UNIVERSITY OF CALIFORNIA — BERKELEY

UCRL- 1440

t\ EM;F A\ { anlf‘

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

DIATION LA

BORATORY



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness; or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



: i - " UCRL-1440

UNCLASSIFIED

UNIVERSITY OF CALIFORNIA

Radiation Laboratory

Contract Noo.w;7h05=eng-48

* EXPERIMENTS ON ELASTIC SCATTERING

OF 190-MEV DEUTERONS BY PROTONS s

Martin Q.. Stern:
(Thesis)

August, 1951

Berkeley, California » -

Unclassified-Physics. Distribution



.

of)
A
Y

(o)

L

e

-2

fINDEX
SECTION
I Summafy
'II  Introduction
ITI  Experimental Arrangement
Iv Kinematips and Geometry
Y Experimental Procedure
VI  Sample Calculation
VII Presentation of Data and Discussion of -Errors
VIII Conclusions | |
IX Acknowledgments
X : Apbendix: 'The:Carbon Subtractidn Ratio*
X1 ‘References
X1 A Figurés

s
>
[}
]

0o &= W

11
17
25
29
35
1O

-’hl

Lk
46



-

3

EXPERIMENTS ON FLASTIC SCATTERING OF 190-MEV DEUTERONS BY PROTONS
Mertin O, Stern |

Radiation Laboratory and Department of Physics
University of California, Berkeley, California

\ .} ' August; 1951

I SUMMARY
The‘elastic differeﬁtial sgattering cross sécti§n ofvl90nMev deuterons
by protons has been measured from 15° to 170o in the center of mass system.
The crosé_sectionSIWefe obtained by subtracting the carbon counts from those
réceived with a.poljéthylene target. A scintillation coincidenEe éounting
technique was used over most of the range of angles measuredo Resulté are
shown in Table II and Figs. 12 and 13; and cémpared with those prediqted by

Chew, !



I ITRODCIION

';Scattering e#ﬁerimenﬁs*constitﬁie one of'the_mosﬁ‘powerfcl fools for
invesfigaﬁing nuelear forces. We afe'intefested in the general nature of
these forcess 1oec, ‘their or1g1n9 thelr comnection with mesons, etco,'and
in the 1nteractlon between various kinds of nucleons, i.es, in the relative
strenghts of n-p, pwps and:n=n forces, and the phases of the scattered waves
reeulticg from them. Presumably, a complete knowledge of these would enable
cne to predict the outcomevof eil scattering experiments and to foretell the
binding energiee, radicactivities and energy levels of all nucleio - Evidently
relativistic effects will-greetly"complicaﬁe the theory for very high energy
scattering. We ehall therefore restrict ourselves for ﬁhe'moment to ‘energies
where relativistic effects are expected to play a minor roleoc‘It is sympto-
matic of our state of ignorance ofanCleer forcesvthat even withip this re-
stricted frame it has so far been:ektremely.difficultvﬁo'reccnciie the results
frem any two, let alone all three, of fhe'soufces of'informatiéh'mentioned
ceiowo

Our first source comes from an inspection of-the b;ndihg'eheféiés and
decay characteristics of 1light ﬁﬁéiéioz Hefe'we‘find' in connection with our
problems first, that nuclear forces ‘must 1ead to saturatlon, seCOnd that
n-n and p-p forces in light nuclel are about’ the same, and neither very much
'weaker, nor much stronger, than n—p forcesq_

The second source of iﬁformationicomes.from a consideration of ibw; '
energy nucleon-ﬁuclecn<sceﬁﬁerihg{and from our knowledge Of theround state
of the deu.te_ron° If the:energy is low ehcuéh,'ohly'tﬁe"partial“s wave' con-
tributes appreciably'to the scatcering,“and'it is well known that in this:
region scattering eiperiments'give 551& two paremecerSB'of the interaction

potential, say its effectivevrangeh“end‘écattering‘length at zero chergyo
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From the theory of the'deuteron,2 and from experlments on neutron-proton,

’9’10 scatterlng at very 1ow energies

proton—proton7 and neutron-parahydrogen
the four parameters of 31nglet and trlplet potentlals can be fbundo_ In para
ticular, both potentials are attractlve, but have dlfferent depths, the~
singlet well belng shallower than the trlplet wella ThlS shows that sp1n=
- dependent forces contribute to some extent to the nuclear 1nteractlon at low
. energies. | | |

At somewhat higher energies,”wnere parﬁial S-waves arenstill.predominant,
the shape of the tail of the well begins to be felt; so that the choice of
radial potentials has to be restricted slightly if the charge independence
of nuclear forces is to be preserved; It has been shownll that under tne.

above assumptions a Yukawa type potential yields a good fit with all the

. . ' ) . s . As | =aér
experimental low energy data. The potentials taken are V°(r) = - © 5
: _ T , sT .
Vt(r) ='E{? e atr, where‘Vs(r),‘Vt(r) are the singlet and triplet potentials,
respectively, Ag, Ay the well depths, a, o4 the ranges. For the best fit
- | 11,12 - 62 -12_ -1

the values adopted ~’~" for the ters are a; = a, = 0.42 -85 = 1,18°10 ~cm’

X op To parameter | s £ b =2 :
Ay = = 4bo5 Mev, Ay = - 67.8 Mev, j 4 o

Our thlrd source of 1nformat10n comes from a study of hlgh energy nucleonm

S 13-17

.nucleon scattering. It 1s found that the experlmental data in thls region
- cannot be fitted with the ordlnary or Wigner type potentials V (r) and Vt(r)
In particular, the cross section calculated from them is higher than‘thevob»
ser#ed one in the n—n case, lower than rhe'observed.one in the_nfp case, and
~has the wrong shape in both cases. Several remedies suggest‘themselyesp iThe
simplest is that some‘of the hiéher angular momenta;do not»conrribute‘to the
scattering,, Indeed it hasjbeen'shown by Christian and Hart,,l8 working_at

Berkeley with Professor Serber, that if the n=p potential is half ordinary,

A _-ar 1 +P
2

half Majorana exchange, 1oe° of the form = ° , where P is the
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spacé exchange operator, agfeeﬁenﬁ-wiﬁh'ﬁhe:éxpéfiﬁenfal cross section can be
reached. The effect of such a "Serber potential® is to eliminate the scat-
tering in'states of 6dd angular momentum. Since such a pobtential is to be
used in bﬁth singlet and triplet states, chéfée ihdependence:demands that in
the proton-proton inteéraction oﬁly'évén'SiétesIScatterQ’éf;'by the Pauli
priﬁciplep only singlet states, ‘This further lowérs the calculated p=p croés
section, To raise it and give it a suitable shapé; a tensor int}éracf,ionl9 is
intfoducedo This will affect the calculated p-p cross section considerably
without doing violence to that for n-p scattering, but even now the theo-
retical fit to the former is only mediocre. Cléariy the foregoing alterations
do not' materially affect the 1owaéﬁergy'crosé‘sectionsoh We have not touched

the S states except for the tensor forces in n-p whose contribution can be

‘made negligible for long wavelengths.’

'We are now confronted with a serious difficulty. Althodgh we have

 brought low- and high-energy scattering data into modefately SatiSfaétcry’

agreement, the Serber potential adopted does not lead to Saturétionslsincé

odd angula? momenta do not result in r;epul'si‘on,,"but-mefely'in‘zerohinte.i;==
action. ‘To overcome this difficultys'Jastrowzo has suggested the introduction
of a repulsive core in the singlet nuc}ebnmnucledn”poteﬁtiala Thé‘éfféci of

such a potential would be that the singlet S phase shift would change sign

- somewhere in the high energy region. One might‘also adopt partially non-

static forces in which the potentials are functions of‘ﬁhé angular Homenta
s or ofﬂk;£§21 It‘is only after exhausting every asﬁect of these pOSSim
bilities that one would, very reluctantly, have to give‘upjthe'basid‘céhcépt
of the charge indepéhdence of'ﬁﬁcleér'fbrcés;

