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I. INTRODUCTION AND STATEMENT OF PROBLE

(1) (2)(3)'

It has been observed by Hadley and York s and by others

that nuclear bombardments by 90 Aev neutrons result in an unexpectedly

» large yield of deuterons of an energy of the same order as the incident

neutrons. These deuteron59 moreover, are found sharply peaked forward in
angular distribution. The large yleld, the energy, and the angular dls—‘
tribution stronglv suggest a production mechanism more direct than the .
usual decay of an 1ntermed1ate compound nucleus(A)o Chew and Goldberger(5)

have proposed a process 1nvolv1ng a sudden rearrangement collls1on in’

. whieh a proton 1s transrerred from the target nucleus to the pa531ng

neutron.. They have given the name "pick-up" to this type of transfer
process,vwhich, of course, is equally applicable in case the role of pro=-
ton and neutron is. reversedo Heidmann(‘) has extended the calculations
of Chew and Goldberger(5), and both calculations show reasonably good
agreement with York's datae 4 | ,
Superficially, deuteron picknup is the inverse of the type of
deuteron stripping described by Serber(7) but contains 1n its calcula=
tion one important element that is not present in the case of strippingo
The pick-up process, unlike stripping, 1mposes a condition on the momen=
tum the struck particle possessed at the 1nstant of collis10n°> Indeed,
the probability of produc1ng a deuteron of a particular momentum F? hy
an 1ncident nucleon of momentum I? depends on the probability of finding
a collision partner of momentum (Fi*V )in the nucleusov This 81mple
relation is neither sufficient nor necessary, unfortunately, it may hapa

pen that in the collis1on some momentum is transferred to a third nucleona

MYoreover, the momentum I; of the 1ncident particle is the momentum
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possessed just prior to the pick=up colllslon and may have been changed
from the observaile 1nc1dent momeﬁ%um hj prev1ous 1nteractlons in the
nucleus. But 1f +he assumpt101 is msde that the entlre colllslon between
1nc1dent partlclev and target is conflned to-the 31ngle 1nteract10n of -
the two partlcles observed as an emerglng deuterong then the’ plcknup
process becomes a useful method of determlnlng the momentum dlstrJ utlon;
N(R l:) ’ of nucleons in a nucleuso ‘ | o
Of course, what is termed momentum dlstrlbutlon N(F%F-I:) is

:meant here the square of the magnltude of the Fourler transform of the
nuclear wave functlon, and the plck=up calculations of Chew(S) 1nvolve.»“

a Born approx1matlon of the scatterlng amplltudes correspondlng to the

momentum transfer 1nd1cated aboveo Bes1des the dlstrlbutlon N(Fz—xz)

there occurs also in thls calculatlon an 1ntegratlon over all ‘the ampll—ﬂ’

tudes of relatlve momenta in the emerglng deuterono Thus, the deuteron'u

wave functlon is supposed already known from theory in order to apply

»\‘. S

the plckuup calculatlon to the general caseo

A systematlc study of the momentum dlstrlbutlon in nuc1e1 by

the use of the plckmup process therefore depends on the extent or range '

of valldlty of the s1ngle 1nteractlon assumptlono There is grow1ng

ev1dence that 1n hlgh energy nuclear bombardments a substantlal fractlon"

of colllslons 1nvolve slngle 1rteract10ns of nucleonso Thus the work ofn

(8).

Cladis' ' on the observatlon of 1nelastlcally scattered protons by nucle1
show broad peaks in energy whlch follow 'the cos @ law w:Lth angle s:.g-» o
nlfylng s1ngle nucleon encounters and is con31dered ev1dence for qua81-
elastlc scatterlngo.(moreovery the shape of the peaks yleld, accordlng
Vto-Wolfls ahalysls ? 5 momentum dlstrlbutlons of nucleons whlch seem to B

1
[
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provide sensible: interpretation of meson production‘spectra(;o)m

A striking demonstration of the single nucleonenucleon changcter"
of high energy ‘collisions is .sseen in the observation of Chamberlain(ll) on
the énguiaricorrelation.of proton peirs: emerging from Li7 under 340 Mev
proton -bombardment.. :Here,ehdwever,'the momentum requirements in the .col=-
lision are different .than in the pickmup_precess leading to deuteron
formation in that the final relative momentum is an observable while in
the case of the bound deuteron it is not. Nevertheless, in this case as
in the pick=up process the incident proton momentum Iz, and the center
‘of mass momentumruPz of the emerging4peir determine the momentum
the struck nucleon possessed in the nucleus.

-;;It}is not-entirel&_Surprising,that‘nucleonpnucleon,collision-
phenomena should characterize, to a con51derable extent high energy
colllslons with nuclel, for the de Broglle wave length of even'a 90 Mev
neutron is much smaller than a nucleus (1/19 for Pb) as is demonstrated

(12), gp

for example;, in the diffractlonrscattering of 90 Mev neutrons
deed, the wave length of such particles is of the order of the proper
voiume of single nucleons in the nucleuso. Single nucleen?encqunters are
likely since the mean.free-path in the nucleus,ddednced by Fernbach(ls)
from neutron absorption cross sections is of»the~order of the radius of
light nuclei. There is then some hope tnat the singie intenaction as=
sumption might be acceptable to a suffidient,degree to permit determina~-
tion of?momentumfdistributionSifrom-a study of pick=up produced deuteronso
Both the angular dlstrlbutlon and the energy dependence of the
plck=up cross sectlon depend on N(R*— k) Although this distribution

'functlon 1s in general not known’ E priori, the measurement of both the
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gngular.distfibﬁtionvanduenergy-dependence provide a critical test of the
plckmup hypothe51s(5)a o B R o ' )
- Perhaps the 81mplest nucleus to 1nvest1gate is the case in A
which the target nuéleus is itself a deuteron,for~in_thls‘case N(Fz“k)'
is moderately well determined by théory( 4)°; The. momentum :elatidns.in

this case lead to an interesting conclusion. The magnitude of the

momentum: of the proton left.behind.

JR-Fl =¥k + K- 2Kkcasd 1)
and under the single interaction assumption alluded to above is equal to.
the magnitude of the momentum of the. struck target neutron. The magnitude
of the»moméntum:relative to thegcentervof mass of the collision pértners

is

Ik l’%l-Vkz K ch°s§ - (2)
On ‘the other hand, momentum conservatlon yields

K ﬁkco@ S (3)
and us1ng(3) to- ellmlnate dS from (l) and (2) one sees that

CIR-RI=R-Rel

Referring~now.to-References(5), and-entering"this result in the magnitude
of the squared matrix element for the transition given in Equation (8)

of that:papér:

!HI - (KK E%(k K/z.)l[sd-—(k R/;)]‘ R
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It isfappdféﬁt*thﬁtﬁthe(transitioh-probabilityvis'proportional to the
fourth power of the’ magnltude of- the Fourier .component. %n of the
deuteron ‘wave function c¢orresponding ‘to. the momentum . magnltude T?‘JE\
the labdrétoxyuMOmentumfof-the:scattered protons ' ..

' The :pick=up deutérons ‘will -appear as recoils resulting from
the elastic¢ scattering of protons.into very large angleso Althqugh
there is some ambiguity as'to.what-isypicksqp-andéwhat:is‘characteriZedy
by other processes, it is felt that pick=up dominates at:large proton

(15)(16)

angles where the contribution of other processes is sm all

Coon, Tascheck and Forbes(l7)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 reliable; Hadiey has observed these deuterons
in ﬁeutron-deuteron scattering at 270 Mev. Stern(lg)has‘obsérved this
saﬁe beak in the scattering of 180 Mev déutqrons by proﬁonsa In this
case, however, the resulting cross section is smalier by a factor of

five from that predicted(S)a waell(zo), making‘ébservations in the-
dioudvchamber, finds results equivalent to Stern.

Jastrow and Karp(Bl) have considered this discrepancy as evi-
dence of a failure of the single interaction assumption under these
conditions.. The relatively high momentum components, F{-F? s involved
are considered:to be éssociéted with small néutron=proton separation
distances in the deuteron, well‘inside the range of nuclear forces. If
this isvtrue, then of course, momentum is transferred to both target

" nucleons and the pick-up amplitude is complicated. by three-body

considerations.
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- It is the purpOseiof-this,paper to report on some studiés~of,g
proton=deuteron scaﬁtering‘at‘several’energiés:in_the angular region pre-
sumably dOminated~by pick-up'witthhe‘igténtion-of prsiidingﬁevidgncg]y___.
for de#ermining,to vhat degreé‘the pick-up hypothesis is valid: .This::
study also serves to extend the experimental evidence on proton-deuteron
scattering which is. of fundamental :importance to ihe understandingz. of ~

nuclear forces. : (See, for exampls, Reference_lS)r
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o GENERAL EXPERIMENTAL METHOD - |

o The angular half w1dth of the forward peak of recoil deuterons
is of the order of lO to the in01dent beam9 and 1t is de31rable to make
| observation at smaller angles partlcularly in the dlreotlon of the beam
1tself° The experiment 1s, therefore, conducted-ln the magnetlc fleld
of the 184 1nch Berkeley synchroqyclotron where use is made of the fleld
to deflect the deuterons through large angles 1nto a detectoro The |
momentum of reco:.l deuterons making an angle @ with the dlrectz,on of
inc:.dent protons of momentum k is ﬁkcos@ In terms of radlus of
curvature /0 of the 1nc1dent protons, the radlus of curvature of the
recoil deuterons is _./O cos@ |

Provided the magnetlc deflection‘angle is close to 1800 there

is a llmlted range about §§ ¢° in whlch a, detector may receive these
deuterons at a cyclotron radius well outs1de the envelope of all orbits
of protons scattered‘by the target (Fig. l)o The compllcatlon of perm1t=v:
» ting deuteron orbits to pass into’thezfringing field of the magnet where
the perturbatlon of regular orbits becomes a sericus computatlonal prob=
lem is av01ded at the expense of restrlctlng-the meximum radlus of curva=
ture of. observed deuteronso Thls 11m1t in terms of 1ncldent proton | |
energy, is 150 Mev for observation of rec01l deuterons at @= O o Practi=
cal llmltatlons 1mposed by such other matters as the length and locatlon
of avallable probes in the cyclotron, the dlffloulty of placlng detectors
above or ‘below the circulating proton beam, and s0 on, place other re-
strlctlons on the range of poss1ble observatlons in energy and angle (Fig. 2).

