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I. INTRODUCTION AND STATEHENT OF PROBLEl>i 

~t ~as be~n obse~·ed. ~y Hadley and York(l), and by ot~ers( 2 )(.3)_ 
that nuclear bombardments by 90 Hev neutrons result in an unexpectedly 

large yield_of deuterons of an energy of the same order as the incident 

neutrons. These deuterons~ moreover, are found sharply peaked forward in 

angular distribution. The large yield, the energy, and the angular dis-

tributi9n strongly suggest a production mechanism more direct than the 

usual decey of an intermediate compound nucleus (4). Chew and Goldberger ( 5) 

have proposed a process involving a sudden rearrangement collision in' 

which a proton is transferred from the target nucleus to the passing 

neutron. They have given the name 11pick-up11 to this type of transfer 

process, ·which, of course, is equal~ applicable in case the role of pro­

ton and neutron is. reversed •. Heid~ann(6 ) has extended the calcul~tions 
of Chew and Goldberger(5) ~ and both calculations show reasonably good 

agreement with York's data. 

Superficially, deuteron pick-up is the inverse of the type of 

deuteron stripping described by ~erber(7), but contains in its calcula-

tion one important element that is not present in the case of stripping. 

The pick-up process, unlike stripping, imposes a condition on the momen-

tum the struck particle poss'essed at the instant of collision. Indeed, 
~ 

the probability of producing a deuteron of a particul,ar momentum_ K by 

an incid~nt . nucleon of momen~~~ ' k . depends on the . probability of finding 

a collision partner of momentum . (K- k) in the. nucleus. . This simple 

relation is neither sufficient nor necessar.1; unfortunately, it may hap-
~ .. 

pen that in the collision some momentum is transferred to a third nucleon. . . 

!1oreover, the momentum K of the incident. particle is the momentum 
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possessed just prior to the pick=up collision and may have been changed 

from the observ~~le incident. m~me~um b; ~re~ious ihteractlons in the 

nucleus. But if the assumption ls ~d.e-that the entire collision between 
'" ., ,; . ~ ' . ' ..... - . ·' 

incident particle and target is confined to the single interact:Lon of 

the two particles observed as an emerging deuteron~ then the pick-up 

process becomes a useful method of determining the momentum di~tr::tl:mtion:,' 

N ( K ~ k) , ;i nucle~ns in, .a n~cl~~s-., 

Of course, what is termed momentum distribution N'(K ~k} · is 

meant here the square of the ~agni tude of the Fourier tra.D.'sform of trie 
--~~--

nuclear ~a~e functio~~ ~d the pick-up ~alculations. of Chew(5) .involve· 
; '· i \. 

a Born approximation of the scattering amplitudes corresponding to .the 

momentum transfer indicated aboveo 'Besides the distribution N (~..:.\(} 

there occurs also in this calculation an integration over all the ampif­

tudes of relative m~ment~ in the emerging deuterono Thus, the deuteron 
.i •.• ', 

wave function is suppos~ already known from theory in order to applY -

'· the pick-up_ calculation to the general caSeo 
' . ~ .. '. . . ) : . . . . . . . . 

A syst-ematic study of the momentum distribution in. nuclei by 
., 

the use of the pick-up process therefore depends on U1e e:xtent. or range 

of ·validi.ty of the single interaction assumptiono 
.. '.':- -,., 

There is growing 
. -

evidence that i~ hlgh energy nuclear bombardments a substantial-fraction 

of colli~ions i~~olve slngle.interactions of nucleonso 
'. . .. ' 

Thus the work of 

Gladis (B). o~ t~~ -obs.ervation of inelasti'~~ly. s~at~ered. protons by nuclei 
. . . ' .. ' ,... . ·,.. ' . 2 ' ' . ' . ,. ' ' 

show broad peaks in energy which, follow· the cos ·f law with 'angle sig-
: ·: . . ·. . . 

nifying single nucleon encounters and is-considered evidence for quasi-
" . ' ' . ···' . 

elastic scatteringo Horeover~ the shape of the peaks yield, according 
·. (9) ' ·.· .· . . ', . ' 

to Wolf's analysis ~ momentum distributions of nucleons which seem to 
·.,._. 

•i 
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provide sensible .interpretation of meson production spectra . • 

A striking demonstration of the single nucleon-nucleon character 

of high energy .collisions is .seen in .the observation of Chamberlain(ll) on 

the ·angular correlation of proton pairs·emerging from Li7 under ~40 Mev 

proton bombardment.o . Here, .. however, the momentum requirements in the .col-

lision ar.e different than in the pick-up process leading to deuteron 

formation in that the final relative momentum is an observable while in 

the case of the bound deuteron it is note Nevertheless, in this case as 
~ 

in the pick=up process the incident proton momentum k and the center 

of mass momentum .R of the emerging pair de.termine .the momentum 

the. struck nucleon. possessed in the nucleus. 

It. is not entirely surprising that nucleon-nucl~on .collision · 

phenom~na should characterize, to a considerable extent, high energy 

collisions with nuclei, for the de Broglie wave length of even·a 90 Mev 

neutron is much smaller than a nucleus (1/19 for Pb) as is demonstrated, 

for example» in the diffraction scattering of 90 Mev neutrons(l2). · In-. · 

deed, the wave length of such particles is of the order of the proper 

volume of single nucleons in the nucleus. Single nucleon encounters are 

likely since the mean free path in the nucleus, deduced by Fernbach(l3) 

from neutron absorption cross sections is of the. order of the radius of 

light nucleio There is then some hope that the single interaction as-

sumption might. be acc·eptable to a sufficient degree to parmi t determina-

tion of'momenturndistributions.froma study of pick-up produced deuterons. 

Both the angular distribution and the energy dependence of the 

pick= up ~-~oss section depend on N (J< -l} . Although this distribution 

function .ts: in gene;['~ not known l: priori, .the measurement of both the 



ll!lgular distribution and energy dependence provide a critical test of the 

. k . h..... th . . ( 5) pl.c ~up ....., po esl.s .· <> 

Perhaps ·the .~implest nucleus to:.investigate is the .case .in 
I ; ,, 

which the: .target ~ucleus is· itself' a .deuteron for in. this case N{f<-k) 
. ·(14) . . 

is moderately well determined by theory o .. The momentum relations in 

this case lead to an interesting conc],usion:o The. magnitude of the 

momentum of the proton left-behind. 

(1) 

and under the single interaction assumption alluded to above is equal .to 

the magnitude of the momentum of the. struck target neutrono The .. magnitude 

of the·momentum relative to the.center of mass of the collision partners 

is ... ·. 

(2) 

On the other hand~ momentum c()nservation yields.·. 

'''·· ' '! 

.. K. ~ .£ k c,cJ_~ 
. :J .· . ' .: 

and using (-3) to· elimi-nate ~.from (lJ and (2·) one sees that 

Referring-now to·Reference {5)~ and entering this result in the magnitude 

of the squared matrix element for the transition g:i,ven in E;q_uation (8) 

of that. paper: 
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It is appab~rit :tha.t,·the transition probab.Ui,ty_, i·s·.p:r-oportional to the 

f ourtn power. of. the ·lnagni tude or;-. the ·F0u,ri.e,r _,co~ponent. qJ ol- ·of .. the. 

deuteron ·wave functlo~ corresponding 'to the momentU!Il .magnitude n~-k \- ~ 
the laboratory momentum ;of. the·, scattered protonc.· l ',·, 

·· ·The •pick-up deuterons 'will·appear as recoils resulting from 

the elastic : s·cat tering of protons. into very · large. angles o . A1 though 

there is some ambiguity as' to what is pick~up and ~what is ·characterized. 

by other processes, it is felt that pick~up dominates at·large proton 
. . . (15)(16) 

angles where .the contr~but~on of other processes ~s small o 

Coon, Tascheck and Forbes(l?)have studied neutron deuteron elastic scat-

tering at 14 Mev and observe a distinct peak of recoil deuterons in the 

forward direction where the half-width agrees well with that predicted 
(5) 

by Chew and Goldberger , even though the neutron energy is too low for 
' (18) 

these calculations to be reliableo Hadley has observed these deuterons 
(19) 

in neutron-deuteron scattering at 270 Mevo Stern has observed this 

same peak in the scattering of 180 Mev deut~rons by protonso In this 

case, however, the resulting cross section is smaller by a factor of 
(5) (20) . 

five from that predicted o Powell , making observations in the 

cloud c~ber, finds results equivalent to Sterno 

Jastrow and Karp(31) have considered this discrepancy as evi= 

dence of a failure of the single interaction assumption under these 

conditions. The relatively high momentum components, R-K , involved 

are considered to be associated with small neutron=proton separation 

di~t~nces in the deuteron, well inside the range of nuclear forceso If 

this is true, then of course, momentum is transferred to both target 

nucleons and the pick-up amplitude is complicated by three-bo~ 

considerations. 
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It is the purpose of this . paper to report on some studies ·Of . ; 

proton-deuteron scattering at several energies .·in the ~ar region pre­

sumably' dominated by pick-up· with,·the intention of providing .~evidence.··, 

for determining to what degree the pick..;;up eypothesis· is valid• .This.,·. 

study 8lso serves to extend the experimental.evidence on proton-deuteron 

scattering which is. of fundamental ·importance to the understanding of· 

nuclear· forceso · (See, for example, Reference 15) o · 

. ' ' 

'I • • 

,I_' 

.·' f.·, ! ' 

'· , .. 