'Evidently a so6lution to these.problemé:can be%sdughﬁnw1th greater chance



of success if more experimental information is obtained. Here we may mention
the f;llowing:;: |
| .;),‘Mofe gccpfate différeppia1;¢ross.segtions for nap-andfp=§ﬂjﬂ
sqatiepingiat.wellfknown low energies a}r’e‘needr—zdoé’7
' 2), Experiments should be carried out to test the equality of
_.nfn,and‘pfp forces_at intermediate and high energies. _
| 3)_‘Iﬁterferenge'experiments'of the parahydrogen t,y‘pe8'99 should
be_attemptéd to correlate“the‘signs of the phase shifts in n-p,
n-n, and pupbscattering‘aﬁAvariqus'energieso 7 |
H‘:As t952):“her§ neutron targets are not availableo The next best thing is
to méasure the n-d and p-d cross sections; nnd scattering has been carried
out by_Powelll7 using 90 Mev neutrons (with an unavoidably broad. energy spec-
trum)o. A more monochroﬁatic neutron beam would be highly desirable here. Tﬁe
theory‘hés been treated by_Chew,22 and Gluckstern and Bet.heo23 As to 3):
here we use.the deuteron in,lieﬁ.of pgrahydrogeno d-p and n-d elastic scat-

2L-28 If the energy used is

tering at»lqw'energies have been barried ogto
higher,.the deuteron will evidentlyfbreak_Up a goodlfraction of the times but
sincevthe §lastic gffect\can easily be separated from the inelastic, experi-
ments in this energy region are useful in giving us a greater knowledge of
thexpoteqtiglsiinvolved?'espécially iﬁ,thelregion where;thekBorn-approximation '
becomes valido
Eqp this reason it is of value tofperform p-ps; n=-p, n=d and d-p experi-

ments in the high\energy region. _The:presgnt~¢xperiment is part of a pro-
gram whiph has included p-p experiments in the neighborhood of 100 Mev by
Birge et al,l3 and at vérious high gnergies by Chambetlaing Segré,and
‘Wiggand;lh n-p experiments_at_90 Mev by Hadley et al;l6 and.n=d scattering at
90 Mev by Powello17 Inelastic d-p measurements at 190 Mev by A. L. Bloom are

still in progresso
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bénding~focuéing magnet; then ﬁhrough the concrete‘Shieiding by &ayvof‘a”
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III EXPERIMENTAL ARRANGEMENT
A plan of the cyclotron is shown in Fig° 1o We used the full energy (about

192 Mev) deuteron beam. The ions were scaﬂteréd,'écégfd{ng'tg a method first

proposed by Leith, 9 by multiple scattering in an internal target; and mag-

netically deflected out of the méiﬁ tank. Théy’péSsed through the field of a
collimator hole, and into the "cé&é", whefé the sCattérihg.appafatus was lo-
catedo In all our runs a /4 foof brass collimator of circular cross section was
used, with diameter 1/2 inch through most of its length, and 3/4 inch diameter
throﬁgh the last 15 inches§ The cycloffon was'ﬁulsedléo times‘é'seédnd,:énd
during each pulse the ﬁérticles were observed to emerge for from 30 to 60 ps.
The beam provided by the operating crew was, in general, very steady over
periods of hours at any-intensity 1évél‘at which we wished to cperétéo7‘

The scattering apparatus was placed in the "cave" (see Fig. 1), on an’
adjustabie platform which could be moved by remote control. This apparatﬁss
designed by Dr. Clyde.Wiegand, WAS previously used in higﬁ enefgy n-=p and pP-p
experiments,iéflhrand will be déscribed'only briefly. >It Was’proVidéd:with a
remote control device for putting any of.threeAtargété'in the beam. Two arms
cafrying the counters‘could be rotated about the target pSéition as pivots'l
The angles of one arm with respect to a fixed line thfoughﬂthe bivot and ‘with
Pespect to the other arm were'calibfated‘in degrees.’

By means of two quadrant ionization chambers located ‘fore and aft the 0°
line on the table could be broﬁght.inﬁcoincidence with the beam.” These chambers
had four quadrants,facing the collection plateo Tﬁo adjacent quadrants were
at high positive potential, the other two at high’hegéti%e poteﬁtial;‘ It was
pqséible;by means of a switching device, to make theAaiametér'éeparating the

two semicircles of opposité'high potential either vertical Qf'horizontal on
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both chambers at once. Thus a‘null current‘reading indicated‘perfect hori-
zontal, or perfect vertical,‘centering on the beam, respectiuelyo. | |
An argon filled ionization chamber whose collection‘electrodeﬁlead to a

current_integrator circuitBO was used to monltor the beam and was placed far
aftvof the,target,_on the 0° line,in the,beamo_ The counters cons1sted of tr‘*ans‘-=
.stilbene crystals (grown by Drs R° FovLeininger to our spec1flcatlons) followed
by magnetlcally shlelded lP21 photomultlpliers and distrlbuted ampllfiersa31
- Fast amplifier and 001nc1dence equipment enabled us to keep the acc1dental
coincidence rate low., Of the three target positions one was left blank, the
other two held polyethylene (CHZ) and graphitevtaréets of‘the desired‘thich_
: 1

_nesseso These were taken over from the p—p experiments, where they were so
chosen as to have equal stopplng power for 345 Mev protonS° CG?l 2.CH20v The
result for 190 Mev deuterons was that the carbon target in general had a stop=
vplng power somewhat, but less thanle percent, hlgher than had the polyethylene
target. | | |
The remaining equipment was located outside the "caves" A block dlagram

. is shown in Figob2° The output from a. pre=amp11f1er was passed through a dlSn
tributed ampllfler, which put out pulses of about 2 x 10™ -8 sec,owtt.dtho These |
went. to a‘dlscrlminator_pulse shaper c1rcu1t designed by Mr. Arnold Lo Bloom,
the purpose of which was to eliminate low level nolise and stabilize the pulse

- form to a falrly square shape of about 0.7 x lO""7 seCo. w1dth at half heighto

.The pulses from the two "channels" were then taken dlrectly to scalers as well
. as to a colnc1dence circuit of approx1mate dead time 10 -7 seco This output
again went to a scalero Thus it was p0531ble to count single events as well
as coincidencesai The scalers had a resolv1ng time of around lO Mse Most

of the electronics, where not otherw1se specified, were of conventlonal de51gno

Four methods of operation were used. In method I the pulses from the

L2
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, 2
distributed amplifiers went directly to a fastvcoincidence circuit3 whose

- output fed into a scaler. Methods II, III, and IV made use of the pulse shaper

discriminator. In Method II two crystals were ﬁsed, and their single counts
and coincidehces were scaleci‘° Metﬁod IIT, depicted in Fig. 2, was of value
whenever one arm had to be placed close to the beam, whefe many stfa& particles
were to be expectedo Two crystals were plaéed one behind the other along this
arm, and the coincidence coﬁnts from these two and those from all three, as
well aé the single COunts coﬁld be sgélédo In method IV a single crystal was
used. This method was helpful in the region of‘scaﬁtering involving 1argé _
momentum transfers. All methods agreed withip statistical errors in the re-

gion in which their results overlapped.
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" IV KINEMATICS AND GEOMETRY

1. Kinematics.

i.iet‘M bé‘thevmassiof a"pafticie iﬁeiden€'with‘kiheﬁiéjenergy E in the
Iabbratory:eystem on’;notﬁéf paftieie'of mase m; ihitially at feeta-:The'fwo
partlcles colllde° that of mass M is deflected to a dlreetlon C)s that of”
.'mass m, to a dlrectlon § w1th reSpect t¢ the incident beam in the laboratory
syst.em° Let © be the angle of deflectlon of either partlcle in the center of
‘mass system° The event is 111ustrated in Flgso 3a, 3b as seen from both

systems. ) R -

We define P=j, €"=ﬁ'%—,'
[¢]

€+1+f | 11 2|1/2
D] + 20+ 1)*‘111/2 e B’fZFlﬁ}A )

AN
Ny

erlrp | . @)
ExTrp |

We can then derive the following relativistic relations:

. _ , | A‘
tan S = % cot §, | , (2) -
tané =1 i[l + tan? ® (1 "%—2)] 1/2 (3)
2 tan @ (B - A)
® - 2 tan'g' _
°r - P Ty tan? 8/ O (3)
E = 2m02(A2=-1)s°1n2% with g | m |

by conservation of energy.
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The'energ& available in the center of mass is:

E =%- (.m + M)cz(l,m-}:-), B B (&)

and the momenta in the center of mass ares
p, = me [ 2 . ].1/2.(5‘{, o’gr),, . ps -mcEl.2 J—:ll/ (x-os 9, y sin 6)9 )
where By, E, are the energles of incident and struck pa.rtlcle in the 1aboratory

after the colllslon, and E, Pys pf the available er:rgy, 1n1t1al momentum and

. A A
final momentum in the center of mass respectively. X and y are unit vectors

~in 4i;he scattering plane along and perpendicular tc the beam.

