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Polarization and Differential Cross Sections 

In Proton- Proton and Proton-Nu·c:leua · · 
Scatterings. at 725 Mev• ·· 

Pa.ul G. McManigal, t Richard D. Eandi, Selig N •. Kaplan, and · ._, 
Burton J. Moyer 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

August it, i 9.64 

ABSTRACT 

The polarization and a~gular distribution of protons scattered from 

protons, bellum, beryllium, carbo~, aluminum, calcium, iron,, and tantalum, .. 

were measured as functions of angle at 725 MeV. A variation of the u';~l 
..... : 

double-elastic-scattering method was used, in that the sense of the first $cat-; 

tering angle was reversed in finding asymmetries rather than the second .Ct.ngle. 

Energy analysis of the scattered beam was accomplished by means of a i02-
. ~· 

- .· .... , 

degree magnetic: spectrometer allowing a total resolution of •tO MeV •. The . . ~ 

data were fitted with an optical model. Iri the proton-nucleus scattering the 

. polarization reaches a maximum value of about 40% at angles leas than the 
' 

·:;, "•' 

.... 
· ... 

·. _ .... 

.. 

diffraction minimum. Results in proton-proton scattering• are more interesting;. 

however, because of an uncertainty in the analy.:dngr power of the carbon, a 

definitive statement cannot be made. Thb can be said, however: either the 

polarization in proton-proton scatterings is above SO% at this ene~gy or the 

analyzing power of carbon at 6 deg ,at 600 MeV is more than 40o/o, which ia 

considerably greater than the 30o/o me~sured at 725 MeV • 
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I. INTR.ODU CTION · 

The study 'of nucleon scattering at high energies by nucleons and nuclei 

·has provided a considerable body of information about the nature of the nuclear 

force. In simple terms, total cross section measurements yield information on 

the strength of the interaction, whereas differential cross section measurements 

reveal details of the nuclear forces• radial dependence. However. it: takes a 
.. ,. 

study of polarization phenomena to deter.mine the role of the nucleon• s spin in 

the interaction. 

The employment and comparative success of the optical model in describing .· 
1 l . . . 

first, cross sectio!l& and later, polarizations of nucleons i.n high ~nergy nucleon-

nucleus collisions is well. known. · Theoretical and experimental work prior to 
•, ·,. 3 

1960 have been reviewed by Squires. 

This experiment is an attempt to repeat at 7l5 MeV the extensive survey 

4 · performed by Chamberlain et al. at 310 MeV and to fit the experimental ob-

·servations with an optical modtd. The target materials used were the same as 

those in the 310-MeV experiment (namely He, Be, C, Al, Ca, Fe, and Ta). The 
' . 5 

optical-model !ormallsm used in fitting the data has been adapted from Batty. 

Polarisation. and cross section measurements in pp scattering a.re also reported • 

. . 

!· 
I 

i 

: ··. 

:.·., .. ,. 

' 1 ~ 
... 
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II. EXPERIMENTAL METHOD " . 

·' . 
. •t:. 

The polarization produced by high-energy scattering is. generally studied 

by double scattering. Scattering an unpolarized nucleon beam by a target produces· 

a polarized beam. This polarizatt":>n can be measured by scattering fJ:'~m a second · 

target, producing an azimuthal asymmetry in the intensity which is given by 

-·; 
·; 

--~-

If'; 

G' •• 

. '. ·~ .' 

.·.' 

·where 10 is the intensity for unpolarized protons, P 1 (8 1) is the polarizing 

power of the first target, A2 (B2) is the analyzing power of the s~cond scattering, 
. . . . ' . . 4' 

and + im the azimuthal angle between planes of the first and second scattering •. 
. . 

By sampling the. relative intensity at + equal to 0 and 180 deg, we may simply 

evaluate the asymmetry 

'-: .. ~-

I 

• 

. ~ .... 
. . ' ~ . 

;.~ ·.· ,.., . 

·~. ' . •; I" 

..... -. 
\. 

Ubo_th;the··first and second targets are the same and both scatterlnga elasti-=;,.:•'z'-' .. ; .. i 

with the angles of scattering and the incident. energies nearly equal, the . · 

asymmetry is the square of the polarization. (By time reversal, for elastic 

scatterings, the analyzing pow~r is equal t~ the polarizing p<)wer.) The elasticity .• 

of each scattering can be ensured by, imposing an energy requirement after the . 

scatterings by range or magnetic• analysis. Onc·e the polarizing or analyzing '.,. · 

power of a ·target for a particular angle of scattering has been established. then 

• j 

···1 

. . .,. _: :- ·:· ._ . 
other polarization measurements may be made by changing one of th.e target 

·, 
v' 

materials or angles of scattering and again measuring the asymmetry. , · '4•' 

'j .. 

-_.· ... 