,_"f 

; ' 
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II. GENERAL EXPERIMENTAL METHOD 

The angular half width of the forward peak of recoil deuterons 

is of the order of 10° to the incident beam, and it is desirable to make 

observation at .smaller angles particularly in the direction of the beam 
. . ~ . . . . . . 

itself. The experiment is, therefore, conducted in the magnetic field 
,•.' 

of the 184 inch Berkele.f synchrocyclotron where use is made of the field 

to qeflect the deuterons through.large angles.into a detectoro The 

momentum of recoil deuterons making an angle ~ with the direction of 
' . ': . . ' : . . . . . . .Jo. . . . " :. . . 

incident protons of momentum K is -! kcos <R o In terms of radius of 

curvature .f of the incident protons, the radius of curvature of the 

recoil deuterons is ff cos~ o 
0 Provided the magnetic deflection angle is close to 180 , there 

is a limited range about ~=0° in which a_detector may receive these 
. . 

d~~terons at a cyclotron radius well outside the envelope of all orbits 

of protons scat~ered by the target (Fig. l)o The complication of permit= 

ting deuteron orbits to pass into the fl-inging field of the magnet where 

the perturbation of regular orbits becomes a serious computational prob= 

lem is avoided at the expense of restricting the maximum radius of curva= 

ture of observed deuteronso This limit1 in terms of incident proton 
' 

energy, is 150 Mev for observati9n of r~coil deuterons at ~= 0°o Practi= 

cal limitations imposed by such other matters ·as the length and location 

of available probes in the cyclotron,, the d~fficulty of placing detectors 
,:, 

above or below the circulating proton ?e.~, and so on, plac~ other re= 

strictions on the range of possible observatio~s in energy and angle (Figo 2). 

The targets used in this experiment are deuterated paraffin, 
.. ' ·. 

(CD
2

)x, and polyethylene, (CH2)xo The difference in deuteron yield of 
· .. · ., 
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these two targets is then taken as the yield from deut.eriumo The ell 

. activity induced in the target b,r the proton bombardment is utilized to 

monitor the incident proton beamo 

The particles received from the target are detected by observ-

ing their tracks in nuclear photographic emulsionso To establish the 

identify of a particle it is sufficient to measure both its momentum and 

energy, or any pair of quantities that are related to momentUm and energy 

in different w:ayso In this experiment,· ident.ification is accomplished by 
' :· ,' . 

the combination ·H,P and rang~.. :According to York(l) a good approximation 

of the relation of the rangeR of a par~icle of mass m, charge q to its 

kinetic energy E may be expressed in the ener&Y range of interest by' 

.. R·. . k. 1.'11 
· .= .1t""o,v E • 

' ' . 

where K 1 characterizes the E)topping material a. on· the other hand, momentum, 

energy and H f are co~ected b,y: 

For fixed H p. the ratio of i·ang~~ of particles of masses ml' ~ ~d 

charges of q1 , q2 is'· easily ·S,e~ri fro~ the above relations to be: 

lt_ \ . . ( m ) 2. ' (. q., ) I.~ 
( RJJtfl.xed =' Ill~ " • ·• ~>, . 

Likewise, the ratio of Hf 15 for fixe.d range if; given:by: 

np, ' . . . • , . ~-'~·· ) . .·. ·.·. ···:(: ·~ .··)1-12 ( q .. )· ·'+'+ 
.· .. 1-JpL range f:ixed:;:.' ~i · . c;l., . . 

' . ' 

' . 

Taking the deuteron as particle 2 these ratios are given for 

other possible particles in Table Ie 

• . 

V' 
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TABLE ·I 

-
p D T He3 C( . .. ., . 

. (~) Hr fi~ed 6ol 1' o35 lo06 ,o50 

(~l R ~ixed o6l 1 loJ4 o99 . lo2l 
... 

From the .ratio of ranges, it is seen that range and Hp afford good 

discrimination against other particles leaving the target with the ex­

ception. of He.3 o Since the observations on deuterons are made at ener­

gies .of the order 8/9 the incident.proton energy, protons, H~3 's, and 

lX 's. would require production ·energies of the order of lo8, 2o3, and 

lo8 ~imes the incident e~ergy. to be detectedo These particles are, 

theref~re, not to be .expected·fo~ ene:r'getic reasonso Only tritons, 

therefore, can be present ~ong with the protons and deuteronso :;>pur­

ious sources of particles in the cyclotron are less well discriminated 
. . 

a£ain!3t because in general their ~f· wi_ll. not be knowno However, from. 

theFatio of H~ 'sat f~xed range, well~localized sources can be 

identified. 

' . ~. 

I. 
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III. DErAILs OF Ex:PERIMENTAL NETHOD 

.Ao . Proton Beam 
' 

As is well.know, the c:i.rcuiating.beam in a synchrocyclotron, 

as received on an internal target,, is generally neither homogenous iri 

energy nor in direction (2l, 22' ~3)., Fortunately, the directional in­

homogeneity is smallo The spread in e~ergyll however~·is a serious dif­

ficulty in conducting an experiment of this kind and must be take~ into 

account. It will be seen in what .follows (Section V, B; also Fig~ .3) 

that the actual energy spectrum of the internal proton beam is furnished 

as a by"" product of the experimental measurements; and the half width1 of · · · 
the spectrum turns out to be or' the order' or: ib% of the mean 'incident ; . 

energyo The energy spread is produced by three principal factors: '{1) · 

f~ee radial oscillations in the proto~?- orbits; (2) multiple· passage of· 

the beam through the target; (3) energy los~ in the tlll"get i'tself o The · 

last two factors are 'interrelated, controllable·:, . and are. nlinimfzed to 
' . . ' ' . 

such an exten'\- that the 10% width referred,·. to abqve is belfeved to be al..:· 

most solely due to radial oscillations;;·· 

The method of control emplciyed involves a balance between energy 

loss in the target~ which is kept 's~ll, and smaJ.l angle multiple scatter­

ing which' is made as larg'e as possible relative' to an aperture which · 

severely clips the beam in verticalsection~ Since a choice of energy 

loss fixes the small angle .sc~ttering (see,:fC>r:eJta!D.plell Rossi, and 
. (24) ·. . . ' . ' 

Gre~s()n ) the control is actu8J.ly effected as a balanc.e between energy 

loss. and. clipper apertureo Th,e theory of, this p~ocedure is amply dis­

cussed Snd demonstrated in a paper by'Knox(;25 )o This procedure I!lakes it 

~ .. 
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possible to use targets less than 1% thick in energy and at the.same time, 

restrict multiple passage to the extent that less than 2% of the beam passes 

through the target a second timeo 

All attempts at controlling the residual spread in proton energy, 

presumably due to free radial oscillations, have so far. failed and the ex­

periment is conducted and interpreted keeping this energy spread in mind. 

Free radial oscillations is the term applied to the. horizontal 

perturbation of ion orbits. The frequency of this motion, CP I"' , de-

pends on the radial decrease in magnetic field. ' This radial decrease is 

conveniently expressed in terms of n, defined as: 

Bohm and Foldy(26)in developing the theor,y of the synchrocyclotron, show 

that the perturbed motion for small n and small perturbations A r and 

~ Z on ,the normal equation of motion of ions may be expressed in cylin-

drical coordinates as 

with 

Llr+ (1-n)c...v!"AY =o; 
6~ + n w~~t. = e; J 

The effect of this perturbation on the energy an ion possesses 

at.the time it strikes an internal cyclotron target may be seen on con­

sideration of three principal frequencies involved in the ion motion 

parallel to the magnetic median plane: the fundamental synchrocyclotron 



f~equency~ (,.:)0 (t) , the· radial. oscillation frequency~' l).)y- = V 1-W'I 
1 
W,.;. and 

• ·tne ·difference or precessional frequency ' ·~pr~ = (:1 -· ~',.., These 

three frequencies result in a trochoidal motion for the iono• ('The center 

of ··curvature of the ·ion precesses ·in the. direction of the .ion nidtion in a 

circle of radius Ar
0 

about the magnetic field center·at the frequency· 

(I ..... V 1..;. n~; causing the apse or point of maximum radial excurs:t0'n to 

prece'ss also about this center at the same frequencyo Thus~ viewed at a 
\ 

fixed azil}lutli, successive transits·of the ion appear at a sinusoidally 

varying radiuso At the same time; the radius of curvature f. of the ion 

and hence also the mean radius of the ion F is increased in small in... , 

crements .6 Ev by the aquisi tion of energy frpm . the radiofrequency field 

in the dee gap~ It is clearj then» that an ion possessing an amplitude 

6r0 of- radial oscilla.tion will tend to strike the target at a time • 

when ~the ·orbit apse is apprpaching and makes a small .angle 6 with the · 

azimuthal coordinate of the targeto If r.,.. is the target radiusj) ;one has . 

the approximate relation 

Since the ion=energy is determined by;. j) the ion always 11cheats" and 

arrives at the. target with less .• energy . thaJ:l the proper synchronous orbit 

energy E.r at the radius rTo . In fact~ .. 
.. ' 

-.· E--~ E ·· ·(1- 2.~~ (.Qs$), 
.. . . T . , r,. 

(The situation is depicted in Figti 4o) T,he . maximum angle 6 is approxi= 
I . . . 

mately givenby: 
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In these experiments;' r'-r:·"-:Ji-:) 11 : ~Cv""l6~ n::: O.OJlo The mean Ar0 

is found to be ,..,.., .3 11 so that ~ ~ 18° ~ The maximum angle 1:- . at max 

which· an ion strikes a .target is given by:·. 

A(; b. /. .. 2· o 
E~"= 7 :6 

The angle£ must fall in the range 0 ~ E E: E max' and is considered 

negligible in these experimentso 

It should be remarked that out of the fundamental phase stability 

condition of synchrocyclotron theory; the consequent phase oscillations 

may produce large oscillation in radius and energy but that these oscil­

lations are not of a nature to effect the energy spread of ions on a probe 

directlY• ·Instead, their effect determines the incremental energy gain ~fv 

in transit· of the dee gap 

'(very approximately) 

Where (/' is the phase angle; V is the ·rt:a.diofrequency dee voltage.? and .Wf 

is the phase oscillation frequency which is much smaller than the fre-

quency associated 'With.free radial·oscillationso It is clear, then, that 

the· effect of variation in A'Ev is second order in its effect upon target 

energy essentially entering onJ.y in the value. of . 6 . o Phase stability 

and Phase oscillationS· also determine to· some extent the limits of a 

rather broad central region in the dee 'gap out of which it is possible 

for ions to l,>e captured from the source into.phase stable orbitso If 
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the free radial oscillations have their origin in off-center initial 

conditions 1 then cyclotron operating conditions favoring large phase os-

cillations might tend to permit large free radial oscillations and vice 

ver.sao-- No direct evidence for thif! '~ffect·.was. ob~erved, however,. in 

this experiment o. 