In our case the deuteron is to.be identified with M, @ the proton with

m, @, andf =1/2, Then A = Qq—'%___ . Bp=g*3 o« In presenting our |

S

results we used Egs. (1) to (5) throughout. For purposes of discussion it is,

‘however, sufficient to consider these relations in their non-relativistic limits,

i

inasmuch as all corrections are slight As €= 0, we have A- = 1 and B =‘%‘ s

and Egs. (2) to (4) become:

'tan%= cot-§ , o _ - (8)
tan 2 1z Ll-(%?ml) tan? ®:l 1/2 , (9)
F-1) tan ® |
. 2 ta -g- . : ) . q
or ‘tan ® = l—.+ T Tn 1) tan _g_ s - (19)
N = 2 29. LEp 28 |
.anbd‘ o E‘m 2me Tf_f_f]_j.z_mn = —(f_+13L2 sin < . (11)

The following are now apparent.
1) The center of mass angle is a double-valued function of the laboratory

: angle of deflection of the deuteron, and so, therefore, is the laboratory
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angle of deflection of the proton, i.e. for each, value of ® there are
two possible values of 8 or @ Thus when ® = OO, 6 = 0° or 180° and

<§ = 90° or 0°.

2) Tan ® may reacirx e maximumo. This occurs when .t;a‘n?“ g =T =7 o .

Thus forf>1 no maximum occurs. For f =1 it occurs at o= m, when

® =1?f- For )o<1 we obtain that tan ® Ez - 1] -1/ 2;-i For our problem

this yields @< 30% At @ = §= 30° and & = 120°, B

3) The enefgy of the Stfuek'particle' is a maﬁmwn when & = no It

reaches E only when f 1. . in ~ouré case the rﬁaec‘i‘mmnener.gy' lS%E o A'a‘eout

C171 Meve It is now '~1ear that in qu (9) the pos:Ltlve 31gn must “old in

the region 120° < ve' < 180° and the negatlve 51gn in the reglon 0% £ 9€ 120,

In the fofmer region O\‘ EEM' 1/3; 1n_the.1atter 1/3\ %’L\ la
gg _Targets. . v ‘ ‘

At "intermediate a:.'r.igl‘._es s Say 25°< § < :5509 ‘bethitjhe'c-i.eﬁter.'eh .‘arlld ‘the
: ;eiastica:ll.jr -s"eéittered protoﬁ have 'euffieient e:nergy so tl';eftargei.:.'s canbe *'zflojd-
er‘at'ely"thi‘;cko ‘CHZ 'C.')o‘290..g/ cfr{2 and C O, 336 g/ cm® were ".us.ual'ly chosen h'exr"e;.E
For larger }F, the proton energy approaches Oo There the targets which was, in
the intermediate region, oriented so as t'.o‘ make the crystal geo,m\\etry ‘suitable,
had to face the proton counter and be as thln as posableo' CH2 0,072 g/cm2 and
C 0,080 g/cm ~were available for thls region. - The protons at 70° have 19 Mev
energy and a range of 0. 5 g Al., 70° was the hlghest angle that could be reached
with thls nmethod. Toward small§ the deuteron energy becomes qulte low, ap—
proaching 21 Mev or abou’c 1/3 g Al range as §—»eo Here again the same crlterla
apply. . All the above applles to methods I-IIL, In method v thlcker targets
had to be ‘used.

3. Crystals. .

' Here two criteria, independent of one another, had t6 be used. - Call b, ¢,
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s 3 L

the distances of prqtbn crystal at angle @ and deuteron crystal at angle (EL\
from the point-at whicth'the center of the beam.hits a thin target. The first
criterion determines the ratio b/c, the second, b, ‘
a)- Determination of b/c. We assume that the distance b is fixed, ioe.
¥ ‘ : that the proton crystal defines the solidréngleo We .require that the
o .‘ dimeﬁsions of the crysﬁal at C)‘enable it to count all elastic deuterons
whose partners have entered the proton crystal.
1) The required height of the deuteron crystal isfshown by tﬁe con=
structién of Fig. 3c, in which the positions of both crystals and of
the beam have been brojected onto a plane perpendicular to the beam,
The latter is taken to be 2.0 cm in diameter, for this éréa'has been
sﬁown,.by microphotometer analysis of films,'to contain better than
99 percent of the beam’at a distance of about 100 cm from‘the cave
end of the 1/2 inch - 3/} inch collimator. We require that the part-
ners of protons from extreme points of the beam and just barely counted ..
in the crysfal at @ Be received,.with some margin of séfety, by the
deuteron crystal.
2) The width of the deuterén crystal is de%ermined by three.factors:
the apertire AQ of the proton crystal, the beam width as projected
on the target.whose plane makés a given anglé § with the deuteron arm,
and the thickness of the target. Since in methods I-III only thin
targets were uéed, the third factor is never ﬁbre than a few mm; and
s0 cén be neglected. ' _ .
Let a be the width of the beam at the target, equal to 2 cm with a good-
margin of safety. Let w be the width required of thé crystal at @, x its

‘contribution from the beam diameter a, y that from the width W of the crystal

at §.



We have: x =c¢ 0@ + a - o1 6
e e | Oa STRCEEGD, n
= ——d®A(!5a + & - sin 6
d + sin {§ + @)

]
D
[ ma——
1]
[
o]
™
e
) +
>
S
E
4
O]
u
=
o

Sy AL
YTy %%Ed;i»sin s (@ 0 *”SSJ .
— Sénf DK | (12}
Y
ﬁhere fbr gl%lwe_u?e the nonfrelativistic approxiqationz
" d® _pes2f 2.0 @

d @. 5 -l cos 2.@m_ -
b) The distance b is determined by twe factorss
,1)  The resolution. ‘Except ai,smal; angles? 29.t0 50 was. here judged
sufficient.
2) The ratio of elastic counts to accidental coincidences, which was
_ to be kept as high as possiblepvﬁThis demanded a.low beam current, and
, therefore9 with the finite time availablé;-a poorep"rgsglutiono An
optimum b was determined empirically for which, the accidental counts
per unit beam charge were reasongbly low, and_the.charge~pepvsecénd
still reasonably high;,, '
The problems involved aré illustrated in the”sample{caléﬁlation,of Sec, Vlo
To summarize: thin targets were used withlmethods.I;III at §maii 3nd-lérgé §;
intermediate targets in the middle region. Thicker targets were required in
method IV where the background came largely. from the collimator. Iprwas‘found

geometrically convenient to make the proton crystal, at angle %, the defining .
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e~ gt

one throughout in methods®  I-III. The solid_angle subtended by the other crystal
had to be made correspondingly large. Suitable checks, described below, were

made to give us confidence in the criteria here developed.
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V. EXPERIMENTAL PROCEDURE = =~
We shall now descfiﬁe‘EhrbnologiCaliy’ih%vé%pefiﬁehtdiafbufiﬁé.hééaida;ing
any particulaf day's run at %hé‘cyclbtféhﬁi'Wégnééd’ﬁéré{only distfﬁgﬁféﬁﬂg;:
tween the coincidence methods (I, Ii, III)‘and the single countingvmethod (IN).
\ A. COINCIDENCE METHODS |

"Setting up."

The variables of cyclotron operation (main magnetic field, rotating con-
denser frequency, filamenticurrentg pulsed arc voltage and timing, steering
and focusing magnet field, pre-magnet collimator, etc.) were adjusted to give
maximun beam at the tank end of the external collimator. The latter was then
adjustéd in position to provide maximum current at the cave end. Photographic
~ film was exposed to check that the collimation.axis was parallel to the beam.
As séon as thié procéss was_completéd9 the cperating crew was asked to keep
constant all variables that might affect the duty cycle of the cyclotron, and
to vary the beam only by varying the filament current and pulsed arc voltage.

The table was next aligned by moving the platform supporting it'until
. the beam passed through the centers of the two quadrant ionization chambers.
These were then removed and the- beam intagratibn!chémberEinserteda

Checks.

Several.checks were carried out to make sure that the equipment was func-
tioning properly and that we were operating with suitable geometry, etc.