The targets used in this experlment are deuterated paraff1n9

(CDz)x, and polyethylene, (CHz)xo The dlfference in deuteron yleld of
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these two targets is then taken'as the_yieid from‘deuteriumo The cll
_activity induced in the target by.the nroten bombardmentvis utilized to
monitor the incident proton beamo ‘ _ | N o
The particles received from the target are detected by observ-
ing their tracks in nuclear photogranhic enulsionse To establish the' -
identify of a particie it.is sufficient to measure both’its momentum and
energy, or any pair of quantltles that are related to momentum and energy
in different ways. In this experlment, 1dent1flcatlon is accompllshed by

the comblnatlon H/o and rangea According to Yo k(l)

a good approximatlon
of the relation of the range R of a partlcle of mass m, charge q to its

kinetic energy E may be expressed 1n the energy range of interest by

”vxia;v o.? E;“

where K' characterlzes the stopplng materialo Qn“ﬁneaether_hand, momentunm,
energy and H/p are connected by ‘

.)1 LA;_Ei

EE _.”_.iy- L?fégil!%ﬁ ’;d;a -

For flxed H/o the ratlo of ranges of partlcles of masses m, M, and

-charges of ql’ q2 1s ea31ly seen from the above relatlons to be:
.@L m,)zé( )Ib - :
(Rz)/#flxed ‘_(ml 31 C '_ o

leew1se, the ratio of Hf;'s for flxed range rs given by. | _
(Hp.) _( )‘72(%) o -
He. range flxed i | Qi | . | ' '

Taklng the deuteron as partlcle 2 these ratios are given for

other poss1ble partlcles 1n Table I. »nd ‘f; ) S , ‘ v
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TABLE I

P D T He? ¢

. (ﬁ'z' Hr fixed e '6°1v . 1 * 035 . 1006 __050

(-H% R fixed | .61 | 1 .| 1.34 99 ] l.21
A |-

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?o. Since the observations on deuterons are made at ener—
gies of the order 8/9 the incident proton energy, protons, Hes's, and

X 's would require production -energies of the order of 1.8, 2.3, and

1.8 times the incident energy. to be detected. These particles are,

thérefpre,_npt_tpvbe_expectedﬁfop,enepgetic reaéonso_ Only. tritons,

» therefore, can be present along with the protons and deuterons. Spur-

ious sources of particleé in the cyclotron are less well discriminated
aéaingi bep@ﬁﬁé in>general their H’q will not be known. However, from
the ratio Qf.HYQ.‘s at fixed rangé, well-localized sources can be

identified.
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IIT. " DETAILS OF EXPERIMENTAL METHOD

A.  Proton Beam

As is well known, the clrculatlng beam in a synchrocyclotron,
as recelved on an 1nternal target is generally nelther homogenous 1n »

(21, 22, 23)«- Fortunately, the dlrect;onal in-

energy nor in direction
homogeneity‘ie smalle The SpreadIinlenergy,lhowever,'is a Serious dlf_
ficulty in conducting an experiment of thls klnd and must be taken 1nto
account. It will be seen in what follows (Sectlon v, B also Flgo 3)

that the actual energy spectrum of the 1nternal proton ‘beam is furnished
the Spectrum-turns out to be of the order of.lO% of the mean ‘incident :
energy. The energy spread'ie produced by-tnree nrincipal factors: ‘(l)*l'
free'radial ogciliatibns,in*the*prdtbnkcrbiﬁé;;(2)‘multiplé'passage?of‘,*‘
the beam'throngh the target; (3)'eneréy loSS'inftbeatarget itself. The -
last two factors are - 1nterrelated controllable, and are mlnlmlzed to
such an extent that the 10% w1dth referred to above 1s belleved to be ‘al=
most solely due to radlal oscillatlonso ﬁutﬁﬁﬁd"l ‘

‘ The method ‘of control employed 1nvolves a balance betweeén energy
loss in the: target which is kept small, and small angle multiple scatter—
ing whlch is made as large as’ possible relatlve to an aperture which
severely cllps the beam in vertlcal sectlone Since a cholce of energy
loss fixes the small angle soatterlng (see, for exampleg Rossi, and
Grelson(24)) the control 1s~actuallj effected as a. balance between energy
loss and clipber apertureo The theory of thls procedure is amply dis-
(25)

cussed and demonstrated in a paper by Knox o .Thls procedure mekes it
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possible tb use targets less than l%uthickvin energy and at the same time,
restrict multiple passage to the extent that less than 2% of the beam passes
thr5ugh the target a second time. | |
All attempts at controlling the residual spread in proton energy,
ﬁresumably due to free radial oscillaﬁions, have so far-failed and the ex-
periment is conducted and interpreted keeping this energy spread in mind.
Free radialloscillations is the term applied to the horizontal
perturbation ofvion orbits. The frequency of this motion, Cl)r,, de=
pends on the radial decrease in magnetic field.: This radial decrease is

conveniently expressed in terms of n, defined as:

Y H

nN=-=—

H 2r

Bohm and Foldy(zé)in.developing,the.theony of the synchrodyclotron, show
that the perturbed motion for small n and small perturbations A r and

A Z on - the normal equation of motion of ions may be expressed in cylin- .

drical coordinates as

AV + (1-n)ws ay =0
: o chnh <\
AR + nwraxr =0

with |

= eH
(7 mo.

The effect of this perturbation on the energy an ion possesses

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

e

5

3 ) I3 ' \ . o '3 ) . * o .
sideration of three principal frequencies involved in the ion motion

parallel to the magnetic median planes the fundamental s&nchrocyclotron
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frequency, wé(t) s the radial oscillation frequency, Ly =||-¥ W, ; and
“the ‘difference ‘or precessionsl frequency bOP,e-: ('{h = i=n », These
three frequenciés resuit in a trochoidel motion for the ion.:' The center !
-of "eurvature of the ion preCesses‘iﬁlthe.diréction of ‘the .ion mdtion in a
circle of radius Ar, about the magnetic field center at the frequency
(1—»VT::ﬁku§; causing the apseé or point of maximum radial excursion to
precess also about this center at the same frequency. Thus; viewed at a
fixed azimuth, successive transits*ofAthe-ién appear at a sinusoidally-
varying radius. At the same ﬁime;_thekradigs.ef curvaturev/O.of‘the icn -
and hence also the mean‘radius'Of thé ion ¥ ‘is increased in small in=
crements ASE%_by the_aquisition of energy fr?m’the radiofrequency field
in the dee gap. It is clearg‘then, ﬁhaﬁfan i6n possessing an amplitude |
Oty of-':rad'ial oscillatidri will ténd to strike the target; at a time

when ‘the orblt apse is approachlng and makes a small angle & with the
azimathal coordlnate of the targeto5 If 'Y{ is the target radius, one has .

the approx1mate relatlon '
kst

Since the 1onnenergy 1s determlned by/ﬂ s the ion always ”cheats" and

arrives at the target with less energy than the proper aynchronous orblt

;

energy ET at the radlus.:Ta ~In fact,.

(The 81tuatlon is deplcted in Flgo 40) The max1mum angle é. 1s appr011m

mately glven by°

We A AE ‘
2 . s V5 v
= pre 'Xf{; =3

4
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In these experiments,’ Fi.~~ ;;”rAEvN‘Ez ~n = 0.031c The mean Avro

is found to be ~s3" so that _35180.; The meximum angle &  _ at

which ‘an ion strikes a .target is given by: . -

ewx‘_’ r 6 — /;2

The angle € must fall in the range 0 € € emax"’ and is considered

It should be remarked that out of the fundamental phase stability
condition of synchrocyclotron theory, the consequent phase oséillgtions
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 AE,
in transit of the dee gap -

- qﬁ ’)C‘-Uc:' QP o (very approximately)

Where (. 1is the phase angle; V is the radiofrequency dee voltage, and UO¢

is 't_he phase ‘oscillation frequency which is much smaller than the fre=-

- quency assoclated with free radial oscillations. It :is clear, then, that

the effect of variation in AEV is. second order-in its effect upon target

energy essentially entering only in the value of. 5;(, Phase stability - - '
and phaé"e" 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 be captured from the source into. phase stable orbits. If
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_the free radial oscillations have their crigin in off=-center initial
conditicns, then cyclotron operating conditions favoring large phase os=
cillations might tend to permit lerge free radiael oscillations andvvice v o
versas No direct evidence for ﬁhisfefgect:was;observed,thwever, in ..
this exper;mepto.