In addition to producing a spread ·in energy J .radial oscilla<;" .. 

tions also cause the ions to strike the target over a small region of .. 

radial extent 4W given by 

·.with;,, 

. - .- ~ . 

-·- :: .. l 

This "radial width" of the circUlating beam has little eft't:J9't-: , ; 

'0n the resolution problem in ·this experiment but was fqund. :to ,be 1,1St:Jfu:l. '· . 

in several ways, such as; a rou~h check on the radia1,·osciliationf!J'.9r,; ,: , 

comparison with that inferred from the en~:r,-gy. spectrum; a means of 

. identifying· prirnB.ry as compa~ed to secondary' and multiple passage of the 

target;. and ,as a means of obt~ning a -greater total curr.ent tP.r9:q.gh:)'thE;l'.: :-~ 

paraffin target without attendant melt~ng from high.current Q.ensi.tyo. 

The quantity ·A W has been·_. frequently· measured during. the co:urp~ 

of these;experiments in making alignment of the cJ,.ippero -Provi~ng ·t-he, 

beam current is kept sufficiently iow so as not to· produce e~ces~i:ve ... , .. 

heating, it is .found that thin pieces of· glass are blackened _by theJ::>eam: 

in such a way that .the intensity I ·of light transmitted by ~he. glass .. is ·.·: 

related to the·proton beam current P. 

. ~· 

!i 
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AW turns out to. l;>.e tV. 0~:!-2. q..P:C::hvl::lut .. v;a..ri.e~ s).,ightly from d~ to dq 

und.er various .cyclqtron op~r.a,ti:ng. cpngi tions.o A· maximum ra.di,al oscil• · 

:j.ation amplitude of 6 inches makes AW::: Oo-1,36 incho., Such atnpli tudes are 

inferred from .the deuteroh momentwn. spectrum,· for example,.· as shown in 

Figo 3o 

B. Tar~et and Mo:hi tor System 

The targets used in this experiment are, as noted above, 

deuterated paraffin, (CD
2

)x, serving effectively as a deut~rium target 

co~taining C for monitor,pu~poses,. and polyeteylene (CH2 ).x in order. to 

determine the contribution of deuteron production in the carbon of the 
. ':-

first targeto The choice of pplyeteylene is dictated by the need for 

matching both energy los~ and small angle scattering in the two targets• 
~·· 

The targets are mounted together on a device which permits their inter-

chap.ge into the beam position 'without ;the necessity of withdrawing the 
- . ···!, --~ . 

assembly from the cyclotron vacuum system. This convenience is act~ally 

felt to be a necessity in this case as the target mount als~ ·serves as 

the adjustable clipper aperture,; and for reliable subtraction purposes 

it is desirable not to disturb this aperture between pairs of runs r~ 

quiring subtraction. The adjustment of the.clipper aperture i~ critical, 

'· and slight changes in its alignment might involve sampling dif.ferent 

radial oscillation amplitude distributions out of the total beam. 
. ~ : :' ' . . : .·. 

. ' . . . . 

Although it might seem qn first sight that tl:).e clipper should 
... ·;. ·'! 

be located as far.away as possible from the target, the chos~n location 
' • ~: 1- ,' • • 

turns out to be the more desirable. · The beam entering the clipper is 
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already pre-clipped by a copper if'i:cr device located at ·a smal;I. radius where 

the proton energy is low (Fig .. ~)o Th~ scattered protons and charged 

degradation products .?,.nvolved ,iri this pre-clipping are ·confined by their 

small. ~adtius'; of> cilrva:ture to the .central region of the cyclotron... The fin 

is adj'\ls:t~d so;that the beamentering the clipper aperture is only'slightly 

broader ~n vertical extent than the. aperture itself., The clipper then· 

serves, through ma~ thousands of transits, to produce a beam well col­

limated in vertical sectiono Its principal use, however, is to prevent 
., 

ions from passing through the target a second.time if they have suffered 

a change of 'dire~tio~ in the vertical plane greater than d/2tt r, d being . . 

the clipper aperture .. 

The ·~omoSo projected sc~tter angle 8~ for protons in the target 

is Oo6'5 radians·, on the otherharu:i, the clipper aperture is usually i inch 

which .at.·45. inch'·:r:adlus subtends an. angle 8 = 0 .. 0009 radians, therefore, 
i ~·;. 

the probability of' passing a protop. a second time is 
{' ~ ! . . 

,.--· .. 

Because o'f :Lts location i~ the gener~ layout (Fig .. 1), the 

clipper cannot scatter.protons d:i.rectly into. the detector system9 a fact 

that. woUid not be the case fo~ a~ other possible location.. The principal 

disadvantage of placing the targets adjacent to .the exit side of the 

clipper is' th~ possible activation of carbon in the target and of copper ' 

in the targe't· holder by unwanted' sprwo 
. i . ' . ~. 

This effect, along with neutron 
' ' . 

activation' of the idle target· of the · pair amounts to 2% of the total 
·''!. ·. 

activation.. The effect was ,d.$ternrl,ned by passing a beam through one 
;;:; .· .. ·: 
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target and subsequently measuring the activity in both~ as well as the 

target holders with the:targets.removedo 
·' .· .. _,.,,. • :> • 

The monitor system ihv~l~es .the ~-~~l~tive me~surement of e11 

ac.tivi ty induced in e12 by., prqton ·bombardment through •the well known e~2 

(p~ pn) .e11 reactiono It has beeQ. observed by many workers that e11 'pre= 

duction serves well as a_monitor·as there are' no other decay products 

produced along with el:1 .in su,fficient. amount to interfere with an un~ 

biguous interpretation in.terms of the single decay periodo Moreoyer9 

11 e decays by positron emission~ maximum energy Oo97. Mev 20o5 minute half~ 
(27) 

life and with the high level activity dealt 'With in this experiment, 

the .measurement of the annihilation ''('=radiation of the IJ9sitrons ins~ead 

of the positrons themselves 3 possesses the advantage of suppressing the 

effect of variation in self=absorpticm and geometry that is likely to be 

present in different targetso · The activity. is determined by measuring ·· 

the .ionization of Compton secondaries. produced by the annihilation radia"" 

tion in. the walls of a tantal~lined·· ionization chambero 

The ionization chamber and associated electrometer is calibrated 

for this purpose in an auxiliary: experiment utilizing the well collimated 

high current beam of the Berkeley 32 Mev proton linear acceleratoro The 

calibration consists in measuring the .. activity in a thin polyetcylene foil 

and at the same time, determining_ the absolute proton current. producing 

. this activity by the use of a Faraday ·CUpo .. The absolute yield~ x; of e11 

produced in a target containing· N. at_ oms of carbon per square c ~ntimeter 

by Q/ e protons of energy E in a pombardment.: at. constant proton current of ... 
duration t isg 
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~ ) . . [ 1-e.-)\*] Y= (1\/7. O"ppn(e) "t . (6) 

where QP,pn(E) is the p,pn cross section at the energy E~· and~- is the 

'. 11 decay constant of C . o What is desired of the monitor system is the deter-

mina tion of the quantity l~Q) from the measured activity A ( t) ref erred 
. . 

to the time of. termination of ·the bombardmento The calibration then es-

sentially determines the proportional! ty constant, 'K0 ( the specific property 

of the activity measuring device) between absolute yield and activityo In 

the calibration, the charge Q carried by the 'proton current is collected 

by the Faraday cup and is transferred to a condenser of accurately known 
. . . . -. . 

capacitance C where the resulting potential is measured by a sensitive . . 

recording electrometer~ Since the beam current of the linear accelerator 

tends to_ fluctuate, a resistor is adjusted·across the condenser such that 

the RC product match~s thec11 decay·c~nstant ~· o. If quantities referring 

to this caJ:ibration experiment' ·are denoted by· the subscript c one has the 

relations 

y = ~~A ~~-4J = . AI~ <f( -tJ OftJ 11 ( E,) 
-. ··. (7) 

'defining and determining the cal:i.b;ation constant l<o o Here, Q' ( t 0 ) is 

the charge measured on the cond~nser at the·Same ti~e tc to which the 

activity A0 (tc) is referred, and.the ass~pt~on ?f constant beam level is 

no longer requiredo The desireg' m~nitor qua,ntity, (~J, is: 
- . 

-. ·. K"P A f. 
o;oj,(E.) ·r·· . At ·] . · 1-e->-t . 

(8) 

'. 

,j· 

., 

.. 
, .• 
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On. eliminating. t.he. c·ali})r.ation. pons tan~~::: , . . , . , .. 