1) After aligning the table with quadrant chambers; films were exposed
to the beam fore and aft on the table in order to check the 0° position,

2) The crystals were set at some @ and @ corresponding to elastic
scattering. The photomultiplier potentials were adjusted to some reasonable
yalueo The table was ﬁhen raised or lowered an& the coincidence counting rate -

was plotted as a function of height. A typical curve is shown in Fig. 4. The
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flat portion was usually of the ordervdfwl or 2 cm wide; and since thevabsciésa
of its cehter was always within 1/4 cm of the height ébtainéd-withithe quadrant
ionization chamber alignment, this check was only performed perlodlcally° |
3) The angle between the two counters was varled keeplng @ f:.xed0 The

hydfogén coincidence counting rate was then plotted as a function of @ . The
correct angle setting was taken as the cenfer ofithe flat portion of the curve.
A typical curve is shown in Fig. 5, This method provided a third check on our
line-up, or could, conversely, be taken as a check on the kinematics and hence
as anbidentification of the scattering process. This check was almost always
performed at least once, and sometimes twice at two Widely separated settings.

| 4) For further checks it was now necessary to vary thé voltage on each
photomultiplier in turn, keeping that on the other one or two phptomultipliers
constant at a reasonable value, and plot the hydrogen coincidence rate as a
function of voltage. A typical curve is shown in Fig. 6. The.hydrogen.effect,_'
obtained by subtraction of carbon from CH25 had to be used inasmuch as the
accildental coincidences froﬁ cérbon, probably including charged partieles of
- various energies, gamma rays, electrons, neutrons,.etco, could not be expected
to give a counting plateau. ‘

5) Various thicknessés of aluminum absorﬁers were placed in froﬁt of one
or the other crystal and the hydrogen effect was observed as a function of ab-
sorber tﬁicknesso. A plot of such a tesf is shown in Fig. 7. This Fest was
carried out only a few times inasmuch as the amount of abso¥ber required io
‘make the effect disappearlwas always in agreement with the energy calcﬁ]ated
for the elastic process, | |

6) The energy of the beam was measured by measuring the ratios of the
currents of two ionization chambers placed in the beam with a variable amount

of aluminum absorber between them. A typical plot of current ratio versus
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'abSOrber is shown in Flgo 8. 'This test was'carriv oub “evere] tlmesy and the
.Ibeam energy was always the same w1th1n the accuracy cf the experlment9 Jmea9
192 2 r2 Mev, while the straggllnp seemed to va ry‘somewhauo | -
) The dlstance c of the nonwdeflnlng deuteron crystal at angle @D was

' varled and the hydrogen effect was observed as a functlon of Co Thls test was
.performed several tlmes at various angles and the result conv1nced us that our
geometry contalned a sufflclent safety factoro . | |

| 8) Whenever we had to go to large or small @ where thlnner targets had
to be used the target change was made at such an angle that the hydrogen |
effect was the same with thick and thlnner targeto We thus conv1nced ourselves
.that, except p0551b1y at § = 70 ; all of the low energy partlcles were able
"to reach their crystal and be counteda | ' ' -

Carbon subtraction.

At a glven set of angles @ and () correSpondlng to elastlc hydrogen
scatterlng from CH2 we counted not only the elastlc hydrogen events9 but alsos
-Il) A background of accldental co:mc:n.dences° -
2)’ Accldental coln01dences from carbono
3) Systematic coincidences from carbono
“hjl Systematlc lnelastlc coln01dences from hydropenod
55 'A001denta "mlxedw c01n01dences from (Lnelastlc or elastlc) hydroéen
events arr1v1ng in one counter and carbon events 1n the othero |
The c01ncldences from CH2 were counted for unit 1ntegrated beam ("1ntea;
grator volt") The carbon target was then 1nserted and 001n01dences from it
were recorded for an 1ntegrator volto The same was flnally done w1th no tar-
get in the beam ("blank") | CIf we call H the number of 001nc1dence counts due
to hydrogen per 1ntegrator volt we have° | v | | .

?

H = CH2 - 26 - (1 - z,ble (14
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It is clear that z is a function of the ratio of the surface density of the

carbon target to that of the carbon in the CH2 target; of the duty cycle of

the deuteron beam, of the photomultiplier voltages and discriminator settings,

and of the angles 6 and GD involved;
Three methods were used to obtaln Zo

1) From Fig. 5 we see that the flat portlon of the angle varlatlon curve

-

"falls off quite sharply, so that there ex1sts a reglon to elther 31de of the

flat portion where H should go to Ou By taklng z somewhat greater than unity
it was possible to make H go to zero there within statlstlcal aecuracyo The
disadvantages of this method are that it is slou, lacks accuracy, and has‘to
be applied in every region of angles covered during a particular dayo |

2) Counts were taken w1th both CH, and C targets as a function of beam |
Currento Systematlc coincidences are proportlonal to the current, a001dental
ones proportlonal to the current squared or if counted for unlt charge, in-
dependent of and llnear in the current reSpectlvelya In Fig, 9 is shown a
sample plot of C and CH coln01dences as a function of beam 1nten31tyo The -
points were assumed to lie on two stralght lines; and the factor Z was deflned
as one that, when multiplying the carbon ordinates, would yield a straight
1ine‘parailel to that passing thrcugh the CH2 pointso_iThus,.with nrcper Z
H could be made independent.of-the beam current. Strictly sneaking the blank
ccunt should have been included but.the-change in z due to it'was foundv
negligible. Thls method ‘although potentlally more accurate than the first,
again suffered from the fact that it had to be applled in several reglons of

angle,

3) The single counting rates were used to find the carbon subtraction Zo.

The problem could be treated algebraically to sufficient approximation if one

assumed that the coincidence counting rates were small compared to the single
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counting ratese It is shown in the appendlx thats

o zmRov [;_wmé Rulum] T 653
J g
where ¥y, ¥, are the single counting rates of channele”i endiévfronibhzgigi;

u, are the single countlng rates of channels 1 and from Cy R'is'thel;etio

of the surface dens1ty of the carbon in the CH2 target {close to 6/7 that of
the CH2) to that of the carbon target, E,ls the coln01dence countlng rate w1th
carbon target X is the ratlo of the average beam current that obtained w1th
the CH2 target in the beam to that w1th the C target in the beam9 and’T'ls the
weffective" r esolv1ng tlme of the coincidence c1rcu1to_,; is deflned by the
equations - |

where 8 and wl,:ﬂ are the 001n01dence9 and 31ngle countlng rates,‘reSpectlvely9
with ‘no targeto It 1s a resolv1ng tlme characterlstlc of the speed of the
c01ncldence 01rcu1ts and of the duty cycle of the beamo Slnce?’ums usually of
the order of 5 x lO =2 secCo and the duty cycle of the beam of the order of 1/500
the resolv1ng tlme of the colncldence was of the order of 10 =7 secol -

Two methods for measurlnggr were usedol One method was the dlrect evalua«==
tion of the quantltles in Eqa (16 The other con81sted of plottlng carbon
001nc1dences per 1ntegrator volt as a functlon of beam currento A sample plo%
is shown in Flgo 10, The resolv1ng tlme was then glven by d1v1d1ng the s ope
of the curve by twice the product of the true 51ngle counts per 1ntegrator
volt. _ . | | | - |

It should be pointed out that to obtain true single counts and true single
counting rates sllght correctlons had often to be‘made due to countlng losses
attrlbutable to the finlte resolv1ng tlme of the s"alerso Usudlly the countlng

rate was kept below 120/seco, where the correctlons amounted to less than '

3 percent.
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Method 3) was the most desirable one for determining z. .Apart ffom;[ s
which was measured perhaps twice during a run to check tha£ the cyclotron
beaﬁ dut& cycle had not changed; no special variation curves at various angles
had to be taken. ,Besides being speedy, the method was_aiso fairly accurate
since it amounted, by Eq. (152, to finding a correction term to z = Eok
Usually it was found that RS 2< 1.2, inagreement with the other methods.

B. SINGLE COUNT.M,ETHOD°

Asvé—éo, ﬂhe proton dcquires enough energy to.have a greater range than
thé_deuﬁerons from tﬁe‘bgam and from carbon. A,singie crystal and a variable
amount of Al gbsorber much larger in area than tﬁezcrystaltwere therefore
used,in this régiono Wg-give as an,illustratipﬁ'ﬁhe energies and ranges of

some of the particles seen by the crystal at small angles.