'In addition to producing a spreadiinvenergngradial oscilla=_.. .
tions also cause the.ions‘tc strige_the target over a small region of

radial extent QW given by

..Awdcz - AQV;‘SZSS

cWwith. .- o .
'~-Z&Si1§ ;{2J7 géﬁfc

- This "radial width";ofvthevcircﬁleting‘beem has 1little effect . :
‘on the resoluticn problem-in’ﬁhis:eicefimehﬁ.but wes:found.to-be useful . -
in several ways, such as, a rough check on the radlal -oscillations fori -
comparlson with that 1nferred from the energy spectrum, a means of
identifying primary as compared to secondary and multlple passage of the
targetguand as a means of obte;nlng a-g;eater total;current;thrgug@ythefgu
paraffin target withOut’attendant meiticg_fromehigh,Currentvdeneiﬁyon;f o

The quantity-lkvf-has:ceenjfrequently:measured during;the course .
of these:- experlments in maklng allgnment of the clipper. Prociding»theixﬁ
beam current is kept suff1c1ently low 80 as. not to- produce excessgive -
heatlng9 it is .found that thln,pleces.of-glass are~b1ackened bywthevbeam~
in such a way that the 1nten51ty I ‘of light transmitted by the glass is .

related to the’ proton beam current P B -7. V T pf - P

' I '=--I'.'e"/*P
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A&Wl.turnsloutfto\be ﬁg;leZVipchgfbutxYﬁfieé slightly from day to day -
under various‘cyclotron-operatinghcpnditionsyl’A'maximum;radialvoscil—-
lation amplitude of 6 inches-makesduh;le36,incho¢.Such amplitudes'are
inferred from the deuteron:monentum,spectrumg;for1examp1e,;as.shown in

Figw 30.'

B, Target and Mbnitor System

; The targets used in this experinent are, as noted above,i
deuterated paraffin, (CD )x; serVing effectively as a deuterium target
containing C for monitor purposes, and polyethylene (CH )x in order to
determine the contribution of deuteron production in the carbon of the
first targeto The chOice of polyethylene is dictated by the need for
matching both energy loss and small angle scattering in the two targets.
The targets are mounted together on. a deVice‘which permits their inter-

change into the beam position Without the necessity of withdrawing the

assembly from the cyclotron vacuum systemo This convenience is actually

felt to be a necessity in this case as the target mount also'serves as'

the adJustable clipper aperture, and for reliable subtraction purposes
it is desirable not to disturb this aperture between pairs of runs re-
quiring subtractiono The adgustment of the clipper aperture is critical,
and slight changes in its alignment might involve sampling different
radial oscillation amplitude distributions out of the total beam.

o Although it might seem on first Sight that the clipper should
be located as far aWay as pOSSlble from the target, the chosen location

turns out to be the more deSirableo' The beam entering the clipper is
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already pre=clipped by a copper@fin:device located at a small radius where
the proton energy is'low (Fig;ti); -Thevscattered protons and charged
degradation productsvihvolved;iﬁ'this prewciipping'are‘confinéd by their
small redius' of: curvature to the central region of the cyclotron. The fin
is adjustéd so'that the beam entering the clipper aperture is only slightly
broader ‘in vertical extent than the aperture itselfa The clipper then‘
serves, through many thousandstof trahsits;'to produce a beam well col—
limated in vertical sectioh; Its principal use, however,v‘s to prevent
ions from pa851ng through the target a second time if they have suffered
a change of dlrectlon in the vertlcal plane greater than d/ZfTr, d belng _
the cllpper aperture°
| The romoSo progected scatter angle é% for protons in the target

is G. 05 radlans, on the other hand, the cllpper aperture is usually 1nchh
whlch at 45 1nch radlus subtends an. angle 6 = O 0009 radlans, therefore,

4

the probability of pa331ng a proton a second tlme 1s»7

orlB% - . . B . .
Because of 1ts locatlon 1n the general layout (Flgo 1), the
cllpper cannot scatter protons dlrectly 1nto the detector system9 a fact |
that would not be the case for aqy other possible locatlono The prlncrpal
dlsadvantage of placlng the targets ad,]acent to the ex:Lt s:.de of the
cllpper is the poss1ble actlvation of carbon 1n the target and of copper
in the target holder by unwanted spray° ThlS effect along with neutron
actlvatlon of the 1dle target of the pair amounts to 2% of the total

actlvatlono The effect was determined by passxng ‘a beam through one-
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target and subsequently measuring the activity in both, as well as the
target holders with ﬁhe}ﬁgrgetsfpéméved?
The monitor siétem iﬁvSi§;éi££eaégiégiVe me;surement of cll

activity dnduced in Clglbyipr@tonvbombardment through ‘the well known G;2~_

(p,'pn)}Cll reactiono It_haswbeenaobﬁefved‘by_mépy‘workers that Cll,pro= 
duction serves well as a,mdnitor-as there aréfno’other decay- products

produced aleng with Cll.in sufficienbiamount to interfere with an unam-=

~ biguous interpretation in,tefhéﬂéfnfhé single decay period.  Moreover,

Cll decays by positron emission; meximum: energy 0.97 Mev 20.5 minute half-

life<g7)and with the high level_activityvdealt:witnxin this expefiment,,
the measurement of ﬁhe annihilation "{=radiation of the ppsitfons instead
of the positrons themselves, 'possesses the advantage of suppressing the
effect of variation in self-absorption and geometry that is likely to be
present in different targets. The activity is detéfmined by measuring ‘- ..
the ionization of Compton secondaries: produced by the annihilation radia=
tion‘inﬂthe.wélls_of a;tanfalum@linedrionization.chambero

The ionization chamber and associated electrpmeter is calibrated
for this purpose én an auxili;£¥ ;$£efiment'utilizing‘the well collimated
high current beam of the Berkelé} 32 Mev proton linear accelefétqro The
calibration consiéts in measuring=the‘acti§ity in a thin polyethylene foil
and at the same time, determining. the absolute=protoh curreﬁt;éroducing,,f‘
' | 11
produced in a target containing N atoms of carbon per square centimeter
by Q/e protons of energy E in a Sdmbafdmgnpiayaconstgn; proton current of

ek

duration t iss
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(l\/ % o‘m(E)f (6)
where U p,pn(E) is the p, pn c're'ss.secti,on at the energy E;, and A is the

decay constant of Cllo What is desired of the monitor system is the deter-

mination of the quantity LN Q) from the measured activity A(t) ref erred

"’,0 the time of termination of the bombardmento The callbration then es=
‘sentially determines the propor'tionality constant, K,(the speclflc property
of the act1v1ty measuring device) between absolute yield and activity. In
the callbratlon, the charge Q carrled by the proton current is collected
by the Faraday cup and is tra_n’sferred to a condenser of accurately known
capacitanc‘e“C where. the resulting potential i's‘measured bj a senSi't.ive‘
recordihé electromete'r; Since :theibeam current of the linear accelerator
tends: to fluctuate, a resn.stor J.s adgusted across the condenser such that
the RC- product matches the C]‘l decay constant /\ - If quantltles referring
to th.1scal:.brat-10n exper;.menti e_.re denoted by '_ the_subscript c 'one has the
relatiens Lo f.', : L .
y:_'.ce A¢%‘)= N‘ Ci"({‘ .0;/""1 (Ec} | ' (7) |
‘deflnlng and determnlng the callbratlon constant K. erre, "(tc) is
the charge measured on the condenser at the same time t ‘to which the
activity A, (t ) is referred e.nd the assumptlon of constant beam level is

no longer requlrede The desn.red monltor quantlty, (N Q) s 1st

A/ KoA*a‘ ' - : | (8) ¥
P by
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On.eliminating.the‘calibration constant, .. .-, . .o
%9 /\/c.Q‘ A ) T ED [__z\.‘e_’:-;] )
& ]ig fpﬁl1:) . C
11

is seen to'depend pnly“on;the,ratio;qfrthe,ce;

cross seetipn et‘the.two ‘
energies and not on its absolute value. This excitation function has

been carefully measured at numerous points by Aamodt; Peterson, and
(28) |

Phillips in the energy range extending from the threshold at 18 Mev

ﬁp'tb 340 Mev.-'The=energywrahéegef“threshold;to;lOO Mev has also been
covered by Dr. N..M. Hintz of Harvard and agreement between these two ex=
periments. appears, to be very good.  The results of Dr. Hintz work has not -

yet_been»publiShed, but is quoted in the Aamodt paper.

f'Cb Detector System

: The large magnetic deflectlon angle emplqyed to separate deuterons
from protons effects a rather high degree of momentum analysis. Although
the deuteron recoils soughtrare,the'resulﬁ,of=elastic;collisions and,

therefore, :should possess a well defined’momentum,et a given angle; the

.spreedfin energy¢of.the;incident~protons-(Sec. IT and Fig. 3)‘results.in :

.~ a corresponding spread in deuteron momenta;=-Thevmonitor system samples all

energy: components of‘the'inciQent spectrpm,'hence to define.a cross section,
it is necessanyeto.account’for ail elastic recoil deuterons leaving the .
target in.a definite*solid angleffegardlesequcheir momentumo‘ This fact
complicaﬁes the design ef the detector system in that; although a reason= .
able angular resolutien iSndeeiraBle,ﬁyet.becauseiof this momentum analysis,

the deuterons sought.areAdisfributedxoveréaniextended?regiohealong the

detector probe axise
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These requirements are metﬁby7distribﬁtiﬁg5én array of detector
units along the detector probe axiso The array'of units, thlrty-31x in all,
each possessing deflned angular resolutlon llmlts as. well as prov131on for
determlnlng the rangevln copper»of the detected particle, constitutes that’
which is called the detector systemo:' - - |

" ‘The va of a.detected particlefisrdetermined,‘onvthe as8umptio;
it originated in the’ target, by’ the position -and orientation of the detector
unlto ‘Since the range in copper is measured the partlcle s identity is
khown, subject only'to theiassumpt;on*as to its’ point of origin: But'the~
array or detector system as eﬁhhble5defines’a3reldtionshipfbetween renge
and 3f’ that is unique’for edy*gfven*poiht-of origin;‘therefore the point
" of origin of the detected partlcles may be ascertalned and the 1dent1ty of

. the partlcles 1nvolved 1n thls relatlonshlp proved (Sectlon II, Fige 5).