~ = /!!.. Q~ (A ) a;,, (FJ ( ,!!:.>-<] 
. · e · A,4 , (}'j!Jr.. {E).. . .. 1 • • • • • • • • 

. 11 
is· seen to depend pnly on ·the. ratio qf! ·:t~e .C, cross section at the two 

energies and not on its absolute value. This excitation function has 

been c~refullymeasured at numerous points by Aamodt, Peterson, and 
(28) 

Phillips ·in the ene:r;-gy range· extending f:r;-om the. threshold at 18 Mev 

up ·.tb 340 Mev. The energy range of threshold to 100 Mev has also been 

covered by Dr. N •. 14. Hintz of Har.vard ap.ci· ~greement between these· two ex~ 

periments appears, to be very good •. ·The re~'\llts of DJ:'• Hintz work has n()t 

yet. been published, but is quoted in the Aal!lodt' paper. 

c. Detector System 

The large magnetic deflection angle employed to separate deuterons 

from protons effects a rather high degree of momentum analysis. Although 

the deuteron recoils sought are the result of elastic: collisions and, 

therefore; :should possess a well def~:ned moment'QID. at a given angle; the 

·spre~d in energy: of the incident· protops (Sec. II and Fig. 3) .results in 

a corresponding spread in deuteron momenta.·. · The monitor system samples .all 

energy components of the incident spectrum, hence to define-a cross sectionJ 

it is necessary to account for all elastic recoil deuterons leaving-the 

target in.a definite solid angle·reg/iU'dless. qf their momentum. This fact 

complicates the design of the detector system in that, although a reason-

able angular resolution is desirable, ,,_ret because· of this momentum analysis» 

the deuterons sought.are distributed-~ver:an.extended: region along the 

detector probe axis. 
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These requirements are met:by.d:istributing'an arrey of·detector 

units along the detector _pJ~~be_ axis.-., 'l'l,le ~rr~, of 'ti.ni.ts., !-hirty-six in all, 
; • ;" • ~· . " ' I ' : • ., •j ' ~ ' ' • ',.·· ' •' ' •· ~ 

each possessing defin~d angul~r' :r·~~o~o.ti:on; liini:ts as -~tell as provision for 
, , ·· .·, •. I . .' ,' I • . , .. ,' , 

determining the rarigi:l- iri' copper. Cjf. the detected particl:e~ constitutes that; 

which is· called the· detector system.· · ' .... , ' 

The Hf or' a detected particle 'is deterinined,· on· the assumption 

it originated in the' target, by:the.pi)eition·ahd orientation of the detector 

unito 'Since the range in copper 'is meastired,· the particle's identity is 

known, subject only ·to the' B.Ssumption ·as to its point of origin;, But the . 

arrey or detector system as a·whble defines ·a relationship between range 
.. 

and Hf that is unique for a.cy::g±vein point of origin~· therefore the )oint 

of origin of the detected ~ticles may be ascertained and the identity of 

. the particles involved in. this relationship prov~d (S~ctio~, II~ Figo 5) o 
. ' 

· (1) .·Detector Unit·· ... ,· 

What is me~nt here by a "detector uni tn is .merely a -· 
';. · .. i . /:' 

channel milled out of. a block of.brass,in bac~ .of. which is placed ari 

absorber in the form• of a copper: wedge.'·· The sensitive element is .a nuclear 

photographic emulsion pla:te JJlaced 'on·the sO-oping side of .. the wedge (Fig. 6). 
. ,. ' ' 

The use of channels and wedges' o.r ta:pe~ed -absorbers .in· nuclear emulsion · 

technique -is collimon~ but it is teni~tirig to name the combination;used here 

a "detector 11 on· the ·basis of its• :properties and from the method. of scanning 

the plates.· i. • .. ·· .. ·." :·· 

The channel serves ·to· :select, ·out of, all particles crossing the. 

detector probe axi·s at a particular ·p<)int r,. thdse crossing. at angles 

within a range· 40( of some' selected ~le eX ··as determined by the 

. ,.. 
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orientation of the channel. As mentioned above, particles of.each.kind 

entering the channel have well definied Hf and range. The~efore, a 

track count in a swath of the emulsion extending in the direction of in-
' 

creasing thickness of copper absorber is equivalent to an integral bias 
•' 

·curve, familiar in particle counter technique, and. exhibits discontinuities 

at paints where the range of various kinds of particles i~ ex~eeded (Fig. 7). 

Actually, because of small angle multiple scattering in the walls 

of the channel, some particles reach the emulsion that have been accepted 

from outside the geometrical~ defined acceptance limits. Such particles, 

however, lose energy in penetration of the wall material and are, there-

fore, not likely to be found in the neighborhood of the range cutoff of 
. . (29) 

the bias curve o An estimate of this effect is developed in the Ap-

pendix (Sec.JX), together with some supporting experimental evidence. 

The detector s,ystem, or arr~ of detector unitstis adjusted 

(Sec. III, C, 4) so that each unit in the _arr~ receives particles leaving 

the target at the same angle ~ o The particles received in each unit of 

the arrey then differ only in 1110mentum, or more properly» Hf o The set 

of data obtai,ned by track count (Sec. lii, c, 6) in the nuclear emulsions 

ofall units in the array constitutes, tl:lerefore, a momentum spectrum of 

the deuterons leaving the target at this angle (Fig. B). The difference = 

· spectrum between the deuterated paraffin and polyetqylene targets exhibits 

a rough spect~of the incident protons as weighted by the scattering 

cross section and the acceptance functionrAV (Sec. III, C, 3), and as 

tran~forlil.ed in momentum through the relation K = o/~ k cos ~. 

.. 



These spectra are used to compute the niean·ehergy:of the incident protons 

as sho~ in Section V o c 

' .. ·.-

(2) Nucie~ Abs~rption Loss 

The slit scattering problem requires the actual scanning 

to be done at a point as close as possible .. to the range cut=of'fQ It is 
~- . . -~· 

well known, however' that not ·ail partic'ies> ln .. an: incident flux of a given 
. . . . . 

energy survive the whole distance of their range in matter. Particle loss 

is due largely to the occurrence of nuclear encounters and the effect is 

termed nuclear absorption. The evaluation of nuclear absorption loss is 

accomplished in an auxiliar,y experiment performed in a 110 Mev external 

deuteron.beam of the cyclotrono The well collimated beam is caused to 

pass through the copper wedge into a sensitive nuclear plate. The slope . . 

of the resulting bias curve, uncomplicated by the effect of slit scatter-
• • l, 

ing, ~s then regarded as a measure of the absorption effect. A correction 
.i ,· ·:.: 

factor for zero absorber thickness is obtained directly from the ratio of 

intensity at zero absorber to that ·at range cut=offo Refer to Fig. 7(b). 

It should be pointed out that the form of this bias curve con­

tains, in addition to nuclear absorption, a change in the effective swath 

width scanned near the range cut=off. This change in brought about by 

ang~ar straggling of the particles passing through great absorber thick­

nesses and results from ;the cumulative effects of small angle multiple 
. ' . · .. 

scattering. This change in swath width will be made more clear when the 

factors-defining the effective swath width are understood (Sec. III, c, 6). 

The change in width, however1 .is automatically taken into account by apply­

ing the correction factor for.zero absorber thickness and does not require 

separate treatment. 

..... 
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(3) Particle Acceptance 
., ; ' 

The basic geometrical acceptance limits or detection 
··' . ~ ~ .. ' -. .:< 

function defined by the channel are first calculated neglecting such 
·:, -~' -~·: , I ,. i 

effects as: (a) the radial decrease of the magnetic field with its at-

tendant radial and vertical focusing effects; (b) the curvature of the 
. · .. ··· 
•·:. 

particle path in the channel; (c) the effects of slit scattering. To 

this acceptance .function are applied the above three effects in the form 

of corrections. The result forms a basis for the computation of the solid 

angle subtended by the detector s,ystem at the target. 

It is seen, with reference to Fig.· 9, that the loci of centers 

of curvature of all limiting orbits that originate in the target and pass 

freely through the detector channel enclose a region of space whose volume 

is readily computed from the geometry. This small volume element may be 

expressed as: 

. AV"= ~ t P (lo) T. Sln"'..!£ 
2-

neglecting terms of .the order (%t ~nd high~r. In this expression, a, b 
' .• . . 

are the half-width and half-length, respectively, of the channel; f' is 

the radius of curvature of the central orbit; and tJl the magnetic field 

deflection angle. This expression for~ V is derived in the Appendix 
' ' . . ' . 

(Sec. IX). The use of this volume element, corrected as in Section III, C, 

5, will become apparent in Section V, C dealing with the evaluation of the 
·, 

b 1 t t . The he~ght Z '~s defined ~·n Sec. III. C. 6. a.so•u e cross sec ~on. ... .... .... , , 

(4) ·.Alignment Technique 

The:charinel of a.detectcir unit is actually.constructed in two 
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short separated sections, articulated to conform as closely as possible to 

the orbit curvature (Fig. 6). Alignment of the channel is specified by r, 

the position of its midpoint on the detector probe axis, py 0( , its orienta-
. "'· 

tion relative to this axis, and in addition, orientation angles for the 

channel segments as determined oy the particle radius oC curvature. It 

may be shown that the angle<)( changes by so little in passing from one 

channel to the next that negligible error is introduced by actually con~ 
•' I ~ '• 

structing the channels in units of six, as shown in Fig. 10. It is seen 

that there are six such units each containing six channels making a total 

of 36 channels. By convention, the f.ourth channel in each uhit of six is 

used in alignment. The channel is conveniently and rapidly adjusted to 

the above specifications by the use of an alignment template, a point 

source of light, and a pair of mirrors (Fig. 11). The template consists 

of a large protractor on which the detector system is clamp~d, connected 

by a rigid beam to a drawing board on which are plotted the coordinates 

of the centers of curvature of.the orbits.to be accepted. The light 

source is placed on the desired. coordinate w.hich i.s. a dis_tance f from . 

the channel.. The mirrors :clamped with their glass surfaces parallel to 

the channel walls, return the light from the source ~o a screen located 

directly above the source. By masking the mirror surf~e so as to expose 

only a narrow slit located at the midpoint of the'channel segment, the 

slit images of both mirrors may be accurately adjusted to coincide with 

a mark on the screen located over the coordinate.· ·When this is done, the 

channel segments are perpendicular to the radius of curvature and hence 
. . . 

tangent to the orbit. The practical limit of error in this adjustment 

is of the order of magnitude of one minute of arc• The coordinate r has 
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an associat~d error of the. o.rder of Oo3%o The average .time reqU;ired to 

carry out thi:.s adju~tment o!l .all six _units is about 15 minutes, not in­

cludipg the. time. requir~d to remove and replace the detector system in the 

vacuum tank of the cyc~otrqn.o . 

' . ~ . 