TABLE I,

Angles and energies of deuterons and pfotohs'resulting‘froﬁ elastic scat-
tering'of'192 Mev deuterons on hydrogen, in which one of the.particléé;sc;tters
to near 0° in the labofapory; éalcuiated wifh'the rélativiéﬂic'reiétions of
Secs Iv;grand  ® are angles of deflection of proton ahdvdéutefon, reépectivély;
in the labofatory'system; © is the éngle of defleétion in the céﬁtér of mass

system. Energies are in Mev, ranges in g em™?. of Ale

_ PROTON DEUTERON d cos O ‘d co: ®
O I %)) ‘o | Energy'| Range | Energy | Range ||d cos 61|id cos 0.1
0° 0° 180° | 172 25.4 | 20 | 0.33{ 0,229 | 1,046
59 | .10.3° | 169.5°° | 170 25,0 22 | 0.39 | 0,230 0,913
10° 18.8° | 159.2° | 166 | 24,0 | 26 Qosz_ 0,234 0,625
15° | 2477 148.7° | 159 | 2244 | 33 | 0.81 | 0,240 | 0.356
65.5° | 15° | 47.1° | 28 1.04 | 164 | 145 | 0,639 | 0,107
73.8°] 10° | 31.1° 13 0,26 | 179 | 16.8 | 0.966 0.107.
82.0°| 5° 15.4° 3 0,02 | 189 1803 | 1.956 0,106 -
900 Qo - 0% 0 | 0.0 192 18,9 | o 0,106
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Here again proper precdﬁtioné'wefe'takeno"

1) Film was exposed to check on the alignment of our table.

2) A crystal plateau was taken by using the cOincidénce:method'for v
elastic scattering at angles appropriate for such scattering., = -

3) The validity of.the beam integration with thick targets was checked
by placing the ionization chamber at several distances from the tafgeto"

No problem arose from the carbon subtraction, since now 5"52@' Account
had to be taken of the fact that with a given amount of absorber ihafront.of
the single crystal the particles were'stopped a different amount for the CH2.

and C targets and the blank. Thicker targets, of the order of a gram, were

needed here to separate the hydrogen effect from a large badkgroundiboming

directly from the collimator. Since the inherent beam straggling (see Fig. 8) =

amounted to about L'g of aluminum, the use of £argets‘of'this thicknesé was -
not expected to increase the straggling of the elastic protong and high energy
‘-.deuterons by more than 15 percent. A plot of Hy true hydrogen counts ?er
IoVO,.versus absorbing material atvé é'lOO, is shown in Eigo 1l. _Th¢ variou§
’particles could bhe identified by their ranges. A cémparisdﬁ'of Fige 1i.with_
.a similar plot of carbon vs. absorber and background vs. absorber’shéwed that
the elastic protons were clearly resolved from a long range béquround and__
lower energy particles. Furthermore the déuterons from carbon and fromitﬁe,_
-.beam,éaused sharp.drops in ﬁhe c and bl cﬁr§es'with the eXpected.amount_of:ab=
SOrbero Finally, as seen from Fig. 11, the elastic deuterons of 181 Mev were
also clearly identified. It was therefore possible, by this method, to ob
tain the éross sectipns'for small and large é ferWhich the cdinéideﬁca teché
nique was.unsui‘lbed° vThé relatively largevﬁackgr§und, which did not decrease

appreciably with increasing absorber, was beliéved to be due to pigh energy

&)
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" deuterons which strip in the aluminum before stopping. The proton is stopped,
but the neutron may go on to make a knock-on protbn in the region of absorber

close to the crystal.
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VI SAMPLE CALCULATION L

A. Cross Section.

Once z has been found, H = §§2 - zC -_(1 ;/g)gl is computed. The dif-

ferential cross section is then given by:

'0’(@)"-;%“'{‘9» (17

where AL} is the solid angle subtended by the proton crystal at angle @, N
' n ' ' .
is the number .of hydrogen atoms per cm® in the CH, target measured in the

direction of the incident beam,

o 2206 %
© 14.03 sin (6 + @) °

3

where No is Avogadro's number, 6.02 x 102 s and t is the target thickness in
vg/cng with H measured for one iﬁﬁeg¥ator'VOlt, n is the number of incident
-deuterons reqﬁiredvto charge a condenser of.capacitance glconnected to the
collectihg grid of the monitoring chamber to one volt. ¢ was usuélly 299
or 600102 pf including capacitance of cables and chamber. Thus n.v= Eé%:
where e is the electronic charge in Coulombs, p is the multiplication of the
argon'filied ion chambero i was determined by calibrating the chamber
against a Faraday cup for 345 Mev protons (c¢f. CSW) and using the rangeu.

. 23 .

energy relations of Aron, et al. to convert to deuterons. The standard
value obtained was W = 1776 at 20° C and a pressure of 76.5 cm Hg.

Finally, Eqg. (17 was converted to the center of mass by using

o (8) =Mﬂ—"’—2@¢<@ | ()
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- where ‘ COS_@ = A, — 1+ |—. -1  0082 @ o (19
d cos & L 'cos @ - A2 s o

B; Coincidence Méﬁhodo'

,Here'we'shall~piqkVoutva set of data applying to @ = A5°, taken on the
same day as Fig. 10. We had, for one of several cycles of alternating g§2,

C and bl sequences, .

&

w = 9l counis/seco @2' = 61.0 = 4.5
u, = 3.60 counts/sec. L = 7.01% 1.5 .
vy =103.0 counts/sec. bl = 1 ; 1
v2.=' L9l counts/sec. 7 = (1.5 %0.3) x lQuS'
»}. X = 1.02
P = 0.049C * 0.010 counts/seco‘

, Targets used were°‘ CHs 0.290 g cm‘g, C 00338 g cm 2,_50 R = 0.735
From Eq. (15, R -

| 2 =0.89 % 0.0h .
Therefore H = 61.0 ¥ 4s5 = (0,89 £ 0,04)(7.0 % 1,5) = (0.11 % 0.04)(1 % 1)
o =5525. .
, At.@ = 45?,,() = 26.8° and § was 25%, Thus

N = 6,02 o 1023 2 016 0,290 = 3,13 . 1022 atoms cm=2.
‘ 14003 sin 51080 S _ .
Furthermore, h = 64.2 cm and the area of the crysﬁal at angle @ was
9.88(% 0,10)em™2, so | u
- a0 = 2,40 x 1077 sterad. S
Ion chamber pressure was 78.4 cm at 23° C, so p = 1801, C = 1;021 x 1077 1,
hence n = 3.5, x 108 deuterons per integrator volt. From Eg. (17) we then
obtain: ,::7 L ' o

o (@ - z+5°) 2,07 ¥ 0.19 mb sterad.”™t



CFrom B (19), e Do ar §eus®, 6osansO

Hence we finally have:

I+

o (6= 87.5°) = (0,735 0.07) « 10727 n? sterad.~

C.  Single Count Method.

Here we shall choose Q‘= 10° (or @ = 10°) for illustration, :
1. General.’ :: s
Targets used weré‘ggé-o°991 g, cflgzeg-g;"rhe latter was equivalent in
étoppingvpower@?é‘l;67 g/dmz Al, the former to isSB.g/szlAl; so a slight.
_ extrapblation-géd to be made. ihe‘reSults=arelgiven in Figo'llé where the
relation (14) was used, with z = 0.661l. Here the targets were éfientedl ‘
vperpendlcular to.the beamo A thin Al wedge was centered over the crystal to
| make the energy of the particleé eﬁtering’the Erystai‘equél ovér'its Surfa’ce°
| 2 @ = 100. From Fig. 12, the average background for absorber -
_>22,§o g cm 2, was l;l;O * 50., | l ' |
To find the proton effect we took the difference between the last
point for which all tﬁé elastic protons seemed to comelin; and the background. .
The error assigned was the statiéticalnérror:Of'thé poiht coﬁ?ouﬁdéd withthat;
of the backgroﬁndo . : ; _f-‘  : ‘ | |
Again from Flgo 11, H at 22.9 g om -2 Al equlvalent of absorber was:
1830 * 110 counts/I.V. -
Net proton effect: H = 1830 % llO - hAO = 50 = 1390 1200
Now N =8.58 x 1022 atoms/cm? with ‘sin (5-+ @ )
o b = 100 cm-and the crystal area“—-9b55 cm o”“.“'
So - AQ.%"9055 x 10~3 sterade
The ion chamber pressure was 77.4 cm Hg at 22° C, so p = 17843
= 0«9‘9‘3(,10"’6 £, hence n = 3.43 x lO9;deutérohs/volt, and

s (Q 1o°) 4o95 * 0.43 mb sterad.=1
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dcos@