-*(1) Détect“or Unit -

_ tQ What iS“mééatvhere'byﬁé="d9t¢ét0r unit" is merely 'a -
channel milled -out bﬁ!a'bloqk:ef.breee,fin’back-offwhich istplaced:an
absorber in the £bfm?ef-a;COppeeredge¥“.The'sensitivefelement~is.a nuclear
photbgraphie:emﬁlsion*pl&tefplaeed*on?the'Siopingfside;offthe wedge (Fig. 6).
The use of CHannelsland'ﬁedges’Qrftaperednabsorbersvin;nuclear emulsion -

’ technique-is common, ‘but i%-iS’temﬁtidg'to hame,the:combination;used here 
a."detector" on»the’basis.dfiitsupfepeftiestand frem the method. of scanning
the plates. . | ‘

“The channel éer;es%toteelect;'outﬂofveil-particles‘croseing the.
detector probe axis atmeAperticule;'pbint.f;ﬂthOSe-creesingwat angles -

within a range AX of some’ selected angle X -as determined by the



- 23 =
orientation of the channel. As mentioned above, particles of each kind
entering the channel have well definied Hf’ and range. Therefore, a
track count in a swath of the emulsion extending in the direction of in=-
crea31ng thickness of copper absorber is equivalent to an integral bias
icurve, familiar in particle counter technique, and exhibits discontinuities
at p01nts where ‘the range of various kinds of particles 1s exceeded (Figo 7)e

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 geometrically defined acceptance llmltSo Such particles,
however, lose energy in penetration of the wall material and are, therem'
fore, not likely to be found in the neighborhood of the range cutoff of
the bias curve(zg)o An estimate of this effect 1is developed in the Ap- .
pendix (SecoIX), together with some supporting experlmental evidence.

. | ' The detector system, or array of detector unitsfis adgusted
(Sec° III C, 4) so that each unit in the array receives particles leav1ng
the target at the ‘Same angle Q' vbo 'I‘he particles received in each unit of
the array then differ onLy in momentum, or more properly» }if The set |
of data obtained by track count (Sec. III C 6) in the nuclear emulsions
of all units in the array constitutes, therefore, a momentum spectrum of
. the deuterons leaVing the target at this angle (Figo 8)e The difference -
<spectrum between the deuterated paraffin and polyethylene targets exhibits
a rough spectrum of the incident protons as weighted by the scattering '
-cross section and the acceptance function AV (Seo° III C 3), and as

transformed in momentum through the relation K= "‘/3 k C°S§
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These spectra'are‘used to compute the mean- energy of the incident protons

as shown in Section V.. -

(2) Nuclear Absorptlon Loss 4
The sllt scatterlng problem requlres the actual scannlng
to be done at a p01nt as close as p0351ble to the range cutmoifav It is |
well known, however, that not all partlcles 1n an 1ncldent flux of a given
energy survive the whole dlstance of thelr range in mattero Partlcle loss
is due largely to the occurrence of nuclear encounters and the effect is
termed nuclear absorptlono The evaluatlon of nuclear absorptlon loss 1s
accompllshed in an aux111ary experlment performed in a llO Mev external |
deuteron beam of the cyclotrono' The well colllmated beam 1s caused to
pass through the copper wedge 1nto a sen51tlve nuclear plateo The slope
of the resultlng blas curveg uncompllcated by the effect of sllt scatter-
ing, 1s then regarded as a measure of the absorptlon effecta A correctlon
factor for zero absorber thlckness‘ls obtalned dlrectly from the ratlo of
1nten51ty at zero absorber to that at range cutmoffo Refer to Flgo 7(b)
It should be p01nted out that the form of thls blas curve con=-

tains, in addltlon to nuclear absorptlon, a change in the effectlve swath
w1dth scanned near the range cut=offo Thls change in brought about by
| angular straggllng of the partlcles pas31ng through great absorber thlck-
nesses and results from the cumulatlve effects of small angle multlple
scatterlngo, Thls change in swath w1dth w1ll be made more clear when the
factors deflnlng the effectlve swath W1dth are understood (Seco III C, 6).
The change in width, however, 1s automatlcally taken 1nto account by apply-
ing the correctlon factor- for Zero absorber thlckness and does not require

separate treatment.
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(3) Particle Acceptance

- ‘ h The bas1c geometrical acceptance llmlts or detection
function deflned by the channel are flrst calculated neglectlng such
effects as. (a) the radlal decrease of the magnetic field with its at-
tendant radlal and vertlcal focu51ng 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 system at the targeto:

' It is seen, w1th reference to Figo 9, that the loci of centers'
of curvature of all llmiting orbits that orlglnate in the target and pass
| freeLy through the detector channel enclose a region of space whose volume
is readily computed from the geometryo This small volume element may be

expressed as:

AV"&?:,:je ST 2

neglecting terms of the order (E) and hlghero‘ In ‘this expres31on, a, b
are the half-width and half—length respectiveLy, of the channel /o is |
the radius of curvature of the central orbit; and ¢/ the magnetic field
deflection angleo ThlS expre531on for ASV is derlved in the Appendix
(Sec-jﬁ) The use of this volume element, corrected as in Sectlon III C,
5, w1ll become apparent in Section V C dealing w1th the evaluatlon of the

absolute cross sectlon° The height Z is defined in Seco III, C, 6.

'.(4)‘“Alignment Technique

" The:channel’ of axdetector unit is actually-constructed in two
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short separated sections, artlculated to conform as closely as possible to
the orbit curvature (Fig. 6). Allgnment of the channel is specified by r,
the pos1tlon of 1ts mldpolnt on the detector probe axls, byo( ’ 1ts orienta~
tion relatlve to thls axis, and in additlon, orlentatlon angles for theilﬂv
channel segments as determined by the partlcle radlus of curvatureo ;It
may be shown that the angle<x changes by so llttle in passing frcm.onerv
channel to the next that negllglble error is 1ntroduced by actually con;ii
structlng the channels in unlts of 51x, as shown in Figo 10. It is seenf“f
that there are six such units each contalnlng six channels maklng a total“
of 36 channelso By conventlon, the fourth channel in each unlt of six 1sq£
used ln alignmento The channel is convenlently and rapldly adJusted to
the above spec1f1catlons by the use of an allgnment template, a p01nt
source of llght and a palr of mirrors (Flgn ll) The template cons1sts P
of a large protractor on whlch the detector system 1s clamped connected‘
by a rlgld beam to a draw1ng board on whlch are plotted the coordinates o
of - ‘the centers of curvature of the orbits to be acceptede The light
source is placed on the de31red coordlnate whlch 1s a dlstance/o from
the channelo The mlrrors clamped With thelr glass surfaces parallel to
the channel walls,‘return the llght from the source to a screen located> )
dlrectly above the sourcee. By masking the mirror surface so as to exposeh
only a. narrow sllt located at the mldp01nt of the channel segment the o
sllt 1mages of both mlrrors may be accurately adgusted to c01nc1de with
a mark on. the screen located over the coordlnateo When thls is done, the
channel segments are perpendlcular to the radlus of curvature and hence
tangent to the orblto The practlcal llmlt of" error in this adjustment

is of the order of magnltude of one minute. of arce The coordinate r has
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an associateqherrpr_qf the_q;de;xofgcy?%ou The averag¢ time required to
carry gutvth£3~adj@§tmept‘op gll qig;gnits is about:15 minutes, not ine-
pluding thgvﬁimgv;eguirgd‘pg remove and replace the deteqtpr system in the

vacuum tank of the cyclotron..

:(55  Czrféctidns for Pérticle'Accéptance
‘a. The radial decrease in that portion of the

magnetic field utilized in this experimenﬁ for momentum analysis amounts
“to aboﬁt 2%, falling off very nearly.linearly.with radiuéo We adopt here
the perturbation point of view_in calculafing the effect on ion orbits
and corrections to the'acceptance volume element A V.