. , -: '. 
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At pr.oton energies of seve_ral.hundred. MeV, ensuring the elasticity is 

a difficult problem. Since the e:nergy lost in exciting the nucleuo a few MeV is 

a very small part of the initial energy of the proton, only by using the most 

elaborate magnetic analysis can one detect the difference between elastically 

and near-elastically scattered particles. Such a magnetic analyzing system 

needs space and power, and considerable care must be exercised to ensure 

that solid angles involved remain constant for the left and right scatterings. 

Great practical advantage is gained by not requiring magnetic analysis on both 

. the left and right side of the second scatterer. Varying the sense of the first 

-
scattering angle and holding the second fixed yields a.n asymmetry which ia 

theoretically equivalent to varying the oecond and holding the first fixed. By. 

fixing the angle of scattering after the second target, we can use a single 

magnetic system. Also; certain systematic errors are reduced by such a 
~,., 

second-angle-constant system. -If the beam is monitored at the second target. 
. . . 

the asy~m~try re.flects. in the first approximation, the polarizing power of 
. . "'' . . " 

the first target and the analyzing power and differential cross section at the 
6 . . . . 

second target. Since polarization v~ries more slowly with angle than the ~, . 

differential cross section, the res~lts are m~ch more sensitive to changes in· 

alignment at the second target than at the first target. Keeping this aecond 

angle constant greatly reduces potential allgnme!lt error. 

/ 

The magnet system external to the cyclotron shielding is· shown in Fig. 1. 

This compound system can be decomposed. into three units. · The first unit con• 

• tained two bending magnets with opposite fields which steered the beam through 



•,' .·, .. . .}' · .. 
. ., . ··.·.• 

. . ~ . f:, ' ·, ... .,_~_ :j 

,- - UCRL-t1496 · .. 
.· .. ~ 

·final focus position. . .·. ~ ... 
. : ~ 

The angle of scattering at the second target was fixed at 6 deg bec·~~se {.-
• • ' ••• ' ' • f .• • • • · •. • ' ' ••• 

.. ·:'" 

it was estimated to best fit the following criteria: .. (a) a large ratio of eJastically ... ' ' 

scattered protons from carbon and helium to inelastically scattered protons to/ 
:.• . . . . z 

minimize inelastic contamination, (b) a large value for the product of I(8}P(9) .· 

to minimize statistical errors, and (c) large polarization to minimize systematic 
. ; ' . . . . '·.· ,.· 

errors. (Before the experiment, the proton-carbon polarization at 6 deg was 

. estimated on th~ basis. of previous work to be about SO%. 
5• 7) 

·As seen in Fig. 1, the angle·· 81 was defined by the col~imator, the · 

position of the first target,· and an ion chamber with a. split signal foil. 1 The "' .. 

current from both halves of this split ion chamber were monitored by electrometers 

and balanced on a zero-centered recording potentiometer. The position of the 

scattered beam was monitored.by -~-- slnular split-foil ion chamber, · e2, which.· . . 

was ~ocated behind the second target, T z• . and defined the line connecting T 1 . . . .. . ' "''. 

and T z through the_ center of the collimation. The proton beam was aligned by .. ' ~>· . 
. :',, ', 

·adjusting the currents in the first two bending magnets until null readings were· 
' . . ' 

.. ' . 
' . 

obtained in both split ion chambers •. The beam that passed through the first and 

second targets was monitored with ion cba~bers. The angular resolution in ~he · · · 

scattering angles was due to geomet~ic defi~tion and multiple scattering in the 
' 

targets. ··The combination amounted to about 0.5 deg rms error for all elements 
• 

I 
. ! 

·;: at both targets~~w\th the exception of tantalum, in which.case this value was ... ·· 
• J • ' ; ~ 

· slightly greater _than 1. deg. · '. 

.The particles scattering from the first and second targets at the pro~~r 
. . . . . -

· angles and passing tbr.ough the spectrometer were monitored by the scintillation 

- counter coincidence M1M2M3• M1 and Mz were small counters placed 

't .. 
\ 

~ ;. ' 

. ,·;. :··-· 
' ~· 

.· .. ·,, •' 

,,· 

;: 
. . ~; .. 



-5- · UCRL-ii496 

between T z and the. entrance collimator of the &J)ectro~eter. M3 wao a large. 

scintillator, 1Z in. high by Z4 in. wide, at the focus of the spectrometer. A 

~ horizontal profile of the beam at the spectrometer focus was obtained with six 

smaller scintillators (S1 • • • Sn • • • s6) that subtended adjacent Z-in. __ !fidths 

• 

. . . 