= ° o = - 020'0
Toos 6 0.234 at. Q 10°,° 8 = 159.:

" From Table I

.Hence'#e‘finally‘have,_in the center of maes,_using.Eq; (18),
0 (8 =159.29) = (1,16 £ 0,10) » 10727 m? sterad.”
3e @ =100 |
We take the last polnt for whlch all the elastic deuterons seemed to ‘come
in,. and subtract a background averaged over the first p01nt with good stat=_
istics for whlch no such deuterons seemed to reach the crystalo Th;s gives

for the net deuteron effect

H = (21200 * 700) - (2800 + 200) = 18400 * 750,
With the“same"values as above for gg N and ALY,
,':6'( @ =100) = 6695 11207 mb sterad.=l
From Tébie.i.‘ o -‘ | o o ‘. | | Vf.‘

QﬂS__@.- 0. 107 at @ 0,8 = 31,10
d cos 5] T o

50 that from Eq. (18), in the center of mass . ‘ _ .

o (& = 31.1°) = (7. o £ 003) o 10’27 cm? sterad -1

It is clear fhat, apart from systematlc errors dlscussed in the nexﬁ

seetion, the,crose section at Q.?jloo'is an upper limit; inasmuch as some ifi-
eiasﬂic protons may be included. .For if one assumed a just‘ineiastic dmp"é .
collision with one proton goihp.forward"at high energy and the othervpfoton
and neutron remaining close nelghbors9 the energetic proton would have only of
‘the order of 3 Mev less energy than an elastlcally scattered one in the forward
- direction. The cross sectlon for elastlc_deuterons at.QD .= 10° on the
_ other hand,:is likely to be.ﬁoo low because of stripping‘losses° If we takésh
_the stripping.cross section as 150 mb for Al, we expect to lose 5 percent of

the deuterons. Thus, G (6 131.1°) should be raised 5 percent to glve

7;4 0.3 mb sterad.‘l-
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VII PRESENTATION OF DATA AND DISCUSSION OF ERRCRS

The date are,SummérizedlihgTable'IIav They have been averaged for a’given
angle over a given day'e rnn,i but results for the same angle obtained on a ot
different day have been'included‘separately; Crossvsections for aﬁgles.less" -
thénéloidifferent'from those'for a.given”listedrangle?have been included among
: the’latter;;»Values marked with asterisks have been done with the single7eount E

method, all others with methods I-III. -

©“TABLE IT'

Differeqtial.ecatﬁering cross,sectioﬁ,5e(e),.iqrtheApenter.of_mass'»
system, in cmz_steraqcf;;‘as‘a function of 6, angle ofydeviation in the
center of mass. Columné 2 end 3 gi?e all errerimehtal ralues togetﬁer»
w1th their statlstlcal errors, columns 4 and 5 list average values for

glven angles, together w1th thelr total (statlstlcal * systematlc) errors.

.Data marked * were taken by means of’ method Iv.

_e,-degrees  o{e) roms. Stat. Errdr  ‘3(§5"~ pem.s. Total Error
A5k L2ax 3.0 250 . bk
3Ll f LT 003 e ;7oh~-<jf o 1.0
B S SR ) |
| b9 . 0u6 L -
4.8 d‘vu.fq;3 5.3 0.5
w8l ke 0.3 o R
) T N X | T
.~\3°13* S Q;rg o ,i 3.8 . ;f." «Oéh;ff!; fri o -
57.8 275 0az N _
| 2,18 _: 0.2
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TABLE II (continued)

8, degrees a(8) rom.s. Stat. Error  o(8) rem.s. Total Error
57.8 2.1, 007
2.5, 0.11 '  2.33 o
67.6 1,22 0,05 '.'; 122 0.10
7.5 1.16 0.06 L6 0.10
81.5 0.89 ~ 0.05 0.89 008
8705 0.70 0.03 |
077 o.08 o 0.71. 0,06
97.5 0.5  0.04 . o
0:73  0.05 C0ubh 0.05
107.6 0061 ?_' 0,03 Dol 0,05
117.8 S0z 008 o2 0.9
128,0  0.55 0,17
S 0,67 7 0,06
0.67 - 0,18
oS5 0.3
0.73 ° 0,10
0,57 -+ 0.06
0.5, -~ 0,05
o5 toowon 0:55° 0,04
13804 0.72 0024' |
027 v'-6°§9‘
0,42 0.06

0¢4,2 T 0,08 T T 0ek0 - 0,05
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TABLE II (continued)

©, degrees G(é) ef.m,s.73£at;rﬁrrer vi?é%éj rem.s. Total Error

W7 027 0.23
0.51  0.25
0.67 0.07
0.62 0.12
0.2, 0414
0.52¢ - 0.06

| 0.4 0,07 0.5, .. 0,07

1592 1.5 0.0
C1ae ; o;ig | .20 0.20
169.5 130t 023 1.30 029

: Figc:lZ.shéﬁs a plot of the results 1isted in Table II, ’center”ef'mass cross
sectlons -along the ordinate, center of mass angle along the absclssa. Fig; 13
shows the weighted mean cross sections together with the curve used to find a
total cross seetlon from 10° to 180° in the center of mass of 29 b 4 3 mb. The
errors equoted'in Fig. 12 and Table II are r.m.s. deviations due to statistics
alone. Those ef'Fig. 13 include Systematic uncertainites.

Among the most important systematie'(r,m.éa) erroré‘we should listf

1o Geometgy _ _ o

a) The callbratlon of the scattering table was belleved to be good to

better than l/2°.

b) The table alignment was accurate to about 1°; the alignment was

~checked by an angle variation curve of semewhat greater accuracy.
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¢) The dist;nce b was measured from the cgptsr of thgltafg¢t9 pre-

sumably cqiqcidegt W@th the cehtgr_gf the beam, touthefécéi;fwﬁﬁéjéfyétalo
Due to obligue orientation of the target; the error in;ghduevtp poor giign,
ment could amount to 1/2 em. Another uncertaig&x:pf;the order of mﬁ>arpse
in the fact that thg_distance to whigh.a particle:had/to enter a crystal
,befqre'producing scintillation sufficient to give rise ﬁo a count wes not
knowno b was usually between .50 and 100 cm.

7 d)» The‘orientatipn‘qf phe targets with reSpeqt'to‘thg heam could be
:_measured to better thgn 1°‘with a_résulting FolleSo error of 165 percept»in.
) phe,crosé section.
é) The crystal area was known in all caseglto be beﬁter than 2 pércent°
f) The sensitivity of the‘crystéls maj not have beén_unifétm over their
'Esurfqpeso Although.phqtomultiplier,yoltagg_plateaus and the use_of different
crystals at the samé;angles‘conviqgedzﬁs that within the céunting statistics
the cfystals were uﬁiformly sensitivés;an:uncertainty of 3 pércent should be
assigned to this factor. |

‘ 5) :quiqe of sblid angles: the nonfdefining crystal'was alwayswclose
enpugh to satisfy the geometric teQuiremenFs and éllow erva séfety margiqa
The loss of coincidehces ?ue to this factor could not have amountgd tq_mprg
than 2 percent.

20 __Beam Current Measurement.

a) Cglibratiopo The calibration of the‘érgonufilledion chambér a-
gainst a Fgraday cpp built by Dr. Vo 2o Pepé:soqlhas beén_described_by CSW.,
This calibration was thought accurate to i percent.

'_b) ‘Saturatipn? The qhamber.was run:gt 1000 V,‘high'enough‘to measure

better than 99 percent of the saturation current at any beam strength we used.



3. __Multiple Scattering.

é)' In methods I-III; multible scattering in the targets could have re-
sulted in a loss of 2 percent of the clastic events, except at § = 60° - 70°,
where the loss may have amounted.to:as much a8 5 percent. In addition;‘in_
method. III multipie:scattering“in the first of t&o crystals of a telescope
could have caused some loss in thé éecond,-except that the latter was alwéys
g chésen large enough to make such lossés ﬁegligible; o | |
b) In method IV the.Al’abséfbers were large enough to result in "bad"

’ geometryg Since, however, the'cross section was not linear buf had curvature
in both regions investigated by this method, an.unéertaihty'of 5 percent must
be aésigﬁed to it due to mﬁltiple scattering in the absorbers. |

o Targets; |

“The polyethylene targets were analyzed (CSW) and shown to be of composi-
tion (CHZ)n to within 1 percent. The dimensions and weight, hence surface
deﬁsities of the targets'were known to 1 percent. |

5. In methods I-III, losses due to finite resolving time of the coin-
cidence circuit amouhted to no more than 2 percent with the highest single
counting rates used. In method iV similar losses due to finite'séalef re-
solving times virtually cancelled since tﬁe counting rates were almost the
same from CHy, C, and bl, or else very lows

6o The method of findingbg_by measuring the single coﬁnting rates and
the coincidence résqlving time 7 resulted in an uncertaintyrin_the ¢ross
sgction of no more than 2 percent due to possible small variatidns in the
cycidtron resolving time that might have passed unnoticed.