The radial perturbatlon is estlmated by a graphlcal method due to
Parkins and Crltenden(3 ), in whlch the motion of the center of curvature
is followed graphicallyg.RThe particle coordinates r,_euat'the,ends of
successive arcs is computed as the motion is followedo Since'it is the
small change zyv rather than £ itself that is plotted the method pos-
sesses considerable advantages over the conventional method of plqtting
the orbit direétLyo The results of this analysis show that the orbit
is shifted outward by the order of maghiﬂudé of 2%. The P of particies
actualljvreceived is,;therefofe, reduced by this aﬁéunto The method is,
howéver, rather time éonsumiﬂg and'since the correction is émail; it is
felt that the céiculétion.Qf.sufficienﬁ casés ﬁq'apply.tﬁe,cprrectioﬁnié
not justified. This cofréction,zwhich‘Would tend.tq reduce the cross
section %&,“ - 2%, 'is therefore neglectedo~ |

The vertical perturbation. . ténding to producé;é focusing éffect

is of more serious consequence than the above. We treat the perturbation
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as in thé case of free vertical oscillatione .since the amplitude is neces-
sarily small. The freQuency of such oscillations is ffitde (26) where n is
generally evaluated at the unperturbed orbit radius. - In this case, however,
the orbits are considerably .offe'cent,ero On:the other hand, we are con-

cerned cnly with a small part of the peri od'of motion. -We use a weighted

mean value, W averaged over the ion paths between target and detector:

'F /1/"/(5 s) a5
gcepn

'The fractlonal inecrease to the vertical extent Z of A V due to this

focus effect is: | ‘
%.=<2(vmq’"$m7ﬁ?"’)v.
and the crosSSGCtlons are reduced bythe factorFZ. '
-
G iR R
The factor _Az_-i lSllSted "iix}"nTéible "I.'Io' o

’ - TABLE II

| Vertlcal Focus Correctlen .
‘..Tex;'ge.t" | A : f
| Redius | <10° | -5% | 0% 5% | 10° | 15° | 20f
420" T | eos | 2042 | <055 .075 | .09
L 45es T o .025 ‘..°Q38' 2051 067 | .088 110
C49.5" eo2r” | .030 o6 |
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... The orbit .curvature in the channel effectively
reduces the value-of the;half-width by an amount Aa - Since AV is

proportional to:a%;‘iheﬁcorrectionxfor.tz&V'is of. the form:
TaviEavE{(1-ty)

We have a chord of length - %;r ln an arc. of radius/o Sais then - &

18P
and for 2b 3. 9.85.cm, 2a = 0,318 em, a typical value.of'/9='150 cm,
the correction increases the cross section by 1.11%.

c. -Since slit scattering is accompanied by energy
loss, the effect*oflslitUSCattering is to enlarge AV by an amount
that depends on thefenergy~discriminetion»cf the detector. Thus,slit .
scatteringfincreases'the*slope of the bias curve over thatvalready pro=
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 polntvat‘which the scanning is done, 0.05 cm of residual
range. -E.D: Gourant(zg) has con81dered this problem using diffusion
theory and the statlstlcs cf small angle ‘multiple scattering. As is..
-shown in the Appendlx,“SecaIX, the effective increase of AV on this
‘"account ‘is about'4o4%uhence’the‘cross=section is depressed by this

amount.-

(6) Method of Scanning

An understandlng of the method of scannlng the nuclear
plates is fac111tated by reference to a photographlc reproductlon of a
set of nuclear plates (Flgo 12) These partlcular plates were obtalned

by "over exposure" 1n 8 large flux of deuterons and trltons produced in
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a carbon target into the. angle =0 ~For this .purpose, _the'proton
beam was unreStricted:byhvertical‘aperture=clinpingo- Otherwise, the ex-
posure was nornal‘and thus illustrates in agrough_#ayythe.performance ;
of the detectcr systeme. Atyeaeh.channelélocation a;portion of the emul-
sion is not covered by the-conper absorber.andjiS'exposed te light which
produces a’ heavy ‘black image'on‘thetemulsion sﬁrface,serving to locate
the knife ‘edge of the absorber wedge. Below this. fiducial mark a grey
rectangular region is seen, containing in thls case . far too many tracks
for reliable countlngo~ The .grey region is termlnated rather abruptly
at a point correspondlng to the range~cut=of£ of.deuteronso A second
cutnoff may be seen . emerglng from the dlmlnlshlng deuteron background
in the thlrd and fourth plateso Thlesecond‘cutéoff is»clearly due to
trltons 31nce the range 1s about onenthlrd that of the deuterons. sIt
may be further noted that be31des the gradual lncrease in range with r,
there 1s a perceptlble 1ncrease in range w1th1n each‘channel, also with-
1ncrea51ng ro; Both effects are/to be expected from the geometry and con=

stltute 1nternal checks fcr the allgnment of the detector systemo-

. For two reasons the scannlng is done at fixed dlstance short of
the. range, cutwoff.‘ (l) the grain density 1n a track is proportlonal to.
the energy loss as is well knowno: ‘The nuclear emu151ons used, Ilford |
C~2, are of 1nsufflclent sen51t1v1ty to permlt rellable track count of
sw:Lft partlcles, vlet us say > 30 Mev deuteronso‘. Experiments u51ng
plates sens1t1ve to mlnlmum 1onlzlng partlcles were nearLy clogged w1th
electron tracks resultlng from the hlgh level gamma ray background in
the cyclotron; (2) to rld the track count as much as p0851ble of the

unwanted partlcles accepted by the sllt scatterlng, it is necessary to
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. work as close as possible towthé;cutmoff'ofﬂﬁhe*bias curve (See Sec. III,.
c, 5)e The point arbitrarily chosen is 0.5 mm.fromﬂthe'mean'range cut=off.
The scanned swath extends from well outsidefthe_track locus on one side

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

-~ The tracks'dive ‘through the unprocesses emulsion at the 45°
angle détefmined“by'the-cdpper’wedgeo After processing the emulsion
shrinkS~aboutf50%«in thickness while the.lgteral.shrinkage is negligible.
Theréfore;«the'tfackstéhowsa dip angle of about 27° iﬁ the processed
emuléionfunder.a microscope. - Under an 0il immersion objective of 95 x
the depth of’focustfsrso:shcrtsthat'only a smﬁll-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>infwhidh“the:short’visible‘section of track appears to move
back and‘fqrthaalong its.lengthe These-tracks ére.roughly parallel to
the Y-axis of thefield of viéwo~ An e&eﬁpiece reticle is used to pro-
jeet a fine horizontal X-—.axis"line onto: the object plane.

»_gCriteria forfthesacceptance of tracks permit easy and rapid
recognitiohaf‘(l)'Thextrack'muét hmoveﬁ in- the right sense with the fine-
focus racking -motion .and ihe;'gvelocityV' must be judged té.be within a
factor of two ofwa_track:measufing a-27° aip-angleo (2). The track must
be straightrand fall:within an angle of 45° to the Y=-axis. (3) ﬁhe track
must intersect the X-axis :(reticle)»line at some point along its length.
(4) Theiﬁrack must enter ‘through the top surface of the emulsions. Items
(1) and (2) are particularly?eastho apply in mostvéases as there are,
typically, many ‘characteristic tfacks-in;a field oflview-all.at once

for convenient .comparison.: Item (4) is not strictly enforced but is
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generally‘appiied to obvioﬁsféaSes When’the track is ;éeﬁ to begin
within the body of emulsion.. Such tracks aie attributed  to proton re- -
coils due to neutron backgroundo: . ' ’
It should be noted that Item (3) defines the effective width
of the swath. The quantityJZ,uentering in thevcalculation-of the volume
element” AV (Sec. III, C, 3, above) is evidently ﬁ_hé-p:oduct of the num=--
ber of swaths-taken;‘the:thickngss of the unprocessed emulsion, and tanst
gent of the slope angle,-45°, of the copper wedge. - The effect of angle
straggling, requiring aﬁgular limits for track'écceptance is specifi~-
cally excluded from the determlnatlon of Z as it is included implicitly -
in the correctlon factor for zero absorber thlckness.
The scannlng is done in a continuous motlon. The motion of
the mechanical stage in the X-direction is drlven by a ?ariable‘speed
motor. At the same tlme, the flneufocus adJustment is racked up and down’
Imanually at a sultable rate so as not to miss any tracks meeting the ac=
ceptance crlteria. The track count is tall;ed.on a hand-register.and
recorded at the cbmpletion'qf a.-swatho Genefally, three éuch swaths
are made, separated in the Y-direction just sufficiently to avoid count-
ihg-the same’tracks twice.- This is done both as a control measure, the.
three counts should agree within the probable error, and as an efficient
method for gaining greater’ countlng statistics. A scanner experienced
in this technique can complete one.channel in abdut ten minutes, fre=
quently’couﬁting at rates exceeding eighﬁy:a:minute.
It shoﬁld be‘mentiongd that background tracks meeting the
acceptance criteria tend to cancel out in making the subtraction between
the results of the two targets. - To check dn tﬁis ppinﬁ, the background

may be estimated by scanning swaths located just beyond the range cut=off.
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V. DETAILS OF APPARATUS

- Ao .Beam Clipper and Target Support ...