-·in the center of M 3 •. A continuo~s beam profile was obtained by coincidence of 

the form (M
1 

M2M3)Sn • It was found that with the scattered beam centered in 

the profile scintillatore the elastic peak could be essentially all contained in the 

fo~r center ones (Fig. · Z). Furthermore, the total counts in this peak varied 

negligibly with the slight magnet drifts~ It proved most convenient to monitor. 

these "peak": counts with an additional scintillation coincidence, (M1 M2M3)Sp' 

where Sp was an 8-in. -wide 'acintillator that exactly covered the areas of the 

four central small counters, s2s3s4s5• Asymmetries were determined from the 

ratios of numbers of particles registering in the poak or large counters to those 

paeeing through the second-target ion chamber, for both left and right scatterings 

at the firat target. 

The most important polarization measurement is the one in which the 

analyzing power of the second target is established. The use of helium as an . 

analyzer i3 conceptually pleasing because of its lack of excited states. However, 

comparison of the energy distribution of the protons scattered at 6 deg by carbon 
., 

at poth targets with- that of protons scattered by heli~ at both targets showed 

no evidence of near-elastic scattering at 6 deg. Because of the convenience 

gained by working with a target that is solid at room temperatures, this double­

carbon 6-deg scattering was then accepted as a standard for the experiment and 

was repeated more than 20 times and under different test conditions. The test 
,, 

measurements show~d that polarization was not detectably affected by different 
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beam shapes, beam intensities; beam spills;·· or target thicknesses. The syste;n --·; 

. was further checked by comparing measureme~s when both targets were hydrogen~ 

helium, beryllium, or aluminum ~th measurements where either target was re­

placed by carbon. All measurements were consistent. The agreement in the case 

·' 

; 
; ,, -
, 

~: 

of helium and carbon will be found along with the helium data in Table n .. · Most/ : ~' 

_ asymmetries were measured with helium as an analyzer. To increase counting 
. . 

rates, carbon was generally used as 
0
an analyzer for hydrogen and helium, and for 

scattering, a.t 10 and 13 deg, from the solid targets. The analyzing power of carbon 

at 6 deg waa found to be 0.300 :1: 0.003, and that of helium ~as 0.333 :t: 0.003. Since 

all polarization measurements were reproducible to within their statistical errors, 

and there was no reason to suspect a constant systematic error, the errors re- · 
" . . 

ported with the data. are those due to statistics. 

The lab energy o£ the proton beam at the first target was about 735 MeV. 

·' 

~· : 

Except for,hydrogen, which is discussed later, the lab energy was about 7iS MeV . , 

at the second,target. Thus 725 MeV was chosen as the reported energy. Except 

for hydrogen, polarization values were not considered to be energy-dependent. 

An additional check was accomplished by double-scattering alpha particles. 

Since the alphas have no spin, any measured asymmetry would reflect a bias in the 

experil:nent. This check is much more sensitive to misalignment, since the dif..; 

£erential cross section varies· much more rapidly with angle for 4 ·particles than 

it does for protons. Alignment of the. alpha beam was less certain that that of the 

proton beam, because of the lower flux of pa~icles. Despite these problems, the 

asymmetry was found to be t.S :1::1.5%, which we considered and treated as zero •. 

.Differential cross-section data were obtained as a byproduct of the polari­

zation measurements. Perhaps the largest error in the differential-~ross-section 

measurements came through use of collimators rather than counters to de!ine · 

~· ; 

',I , • 

f ... , 

• 

.i \~ 
_. ~ . j 

.: i 

{' :·,·.'! 

.~ : ·-· j 
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' 
~ solid angles. No allowance for collimator scattering hao been made. The ratio 

·.· 
of the counters to the first ion chamber was reproducible t() about *So/o. The 

I 
statistical error was always less than io/o. 

The ratio o£the flux C in the (M1M2M3)Sp or M1M2M3 counters to the 

flux F in the first target ion chamber, is proportional to a product of elastic / 

plus near-elastic differential cross sections, da /dO, at the two targets 

(C/F) = ~ ~ dO,. dO., p1p., , 
ave ~' 1 ~~2 ... ~ ~ 

where' dO and p are respectively the appropriate solid angle and target density 

normalizing factors. Since a product of cross sections is involved, answers ob-. 

tained from this latter method reflect only one-half of whatever constant systematic 

errors there may have been. 

III. EXPERIMENTAL RESULTS 

1. Protons on Hydrogen 

The measured asymmetries for protons polarized on hydrogen and analyz~d 

by carbon are given in Table 1 (Column b). For hydrogen thereda, __ of course, no 

problem in separating out inelastic events, since there are none below meson 

threshold. However. becauoe of kinematic energy loss in proton-proton scatterings .. 

the energy of the pr?t.ons arriving at the carbon analyzer varies o.ver a considerable · 

range. In order to separate out the properties of protons one must know the energy 

dependence of both the carbon cross aection and carbon analyzability. The proton 

kinetic energy at the carbon analyzer is given in Table 1 (Column c). Some experi-
, 

"'.. mental values of differential cross sections and polarizations for proton scattering 
,. 

