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ABSTRACT

The polarization and angular‘ distributiou of protons eéattered ﬁétn ‘  '  _

. protons. helium. beryllium, carbon, aluminum, calcium, iron, a.nd tantalum

-

double-ela.stic-acattering method wasg uaed in that the sense of the ﬁret scat-;'f.
tering angle was reversed in finding asymmetries rather than the second angla).
Energy analysis of the acattered beam was accompli-shed by means of a 102- i
degree magnetic spectrometer anowing a total resolution of MO Mev. : The 5
data were fitted with an optical model. In the proton-nucleus scattering tha |

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

difiraction minimum Results in proton-proton acazteringu are more mteresting.»

however, because of aa uncertainty in the analyzing, power of the carbon, a :
definitive statement cannot be made. This can be said, however: either the o

-polarization in proton-pmton acatterings is above 50% at this energy or the

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

' considerably greater than the 30% meaeured at 725 MeV.
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| I INTRODUCTION = = o

‘The etudy of nucleon'ecattering at high energies by mzcleons and nucleiv

haa provxded a considerable body of xnformatxon about the nature of the nuclear
force.‘ In simple terms, total cross section measurements yield mformation on
the strength of the interaction. whereaa diiferential cross section measurements
reveal details of the nuclear forces' radial dependence. However, it takes a
study of pola.rivza,tiorlx phenbmén# to determine the role of the nucleon® s:spin. in

the interaction.

The empioymexit and comparative success of the optical model in describing. ’

' 'first, cross sectionsi and later, polarizaﬂcnsz of nucleons in high énergy ‘nucleon~

_ nucleus collisions is well knowﬁ " Theoretical and experimental 'wqu prior to
1960 hawe been revlewed by Squires. 3

Th.is experiment is an attempt to repeat at 725 MeV the extensive survey
‘ performed by Chamberlain et al, 4 at 310 MeV and to fit the experimental ob-
-gervations with an optical model The target materials uaed were the same as
those in the 310 MeV experiment (namely He, Be, C, Al, Ca, Fe, and Ta). The
optic_al-modal formalism used in fitting the data has been adapted from Batty. 5_

 Polarigmation and cross section measurements in PP scattering are also reported. |

. DO N AN RO
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: II EXPERIMTNTAL METHOD
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o s jv' The polarization prodaced by high-energy lca.ttcring is generally studied
v by doubie scattermg. Scattering an unpolartzed nucleon beam by a target produces
a polarized beam. This polarizatfnn can be measured by scattering from a second ‘

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

1(92.¢) =1 ‘97) [i + P (e )Az(ez) cos ¢]

_where .IO is the imem"“Y f°" unpolarized P"°‘°ns~ P (91) is the polanzing . IR
- power of the first target, A,(8,) is the ana.lyzing power of the second scattering. O
and ¢ is the azimuthal anale between planes of the first nnd second scattering. 4 j

By sampling the relative intensity at ¢ eqwai to 0 and 480 deg. we may simpiy T

- '_evaluate the aeymmetry

L - ,do’)'-l(g .180‘) ’ "
ew J=P (eimz(ez) = —2 2 S
. o 1(92.0 ) 4 1(92. 1807 e RO

44 both the first and second targets are the same and both acatterings elastic b

with the angies of acattering and the incident encrgies nearly equal the B |
aaymmetry is the aquare of the polnnzation. (By time reversal, for elastic .
scatterings the analyzing power is equal to the polarizing power. ) The elasticity -
of each scattering can be ensured by imposing an energ}' requirement after the - g

| scatterings by range or magnetic’ anaiyais. Once the polarizing or analyzing Lo

- power of a target fcr a particular angle of scattering has been established. then :f

other polarization measurements may be made by changing one of the target :, L

| materxals or angles of scattering and again meaauring the. aaymmetry.




e I UCRL—ii%%
At pnoton energies of several hundred MeV ensuring the elaaticity is
- a difficult problem._ Since the energy loet in excztmg the nucleus a few MeV 13a :
. a very small part of the initial energy of the proton. only by using the most .
elaborate magnetic analysis can one detect the difference betweenvelastically
and noar-elasticnily scattered particles. Such a magnetic ané.lyzixig syétem
' needs space and power, and considerable cnre must be exercised to ensure
- that solid angles involved remain constant for the left and right scatteringo. '
Great practicai advanta.ge is ga.ined by not requiring magnetic ana.lysis on both
' the left and right side of the oecond scatterer. Varying the sense of the ﬁrst L
scattering angle and hoiding the second ﬁxed yielda an asymmetry which is B
| theorctxc«lly equivalent to varying the second 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-angie-constant system, If t;;e beam is momtored at the second target.
the asynirnétry reﬂoct_a, in the ﬁrst approximation, the polarizing power of
the firot target and the anaiyzing poiver and differential croas section at the
second target, 6 Since polarioation vnries more slowly with angle than the ': :‘
differential cross section. tho resolts are mnch more sensitive to ché.nges in:
alignment at the second target than at the £irst target. ~ Keeping this second
angle constant greatly reduces potential alignment error. | _