‘The beam clipper and target support mechanism are shown in
Fig. 13. 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 beam. It was found hecessary to employ fcur in=-
dependently adJustable jaws for this purpose in order to accommodate ir=
regularlties in the magnet median-plane. With this device it has been
found possible to bring the beam out through its effective eight inches_at'
an aperture of one~eighth inch in each pair of jaws. Ordinarily, the
copper fin is adjusted so that‘the resulting beam is-siightly greater
than 7 inch at the entrance end of the‘ciippero “After carefully 1eveiing“
the device, the pair of jaws at the entrance end is adjusted to trim
this beam to 4 inch. 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 piecee.of glass which‘are blackened by |
the passage of protonso Flnallyg the targets are mounted in the slldlng
carrier and adgusted by llmlt stops so that cnly the target materlal 1t=:
self is exposed to the beam. The flrst target, say GD2, is run w1th the‘li
carrier in the p081t10n shown, held in place by a spring loaded catcho
To substltute the CH2 target current is passed through 8 fllp coil, |
visible between the palrs of cllpper Jaws, which trlps the catch allowm
ing the carrier to drop 1nto ‘the second target p031tiono The operatlon

of the target changer is v1ewed through a port hole in the cyclotron

vacuum tank to make certaln of 1ts proper operatlono
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- (1) Targets

The targets are mounted in braes,holders.which fit
into the support carrier. The holders themsel?ee are<shielded from the
primarylbeam by the_clipperp .The deuterium paraffin has a density
1.0501 gm cmfa and contains 97% deuterium, according to the analysis
supplied with the~éample prebared by the Texas Company. As prepared
in the target form used it has an aereal density of 0.3098 gm em™2.
The polyethelene target has an aereal density of 002870 gﬁ cm™R, Thus
thelmolar ratio of;CDz-to CHé in the two targets is 0.947 and the stop-
} ping'power and multiple scattering factors in the. two targets are matched
to withln 5%. The stepping power of the‘CH2 target is 1.78 Mev for 13C
Mev pretons,,and-is 1.69 Mev in the C-D2 target. The 0.09 Mev_diecrepancy ‘

produces a difference of 0.03% in radius of;cdrvature’in the two cases

and is considered negligible. ;;; .

" Be Mbnltor System

As 1nd1cated above, (Seco III, B) the actlvity in the targets
is determined by the use of an 1on1zatlon chamber sensitlve onLy to the
annlhllatlon radlatlon resultlng from the Cll pos1tron emission. The
charge, resultlng from the 1on1zat10n current is collected on a cylindri-
- cal brass condenser of 3 cm‘capa01ty°‘ | |

The condenser plate to which the charge is transferred is con~ -
necteé to the gilded quartz flber suspen31en of a RyersonFLlndemann
quadraet elca»c‘orome‘ter(30 o The collectlon of charge on the condenser
plate raises its potentlal relatlve to ground, producing a deflectlon of

the quartz fiber. Thls flber may be returned to the zero deflectlon
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position by the aﬁplicaﬁionkofﬂaﬁnegatiVe.vpl$agenpn?ﬁhgﬁgpppsiﬁeschTH__“,
denser-plateoﬂ,Iﬁfpractieé;.the”deflection,is\keﬁtjgmai;jby,chtinu0u31y o
raising the appliedivoltgge,ain~proporp10nhto~thenchafge,golleqtédo ~The
réciprocal'of the time required for & null deﬁlegtigﬁ‘gﬁva‘speqifieqlapm .

plied voltage constitutes a measure of the activity.

,

C. Detector System

The actuaiuconstructionuof.theAdetéctormarray iéwiliuéﬂrated in
Fig. 10. Each six-channel unit is milled out of a single block of brass.
The channel segmehts are 0.1250 % 090065 inch in width, 1.063 4 0G.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 &% inch cut. This procedure assures the proper relative alignment of
the two sections of the afficulated “:channelo In the photo.graph, one of
the baffle systemé,ﬁused to pfeVent.cfoés=fire between channels, is re-
moved fo shbw_?he clamping screw and the method Qf arfi§ﬁl€tiono The cop-
pef‘ﬁedges and lands providéd tovioéate théiﬁuéleaf piateé_terminate the
channels. The whole aééembly“is‘iﬂtroduced through an air lock into the
vacuum system of thevcyclotronfwhere'it slides along ways located (as in
Fig. 1) on a radius line 154°40 ' in azimuth from the target radius.

(1) Alignment Template
- The alignmgnﬁ template is an import&nt auxiliary to

the detector system. Its constructioﬁ and use are illustrated in Figs. 11,
14+ On the codrdinate boéﬁd are plotted the centers of curvéture of orbits
entering the fourth channel in each six channel unit. The calculations of

these coordinates are based on the circular orbit (uniform field)
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aﬁproxirﬁation, ':in vwhich the center of 'curvé.ture is fixed in the horizontal
plane: ' The effect of the radial decrease i’-n. the field shifts the final -
vloca’cion of ‘the center of curvature by the order. of magnitude 2%

(Sec. III, C, 5) but this effect is neglected.
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Ve .l _1ANALYSIS OF DATA .
‘A. Monitor - .
- Decay curves .are run on each‘target ahd the“aotivity A-referredﬁ
to the time of- endlng the bombardment is computed on the ba31s of the best

11
value of the half life of C ; t; = 20.5 minutes.. Thls value which agrees

(27)

1
2
was obtained from a detalled anaLy51s of

with that quoted by Siegbahn
the decay curves obtained in the Linear AcceleratOr.éalibration runs men-
tioned in Sec. III, B. The detailed procedure is also applled 1n many
cases in actual runss (1) to obtain from the data the best value of Aj
and the assoc1ated probable error, (2) to detect through 31m11ar trends
in the A 01? the presence of poss1b1e contamlnatlon act1v1t1es due, for
example, to the 1nadvertant actlvatlon of the brass target holder through

mlsallgnment of the target support.

The monitor quantity 244? is given as in- (8) of Secs III B.

2 — ZKo Atp ;
J‘ﬁ ‘ﬁ% e .

where AD is the act1v1ty of the deuterated target at the end of a bombard-“

ment of duratlon tD, but the p,pn . cross sectlon 1s now averaged over

the 1n01dent proton spectrumo A method leadlng to an evaluatlon of Uﬁ;n

is indicated in ‘the next sectlono

Ty

From the polyethylene target 51m11ar data are obtalnedo 'The

ratio of hoth sets of monltor data

N
.

=l oo
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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 Faradayfcupc ‘The chief

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

and the use of the ionization chember in place of a calibreted;/g~=couhterJ

Seven runs were made giving:
Ko = (1.354 & 0,009 107

'B. Defector".

| " The p01nt at whlch the scannlng is to be done is flrst located
the.lnltlal p01nt belng marked w1th a mlcroscope attachment. The procem '
dure followed elso ylelds the range in copper of the detected particle

for use as an 1nternal check on the allgnmento The marked plates are then

scanned as 1n Seco III C 6 and the results tabulatedo' The dlfference

VD CD; ,—SCHL 3 | (13)

is the yleld from deuterlumilnto the.narrow range of momenta about a
central value determined by ‘the’ p031t10n and orlentatlon of the 3
_ channelo The set of D for all: the channels constltutes & momentum
spectrum of the elastlc recoil deuteronsc From this Spectrum a mean value
of the 1ncident proton energy is inferred and used to. determlne an appro=
. ,____._._.

prlate value of fu pn (_Ef) from the data of Reference (28)

The nuclear absorptlon loss experlment mentloned in Section III'
C, 2 involves the use-of a well collimated externally>deflected beam of
deuterons degraded in energy ﬁo llO Mev by an.absorhervplaced in the

‘cyclotron at the’exitvendfOf_the magnetic deflection channel. The energy

N
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straggling-produdedzby.the‘absorber'is belie§Edﬂpertly:reduced'by3mag-
netically focusing the beam'thfough-the ‘collimatore -

Two éxposures in the 1/8 inch wide;. 1 inch high emerging beamn;&
ere made in the same pldate; one through a copper wedge, the other ﬁith
the copper wedge moved out of the beam in.onewdirection»end thedplate o
movéd in the opposite direction. Thus at each Yecoordinate the traek 
count in the two exposures give, respectively, a'transmission and a
monitor value. The ratios are plotted against the Y-coordinate in.
Fig. 7(b) where Y = O at zero copper thickness.. Tne slope seems to
repfesent a mean gbsorption cross section for deuterons of 4.05 barns
which is perhaps not unreasonable. On the basis of this curve, the
correction A for nuclean.aneOrbtion‘;ess is ép£ainéd as fdllows:.l? + 0,06,

l23 4 0,07, and .28 £.0.09 | for experinenfe at mean pronon energies of 95,

112, 138 Mev, respectively. ' u

It should be remarked that in all cases-the fourth channel in
eacn six channel unlt 1s scanned, and in some cases, to glve added statis~
tlcal weight as well as 1mproved deflnltlon of the 1nc1dent proton spectrum,

channels 2 and 6 were also scannedo

C. Abso;ute Cross Section

Consider what;iiminatione'the:eeceptenee velune eiéﬁéﬁaf;ﬁ\r
1mposes on the momentum Ff a partlcle 1eaving the targeto It is convenlent
here to define a momentum F5 in unlts of length by the radius of curvaa‘ ”

ture/D 3 _' _ 4 _f e

| P- r%;_ K-‘-_ PR T | - (14)
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Motion parallel to the fieﬁl_d-"z,‘, <.is’ negligibly small for:the detected
" particles so that we may consider R_“=§ s . Evidently the magnitude and' ':
P -direction.of Aﬁ'};::are:beund‘ed' in precisély the -same-way as tle 1ength

and directien of  the extension of /o from the target.  The dip angle of
P is just 2/S where S 'Bf’f‘/'-‘is ‘the-path:length ‘frdm. ‘t;arget ﬁo detector.
The limit - on'the moxﬁentum-ﬁ is thus essentially a prism shaped region of .
the same base as AV but with height: - =~

P2 _ &

rY ¥

. The region AV/ limitin imposes. the following limits: -
g ng :