(5) · C~rrections f~r Particle Acceptance 

ao The radi~i decrease in that portion of the 

magnetic field utilized in this experiment for momentum analysis amounts 

to about 2%, falling off ver.y near~ linearly with radiuso We adopt here 

the perturbation point of view . .in calculating the effect on ion orbits 

and corrections to the· acceptance volume element Ll Vo 

The radial perturbation is estimated by a graphical method due to 

Parkins and Critenden(32 ), in which the motion of the center of curvature 

is followed graphical~o . The particle coordinates r, e at the ends of 

successive arcs is computed as the motiqn is followedo Since it is the 

small change .t1f rather than f itself that is plotted, the method pos= 

sesses considerable advantages over the conventional method of. plotting 

the orbit direct~o The results of this a~sis show that the orbit 

is shifted outward by the order of magnitude of 2%o The jJ of particles 

actually received is, therefore, reduced by this amounto The me'thod is~ 

however, rather time consuming and since the correction is small~ it is 

felt that the calculation of sufficlept cas~s to apply t~e correction is 

not justifiedo This correction, which would tend to reduce the cross 

section by .. 2%, ·is therefore neglectedo. 

The vertical perturbation. tending to produce·a focusirig effect 

is of more serious consequence than the aboveo we treat the perturbation 
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as in the case of free vertical' oscillations since the amplitude is neces­

sarily smallo ·. The frequency of such oscillations is (11Wo (26) where n is 

generally evaluated at the unperturbed orbit radius. In this case
1
however, 

the orbits are considerably off-centero On the other hand, we are con-

cerned only with a small part of the perjod of motion. We use a weighted 

mean value, ijl )averaged over the ion paths betwe.en target and detectorg 

. rs=t'~' 
J.. tin (s-s) Jr 

0 

The fractional increase to the vertical extent Z of A V due to this 

focus effect is: 

and the cross sections are reduced by the factor F z: 

F:= ,_ ~ 
"ll : ·'· ·~ .~ . 

The factor ~% is · l{sted in Table IIo 
T 

TABLE .II 

Vertical• iocus Correction 

! 

Target 
=~00 -5o 00 50 0 15° 20° Radius .. 10 

42o0 11 oOJ], o042 o055 oQ75 o094 
II 

45·5. .· ... ~025 oOJ8 o051 o067 .088 ollO 

49o~ 
,, 

· o021 
:;; 

oOJO ~046 
" ·' 

;/' 
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, •b. , The .orbit curvature in the. c.hannel effectively 

reduces the value. ·of. the·. half~width: :by an amount ~~ • Since .A V is 

proportional to:~2,· •the· co~rection for.· ~V is of the forrn: 

We have a chord of length · ~ . in an arc. of radius f . Jllis then 
1 
~~ 

and for 2b :;. 9. 85 em, 2a = o • .318 em~ a typical value of f = 150 em, 

the correction increases-the cross section by 1.11%. 

c. ·Since slit scattering· is accompanied by energy 

loss, the effect of slit scattering is to enlarge AV by an amount 

that depends on the energy discrimination of th~ .detector. Thus.slit 

scattering increases the slope of the bias curve over that already pra= 

duced by the effect of. nuclear absorption loss. We estimate the con-

tribution of .slit scattering at the operating point on the bias curve, 

namely; the point .at which the sc;anning is done, o. 05. em of residual 

range •. E.D. Courant(29 ) has considered this problem using diffusion 

theory and the ~tatistics of small angle multiple scattering. As is. 

shown in .the Appendix, Sec • .lX, the effective increase of A V on this 

·account is about4.4%hence the cross .section is depressed by this 

amount •. 

(6) Method of Scanning 

An ~derstanding of the method of scanning the nuclear 

plates is facilitated by reference to a photographic reproduction of a 

set of nuclear plates (Fig. 12). These particular plates were obtained 

by "over exposuren in a large flux of deuterons and tritons produced in 
. ~ ' ' .. ) ;· 

.~ ·' 



a carbon target in:to the angle ~:.0° o For this .purpose, the proton 

beam was unrestricted by .. :vertical .aperture clippingo Otherwise, the ex-

posure was normal ·a:n0. thus illustrate.s .. in a rough .way' the .performance , . 

of the detector system. At .each channel location a ·portion of the emul-
~ . : . ' 

sion is not covered by the copper absorber.and is exposed to light which 

produce;:> a· heavy·black image· on the em~sion ~TJ.rf/;\ce.serving to locate 

the knife·edge of·the absorber wedge. Below this.fic;iucial mark a grey 

rectangular region is seen, ·containing in this case 'far too many tracks . 

for reliable counting •. The:grey region is terminated rather abruptly 

at a point corresponding to the range .cut-off of deuterons. A· second 

cut-off may be seen emerging from the·diminishing deuteron background 
. ': I' 

. . ; . . 

in the third a~~ ,f'ourth plates. 
;. 

This second cu~off .is clearly due .to 

tritons since · the range is about. one-third that .. of the qeuterons o It 

may be furthe.r noted that besides the' gradual incr~ase in. range with r, . 

there is a perceptible increase in range within each channel, also with 
< ' ' 

increasing r.· · Both 'effects ar~ ~to ,be expected· ·r;om. the geometry and con= 
·-. 

s'ti tute. internal :c.~ec};~ . for the alignment · of·the :'d~~ector system. 
' ' ' 

·Foi' two reasons·the.scarining is dohe'atfixed distance short .of 
._.·:· .. · .. ·.·· .· ..• : . . ' /. '' . ' 

the range . cut-off: 
. . . . . ~ ' . ·. ' . 

(l.) the 'grain density in a tracl,t is proportional to. 
' . - . . . ·. . . . . ~ ' 

the energy loss as is wellknown. The nuclea:r eiTlulsions used, Ilford 
' . ,• : . . ·. : 

C-2, 1:1re of. insuf.ficient. sensitivity }:..o perini t · ~eiial;>~~ track count of 

swift p~ticles, let us sa:y > 30 Mev deuterons. · Experiments using 
- ,: ~<. 

plates sensitive t,o minimum ;ionizing particles wer~ nearly clogged with 
•;, 

~lectron track:s rest+! ti~ fro~ .. the higl:l level gamma ra:y background in 

the cyclotron~ (2) to rid the track count as muchas.p~ssible of the 

unwanted particles accepted by the slit scattering, it is necessary to 

····;: ._ ...... 
. :· : . 

.. _, __ 

r/ 

.. 
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work as close as possible to the cut-orr- of.- the bias curve (See Sec. III,-

c, 5). The point arbitrarily chosen- is 0.5 mm .from the mean range cut-off. 

The scanned swath extends from well outside· the track locus on one side 

to well outside it -On the.· other (1.0 mm on either side). 

The tracks·dive .through .theunprocesses eml,l].sion at the 45° 

angle determined-by the copper wedge. After processing the emulsion 

shrinks -about 5~ in thickness while the lateral shrinkage is negligible. 

Therefore~ the tracks show. a dip angle of about 27° in the processed 

emulsion:under~a microscope.- Under an· oil immersion objective of 95 x 

the depth of· focus 1-i's so short that- only a small portion of the track is 

visible at one time, although.·it.actually extends over three .fourths of 

a field of view.- .. Racking the fine-focus- adjustment up and down produces 

an effect i-n'· whi·ch the· short visible . section of track appears to move 

back and forth along its. lengtho These tracks are. roughly parallel to 

the Y-axi-s of the/field,of view. An eye-piece reticle is used to pro-

ject a fine-horizontal X-,axis line onto·the object plane. 

Criteria for:the:acceptance of .tracks-permit, easy and rapid 

recognition• · · (1) The_ .. track must ''move" in the right- sense with the .fine= 

focus racking·motion.and the. "velocity"· must be judged to be within a_ 

faetor· of'·two of. a track measuring a·27° dip angle. (2), The track must 

be straight'J·and 'fall.: -within an. angle of. 45° .to the Y=axiso · (J) the track 

must intersect· the X.,.,axis {reticle) line at some point along its length. 

(4) The track must enter·through the top surface of the emulsione- Items 

(1) and (2) .are particularly~easy< to apply in most cases as ther_e are, 

typically-,niany·characteristic tracks in.a field of view all at once 

for convenient.comparis9n.· Item (4) is not strictly enforced but is 

f 
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generally-applied to obvious cases when the track is seen to begin 

within the body of emUlsion. Such tracks are attributeci to proton re- · 

coils due to neutron backgroundo···; · 

It should be noted that Item (3) defines the effective iwidth 

of the-swath. The quantity-Z;·entering in the. calculation of the volume 

element; AV (Sec. III; c, 3, abo;,e) is evidently the product of the num- · 

ber of swaths taken, the thickness of the unprocessed emulsion, and tan-
o 

gent of the slope angle, 45 , of the copper wedge'O · The effect of angle 

straggling,· requiring angular limits for track acceptance is specifi-

cally exciuded from the determination of Z as "it ~s included implicitly 

in the correction factor for zero absorber thickness. 

The scanning is done in a continuous mot~on. The motion of 

the mechanical stage in the X=direction ·is driven by a variable. speed .. 

motoro At the same time, the fine-focus adjustment is racked up and down 

manuallY at a suitable-rate so as not to miss acy trapks meeting the ac~ 

ceptance criteria. The track·count is tallied·on a hand register.and 

recorded at the comple1:,ion of a swath. Genera~y, three such swaths 

are made, separated in the !-direction just sufficiently to avoid count-

ing the same tracks twice.·.· T;his is done both as a control measure, the. 

three counts should agree within the- probable error~ and a~ an efficient 

method for gaining greater counting statisticse A scanner experienced 

in this technique can complete one channel in about· te_n minutes, fre-

quently counting at rates exceeding eighty a I!linute. 

It should be ment'ioned that background tracks meeting the 

acceptance criteria tend to cancel out in-making the subtraction between 

the results of the two ta:rgetso · . To check on t:tds point, the background · 

m~ be estimated by scanning swaths located just be.yond the raqge cut-off. 