~- . 

~~-~-- •'---·•·-·---
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at 6 deg from carbon are given in Fig. 3. The pola-rization results, altho!Agh . 
• • _.. • • < ' ••• 

unfortunately sparse, indicate that there are either experimental discrepancies 
"i 

· .. _I 

or considerable fluctuations with energy in the p-C polarization. We have .arbitl:arily : 

sketched the dashed lines in Fig. 3b to suggest a. possible envelope of values for thia 

p~C polarization. U we a&sume the values on curve A, Fig. 3, we obtain the p.:.p 

·polarizations tabulated in Table 1 (Column d). The curve B gives the values in 

Table !(Column e). On the basis of our present knowledge, and without additional 

info~mation, the two sets of values must be considered as experimental limits. 

Both these sets of values· are given in Fig. 4. 

In Fig. 5 is plotted maximum p·p polarization~· a function of energy; . The 

smooth variation of this function givea more credence to the curve B (Fi.g. 3b), 

at least in the energy range between 600 and 71.5 MeV, and therefore to the polari­

zations of Table I {Column· e). 

Unfortunately, we cannot make definitive statements about the above measure-

i p 
i 

ments; however, we can say that either P (9) is high at this energy, or A c<6 deg) pp . p-

rises sharply with decreasing energy. 

With regard to the differential cross sections, we have assumed 

da /dO lp-C at. 6 deg to be a c~nstant and equal to our measured value at 7Z5 MeV. 

The assumption her~ is based on the apparent constancy of the total p-C elastic 
5 . . . 

cross eection -·a simple square-well optical-model ~alculation indicated that, 

in the energy range of interest ( = 600 to 700 MeV),_ da /tiD I p-C at 6 deg is nearly 

proportional to the total elastic cross section. 

z. Protons on Helium 

The differential cross section and polarization for protons scattering from 
. . ' 

helium are listed. in Table II and plotted in Fig. 6. Only in the hydrogen and helium -

- - .... ~· ... 

. ~ j 

I 
1.., 
I 

I 
\ 

--lv 
! 

. I 
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measurementa do near-elastica not distort the polarization and clifier~ntial-crosa-
. 4 

section measurements. The features are similar to the data at 310 MeV. •. 

3. Protons on Other Elements 

The beryllium and carbon data are given in Table ill and plotted in Figs. 7 

and 8. At small angles, the beryllium and carbon polarization data look quite 
·~·. 

similar to the helium data. From the energy profile at the final counters .for 

the meaouremente at 10 and 13 deg, it was apparent the results are an average 

over near-elastic states and are not to be interpreted as elastic measurements. 

An elastic polarization; which closely follows th~t of the helium polarization as 

the angle approaches the classical diffraction minimum, is:not incondstent with . 

these measurements. The dilferential-cross-eection results can be interpreted 
. . 

as only an upper limit for the elastic differential cross section at the larger angles • 

. The data for the heavier elements are also found in Table III and plotted 

on Figs. 9 through il. The most striking feature of the polarization nleasurements 

are that they are so similar at the same laboratory angle. Near-elastics also · 

contaminate the results whenever the ~lasticacll!fraction miirlmum is approached. 

The angular resolution in the measurements of the heavier elements suffers be-

cauee of multiple sca~tering. Because of these "effect_s, _fine details of the scat­

terings are unobservable. This is particularly true for tantalum • 

. • > 
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I' ,-

. ' ,. 
........ ~ ~ . . 

IV. OPTICAL MODEL FI-x:TING 

The differential·cross sections and polarization from helium, beryllium, 

carbon, aluminum, calcium, iron, and tantalum were analyzed by fitting the ex­

perimental data with an optical model. In thi$ model, the nucleus is represented 

5 by a complex potential well of the form 

V(r)=Vep'(r)-jVclei9c:p(r)+ lv.lel9s~ !p(r)£:·~, 
where V is the Coulomb potential arising from t~e ch3rge distribution p' (r), 

e · ' 18 . · · iO · .· 
. and p(r) is the nuclear matter distribution, and IV c I e c and .IV 

8
1 e s· ·are 

.·."· •t·:-·' 

. .. . i, 
. r.- .. 

~-

~ . 

. , ..... 

the complex central and spin-orbit potential strengths respectively.· The imaginary 

part of the central nuclear potential can be related to the mean nucleon-nucleon 
. . i9 

total cross section u for the inCident protons by 

1m V c (r) = -i1t A (1 p(r) , 

where E is the total energy of the proton in the proton-nucleus c. m. system~ 

k is its c. m. momentum, and A ia the atomic number of the target particle. 

The nuclear density has been.normallzed to unit vol\une integral 

and 

(flO z Jo p(r) 4n r dr = t 

a = L Zu . + (A- Z) 0. J/ A. PP pn . 