APP = Ap(@) ? sm-‘{- , 2(/5)-3

A@ %Sm% »,\_-« %; = ,0322

PTP z 2.(?0)" 5

‘The yield of recoil deuterons, D; in the i-—tll channel is

ZA/f,/;{E/dJ;_(E)I/E 40‘(.@ E_)- | (15)

where: I(E) flux of protons per unit time per unit energy
tD = duration of bombardment

dd(@é" differential cross sectlon a funct.lon of E and the in-
4& - tegration is.to be performed subgect ‘to the limits im=

posed by AV/‘)“

We 1n’croduce a relatlon between the 1nc:Ldent energy and the reco:.l deuteron
moment.um, but supress the angular dependence in view of the magnltude of

AL by evaluating it ‘at the average value of 4} 1n AV/‘o thuss

E=F(P®&) =F()
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Also, since the integrand,which.-now becomes I(PﬁE%%X!%%j , varies negli-~.
gibly over the limits.of &V/y¢¥ “wevtake'it as constant' and are left -

with the integral: .
FPraose

Fma, ; . |
//7de4;_ / " d-Sl "_\L).AP
avsy. A JL(P) Prmin -

Where A(P) is the area df a section of the acceptance volume by a plane
perpendicular to P..‘P2 is certainly slow varying in the denominetor com-.
pared to A(F) in view of the magnitude of AF/P. S

Thévresultf'of'the‘integration.is then obviously £QAZ., and the

p-¥
yield becomes:
da A,
L (4
z/vJ P ( = SV
(' ) 4[.41, F3L9ﬁ§
The yield per unit solid angle per unit momentum into the i== jth channel is

DER < aWI(r)GR) 2% @

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

nels, and integrating over the momentum or energy spectrumo.

ZD‘¢R R_ 2NV z{H dE 4T 4p

ap da
oy ,,{zfe) 4Lz

Where A P; is the separation in P between the i and (i + 1)&% channel.
11, |
i

(17)

The yield of C

'Y= K,A,, No T “':E; ( L=< >£)/I{E)”E (18)



in which we have méaél?;éieffthe form of'the,deufenen‘yield spectrum to .
infer an appropriate mean value of Cﬁ;:&ia o It is found. that the varia-
tion 1n7“ over the extent of I(E) is of the order of 5%. - v

Dividing (1’7) by (18) and making use of (11) and (14) we have
z ,D‘ f b (_ﬂ]’;é.él) AE
( 2NV Q) ,

= (19)
/cfm-) dE

car

which is evidently the differential cross section averaged over the inci-
dent spectrum.
Because of corrections indicated in previous sections, the cross
. -

section is:

dTB) . _F ST Dt prape
T T (es) < A
o A e
Where F contains the followings - - - - s
: A= nucleer absezf;;{;i;c;ﬁ Yoss.  Sections I‘III,, C,'2; V, B
'B'= magnetic fiel:d‘ n.on-==‘uni>f.ormi‘tye Section III, C, 5; Table II .
C = orbit cﬁr’va‘tﬁre‘ in channel.. Section III, C, 5.
S = slit ‘sc'fat%;ering; 'Section IIT, C, 5 and Appendix B
F=(1+A=B+C-S) ) |
The factor F is listed in Table 11T, Section VI.
 The transformatlon of 4o /adL from the deuteron angle @

in the laboratory system to the proton angle 6 in the center of mass

system may -be understood w:Lth reference to Figs 15(&) It will be seen that

<

2~ kSm(Tr’— e) = ksin@ cos@
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or
so that
0= o2
and

decosB S/
deas® ~ 25ihz2d.

so, the cross section becomes .

dd'(e)A SinZ dd‘@) (20)

e

2$0A2§ 4

D. Sample Calculations o
(1) Callbratlon constant, run Number 6. Frqi (7):

ke = /vcm) JE) , -

with

- 23 . -
6.02 (10) ? dtoms mo1 ™t

No

]

M = 14,071 gn mol™l (CH,) ™

e = 1.602 (10)“19 coulomb :

E = 32 Mov

o= 8 (10) en”
f?t. = 0. 0710 gm em™ 2 BURS AR

we have

A/ S oS
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and experimentally with C = 9.94/4.&1‘:

A(ty) = 4.09 (integrator decavolt.) (xnln) -1
Q(ty) = 3.302 (10) =6 coulombs = cv= (9 947uf)(0 332 volt)
hence _
Ko = 1.365 (10)9(mihutes)(integrator decga.volt)'l
- (2) Differential cross section. Item 4, Table III,

S_ec- VI. .
Ap = 15.5 (integrator decavol‘o)(min)"'l

Ag = 20,0

10. Ol min
Sty = 10. oo min _;??if;i
.« from Equatlon (12) s =o. 775";
JEZch = 969 tracks

_ Py, pn
v detector set for@ 0 so that -

o om = s
e =Dy o= 969 (o 775) 643 470 7437
The mean eriergy as estimated from the spectrum is 93 Mev. The correspond=
| ‘ing 0’ = 70.5 (lQ)'_'27'cm>2;_. The target radius was 42 inches, the

WJ/'nt%/ﬂﬁo = 2/3’0

with a = 0,0625, b = 1.938, 2 = 0.00417 inch, F = 1.111, and

d(cos P )/d(cos ©) = 0.250, we have

dr(1e2) M)(z ») (4= )J?:J% (4gat 0,38)(/@
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VI. | ‘: PRESENTATION OF DATA |
| The cross sectlons measured 15 thls‘erperruent are.shown in
Table III and IV and Flgsa 16 and 1701 The 1nd1cated errors include.
only the statlstlcal standard dev1at10ns assoc1ated w1th the track countso
It is evident that there is present some experlmental errors. Ifiit is
assumed that the error is random in nature, then it appears,.from an‘
analysis of the absolute yleld of the deuterated and polethylene targets
that 1tems 2, 3y 55 75 9 and lO of Table II, all taken on one day, show
much greater lack of control then the resto In Table IV and Flgo 17,
average values of the cross sectlons are presented in whlch the data were
comblned g1v1ng 1tems 2, 3, 5, and 7 a welght 1/3 relatlve to the resto
Actually this welghtlng procedure makes very 11ttle dlfference in the'
results ShOWno Ana'!.ys1s of the Range—» /7 relatlonshlp, and monltor decay
~curves show no ev1dence of gross mlsallgnment of the apparatusa The “
: Scannlng procedure wesﬂcarefully_checkedwfor rellablllpxﬁby-hevrug'difexh7
fereuﬁ*opservers determine'indeﬁendenr'Cross sections from the :same setd
of plates. The results check within probable error. In addition, dif-
ferenﬁ_observers were requiredrﬁo scan independently the same five swaths
as a:direct test and the results agreed wiuhin‘é%; o | |
The\errors;associated:uith the absolute value_assignuent to

the cross section are as follows:

v ¢l excitation function calibration - L0 11%
F factor'correction estimate - 8.5%
Scanning' - N '.ﬂ.'_ i 2%:

- Root mean square total: ’ 13.8%
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(2) The apparent experlmental error ev1dent from reproduciblllty
is belleved to be of the order of 25% if the welght 1/3 is given the
points mentloned abovee ThlS is much larger than the countlng statls—
tlcs which are of the order of 8% Some justlflcatlon for the assumptlon
that the experlmental errors .are random 1s attempted in the dlscu551on
of the results, Seco VII° E |
| ‘ ' TABLE III
| leferentlal Scatterlng Cross Section
leferentlal scatterlng cross section d0(8)/d<%, mllllbarns
per steradlan in center of mass system as a functlon of the center of
mass angle 6 degreeSo Also shown are the cyclotron target radius rp
1nches, the mean 1ncident proton energy E Mev the observation angle g
degrees, and in the second columh; the correctlon factor F which has |

been applledo The error shown is the standard dev1atlonoi

R LUV e . 2A(a0/a9)

Item .
1 1.1 42 180 4.8 . 0.42
2 S 3661 0.18
3 | | 5.79 ©0.33
4 o .80 0.38
S5 1.091 170 412 0,37
6 , Ll e y 2.10 0.12
7 L.072 10 160 1.2/ 0.14
g L 1.55 0024
9 1.055 . o 150 150 1.98 0.38
10 - L.047 20 140 - 0.97 0.21
ll 10110 . 45.5 112 : 0 - ) 180 3032 . 0013
12 : : o : 3.33 0.29
13 1.095 5 170 2.48 0,34
1, l.112 a5 170 ' 1.65 0.36
15 0.575 0.238

.07 . 10 160




A A
| TABLE III (comt)

e _E. . E & & go@s  Ea(ao/aw
16 . . ’ . C _ | - 1072 0024 ‘

17 ' : - - 1.06 0.29
18 1,059 o 15 150 . 1.10 - 0019
19 - - 0083 0013.
20 1.048 20 140 0.87 0.20
21 1,060 4905 128 - | 0 180 | 2.10 0.21
22 . S . 1.54 Ge2l,
23 1.078 ' -5 170 - 1.18 0.21
24 1,089 S -10 160 0454 | 0.06
TABLE IV

ngghted-A#efage Differential Cross Section
Wéighted average valuéé of differenﬁial cross éection,ddr(e)/dpn,
millibarns_per“steradian_in ceﬁter of mass System as a funétion of
center of mass angle © degrees. . The error éhown is the standard devia-