) 



'\. 

.• 

~ .3.3 = 

IV~ DETAILS OF APPARATUS 

Ao . Beam Clipper and Target. Support. 

"The beam clipper and "target support mechanism are shown :in 

Figo l3o Since the primary function of the clipper is"to limit multi~~ 

ple passage of the beam through the· target, aperture limits are required 

both above and below the beamo It was found necessary to employ four in­

dependently adjustable jaws for this purpose in order to accommodate ir..; 

regularities in the magnet median·planeo With this .device it has been 

found possible to bring the beam out thrc>ugh its effective eight inches at· 

an aperture of one-eighth inch in each pair of jawso Ordinarily, the 

copper fin is adjusted so that the resulting beam is slightly greater 

than i inch at the entrance end of the clippero ·After carefully leveling· 

the device, the pair of jaws at the entrance end, is adjusted to trim 

this beam to i incho The second pair are then adjusted to just graze 

this beam emerging from the first• All these adjustments are greatly 

facilitated by the use of thin pieces of glass which are biackened by 

the passage of protonso Finally, the targets are mounted in the sliding 

carrier and adjusted by limit stops so that only the target material it= 

self is exposed to the beamo The first target, say CD
2

, is run with the 

carrier in the position shown, held in place b.1 a spring loaded catcho 

To_substitute the CH2 target current is passed through a flip coil, 

visible between the pairs of clipper jaws, which trips the catch allow-

ing the carrier to drop into the second target positiono The operation 
:: 

of the target changer is viewed through a port hole in the cyclotron 

vacuum tank to make certain of its proper operationo 
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(1) Targets 

The targets·are mounted in brass holders which fit 

into the support carrier. lhe holders them~elves are shielded from the 

primary beam by the clipper •. The deuterium paraffin has a density 

1.0501 gm cm-3 and. contains 97% deuterium» according to the analysis 

supplied with the- sample prepared by the Texas· Company. As prepared 

in the target form used it has an aereal density of 0.3098 gm cm-2• 

The polyethelene, target has an aereal density of 0.2870 g~ cm=2. Thus 

the. molar ratio of CD
2 

.to CH
2 

in the two targets is 0.947 and the stop= 

ping power and multiple scattering_ factors in the two targets are matched 

to within 5%· The stopping power of the _CH
2 

target is 1.?8 Mev for 130 

Hev protons,. and is lo 69 11ev in the CD target. The o. 09 Mev discrepancy 
. 2 

produces a difference of ,0.03% j,n radius of curvature· in the two cases 

and is considered negligible. 

B. Monitor S;ysteni 
~ · .. 

As .indicated above, (Sec. III; B) the activity in the targets 

is determined by t:Q.e use of an ionization chamber sensitive only to the 

annihilatio~ radiation resulti~g from the c11 positron emission. The 

charge, resulting from the ionization current is collected on a cylindri= 

cal brass condenser of 3 em capacity. 

The condenser plate to which the charge is transferred is con= 

nected to the gilded quartz fiber suspension of. a Ryerson=Lindemann 
. . (30) 

quadrant electrometer • The collection of_ charge on the condenser 

plate raises its potential relative to ground, producing a deflection of 

the quartz fiber.. This fiber may be returned to the zero deflection 

i' 



• .. 

- 35 -

position· by the appl'ica.t'ion.·oi.,.:a·meg!;ltive ·V9:ltage. ,on ;tl;l13 .opposite. con7 . 
. ' ... . .. . - . ' ~ ' . . ' . . . : . . 

denser plate. Iri. practice~. tb.e deflection is }{ept .:;~mal~ by cont,i:r;tuouszy­

raising the applied' voltage~ .in ·proport,ion, to.· tR.e. c~arge coll(3cted~ Th~ . 

reciprocal of the time required ,.f.or:: a, null qeflection at a speci~ied ap­

plied voltage constitutes a measure of the activity. 

C. Detector System 

The actual construction.of the detec:tor.array is illustrated in 

Fig. 10. Each six-channel unit is milled out of a si~le block of brass. 

The channel segments are 0.1250! 0.0005 inch in width, 1.063 ± 0.001 

length, 1 inch top to bottom. The hole for the articulation clamping 

screw is located and machined before the two halves of the unit are separated 

by a i lnch cut. This procedure assures the proper relative alignment of 

the two sections of the articulated ch~nnel. In the photograph, one of 

the baffle systems, used to prevent cross-fire between channels, is re-

moved to show the clamping screw and the method of. articulation. The cop-

per wedges and lands provided to locate the nuclear plates terminate the 

channels. The whole assembly is introduced through an air lock into the 

vacuum system of the cyclotron: where it slides along ways located (as in 
i 

Fig. 1) on a radius. line 154°40 iri azimuth from the target radius. 

(1) Alignment Template 

The aligil!llent template is an important auxiliary to 

the detector system. Its construction and use are illustrated in Figs. 11, 

14• On the coordinate board are plotted the centers of curvature of orbits 

entering the fourth channel in each six channel uni-t;.. The calculations of 

these coordinates are based on the circular orbit (uniform field) 
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approximation, ·iri which the center of curvature is fixed in the horizontal 

plane• · The effect of the radial decrease in the field shifts the final 

location of the center of curvature by the order of. magnitude 2% 

(Sec. III, C·, 5} but· this effe~t is neglected. 
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V. ANALYSIS OF DATA 

· A. }{oni tor 
.::. 

· Dec~ cprvee are run on each target and the activity A referred 

to the time of endd.ng the bombardment is computed.on the basis of the best 
11 

value of the half life of C ; t 1 = 20o5 minutes. This value which agrees 
:r 

with that quoted b,y Siegbahn(2?) was obtained from a detailed analysis of 

the decay curves obtained in the Linear Accelerator calibration runs men-

tioned in Sec. III, B~ The detailed procedure is also applied in maqy 

cases in actual runs: (1) to obtain from the data the best v~lue of A0 

and the associated probable error~ (2) to detect, through similar trends 

in the A ., the presence of. possible contamination activities due, for 
. 0~ 

e~ple, to the inadvertant activation of the brass target holder through 

misalignment of the target support. 

The monitor quantity 2tVQ 
e. 

~~: ~KoAr>· 
rt;,.n (E) 

is given as in (8) of Seco III, B: 

(11) 

where An ~s .the activity of the deuterated target at the end of a bombard-

ment of duration tD, but the p9 pn cross se<?tion is. now averaged over 

the incident proton spectrum. A method leading to an evaluation of (fji.VI. 

is indicated in the next section. 

From the polyet~lene target similar data.are obtained. The 

ratio of both sets of monitor dat.a 

(12) 
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is used in obtaining the net yield from deuterium in the deuterated target. 

The·monitor calibration experiment essentially follows the pro­

cedure at .31 Mev of Reference (28), using the same Faraday cup. The chief 

difference in this case is the use of 1 Mev thick targets of polyethylene 

and the use of the ionization chamber in place of a calib·r~ted . ($-counter. 

Seven 'runs were made giving: 

·B. Detector· 

The point at which the scanning is to be done is first located$. 

the initial point being marked with a microscope attachment. The proce-
1 . . 

dure followed ~lso yields the range in copper of the detected particle 

for use as an internal check on the alignment. The marked plates are then 

scanned as in Sec. III, c, 6, and the results tabulated. The difference 

is the yield from deuterium into the narrow range of momenta about a 

central value determi.n~ by the position and orientation of the 1.!Jl 

(1.3) 

channel. The s~t Qf ;·Di. for all the c;:hannels constitutes a momentum 

spectrum of the elastic recoil deuterons. From this spectrum a mean value 

of the incident proton energy is inferred and used to determine an appro-

pr:iate value of from the data of Reference (28). 

The nuclear absorptic;m loss experiment mentioned in Section III~ 

C, 2 involves the use of a well collimated externa~ly deflected beam of 

deuterons degraded in ene~gy to 110 Mev by an absorber placed in the 

cyclotron at the exit end of the magnetic deflection channel. The energy 
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straggling produced· by the· aqsorber is oelieyed .. partly reduced by mag-

netically focusing the beam' through: the :bollimator,. · 

Two exposures· in the. 1/8 inch wide,:.l .inch high emerging beam .. 

are made· in the same plate,. one through a copper wedge, the. qther with 

the copper wedge moved out of .the beam in one direction and the plate 

moved in the opposite direction. Thus at each Y-coordinate the track 

count in the two exposures give, respectivezy, a transmission and a 

monitor value. The ratios are plotted against the Y-coordinate in 

Fig. 7(b) where Y = 0 at zero copper thickness. The slope seems to 

represent a mean absorption cross section for deuterons of 4·05 barns 

which is perhaps not unreasonable. On the basis of this curve, the 
. . 

correction A for nuclear absorption l~ss is obtained as follows: .17 ± o. 06, 

.2.3 .± Oo07, and ,28 :1:., Oo09 for experiments at mean proton energies of 95, 

112, 1.38 Mev, respectively. 

It should be remarked that.inall cases·the.fourth channel in 

each six channel unit >is .scanned, and in some cases, to give added statis-

tical weight as well as improved definition of the incident proton spectrum, 

channels 2 and 6 were also s.canned. 

c. Absolute Cross Section 

Consider what limitations· the acceptance volume elemertt ·.· A V 
........ 

imposes on the momentum K a particle leaving the target. ·It is convenient· 

here to define a m?mentum p> in units of length by the radius of curva-

ture/' : -

-p~_ -L ~ 
I . Ko1..l, J<J. · (14) 
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Motion parallel to the field ·Kj1 ,·is' negligibly small ;for the detected 

particles so that we may consider ~_.-=,~ ,; . ·Evidently the magnitude and 

~..:direction- of p :~·:are, bound.ed in precise-ly the -same way as tlie length 

and direction of. the extension of f from the· target.- · The dip angle of 

]$ is just Z/S where S af'fl·is ·the, path length from target to detector. 