Using the optical model, Battyhas completed a comprehensive work on the 

subject oi scatterings of high-energy nucleons by carbon. 5 He h&.a solved for radii 

and potentials, using carbo·n experiments from 95 to 970 MeV incident proton 

energies. The data of t~is experiment were analyzed along the lines of Batty's · 

formulation of the optical model.-. 

; . 
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For the nuclear distributions, the same shapes a~ found by Hofatadter in 
. . . ·. ~ 

~lectron-scattering experiments were used. · For the.light elements, a modified 

Gaussian was used: 

4 . Z] . Z 
p(r) = [ 1 + f '! (~) .. exp[-(r/a1) ] • 

Here the value of f determines the shape of the nuclear distribution and a
1 

detertnlnes 

its size. For helium f was taken to be zero, reducing the distribution to a pure 
. • t 

Gaussian. · For beryllium £ was set to 1/Z and for carbon f was i. The Fermi 

shape 

p(r) = t 
t + e r (r - ro)/aJ 

was alsp used for carbon and for the heavier elements. Here r 
0 

is the radius at 

half-height and a determines the thickness o£ the edge of the nucleus. To relate 

potentialo with different radial forms, Fesbbach suggests integrating over the 
. . Zi · 

volume of the nucleus and comparing reeulte for the integral 

oc 

I(V) = V(r) •h:r2dr ~ 
0 

When the modified Gaussian was used, the chf1rge density was assumed to .have 

the same distribution ae the nuclear distribution. When the Fermi model wa.s used, 

the trapezoidal form.· 

p' (r) = 1, for r < (ro - z •. 75 a),. 

(r 0 + z. 7.5 a) .. r 
p' (r) = , lor (r0 .. . z. 75 a)< r < (r0 + z. 75 a), 5_.5 a 

p' (r) = 0, for r > (r 
0 

i z. 75 a) 
j ' t.· . zo 

was used for the charge distribution. The advantage here was that this. form was 

analytically ~integrable~ Its use is justified by the good approximation it makes to 

to the Fermi model and also because the Coulomb effect is relatively unimportant 

at this energy • 
..... 

... · 
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I 
' 

{ 

. ,, ... '. . .. 
In .fitting the ~xperimental data With the optical;;.model ~tentiai; ~n; .;;: :> . 

'.. .. . . . ·. ,• -·. . '. . ... 

x·~M 7090 computer program·'!as used. This ,program· started wit¥ t~~_p()tentiai 
,· . ~ 

I 
.! 

· ... :.. ! 
j 
r;, 

and f for fitting the modifie~ ~ussi.an, or r 0 ' ~d ~. for fitt_ing t~e:_Fe~. form·.'·:',' . -~ 

i~ terms of lvcl, Be' IV~J/IYc·l~ _and (8c.-8s)' a.nd with ~adial~al\les ~or:,.a 1 · 

I 

From these, it generated values of the polarization as well as the differ~ntial~ total,_ . b 
. - . . ', . ' . ·. ' ' ._ . 

'.l. 
~ i . . 

and absorption cross section •. These values were compared with the c:orr~sjx;~ding·_.:··. 
' . ~ •: . z ' ' . .· 

experimental values and x . was computer. The pTogram then varied 'any ()t all . . .... 
' . 

. _of the first five of these parameters in a grid manner, attempting alway-.. t()·rf:duce :. 
2 . .. . . .. ·.. . . :~. . . > .. ,, '· ., ·. .. 

x . Uniqu·eness is determined.by starting the program at differenfinitialvalues. 
. . ·'' •:.· : '·' .. . -· 

The data are_ fitted well by several choices of the phase of the_ centra~ pot~~tial 

8 c· The solution with a large ~ositive bnaginary central potential and ·a sm'll 
.. "''• 

negative real central· potential fits the data as well as any~' In addition, Batty · 
. . 5 

shows this solution to fit nicely with measurements at other energies •.. ·. ·Two 

:.:·· 

families of solutions correspond to _sin(Bc-9
8

) in either the first or second quadrant~­

The correspo.nding imaginary part of the spin-orbit potential is posi~ive and ·iiegative, 

respectively. The positive solution fits the helium data better. Combining this with 

the showing that at lower energies the real part of the spin-orbit potential is tO: be 
. . . . .... . '!. 

positive, we took the positive solution to be the correct one •. 
'· ., . . . '' -· ·.-

Vlhen the modified Gaussian was used for fitting the dat• on the light elements, 1 

! 
the value of the radius a 1 was allowed to vary; f, a, an~ r 0 w~re f.ixed at the 

. . • 1' - . . . "'~. 

values obtained by electron scattering:. ·Because_ of the absence of near-elastic: 
. . . ~ . . - ' . . 

scattering contaminating the helium data, the potential values found in fitting. these 
. . . . . . ' . ·;: .. -~. -,,.;. -~. :: 

. data. are judged most reliable~ . In fitting the beryllium and carbo~ data~~ the. data. : .•. 

from only th~ first four angles were used because of the high per~entage of con~ ; .·. 
·,_ ··l 
. ! 