7. In ail methods_the»ﬁossible inclusion of some inelastic d-p scat-
| tering caused some ﬁncertaintys In methods I-III this mhy have amounted

to 3 percent. In method IV, it may have been as high as 10 percent..
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We summarize the systematic errors.

Ao Methods I-III,

1o cydye,f,g s 5%

2, ayb,e : 2%
a1 2B (5
Lo A \ | s 1.5% |
5, | : 2%
.' 6oA R ‘ 'g. 2%

7o | 3 3%

Totals 7% (9% at 60-70°)
_ Resolution: about 3° ave.

Angles certain to 2° in
~center. of mass. - Co

Bo

‘Method IV,

‘2?: a;B;c g 555% o
% b sy

401 ; 105%' |

7. : 109

Total: 13%
Resolution: 2° or better:
Angles certain to 2° in

center of mass. - '
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VIII CONCLUSIONS

Fig. 12 compares our results with those predicted by the theory of Chew.l
‘Béfbre discuésing this compérison, we wish to séy a few words about the theory.
" Chew aésumed chargé—independent,vstatic central forces, with singlet and tri-
plet "Serber potentials" representing the n-p irteraction. The ranges and
depths of the poteﬁ£ial.w§lls were those given in Sec. II. With such poten-
tials the high.energy nép.differential scattering cross section iquuite well
reproduced;18 the high eﬁérgy p—ﬁ‘differentidl scattering cross section pre-

dicted from the theory will have qualitatively the same shapel’

as_theln-p
cross section. This is, of course, not in agreement with-experimént (CswW),
but no eiperimental results were available invl9h8a The fifét order Born.
approximation»was.thought to be sufficienti'this was, rendered quite éon_

22 reduces to -

vinéing»by the fact that the higher order impulsé approximation
"the Bofn approximation in the case of elastic d~-p scatteringa The identity »
of two of the nucieons involved, ;s well as the spin state restrictions due.
| to the bound ﬁriplet state of the Aeuteron which must appear in both the
initial and the final wave functions, were, or course, taken properly into
account.

The final differential écattering cross éectidn was then obtained in'
terms of the sum of the Squares of the doublet and quaftet interaction
matrices with proper statistical weights. Eéch of the twormatricgs could be
written as a 1inéaf combination.gf three terms Il 12, i3°‘ Their coefficients
in the matrices, as well as their numerical Values, depended on the detailed
description of the interaction, but their chéractér was quite general. Thus
Il’ the most important term, was the product of two probability amplitudes.

One was the collision probability amplitude, its modulus square being the

chance that either particle in the incident deuteron would strike the target -
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)
proton and thus impart‘to theigtrgck‘partiéle_a_given momentum in a given
. direction. The second factorIWas the "sticking prqbabilipy”.amplitude» its
modulus square beiﬁg ;he.chaﬁqeﬁthgtlthe two deﬁteron par?iq;engqrg still
in their ground state after the collision. Boﬁh factors cqntribuﬁed a.stgqng
maximqm in the‘forward direction pear,e-g 0°, I2 haa a very weak-maximum at
6 = 180°, and a moderately strong one ét:6'=AO°o It was the hardest to':in==
~1f one assumed that the range of the forces was

1

. negligible compared to the separation of the nucleons inside the deuteronc.

terpret; it reduced36 to.1

1, had a rather weak maximum at © = 18099 and was the main comtributor to

o phe theoretical peak of Fig. 12 in that region. Its origin could bé ascribed
toa "pi?k—up" proceéslin which the neutron of the incidént_deuteron collided

with thé target prgton and fbrmed_a deuteron with it; while the proton ini-

“tially in the deuperon,proceeded fqrwérd with.mqst of the kinetic energy.

13 could be interpreted in terms of the product of three probability ampii=
57 o o . . . o

tudes;”" one factor ﬁgs the propabiliﬁy amplitude of the‘neutron_of the in-
’cideﬁt,degterqn having a certéin iﬁﬁernai momentums the sgcond factof was the
probability‘amplitude of a collision between this neutron and the target pro-
ton, resulting in a certaig final relative momentum and final momentum of the
genter of mass ofvthe two particles involvgd‘in the'collisioﬁ; the third

' fagtor_wasxthe probability amplitude for_this finai_relative m;menfum’to be
found in a bpﬁnd dguperonp The last two factors wefeyto be integrated pvef

this final relative momentum, not an observable, and I, was thé.product of

3
- the re391ting integral and the first factoro‘

We shall now éompare our resulﬁs witﬁiﬁhose predicted by Chew, and for
thiS‘pﬁrpose (cfo Figo"lZ)jwe shall subdivide the range of angleé\measured
‘into three regions:

159 9€509 500 € 8 < 130°; 130°< 6 < 170°,
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1, >15.°\< < 50°%. Here the agreement is moderately goods ' Our points
fall somewhat below the predicted 6nes° “This may be due to the faét:thét Chew
took a ﬁ;p‘ihferaction which gives a cross section higher thanAthe‘obsérved
" one in this regibn;x | ‘

2. 50°& < 130° Here the agfeéMent is exéellent; in Séite of the’
théorétically assumed‘p—p‘inﬁeraciion, which would give too low a cross
section in this region. The exact agreement is‘undoubtedly'fortuitous, but-
both the theoretically assumed‘ahd the'eXperimehtaliy found cross sections |
v;ry sldwly over these angles, so that tﬁe‘shape of the Cufve‘ié‘domiﬁatedkby
the "sticking prdbability;" The iattef'is criiically erendent on the deuteron
’wave.function chdéen. In thié region, where the internal momenta involved are
moderate to fairly high,'ioéu, where thebparficles'in the deuteron are fairly
close £0gether at thelkime_df tHe colliéion, the wave function is probably not
wéll enough knownvto give the stickiﬁg prbbabiiity véfy.aééuraﬁélyok

3o 130°< 8< 170°. Hefe tﬁe departure from Chew's préciidtions is quite
" marked. Our vaiﬁés near 170° are a factor of 4 to 5 lower than the theoretical
ones. The diségreement may in part be due to our ignorance of the deuteron
waﬁe function ih the/region of zero separation of the two conStituent:nucleonso
Indeed iﬁ'can be éhown37 that the pbtential interaction between nucleons can

be complétely eliminated from I, in terms 6f the bound deuteron wave function

3
by‘making use of Schroedinger!s equation.for the bound deuteron. Chew's
choice for the wave function is

W A, -ar _-Pry

YO - (e ¢ v)
where A is a normalization factor, r the separation of1the two nucleons, and
a and B are parameters adjusted by variation to give the binding energy when

VB is substituted in the Schroedinger equation for 1 = O together with the

triplet potential Vi(r) of Sec. II. Since the maximum depth of the potential
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| is -67.8 Mev; an exact eigenfunction cannot yield Fourier components of

internal monentim gozresponding to & kinetis enerey grester than 65.6 Mer,
;JwbqreasJQurﬁaRpquimate pigenfuﬁgtions y;e;d §,Sp§¢ﬁn?m.wi?hOUt cut-off and
varxing as_thgxiqygfse;gghﬂpower ofzpﬁe§mqm§ntumon Thus_a more corrept elgen~
fungﬁigpvmayvgivgva:lqwerHcygsg;sgctionﬁ§or 1argef99_ Conversely, expgrimepts
on. p-d elastic scatteriné near 8 = 180° at various high energies (where the
Born approximation is valid) may possibly tell ué more aBout the deuter§n
wave function as géaog and hence about’the'potenfial Vt(r)o

It should alsé be mentioned that part of the discrepancy near & = 180°

could be due to neglect of tensor force3938 which may, with suitable choice
of potential, reduce ﬁhe Cross section:in this region: -

1 ) . .
7 results reveals that our cross section is

A comparison with Powell'is
somewhat lower than his for both émall and large ©, Part of the discrepancy
~may be due to systematic errors and normalization. It should, however, be
pointed out that in the "pick-up" region even Powell's values are a factor
of 3 lower than those predicted by Chew., In the region of intermediate 6,‘
Powell's results and ours agree quite well, thus lending some support to the
claim that nuclear forces are charge-independent, althoﬁgb_considerably more
work, both.thedretical and experimentalglis necessary before this hypothesis
can becoﬁe a facto'_Our cross section between 6 = 10° and 6 = 180° is.
29 ¥ 3 mbo, as compared to Powell's total cross section of 46 mb. The discre-
pancy must Aot be taken too seriously, inasmuch as we have néglected contria
butiops'from 9'{ 10°, and Powell's nofmélization of éll his elastic plus
inelastic events to the n-d attenuation cross section of Cook et al.>? may
be subject to revision (cf. ref. 40).

