.
?..7,“ 'y '..'lu 1
the lover lisit s ..

" - '
—hee
the upper limit is -,t-t_?-w,

h&,“ * lt&:‘h !
the lower Mnit e w . ¥ -ky =~ Ny'y

the upper lisit fo w - lt!"_,"' ky' 3

Ierlo< g € ap
'.)M,,t‘ LE S lr”n
| ky

the lover limit is v = ..lh‘t_*.’.'.l
mwmcun.v-ngl,”-w .

hhy*.¢ Ve .y“s
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K
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the lover limit 48 u Y- Ky " W',

the upper limit 1o u - .'!ll.'.:_?_'.

In sddition the resulting F¥ (v) wust be suit-
sbly woighted for sll values of ¥ betweesn &1’“ and Bxy

This denotes 8 second imtegretion with rospect to ¥ betweesn
the limite ey, ., My, | ol By g0 By, vhere
these integrels are divided by

A ' - - e -

for proper disensional and weighting tresinest.

Fieslly, & third fategration nust be perforsed
over the eatire cowverter by setas of the differeatisl @y'.
™he results are!

Pex ) & 10,
shaolute channel efficiency =

%
E‘ I [’ 24, —M‘

2oy b T, 4 Prq«)luﬁt,’ -+
. 700:

+ % y,m %-_1 ‘
/

/ 4 frw,«uu/uzf*] :

i “(7;.. m@gé'
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shaslute chausel o!ueu-ci =

b

Uatortunately ¥ (¥,u) oo expressed is the wewal
litorature 18 not an integrable fusctios, snd wethods for
nemorics] epproxisatifons must be fousd, The simplest and
most weoful of such approxisations cossist of)
(8) considering the eplitting curves as flat, wo that §
is no loager & function of u;
(b) choooing & mean value of ¥ for each chammel (V™ .1,_,.)
so thnt F is & constant for each chamnsl.

. The second approximation is & good one mince
doow mnot wvary rapidly over the relstively small range of
AV¥g x | the firet can be shown to be an adequate approxi-
mation (to vithin several %) if ¥ 1s properly chosen for
each channel, As explained in 4(b), ¥ was chosen to corre-
epond to ua 3 w7, Henceforth ¥ may be dostgnated by ¥, ,
#o that for the §'th channel ¥ 1s ovalusted st ihe moan
snorgy ¥ ™ lly’,.. With thewo spproximations, then,
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ond for 10 & § & 10, walng sinilar procedure:
absolute chanmel efficioncy »

f (%‘:Q (q“/l)

These wore the approximations wead 18 the setual vouputations,

(2) Yortical Sesttering

Lot 4t be srauned that all electroas ariginsate
on 8 vortical 1lime of the cosverter, and let the previously
cirenlar olectron orbite be “wnralled™ to stralpht linow,
Referring them to figuro 10 Int the x axie Lo ths wertieal
convorter 1ina, and tha y axis tha Mion of @ drer ted g 0 oy
in & horizoatal plaan, This Iattler axim An ¥i0 0% de o) too

kinotiec enorsy, to & posd arprs b aging,

» S b A £ . ey e PPN TS P EY,
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Considering electrons of a particular energy
E' which torminate on & vertical line through y', it 18 seen
that tvo special orbite of this enorgy electron are " and
Ty vhich make angles 0\ and Oy with the horimontal. Any
eloctron of onorgy E' fs "loat™ Af ite angle with the hori-
moatal 10 so great that it meets the y axis st a distance

esaller than y', and thorefore ﬂ and 0. are two eritical
augles,

Now for a beam of photons passing through the
Aiue converter one may define & line donsity of electrons
- €E,x) which loave the couverter im the forward direction,
Thim density must be of such & form that 4 (X,x) = £(E)X(x),
whore £ and X are funotions at this point undefined. This
L0 ®m0 bocause the distance from the oyclotroa target -m
be great enough so that the photon emergy distribution will
not change over the space of the comverter.