The limit- on the momentum pis thus essentially a prism shaped region of 

the same base as ,dv but with height: 

where: 

e·r ~ -L 
I' VJ· 'f' 

The region &:, V /'f limiting p imposes. the following limits: · 

:AP .:.. A.P ) t.1J 3 __ _ P_ (§ ~ ~~ln-r ~ 2(to)-
P , 

.. .6. f : f Si"' ~ -::= ~ " o 3 2.2 
., . 

-.~. ~ 2. (£o)- 5" 
(',~ 

-The yield of recoil deuterons, Di in the i.:!Jl channel is 

l>t = illlt~> fie /iJJ.{s) I/£) tt~(§ 1£) 
. . . . .·· .. d.A. 

I(E) = flux of protons per unit time per unit energy 
' . . . 

tn = duration of bombardment 

(15) 

aa1f~= differentia~ cross section a function of E, and the in= 
d..~ teg.ration is. to be performed subject· to the limits illl= 

posed by AV/tf ._ 

We introduce a relation between the incident energy and the recoil deuteron 

momentum~ but supress the angular dependence in view of the magnitude of 
·, 

~~by evaluating it at the average value of ~ in ~V/tp thus: 

E -= F( PJ ~) ::: F ( P) 
d.J: :. 4f dP &tp 
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Also, since the integrand ,_trhi"ch. ·now becomes I(P)(1 ~.!f) , varies negli~. 
gibly. over- the lirrii'ts .. of ~V/.j · we take it as const.ant: and are left .. · 

Where A(P) is the area of a section of the acceptance volilllle by a plane 

perpendicular to P. · 1- is certainly slow varying in the -denominator com-.. 

pared to A(P) in view of the magnitude of ~P/P. 
' 

The result·. of·the integration is then obviously and the 

yield becomes: 

The yield per unit solid angle per u~it momentum into the i1h channel is 

and the total yield per unit solid angle is got by·surnming over the chan-

nels, and integrating over the momentum or energy spectrum. 

~ Dt.'/£ f';..._AR· 2.AI G{t>J rL£ .ri£dp 
~l LIVe: lo~ ap d.Jl. 

:._ 2.AI jTr E} 1£_&~ E. 

(17) 

Where ~ Pi is the separation in P between the i and· (i + 1)~ channel. 

The yield of c11 
is 

. (18) 
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in which we have made _use·.'of ·the form of ·the deuter.on yield spectrum to 
. , i' 

infer an appropriate mean value of ~~~) • It is found that the yaria~ 

tion in <7"'" over the extent of I(E) is of the order of 5%· 

Dividing (17) _by (18) and mBking' use o,f (11) and (14) we have 

(19) 

which is evidently the differential cross section averaged over the inci-· 

dent· spectrum. 

Because of corrections indicated in p·revious sections, the cross 

section is: 

Where F contains the following: 

. . 

F' 
('2-111;_ ~J 

·D,~et4f···. 
~\k 

A = nuclear absorption loss·. · Sections III, G, '2; .V, B 

... 

· ' B ::) magnetic field non..-uniformi ty. Section III', C, 5.; Table. II . 

C = orbit curvature in channele . Section III, C., 5 

S = slit scattering. 'Section III~ C/ 5 and Appendix B 

F = (1 +A- B.+ C- S) 

The factor F is listed in Table III~ Section VI. 

The transformation of dcrjdJ2. from the deuteron angle 11 
in the laboratory system to the proton angle e in the center of mass 

system may• .. be :understood with reference to Fig. 15(a). It will be seen that 
' .. '. ' ::. . . i ~ ,. ". ' ... ,, . . 

J •. 

J- ksin(rr- e) == j ksin~ cos§ 

.. 
I 
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or 

so that 
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Sin (rr-e) :: Sll"\ i.m 
. ' . ' • ,i ' . • . 

dcosqj _ 
dc.a.s e 

.sin{ 
2Sil')2.~ 

so, the 9ross section becomes 

D. Sample Calculations 

.' ,, 

10' . 

( , ... ·· 

(20) 

(1) Calibration constant, run Number 6. From (7): 

with 

we have 

~~ -no-.-

23 . -1 
No = 6.02 (10) atoms mol 

M = 14.071 gm mol-l (CH2) 

e = 1.602 (10)-19 coulomb 

E = .32 Hev 

rr = 89 (10)-27 cm2 ' 

· ·~ =·· o.b7~;o:· gm ;cm-_2 . 

:' '· 



-44-

and experimental~ with C = 9·94~f: 

A(t0 ) = 4·09 (integrator decavolt) .(~:>-)~1 .. 
6 . . '' .: ,· .. ';, . . ,-. :. 

Q(t0 ) • .3o.302 (10)- coulombs = C V = (9.94}"f)(0.,3.32 volt) 

hence 

= 1 • .365 (10) 9(minutes)(integrator decavolt)-1 
.. 

(2) Differential cross section. Item 4, Table III, 

Sec. VI. 

Ap • 15·5 (integrator decavolt)(min)-1 

AH = 20~0 

to· = 10.01 min 

• lO.OO'min .· .·"' . 

. .- .. 

··• from Equation (12): S = 0.775 

~ CDi = 969 tracks 

~CHi= 64.3 

, . 
. -. .. 

• • • 
. ":''' 

~ D1 = 969 ,..(0.775) 64.3 = 470.7 ±. .37 
"• I , .. 

The mean energy as esti~at~ ··from the· spectrU!Ii is 99 :•1ev. The correspond­

ing o-- p,pn = 70.5 (10)-27 cm2 • The target radius was 42 inches, the 

detector set for I = 0 so that 

With a • 0.0625, b = 1·9.38, Z = 0.00417 inch, F = 1.111, and 

d(cos f )/d(cos e) :: 0.250, we have 
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VI. PRESENTATION OF DATA 
. ~·· 

The cross sections measured in this experiment are shown in 

Table III and IV, and Figs. ~6 and 17 o The indicated e:r;-rors. include 

only the statistical standard deviations associated with the track counts. 
•',•' '\ . ··· . .'. 

It is evident that there is present some experimental errore. If it is 

assumed that the error is random in nature, then it appears, from an 
'~ ~- ..... ' 

ana.lysis of the absolute yield of the deuterated and poleteylene targets 

that it€lms 2, 3, 5, 7, 9, and 10 of Table II, all taken on one day, show 

much greater lack of control then the rest. In Table IV and Fig. 17, 

average values of the cross sections are presented in which the data were 

combined giving _items 2, 3, 5, ~nd 7 a weight 1/3 relative to the restc 
.!, ••. 

Actually this weighting procedure makes very little difference in the 

results shown. Analysis of ~he Rang~f ;el~tionship, and monitor d~cay 
• • • <· • • •••• , • 

curves show no evidence of gross misalignment of the apparatus. The 

scanii:ing procedure was .cai'efully. checkeit for reliabili~y_ by havill& dif-._ ·. 

ferentobservers determine independent cross sections from the same set 

of plates. The results check within probable error. In addition, dif-· 

ferent observers were required to scan independently the same five swaths 

as a direct test and ·the results agreed within 2%• 

The'errors associated with the absolute value assignment to 

the cross section are as follows: 

(1) ell excitation function calibration 

F factorcorrection estimate 

Scanning 

Root mean square total 

11% 
So5%. 

.3!_ 

l3o8% 
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(2) The apparent experim~ntal error evident from reproducibility 
. ,·· . _( 

is believed to be of the order'of 25% if the weight l/J i~ given the 

points mentioned above4 This is much larger than the counting statis­

tics which are of the order of $%. Some justification for the assumption 

that the experimental errors are random is attempted in the discussion 

of the results, Sec4 VII. 

· TABLE III 

Differential Scattering Cross Section 

Differential scattering cross section d<1""'(.e)jd..Q., millibarns 

per steradian'in center ~f mass system as a function of the center of 

mass angl~ e degrees. Also shown are the cyclotron target radius rT 

inches, the mean incident proton energy E Mev the observation angle ~ 

degrees, and in the second column, t~e correction factor F which has 

been applied. The error shown is the standard deviation. 

l:t&!n•. 
1 
2-
3 
4 

.· .. 5 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

F 

l·oJ.l · 

lo055 
lo047 

lollO · 45•5 

lo095 
loll2 
lo078 

.... 

95' ' ' 0 ' ' 180 

112 

.·.· .. ··' '. 

5 170 

io 

15 
20 

0 

5 
-5 
10 

160 

150 
140 

180 

170 
170 
160 

4·81 
J.pl 
5·79 
4o80 
4·12 

2ol0 
lo24 
1·55 
lo98 
Oo97 

3·32 
3o3S 
2o48 
1.65 
Oo575 

:,A(d<r/d~ 

0.42 
0.18 
Oo33 
0.38 
0.37 

0.12 
0.14 
0.24 
0.38 
0.21 

Ool3 
0.29 
Oo34 
0.36 
0.238 
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TABLE III (cont) 

.llim _L._ ....!l.. _j_ .i_ ..JL d d" (9) /d .t. ~ 4 (do-/d-11) 

16 lo72 Oo24 
17 lo06 Oo29 
18 lo059 15 150 lolO Ool9 
19 Oo83 Ool3 
20 1.048 20 140 0.87 Oo20 

21 l:o06d 49·5 138 0 180 2ol0 Oo2l 
22 1·54 Oo24 
23 1.078 -5 170 1.18 0.21 
24 1.089 -10 160 Oo54 o.o6 

TABLE IV 

Weighted Average Differential Cross Section 

Weighted average values of differential cross section dGr(e)(d-n, 

rnil1ibarns per steradian in center of mass system as a function of 

center of mass angle 8 degrees. The error shown is the standard devi~ 

·tion. 