_:d ' . . :· ... ·.·· . ·:·' · .. 

tamination from near-elastic: states at larger angles~ ··For carbon. in addi~ion. · 

. to the angular distribution and polarization data, the total and ab~orptlQn cross 

zz;..zs .. 
sections were used. · . i 

,'·: 
),',, . ' .'' .. . ,· ·,· 

. -·: ~'.· , .. 

: : .. ·. 3 

;_ 
""J 

\"--. 

. ~- · . 

... . '. 

. ~·; ' . . 

.:-- ·.: ·•; 

I 

i· 
I 
! 

I 

wzt::. .b 
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For the heavier elements. the average proton-nucleon cross section o 

and the ratio of the real to imaginary central potential were fixed at the carbon 
: . . 

0; values. Only the spin-orbit potential was allowed to vary. Data from only the . 

first three angles were used. .A search was not made for tantalum. but the a•1erage 

value of a and the ratio of all potentialo were held fixed •. The values of the 

potential and related parameters are given in Table IV. The errors on.the 

potentials are crudely estimated by seeing how x Z varied as these parameters 

changed. The computed differential cross sections and polari&ation are plotted 

., 

along with the data on Figs. 6 through iZ. The fit with the data appears good when 

allowance is made for near-elastic scattering and angular resolution •. The central 
., 

potential is seen to be mostly imaginary and the real part small and neg.ative. The 

·phase of the spin-orbit potential is close to that of the central potentials. Thill reflects 

the low values of the polarization. The predictions of the modified Gaussian and 

Fermi models for proton-carbon scattering were oimilar; those of the modified 

Gaussian are plotted in Fig. 8. 
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Table I. Differential cross sections and polarizations for proton-proton scattering. 
Column b gives the measured asymmetry of the beam after analysis with 
carbon; column e the proton energy at the carbon analyzer, and columns 
d and e the calculated p-p polarizations based on two different assumptions · 
for the energy dependence of p-C. polarization, as indicated. · 

L 

: 

(a) (b) (c) .. (d) '(e) 
(do/dO)· a·. Asymmetry ~nergy at the Polarization Polarization . · lab 

analyzing .center of Tz [Curve A of· l Curve B of 
·.'·: 9t~b 

~ .. 

. · .. ,.. 

(de g) 

. 4.5 
6.0 
7.3 
8.6 

to.o 
u .. s 
i3.0 
15.3 
i6.4 
18.0 
zo.s 

(mb/er) 

57.9 
55.7 

. 51.3 . 
46.2 
45.3 
38.5 
37.7 
31.7 
26.5 
Z5.2 
19.7 ., 

with carbon 

0.0752.004 
0.107~.004 
o. t 18:!:. 003 . 
0.129:!:.004 
0.145::!:.003 •i• 

0.166:1:.004 
O.i7Z:t:.002 
0.185~002 
0.196:!:.004 
0.198:A:.003 ,. . ' 

o. 200:1:.00 3 .. 

(MeV) Fig. 3b used Fig• 3b us.ed 
for AEc(6 deg] for A C(6'deg] 

. ·' f 
7i8 . o.zso 0.246 
7i3 0.354 0.340 
708 . \. 

0.392 0.369 
703. . : : 0.43i 

.. 
. 0.391 

694 0.483 0.433 ... 
684 0.553 .. 0.481 
674 0.572 . . . 0.485 
655 .. 0.609 .l • . .. .. : 0.493 
645 0.65.a ··. 0.516 

. 631 :,, <!. :'..·-('; 0.661:' '· .. '.' 0.495 
605 •'· 0.666 ::. 0.482 

'l'i '· ,. . .. 

a. These numbers have a reproducibility error of :1:5% plus an addition.al error 
due to uncertainty in the energy dependence of the p-C cross section at 6 d.eg. · 
see text. · ... 
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4.5 
6.oa 

· 6.ob 
6.1 
7.~ 

Table·n. · 

·::' 

'' 1: 

"'.• 

·.1 

:"::. 

. _.; 

:·:·< . . ·. scattering from 'heU\un. · ... ~' · '·. · · · · ·: ·, :.: ·:<:·· •.'· ;:;: .; . .;,; .. :::.:·" ,· .. ·" '·· 
• ' • • • ' ' , ~:} ' '• • " ~ : • ' ' ' • • • t • • '.} '•", :. 