The object of the folloving caleulation is to
find what fraction of electrons of energy E' are “"lost™
through vertionl meattering.

mmn-tmam“mu.mnu
the seattering of electrons through thin foils, snd it ie
mmm.wnuomtmdtnnuml

(in Mev) passing through a converter of radiation length thick- =
none t

G, 8,000 - S ( ‘3‘/;

2

whore G(E,t,0)d0 1s tho probability of an outpoing olectron -
4708 A

a4 o 2

SR end
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bolng scattored into the range 4@ at an angle in radians of

d 9 vith the forvard direction. But for the case hore dealt
with, that i@, pair electrons uniforaly created throughout
the convortor, thim distribution function becoses

+
F(s,1,¢) 'U[/;%/ q"/ﬂ]!} :
whore N 48 dotersinod by the normalisatios ,
N P
F & -

'V//-;‘-':xk!'d‘ll-lj

-

N

so that N é-m.'; s and

Wiy

¢
: £
F‘%‘:"Wﬁ?‘"ﬁﬁ"

Now 1f one assumos that the critical sngle for
sny point x of the convertor is givon by ’. (vo that
m; = ’, ) for losm at the bottes, then for mny element
dx at = the total nusber of eloctrons lost at the bottom ie
given by v-F

/ Yooy 2 FCas t, 004047 .

oo
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Thus the fraction of oloctrons of onorgy I' which are lost i
fron tho entire convortor to both top and bottes in glvon by

’y ¥ et
174 Ve
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whore y' bas boen replaced by k(I) E', k(1) being & function
of the magnet curreat only.

It can novw be shown that this fractiom iw in-
depondent of the orbit energy B'.

From the t}m ncmuﬁ in the sbove integral
At 18 woen that & alvays appears as l"O'A ) B0 that F\E',t,0)

may be written am R'F'(R'0,t), and the integral may be writtea
ant

iraction lost =

¥
% oo g
//XWG’F'(F'O ¢) P
4 _——ﬁF_‘_'—"'i -
»
| A ¥
’Zt/

TN VT e
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is which the limite of the firet integration have been
changed according to the now variable of iategration., The
uie of @@ in the mnev uppor limit Le Justified because of
the form of F'(E'9,t) which contains & gawssisn function) and
for this folls this geuseian is venishisgly sesll st &=
or B'® "I'.

This last integreal oxpression for the fracties
of electrons lost by vertical scattering Lo independent of B',

The derivation contains two assusptions whioch
donand further comment,

T™he firet sssusption is that the electrons
originate on & vertical line, ifoatead of an sctual areal con-
verter, Dut the dorived fraction is independest of y, hence

) it must be valid for any vertical lime coaverter on the y
axis, and honce for an actusl aresl coaverter,

The second sssusption i that m.o-’. ) or
that the wosn wcattering angle is quite small, This inplies

' that the dorived results are only true to first order, The
vocond order distortion may be minimised by using thin con~

vorteors and/or convertors of marrov hoight.

.ﬁ‘!ﬁ"‘._,‘r,.".-":‘ - e ;u 7 (;_ﬁl, A D wﬁ:ﬁ&&l’hwﬂ"%".kim‘r: AL A e R D T [ AR AN Sl RN KPR 4 . e Wt A T ALt
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Assuapt)osa:
(8) Thore is at mout one nveloar collieion por protoa,
This ia Justifiable on uoan free path cossiderations,
(b) The spoctrus in the centor-of-pase sywten deponds
oa tho mmm(M. snd the avallable enorgy

B, + by woane of % + ¥hore the subseript o

refors to the coater-of-wane syotes

(e) The photons are enittod with spherical syusotry in
the contor~of-mave systom,

(d) The targot sucloons are considored se & gas loaide
the muclear potontial woll, aad Lo ordor to inter~
sot with the noutrons of the nuclous the boubarding
protons pust enter the voll and pick wp wone 0 Hov
in avallable resction enorgy. Thie s in sccordance
with rocont nueleon=nucloon coleulations for thie
energy nm..

(¢) The mosoatus dietribution of the target neutrons
As ssounod to bo a gousoian in sccordance with
rocont Dorkeley oxporimonto™, such that the proba~
bility thot & noutron have & mosentua p in 8 range
dp 4o given by 'ﬁ

e f‘*

| 2 bt s . et i A e O . e o e e b o i s | e e e
® Theso myltu‘ aro given in a nuabor of 19531054 UL

reports, aneng thea J.M, Wileox, USCL=2510, 1963 (unpublizhed),

e
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vhoro p 18 the soutroa sosoutus corresponding

to 10 iav kisotie esorgy, and N is the propor
soraalising coautans,

(1) The weutron notiows sre troatod non-relativiet~
fealldy.