The possibility of a repulsive corezo in the sihglet states should finally

be mentioned. At high énough energies, the result of such a core would be
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to reverse the éign of the siﬁgletns-wave phase shift, at still higher"energiés
: thatldf the D-wave phase shift, etc. Thus the cross section in phe'céntral
region of éngles would beiconsiderably lower than that‘calculaﬁed with avpurely
attraC£ive'poténtia1, due to destructive interfereénce between singlet and
triplet écétteriﬁg. vExperiﬁents on p-d scattering‘using BLOFMev_prétéhs'gre '

in pféﬁé}étion'to explore these possibilities.
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‘X APPENDIX

Derivation of formula (15) of text.

We definefthe following symbols:

ul, U.2
. Vl," V2
le', W2

p

al, 3.2

X

y

single counting rates from carbon target.

single éounting rates from polyethylene target.

single counting rates from blank. .

‘coincidence counting rate from carbon target

- coincidence counting rate from CH, target.

coincidence counting rate from blank.
ratio of carbon'surfécé density of- CH, target to surface
densitylof cafbon target.

integrator volts per second (beam current) during carbon
measurement. | |
integrator volts per secqnd (beam current) during CH2
méasurementa

integrator volts per sécond (beam current) during bl
measurement.

Eii

k

Iy

Ip

measured coincidence resolving time.

accidental single counting rates due to carbon.
accidental single counting rates due to hydrogen.
systematic coincidence counting rate due to carbon.

systematic coincidence counting rate due to hydrogen.
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 The last six quantities are not directly measurable and must not appear
in the final expression for z.

If the beam currents for the CH C and bl measurements are the same,

59
we can write the'félatidhs;
(a) U] T ay twtox,
(B) ' u2 ="ag +'w2"+ X, -
(e) vy =R(ap + x) + by + ¥+ wy,
(@ - vy =Rlag+x) + by ¥+,
(& pmxar(ay +w)(ay + o),
"(ij : --q ;.R% vy . 2&(Rél +'Bl + Wl)tRaQ + 52 + w,),
(g)v s = 2ff‘wl Woo ;

If the beam currents are not the same, the counting rates have to be

normalized to the same value, and we have,

— 4+ — +—....7
Ic I, Iy I; Ig Iy

P Xy 27IC<‘31 T ><2+_W2 >;

Ic Ig ¢ T/ Tm
2T enX ey (Pan b (R, m, R
T Iy c o T Iy VI Iy Iy

Multiplying out, we finally obtain:

_ Y - Y. .
(h) Jup Tay v x gy u, =a,*x + T V25

(1) vy =XR(ag + x) + by + ¥+ ¥ wy,

v, = XR(a2 + x) + b.2 f ¥+ Y vy



3=

(D IJ'“JC-"+ 20 (ay +.%‘”’1)(‘3'2"“'Y“Wz);
(k) . aTyRms 23’(RXal + Yuy * bl)(RXa.2 + sz + b2)

Now, from Eq. (ll;), we deflne y=q-2p- (1- z)s

or, in case the beam current varied,

y _a P s
5 = =27 = {1l=3)=—
I g7 %X -2
so that o 2 =3_:.L:_.¥_§_
Xp - Y¥s _
= ){—-——Y_ [RX}{ + Zy(RXa + le + bl)(RX3.2 + YW2 + b2) b YS].
p - Ys

-

Eliminate x by using (j),

1
fp - ¥s

l;o* (RXal + Ywy + bl)(RXa2 + sz + b2) + RXp - Ys

—“29’ RX(al wl)(a2 + WZ)I

7 =

We now make the (for us always valid) assumption that ¥ x<K g',‘g,__n_r; so

that:
hlz é‘l +’—le, etcsy
V)% RXay + Ywy + by, etco
Hence ‘ ‘ '
. 27 ‘ : -
(l) z =R + m viva =-RXU1U2 - (1 - R) YW1W2 °

Usually we had Xp>>_ .Ys,‘v and (1 4}@) Ywyw, négligible compared to the
difference of the other two terms in | 1. 1In that approximation Eq. (iS)

results.
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. ¥I1 FIGURE CAPTIONS

Figdflf.'iékhémgﬁgl giﬁggam;of'ﬁﬁé!éyéldﬁf@p;_déflégpiﬁg:mégnét, and collimator.

Fig. 2  'Block dihg?éﬁIGfﬁfﬁé'éigaffoﬁib ciréﬁité'offtﬁefexpériment (method
IIT of text) together with a top view ¢of the coincidence apparatus.

Fig°'3.;3?a) ve1001ty dlagram of a_deuteron and a proton collldlng in their
S cénter of mass, show1ng the deflnltlon of angle 8 of the text. -

’b) The same colllsion9 as viewed from the laboratory system; the
. . . . distances b and ¢ of the proton crystal and deuteron crystal from.,
7 U the target are, showng and the angles’ b, ® and 5 of the text are
‘ t;g ;def1nedo‘_w_,L S ‘ . o

‘¢) Criterion for the height of the larger, non-defining crystal,
shown by projection of the arrangement of Fig. 3b onto a plane
perpendicular to the beam. Orders of magnitude are typical of
the operation at § = 409,

Fig. 4 Coincidence counts per unit beam charge incident on the target
("integrator volt") at § = 25° as a function of the height of the
scattering table. CHp coincidences are circles; C caincidences
‘are crosses. Operating height was taken as Os1 cm, O om being
the height determined from use of the quadrant ion chambers.

Fig. 5 Coincidence counts per unit beam charge as a function of angle
‘® , § being held constant to 459 CH,,® 5 C, xo Operating
angle chosen was 269, Relativistic klnematlcs gives 25.8°, non-
relativistic kinematics, 26.5%

Fig. 6 Plateau of coincidence counts per unit beam charge versus photo-
multiplier voltage. CH,®, C x, blank @ . Operating potential
chosen: 750 V,

Fig. 7 Coincidences per unit beam as a function of Al absorber in front
of the proton crystal at @ = 09 Expected range: 9.4 g em=2
CH, @&, C x.

Fig. 8 "Bragg curve" of the deuteron beam measured by taking the ratio of

the integrated current of two argon-filled ion chambers as a
function of alumiggm absorber plaged between them. Range at 0.8
of maximum height-” is 18.8 g.cm™; corresponding to an energy
of 192 Mev. Straggling amounts to approximately 0.7 g cm =2,

Fig. 9 Coincidence counts per unit beam charge of CH,,®, and C, x, as
a function of beam current. The ratio of CH, slope to C slope
determines the carbon subtraction ratio z, here about l.l.

fig. 10 Carbon coincidences per unit beam charge at § = 45° as a function -
of beam current I. The finite intercept at I = O is due to
systematic coincidences from carbon. ’



Fig. 11

Fig. 12

Figo 13

47~

Hydrogen counts per unit beam charge, obtained by subtraction,
a function of Al absorber in front of the crystal.(Method" Ivg

~ Arrows a and b give the absorber, 16.7 g cm™= and 24.2 g cm

at which half the elastic deuterons (corresponding to 3.8°)
and protons are counted. Calculated ranges are 16.8 g cm™< and
2,4.0 g cm'2, respectively.

Differential elastic scattering cross section, in the center of
mass,as a function of center of mass angle 8, showing almost all
experimental points. Note folded scale to the left. For come
parison the cross section calculated by Ch is includedf

Averaged differential elastic cross sections in the eenter of mass,
with their total (statistical and systematic) errors. The curve
was used to find the total cross section between 10° and 180°

29 ¥ 3 mb,
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