1 • : t ; •• ~ . :;·',
1 

; • ... , i I l 1 ~ , . ·· • 

~... . . 
·, : '. . ~ 

.. :'• 

. (da /dO)lab (mb/sr) 

Elastic '·' . Including · · , .. : • ;, : : .• .. , . 
30-MeVloes.· :'·:·~ ,ri:·.:~ 

' .. :. ~.; 

366 
'. ·' 

.:·.::::·. Z91 .. 

: ' -~ . 

.. , 
I.~ ' ... : .. ' . ·~ ' 

~ · .. 

.. t ~ . ' ,. .....•. 

.·: ... 

~ t • 

. ,:, (\ . : ~ 
.. '··. .~ 

. ~ .. .. ,/.. 

-'·~·L _. ~· t­
~.: .. 

• Poiiitiatiozi 

:_: ;'•·'" 

·\.· 

' .. . 
. \. t·. t. 

· ... ·· 
j'J).Z80:1:.0iZ, ·: 
· ·o.332:~:.oos : .. · . 
. 0.339*.005 . 

. ~. ' l 

. • 8.6 : ~ . ·. .ft.' 

Z88 
2.67 
Z10 
15Z · .· 
i03 

0.328:!:.008 
0.369:1:.011 
0.393:!:.0.11 
0.4'23:~t.010 

:·. 

-= :. 

. 10.0 
11.5 
13.0 
13.0 

. i5.3 
16.4 
18.0 

. ' 
·,' 

•,; 

:; ' 

6t.i 
35.1 
39.4 
iZ.9 

. ·.·· 7.o· ···· · 
Z.1 

a . , . ·.· 
. ~oth .targets helium .. · F• ,, , 'I ..... ·. , ' . . , • ., .• , ) . 

· 'bcarbon at the fir~t target~· helium at the ~econd·. . . . . 

·•.· 

.. ~ 

:· 
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·• 
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. ~' 

. ·'. 
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. . · .. 
:·/: 

:···. 

.·-· . 

,; 
; ~. 

4. ~ ( ' .• 

· ... •. :•;,. 

., ..... ,.), ·oAt3*-0i3 
0.439:!:.018 

· ·.··oA46:.ots 
. 0~348±.033 

.' .. ·0.265:t:.043 
.. O.t3Z:t:.072 
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· · · Table UI. · Di!ferential cro~s aectio~~ and pol~~izatlon f~r · 
. . . ' . . proton scattering from va,rious nuclei. '. ' . ' ' ; ':\:~ -.···:~.>:':·:: '.• .. ·. ,. 

' . 8 .. 
~ · lab 

· ...... ~ 
• 4.0 

s.o: 
6.0 
7.3 
8.6 

10.0 
1.3.0 
4.0 . 
5.0 
6.0. 
7.3' 

. ' 

. i 
,•. 

. . 8.6' ' . 
1.0.0 
13.0 

4.0 '. 
s.o· 
6.0 
7.3 
8.6 

,, 
. ':. 

., '·. 

. ·, 

l 1, 1 -,t 

' ' '- • ,l ;. •• 

· i3lO 
951. 

; :'• 640 
381. 
223 .. 
137 

41 . 

): . 

_::-· 

. . ' . . .. ' ' -~' . 

~ ·:· ; .. 
' .·. 

·Carbon ; .: . ~ ... 
2t.ZO 
1500 

~ ; 

970 .............. : ... '• 
! szo . 

250 : . ::~ :.·.:~· : . 

ii6 . ·' ; 
·' 33 ·'•: ':,· 

. ~·. '. .· 

Aluminum. : · .. 
5480 .. ··.: ·' . 

. 3150 •:·,;~. 

.1510 
491 
147 •, . ; ' ~ • l.. : . 

' ! 

' ' . ~- .· ':. ~-~ 

. . ~- _: · · POla 'l!'ization 
. . ;: ~- .. : . . •. •' ... 

1390 ',, 0.217$:.007 
·toos: ·I·.· '·· o.u1:.oo1 

692 ' ) .,::·,' I • ~ \i 0.3t6:t;007 ' 
428 i ,. . 0.368:1:.008 
266 . ' . • · . · · ·· 0.4H.:t.O tZ 
t69 ··.. ,, ·'···. 0~395:f:.Oi0 

. . 60.. • · ,,,, 0.452±.025 

ZZiO 
'' i580 
\ 

1040· 
570 

' 
300 : '· 

148 
50 : 

. ' 

: : .. 
.. : .. 

,;. 

. : . 0.233:!:.005 
.. •' . 0.265*.005 

o. 300:1:.003 . 
. ·o.34a:.oo6 
.· 0.369=.009 . 

0.335i:.i:.Oi5 
0.44~.~.028 

-5730 
3320 

.-1640 

·::· ' .. •' 

'.·· .. 