Xeaingle 2
Lot the sulueript o refor ouly to quantition
svasurod in the contor=of-uane syutos,

# 10 the angle of photon ealesion with rospect te
the direction of the center-of-uaee notioa)

& 10 the sngle made by & target soutrom with respect
to the beoan direction before collision: (the “lat~
Atude™, with the north pole pointing ia the boan
direction))

X,¥,8  voprosont laborstory cartesiss sxes such that = ie
upvard, y 1s tovard the palr spectrometer, = is in
the boan dircotion, and the origin is laagined se
fixod 18 the target nuclous;

A4 18 the sagle of “loagitude® ae measured upvard fros

the y divection for a target noutroa)

ie the velocity vector of the conter-of-nanes sysaten

in the reforence frane of x,y,n) with magaituds ¥,

slong with the uoual torminology of

;. '!'. and

4
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n and p oy pubveripte refer to target moutron and boabarding

proton|

£ is the total emergy of & sueleon)

T is the kinotie enorgy of & nucloon or systonm of
nuclooan]

P 2 the nouontua of & suweleon)

| is the protoa bean intonnity)

Af! i the nuubor of nuclel por wnit ares of target,

Saoore) Procedurs

The experimonts hore dosoribed measured the crooe
section for photon eniesion por nucleus per unit solid angle
por L lNov esorgy ioterveal, This, thea, will be the quantity
which will bo thooretically calowlated in the following work,
The mothod weod will conmint of these stepe:

(8) Pinding 4 , ¥, and B_* 2 of the conter-of-uase syotes,
which in conposed of & boabarding proton and a target
soutron; bocause of the noutron sotious this systes will
in genoral not move mlong the bess direction,

(b) Pinding the velativietic transforsatios for é":ﬂ.‘

ir
into the laborstory hav s® & function of
A7 s miBem Byt ik,
(e) Conpleting the transformation bhaving found and ¥
in step (n).

(a) Ihe gentor-of-nage eyeton:
The following relationohips are given froa: the
nochanics of spocinl rolativity:

T A MMy T e st € [P P
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W E.=v(e,-VF);

0 V- .!E.‘Q.“
€. 8,

(1 Ep. * f'."m‘ 3
and by subotitutiag (2) fato (1), thea (1) tate (3),

= T
“, - o * u)c b ]
E", s?F'Mc‘ et %;—b ‘

Jut sinco this Lo & case of two aucloons of equal
pase, the total avallable kinetie energy

E.. ".0' l'.., - "'. and

o Eeorfpec g G

or move couveniently

o E,*
1 [op oot S i e

““o‘ ‘v " "-s

Using the dofinition of ¥ , and (2)
(®)

Pl e

/'_ &y o, X % tveec ' 4 2 e ¥ i o)
(“"o“"’"". .
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The wagnitude of /" i givon froa (3) to be

1 e,.--c.'ww £.v2 WXR— ‘W)
fp ¢

and froa (2) snd dofinitions of &, M

@ ge e . S o

£ o ‘r Law ot v Epte, »

&/

(v) Linding the traasfoveations
Tho quantity to bo traneforsed (s

()] lﬁ' ’ 4 R Lm vhore
ﬁ:r T, Mtd4 “Enlu,

u»l'.. oo .
m.rh:.ﬁu' y W hv ;

in vhich » roprosonts the muabor of photons, and
K'' roproconts a constant containing the nocomoary
fundapontal conatante for correct dinonnional
exprecvion, l. pust hore be a coustant bocnume of
the mothods wood in finding the experimontal ord-
inates, which consistod in part of dividing by an
offootive proton bocm curreout and neglecting any
such concept as uucloon motion. For the nuclooa=
nsucloon myston concopt hore used, this variation
of offective current with center-of-mcn motion
wvill bo tolon into sccount as tho caleulttion
progrenaon,

U U T 5 S AV O e
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Sauasitutiug €10) suto (9) rouulte in

QD & | ¢ /o0 viore
“a.4i, . Chv),
. .
(12) Y, r;a_’_u
Nov theo reolativietie ouru and angle transform-
ations ylold
(13) Chody» Chw)y (1= Feme) W
(1) QWi ACh), = dChv) ¥ C1PBerd) ;
(18) Cory > crhtf ’ from which

(1¢) 4, » £Aa
e
Substituting (13), (14), snd (10) tato (11),
(11) becones

e VE-(bwr (1-poss)
Lodw Y O-Aod) EohV

E,, of course, is not to be transformed eince it
18 the enorgy available for photon esission, snd
i inveriant.