E [\j~l': l~0° l~Qo l60° l10°. l8Q0 

95 0.97 i 0.21 1.98' ± 0.38 lo47 ± 0.21 2o62 ;t Ool4 . 4o78 :J:. 0.43 

112 0.87 ! 0.20 0.97 ± 0.21 lol2 ± Oo26 2.06 ± Oo35 3•35 ± Oo23 

138 Oo54 ± 0~06 1.18 ± 0.21 . 1o82 ± Oo23 
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VIL DISCUSSION OF RESULTS 

Two facts seem .. to have .emerged' as a result of,.this experimento 
·~ !• ' . .~·~·,-: ·i.. . ; : .. ~.. .-~.;· 

The one has to do with the pick=up process .in proton deuteron scattering.~> 

the principal objective of this studyo The other has todo with s,ome 

properties of the 184 inch Berkeley synchrocyclotrono Since the:~e cycl.o= 

tron properties are of perhB.ps less general interestj) l~t us 'touch em ·.· 

them briefly and then return to the principal subjecto 

It was emphasized in Seco III that the spread in energy inci= 

dent on an internal cyclotron target requires consideration in an experi= 

ment of this kind; that radial oscillations in the circulating beam are 

known to be presento Figure 3 shows what we believe to· be ·a .. representa-

tion of the energy spread at a ·t.atget radius of 42" where the expected pre= 

ton energy 9 llO Hev~ is shown in dotted lineo · The shape$ half=widthy and 

displacement of peak is very similar to that obtained in the Harvard 

synchrocyclotron(.3.3) o The displacement of the peak9 about 15 Mev, ,re= · 

presents a mean radial oscill~t.ionamplitude of .3t to 4 i'nches at this 

radiuso Actually 9 the deuteron spectra frqm which this information is 

obtained show a. shift in peak energy from one day to the next and the 
·,,: 

average is about .3 incheso .Note that .there are few unperturbed ions 

present~ In the perturbed motion; the action 

constant 

for the agiabatic transfer of the orbit to the exit radiuso The change 

j,n n is from Oo029 at 42 inches to Ooll.3 at 80 incheso Now AZ/~r-Ool 

so that neglecting A Z compared to A, r it is clear that A r will be· 

practically unchanged at 80 inches so that the mean energy on an internal 
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target at 80-.3/4 inches is likely to be .320 rather than :340 Mev as ·ex- · 

pectedo ,J'.1oreover~ 'the full :width: at :half maximunt would be 20 Mev on 

this •basis.; _:; 

Let us now return to the principal objective of the experi­

mento The solid curve of Figo 17 is the'prediction of.Chew(IS) for 

neutron: deuteron elastic scattering into: the region of large .angleso 

According to.the theory, the.peak is essentially due to the pick=up· 

process sketched in Sec.o ·. 'Io It was shown there that the cross section 

is proportional to the fourth power .of the: Fourier component of the · 

deuteron wave function corresponding to the momentum, .1{-i(., Owing to 

the circumstance that 1-K-kf = n<·-- ~/z.l', EquS;tion .(4).? it follows. 

that 

(21) 

is the energy of the proton left behind. We may regard the cross section 

as being a function of E fl alone9 apart from a weak purely angular 

dependence in addition to thiso Thus, (21) can be used to predict the 
-

energy and angular distribution at another energy if it is known at one. 

Figure 15(b) shows a diagram for the vectors involvedo 

As mentioned in Seco VI9 the point of view was taken that the 

apparent experimental errors of ~ertain points at 95 Mev were more or 

less random in nature. This assumption was based on the fact that for 

the three sets of data the effect of (21) was quite apparent and all 

three sets of data could be compared on this basis. 

The long dashed curve of Figo 17 at 95 Mev represents Chew's 

curve multiplied by the factor Oo55o The dashed curves through the 112 

and 1.38 Mev data are obtained from it by the relation (21). _The agreement 
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seems to be sa:tisf.actory o. .. . .. 

·The data. of Powell (
20! ·is. not inconsistent with the long dashed 

curve at 95 Mevo The short das~ed curve represents a curve taken from 

the paper by Stern(l9) which had been passed through the experimental 

o . · ·o 
points to 170 and ,extrapolated. to 180 .. o 

:rt might be :said that over the limited energy range explored 

in this experiment, the·cross section is in agreement with .the char-

acteristic behavior of the pick-up processo However the magnitude of 

the cross section is lower than predicted and it mey be that the.fault 

lies in the use of the Born approximation or that there may be present 

in the ·process a more direct influence on the cross section of the third · · 

particle present(3l)o 
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IX. APPENDIX 

- ·.i !o'' -The Acce:pt·a.nce -·voltiine(·_El·~l'lfent ,::Li V _, __ , _ "·· 
~ ! : • • ' ' 

. l ~ ..• • -, 

. ' ' -. . .. ~ 

_ .. ·;Fighre 9 -snows sch~mat:tcally. tb.e· ;geometry ·involved. in co!lF 

puting -Ji V • ::nrhe ba$e':of-'lthe .·pr.istn containing all. centers· of-·.:curvatur.e-

accepted bi ·the'-chal:inel- has·:ari area;,,:_· . . c~ 
,-, 

t.:: .·.: ..... ' :-,,.. ··~ \. :.. - . : ; ·,~ 

''·.-· 

When f{ 1 • f{;. ar-e'tl:ie· ra,di'l. of curvature at ~he .o.extr..eme!~acceptaitc:e :anglea·-· 

and w is 'the':~dth of this area measured_~:;alo~J::~:~t:·o~·: , ;Evidently f-i+ft-:'f'· 
. . . I ~ 

. ~. 

Now for 4f '«f , -~i!lf·=·~w·cos ·2p-'· · where p· :is the angle between; 

and the line. forming channel and targeto Since 2ra = 'fl.;;, . .,-, .. ,, ·· .. 

w -=- . 2/A. 
J+CoJ1fJ 

--

The orbit in uniform field approximat~on is a spiral and the vertical 

motion of the center of curvature is limited by Z the height of the 

detector, Figo 9(b), hence: 

AV=~ 
. . , 1 2. f7;r. 

lr .. '"1.~ 

B. Slit Scattering 

With the ~hannel geometry used here, two types of multiple 

small an~le scattering processes appearo (l) Particles strike front 

(10) 



.. .• 

face and scatter through a corner into the channel and possib~ out 

through diagonally opposite rear corner9 (2) particles are "reflected" 

from inside wallo Here one also ro nsiders single Rutherford scattering 

contribution with little or no ·energy losso 

As an estimate of' type (1), Courant(29) gives a formula for the 

effective increase in slit width for abeam of particles incident at 

angle e, possessing a root mean square scatter angle e
0

, traversing a 

path length to 

with 

·.·{·' 

Unfortunate~, this· formula neglects angular acceptanqe .restrictio.n.s be- .. 

yond the first .slit and so serious~ overestimates the effec:t .in the 

particular case at hando We use this formula for e = 0, and co.mpute: the .. ·.· 

contribution at larger angles on the basis of straight. line paths through 

the channel Wallo For e = 0 we have 

and with t = Oo05 em, and 6
0 

= Oo01S8 ·radian, D1 (0) = Oo00031 cmo 

. For particles at e .using the straight path approximation in 

channel· of length 2b, width 2a: 
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and for 

2a = Oo)l8 em 

2b =· '9.;85 em . ' 

e1\ = Oo0)22 radius r: 
t = Oo050 em 

Omax and D1 ( ~) e Oo00322. The .fractional increase in : .4V~ as-

suming a linear increase. of·D from 8 • 0 is: 

t [ P, (~) + D,(uJ] -- o. oo 1'7 - o. o1 or (),,, 
As an estimate of type (2) we use ,the formula of Courant 

where C is the length of channel wall exposed to an incident beam at 

angle eo The area A imder the curve of D2(e) versus e, 0btained by 

numerical. integration is related to the fractional increase in. AV 
. t 

as follows: 

For t = Oo05, C ~ 3o28 em, A turns out to be Oo00035 so that 

An estimatie of single coulomb or Rutherford scattering accompanied by 

an energy loss equivalent to Oo05 em turns out to be quite negligibleo . 

The total effective increase in ~V due to processes of the 

two types is then lol + )o3 = 4o/$o We take for the scattering· cor-

rectioi1, S = Oc.044 ± 0.044o It. is intere,sting to note that the bias 

l 
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curve shown in Fig. 7(a) also shows an effect or the same order or 

magnitude for a residual range or Oo05 em. 
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XI. FIGURE CAPTIONS 

lo 

. ·,. ~ .. 

. ,· 

Experimental layouto 
··, 

' .: ;_ \, • 1 ·,• ··l':" :. !·.: .. : <~ .:f, •· •• 
Available range for observation of recoil deuteron. 

Energy spectrum of incident protons. 

Effect of radial oscillation on radius of curvature or energy 
- . at w~chion stri~~s .. 'targeto . 

:: ·' ' 

A comparison of actual range with that computed from geometryo 
The ordinate.i-sessentially the !-coordinate ,on the plate 
which is lo4l times the range in copper in millimeterso The 
·abscissa are <the channel num.berso . ··· 

6. ·· Sketch of .detector unito 

7. (a) Range spectrumo 

(b) Results of experiment to determine nuclear absorption loss 
correctiono 

8. Energy spectra of deuterons from CD2 and CH2 targets. Abscissa, 
deuteron energyo Ordinate, number of tracks. 

9· The geometry for computing the acceptance volume element AVo 

10. The detector system, top cover removed. 

11. Alignment template in useo 

12. Set of over=exposed nuclear plates illustrating the performance 
of the detector s.rstemo 

13. Beam clipper and target support mechanism. 

14· Relation of alignment template to orbit geometry. 

15· (a) MOmentum relations between laboratory and center of mass 
systemo 

(b) Vector diagram of the momenta involved in the pick-up col­
lision leading to the'situation shown in '(a)o 

16. Final data, the results of individual runs at the three energieso 
Abscissa, the center of mass angle e; ordinate ckr /d-Sl. center 
of mass systemo 

17. Final data as weighted average of individual runs. Abscissa 
and ordinate same as Figo 16. 
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