· o.ztz:t.oo6 «:· · 

O.Z50*.008 -
0.275~007 ' .. ' 
0.3Z6~~'Qi3 _'_ . 577 

to.o 
' J • •• ., ··.:. ::. ... ' 

.,. ZiS .:::· , .. ,, · 
95.3 , ·.~· \. ' I : 1 

: ' •: ~ • l :·:.; ,-;, 144· 
·, : :; ... o.383:.ozz 

o.443:~:.vzt 
0.53t:.030 

.. :· 
• 1.3.0 51.8 

4.0 7690 
5.0 3680 
6.0 i360 
7.3 · 3Z4 
8.6 i42 

to.o 1.74 

4.0 !0080 .. 
5.0 

' .. '·· 

3910 
6.0 1113 
7.3 285 
8.6 29Z. 

10.0 245 

4.0 t3600 
5.0 5980 

' .. 6.0 2870 
7.3 t440 
8.6 570 

. 1.0.0 . 339 

: '··/'. 78.6 
Calcium-

8040 
3900 

·, ..... ' :. '1505 ., -

·!·' Iron -

Tantalwn 

. '· / 

' : . ~ 

424 
259 
Z37 

10550 
4170 
tZ70 

386 
380 
308 

14300 
6370 
3130 
t6i0 

707 
434 

.-; .. ' 

0.205*.006 . 
0.246&.008 

. 0.2783.009 
0.36Z::t.:.019 
0.416~02.7 
0.497 .. 02.0 

0.187:t:.006 
0.2.15*.011 
O.Zii=.Oii 
0.369:t.OZ6 

. 0.447~.02.4 
0~403*.018 

0.16412=.011 .. 
o. 185=.01 1 
O.Z66E.Oii 
0.349:1:.018 
O. 365:. OZ3 
0.444z.OZ3 
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Table IV. Optical-model parameters· 

Element 

He 

Be 

c 
c 
Al 

Ca · 

-F; 
Ta 

Element, 

He 

Be 

c 
c 
Al 

Ca 

Fe 

Ta 

Element 

He 

Be 

c 
c 
Al 

Ca 

Fe 

Ta 

Model 

Gaussian 

Mod. Gauss. 

Mod. Gauss. 

Fermi 

Fermi 

Fermi 

Fermi 

Fermi 

Model 

Gaussian· 

Mod. Gauss. 

Mod. Gauss·. 

Fermi 

Fermi 

Fermi 

. Fer~i 

Fermi 

Model 

Gaussian 

Mod. Gauss. 

Mod. Gauss. 

Fermi 

Fermi 

Fermi 

Fe.rmi 

Fermi· 

lv I c 
(MeV) 

63:1:4 

48:1:3 

.49:1:3 

56:1:3 

54;8 

'51.1 

53.2 

46.0 

-34 

-52 

-57 

-56 

-56 

-55 

-55 

-54 

£ 

0.0 

0.5 

1.0 

~ 

; 

I 

a . . 
. Held !ixed cluring analye1a 

e lvsVIvc I. (Oc- OS) ReV 
c c 

~ (de g) (MeV) 

97:1:10 0.052:1:.004 23:1:2 -7.6 
' 

100:1: 10 <:J.037:!:.004 27:1:8 -8.4 

100:1: 10 0.035:1:.004 26:1:4 -8.4 

100:!: 10 0.035:!:.004 27:1:4 -9.6 
100a 0.030.:!: .004 29:!:4 -9.5 
100a 0.021:1:.004 46:1:4 -8.9 
lOOa 0.026:!:. 004 31:!:4 -9.2 

100a 0.035a 27a -8.0 

l(lmVc) II(Revs>l ·II(ImVs>l 

~ A 

(M(N- 1o-39 cm3 ) 

'281 

294 

330 

325 

316 

313 

9 

6 

8 

7 

6 

8 

312 7 

309 . 7 

a/A1/3 .a. rc/A1/3 

{lo- 13 cm) 

0.93:1:.02 

0.82:1:.02 

0.73:1:.02 

.-

0.50 0.98 

0.60 

0.57 

0.57' 

0.64 

1.00 

'1.06 

1.06 

1.14 

A 

32 

21 

22 

23 

20 

12 

17 

22 

(j 

39:1:3 

38:1:3 

42:1:3 

42:1:3 

42a 

4za 
42a 

42a 

r .. - . • . .. -· .·-· 
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.: .. ~-~ ~-;., ~-:·~~·.'·---·-~----

. '· 
' " 

ImV . ReVs lmYS". c 
(MeV) (MeV) --·- {MeV) .. / 

62.2 0.90 3.14 

47.6 0.53 1.69 

48.2 oA8 1.64 

55.2 0.59 1.86 

• 54.0 0.53 1.58. 

50.3 0.63 0.89 

52.4 0.51 1.29 

45.3 0.47 1.54 

A 

(amu) 

4 . .003 

9.013 

12.0ll 

12·.011 
\ 

26.98 

40.08 

55.85 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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