¥or a pair spoctrovoter set up at 90° to the proten
boan

o Boan” #
(i) .f dam 2._‘!. o

a0 aver Pz ;
5
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gubatitution of (19) inte (17) yiolds
(20)

ey . \i}.'“ﬂ)r(l" i
J“‘H r'(.;;,‘ eo“V)L i

(e) Copleting the dorivations

The probability that a target noutron will
have o“tmuu 0)u in a range &6, dx in proportional
to dofs , wince the mucloon situstion in swouned to bo
one of sphorical symsotry. Furthersore, as proviounly
n‘luml. the nonontun distribution asouncd is & gausoian
ono, and the probability that a targot noutrom have an

enorgy B, in & range 4%, u givon by ‘VJ.#,’[_‘(;;..

Thore is one more wolghting factor to be doalt
with, Thie in the relative suwaber of collisionn por unit
tino, an a function of Bae & and AL As an exsuple,
it 10 clear that for target noutrons moving im tho -2
direction thore are more collisions por uait tine than for
poutrons moving in the % diroction; and wo & tora sbich in
proportional to tho rolative velocity botwoem proton and
poutron must be insorted am & woighting factor,

‘The rolative velocity 1o proportional to

J P AR ali:'f ié

in the laboratory systen,
The rovult sought for is then

b AN £ P o

LTI Bt e 2, 2 PN



- PP M TI
b 0T : ST 3 N i s R S
:

-5%-
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K P | (08,2 i JCE by ad
r‘(l‘ﬁ,.‘o‘v ; & ’
o o

vhare all th conctante of preportionality have boon Lualwdod
in tho uov soavtant K, w subotitutiag (8°), (9), sid (D)
1ato (21) tho eatire lutecvand baeavon u funstion of eily %,
& , and M and {0 susorieslly iatozralle, ’*

Bisce B, eppoars ia unite of fuv in £ M
thoa By, hy , l.l'. and t' ount aloo ko opreuoud fa thome
unite,

Sose thought must be given teo the mworlesl
valuve for l' bocauca of tho concept of the suclear potontial
woll, It hao boon the farhion im roconmt :un". to aLuv e
that tho concept of tha nvelear mninl woll 18 applicalile
to high=onorcgy beabarduonta, and that beubarding rucloesan
pick up mono 30 Mav in the contor-of-naos cyutom in entorin;
the nuclear region, Uhile the concopt of the "30 Nov"
potontial vell im a usoful one for low=onorgy muclear pho=
nozonn ouch as onorny=lovol structure, lou=ensrgy p=n intor=
nctions, otc,, thore im no publishod expiriusutal evidonce
for boubarding enorzies of 10D lov and ma;nr' vhowing thnat
ouch & "30 o™ voll existn, It camyot Lo dotocted and

poaourod in hiph onorgy boabardionts guch an pnelavas=nueloon

L, |
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scattoring, for the offect of the veoll “cancels out", In-
dood, one may prosont sono simple arguments to show that
it nay bo unwise to add this 30 Mov. In a clissical type
of argunont one may say that for, say, 100 llov protons oan
Be the boubarding protons suffer only about ome collision
vithin & nuclous and do not mtrongly intersct with the
other nucleons within the same nucleus. The coacept of the
"30 Mov woll™ is intimately tied in with nuclear imteractions
vhich are strong and full, such as the bound nuclear states.
VYory recent work on the sev Teller modol at
this laboratory indicates that for bigh-emergy bombardmonts
(100 Nov and greatoer) the bombarding nucloons should ex-
porience forces which are appropriate to potential wells
vhich are shallower than 30 Nev, perhaps by a large factor,
In this prosent work the conservative choice
of about B Mov was made for the energy picked up by the 140
Hov protons im the nucloar region, u' the center-of-mace
syoteaj this 8 lev was carried into the transformation
calculations, both with and without aucleon motion,

Te
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