“tions

CEMev  __140° 1502 . 160° 170®  ____180°

95 0.97 4 0,21  1.98 & 0.38  1.47 g 021 262 £ 0014 4078 £ 0e43
112 0.87 & 0,20 0.97 £ 0,21  1.12 £ 0:26  2.06 4 0:35 3.35 § 0.23
138 04543 0:06 1.18 4 Ce21  1.82 4 0.23
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| VIL.  DISCUSSION OF RESULTS - ¥
Two facts seem- to have emerged as a resul£ ;f thﬁs experlmeﬁfo';
| The one has to do wlth the pick=up process ln proton deuteron scatterlng,.
the principal objective of this study. ‘The ‘other has to do w;th‘gome
properties of the 184 inch Berkel;yvsyncﬁrocyclotrono Since theﬁé cyclbf
tron properties are of perhaps léSs general interest, let us touch on”
them:briefly and théh return to the principal subjecto |

It was empha51zed in Seco IIT that the spread in energy inei-
dent on an internal cyclotron target requlres con51deratlon in an experi-
ment,pf this kind; thgt radial oscillations in the circulating beam are
known to be present. 'Figure”353deS”what:We’belieVéEtO‘be'a"representa_
tion of the enérgy spread atla”tafgei redius of 42" where the expected pro-
ton energy, 110 Mev, is shown in dotted iineo’ The shape, halfawidthg and
displaéement* of peak is very similar to that obtained in the Harvard

(33)0' The displacement of the peak; about lSIMev, re=

synchroéyclotron
presents e mean radlal oscxllatlon amplltude of 3— to 4 lnches at this
‘radluso Actually9 the deuteron spectra from whlch thls 1nformatlon lS v
obtalned show a shlft in peak energy from one day to the next and the

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

present. In the perturbed m@tlong the action
. L' . »1 _ . :
Vﬁ@%) + Vi-n @\(‘) ~ constant .

for the a@iabatic transfer of the orbit to the exit radius. The change
in n is from 0.029 at 42 inches to 00113 at 80 inches. Now AZ/Ar A~ 0.l
so that neglecting A Z compared to A'r it is clear that & r will be

practically unchénged at 80 inches so that the mean energy. cn an internal
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"tafget at 80-3/4 inches is likely to be 320 rather than 340 Mev as exs‘
pected.: Mbreovefyfﬁhe full width at half @aﬁimum~w0uld be 20 Mev on
this basises . | |
| sl Let uésnow'return'to}thezprincipal objectifé of“the_experi- .
ment. The solid curve of Fig. 17 is:thbfprediction of;Chew(IS) for
neutron deuteron elastic scattering into the region of large angles.
According to.the ﬂheory,~the;peak is essentially due to .the pick=up:
ProgeSS“sketchedvin Secs::I. It was shown there that the cross section . .
is pfOportional to the fourth power- of éhe;Fourier=éomponént*of the ¢ 7 .
deuteron :wave function corresponding ‘to thefmomentUm,AFB-iEo Owing to
the circumstance that | -R—H:_ | k— F\’/;I.. - Equation .(4); it follows.

that
. _ 2 ' » -
Er= RE"2 E(1- £astp) (21)

is ﬁhe energy of the proton left behind. We may regafd the cross section
as being a function ofIEF aloney, apart from a weak purely angular
.dependence in additipn to this. Thus,‘(2l)'caﬁ be used. to predict the
energy andbangular distribution at another energy if it is known at one.
Figure 15(b) shows a diagram for the vectors involved.

| As mentioned in Seco VI, the point of view was taken that the
apparent experimehtal errors.of qertain points at 95 Mev were more of
less random in naturé; This assumption was based on the fact that for.
the three sets of data the effect of (21) was quite appérent and all
three sets of data‘could bé compared on this basis.
| The long dashed curve af Fig. 17 at 95 Mev represents Chew”s‘
curve multiplied by the factor 0.55. The dashed curves.through the 112

and 138 Mev data are obtained from it by the relation (21). The agreement
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seems to be satisfactory. . - ::

"The dataﬁof-Powell(%QR»is.notﬁinconsistent-with the long dashed
curve at 95 Mev. The short dashed curve represénts a curve taken frbm
the paper: by Stern(lg) which- had been passed . through the experlmental
points to 170 and -extrapolated. to 180 o

It might be 'said that over the limited energy range explored
in this experiment, the-cross section is in agreement with the char-
aéteristic behavior of the pick-gp<processo However the magnitude of

the cross section is lower than predicted and it may be that the . fault -

lies in the use of the Born approximatioh’or that there may be present

in the process a more dlrect influence on the cross section. of the third

(31)

particle present

Vol
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. APPENDIX

'A. The Acceptance Volume Elem“ent AV

Flgure 9 shows schematically the geometry 1nvolved in com-=
- puting AV The 'ba_éef“-foi‘{"‘:ith'_erprism ‘containing a.l-l,.c'en.ters- ofcurvature -

accepted by the chanriél has-an area .

When ﬁ, F‘l— are’the radii of curvature at the-extrems-acceptance angles-

. Bvidently 2/ #pi =5
e

‘end W i ‘the“width of ‘this drea me‘asuredf»aloﬁgft;/of' e

T T S A RPETI As AE MR C TR B0 85 A T4 SR ST
Af) = 24 Ww
LIS ot PRI N "',,,-‘,‘.'\;‘-.‘ N : ’},‘

, Now for Ap «/ ’ A/D Wcos 2ﬁ : where /0 +is the angle: between f
and. the line forming channel and target. Smce 2/.-3 = Yagr g

24 =

G
W I‘f‘Co}Zﬂ - St

 The orbit in uniform field approximation is & spiral and the vertical
motion of the center of curveture is limited by Z the height of the

det_ector,. Fig. 9(b), hence: -

o o .
av= T dry, ' ()

B. Slit Scattering
With the channel geometry used here, two.types of multiple

small angle scattering processes appear. (1) Particles strike front
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face and scatter through a corner into the channel and'possibly out
through diagonally opposite rear corner, (2) particlesvare‘”feflected?
from inside wall. Here one also considefs single Rutherford scaﬁteriﬁg
contribution with little or no -energy losse. | |

(29)

As an estimate of type (1), Courant gives a formula for the
effective increase in slit width for a beam ofvparticles incident at
‘angle 6, possessing a root mean square scatter anglezeb,-travensingva

path length t.

D=7 k[P k]

with

Unfortunately; this formula neglects angular acceptance restrictions be-.

yond the-first”slit-and»sszeripusly.overestimates‘the_effect.in,then,,ﬂ,
particular case at hand. We use this formula for © = 0, and compute the .
contribution at iarger angles on the basisfof straight. 1ine paths through

the channel wall. For €= 0 we have

'D'(O)' _=:_ _%_?’—__6°£ ._

~end with t = 0.05 cm, and 6, = 0.0188 radian, D (0) = 0.00031 cm.
. For particles at 6 .using the straight path approximation in

channel of length 2b, width 2a:

L Zt‘smeca.se z 2.-6,9 - 95 %_
D@ = ¢ L D
e ""Z‘(f"b)@"f‘“- o '% cB< b

mor T g7
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 and for
‘2a = 0.318 em -
20 = 985 ¢cm

£ = 0,0322 radius

t = 0,050 em - ‘
Omax - and Dl('%_) = 00003‘22°v Thc_aufractional in?fease in .4V, as-
suming & linear increase of D from & = O iss

%[RQ)+Q@)= 0.0011 _ o olos
Y- -N1A

As an estimate of type‘(z) we use the formula of Courant

D2-= %ce(n-evfz)‘v'

where C is the length of channel wall exposed to an incident beam at
angle ©. The area A under the curve of Dé(e) versus @, obtained by
numerical integration is related to the fractional inéyease.in~v¢SV .

as follows: - -

For t = 0.05; C = 3.28 cm, A'turns out to be 0.00035 so that
‘§§£§§;Qz;:.CJ($?339{
An estimate of single couiomb'or Rutherford scattering‘accémpanied by
an energy loss equivalent to 0.05 em turns out to be quite negligible.
~ The total effecﬁive increase in AsVldue to processes of the
two fypes'isythen 1.1 4 3.3 = Lolko We take for the scattering cor—

rection; S = 0:044 £ 0.044< It is interesting to note that the bias
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curve shown in Fig. 7(a) also shows an effect of the same order of

magnitude for a residual range of 0.05 cm.
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FIGURE CAPTIONS

O

Avallable range for observatlon of re001l deuteron.

Energy spectrum of 1n01dent prot.ons°

Effect of radial osclllatlon on radlus of curvature or energy

;. at which-ion- strikes ‘target. .

A comparison of actual range with fhat computed'from»geometryo
The ordinate is essentially the Y-coordinate -on the plate
which is 1l.4]l times the range in copper in mlllimeterso The

.. ‘abgcéissa are ithe channel numbers. .- ..

Sketch of detector unit.
(2) Range spectrum.

(b) Results of experiment to determlne nuclear sbsorption loss
correction. '

Energy spectra-of deuterons from CD, and CH, targets. Abscissa,
deuteron energy. Ordinate, number of tracks. o

The geometry for computing the acceptance volume element AV.
The detector system, top cover removed.
Alignment template in use.

Set of over-exposed nuclear plates illustrating the performance
of the detector system.

Beam clipper and target support mechanism.
Relation of aligmment template to orbit geometry.

(a) Momentum relations between laboratory and center of mass

~ system.

(b) Vector diagram of the momenta involved in the pick-up col-
lision leading to the situation shown in (a).

Final data, the results of 1nd1v1dual runs at the three energies.
Abscissa, the center of mass angle 8; ordinate do”/dSL center
of mass systemo '

Final data as weighted average of individual runs. Abscissa
and ordinate same as Fig. 16. '
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