The ma.gnet syatem external to the cyclotron shxelding is shown in Fig. i
b.This compound system can be decomposed into three units. The firet unit con-
tained two bending magnets with opposite fielda which steered the bea.m through
| : the first target at a given angle. In the second unit was a lead colhmator and a -

v‘quadmpole triplet. The third unit. the spectrometer. was composed of four

: bending magneta with a focusing quadrupole in the center., This system provided -

B



:a. 102 deg magnetic—“spectrometer having a dispersion of 1 MoV/cm at the, 5
:'final focus posxtion.hi . L | ' | | 1 ’ K V\ " :
Tho angle of scattering a.t the.aocond target was ftxed at 6 deg because ;

R ' it wag eetimated to best fit the following criteria.: (a) a large ratlo of elastically
ecattered protona frorn carbon a.nd hehum to inelaotically scattered protons to

’ _‘mxnirmzo inelastic conta.mination. - (b) a large va.lue for the product of I(B)P(G)

to mmirmze statistica.l errors. and (c) large polarization to nunumne systematic

| ’errom. (Bet’ore the experiment. the proton-carbon polarization at 6 deg was
§ eetxmated on the basis .of prevtous work to be about 50% 5 7) S
As geen in Fzg. 1, the angle 8 q was defined by the collimator. the
poaition of the fxret ta.rget, and an ion cha.mber with a split aignal foil. t’l‘he

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

and balanced on a zero- centered recording potentiometer._ The positxon of the '-:

cattered beam was monitored by a similar split-foil ion chamber. 62,' which
was located behind the aecond target, v TZ’ and defmed the line connectxng T 1
and T 2 through the center of the collimation. The proton beam was: aligned by

- _‘adJusting the currents in the first two bendmg magneta until null readings wore

~ obtained i in both split ion cha.mbers. The beam that pa.aaed through the first and

vsecond targets was momtored with fon cha.mbera. The angula.r resolution in the :

scattenng angles was due to geometric definltion and rnnltiple aca.ttenng in the |

| _ targets. ‘The combination amounted to about 0. 5 deg rms ‘error for all elements _ a

+*

‘ ,i at both targete ,wlth the exceptxon o£ tantalum, in which case thia valuo was
‘olightly grea.ter than 1 deg. ', '. . \“\ '
7 'I‘he partzclee ecattering from the ﬂret a.nd aecond targets at the proner
' ’iangles and pazsing through the spoctrometer were znonitored by the scmtillation

',- counter comcidence MiMZMB' M1 and Mz were small counters placed L

e
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“ between T 2 and the.entra.nce collimator of 't'he ape'ctrometer. M, tvas a lcrge. |
scintillator, 12 in. high by 24 in. wide, at the focus of the spectrometer. A
horizontal profile of the beam at the spectrometer focua was obtamed with six
smaller scintxltators (St R Sn coe 56) that subtended adjacent 2-in, widths o
-in the center‘ of 'M3. A cohtinuo:us beam profile was obtairxed By coincidence of
the form (M M M3)S It was found that with the scattered. beam centered in
the profile sczntillatora the elastic peak could be eaaentiauy all contained 1n the
) four center ones (F‘lg. -2). Furthermore, the total counts {n this peak varied |
: negligibly with thcls};ight magnet _drifts, It proved most convenient to monitor'.
theﬁe "'peak" coun'ts ﬁth an additional scintillation coincidence. (M iM M3)S .
where Sp ‘was an 8-in. -wide ‘scintillator that exactli covered the areas of the
four central small counterc. 52838485. Asyrnmetrica waere determined from the
ratios of numberc of particlea registering in the peak or large counters to those
passing through the sccond-target fon chamber, for both left and right scottert‘_nga
at the firat target. | | |
| ‘The most important polarization measurement is the one in which the

‘analyzing power of the second target is eatablished ’I‘hc use of helium. as an |
analyzer is conceptually pleasing because of its lack of excited states. .However,
comoariaon of the enelrg'y distribution of the protons' scattered_at 6 deg by carbon .-
- at both targets with that of protons scattered by hcliu,m at both targets showed. :
- no evidence of near-elastic scattertng at 6 deg. Becauae‘ of thé‘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 dxft'ercnt test cvonditionc. The test

measurements showed that polarization was not detectably affected by different

o my at et s oie et e v e ——— A A e m i e Ak ey ket b TR T R
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1 vbeam shapea, beam intensxtxes. beam spills, or target thickneases; »Tha system 2
- was further checked by comparing measurements when both targeta were hydrogen,‘ A
- helium, beryuium, or aluminum with measurements where either target was re- ]
placed by carbon. Au measurements were consiatem. The agreement in the case
of helium and carbon will be found along with the helium data in Table II Most ' v
','aaymmetnes were measured with helium as an analyzer. To incroase counting |
_ rates, carbon was generally used as 20 analyzer for hydrogen and helium.' a_nd for
scattering, at 10 ond 13 deg. from the solid targets, The analyzing power of carbon !
| at 6 deg was found to be 0. 300 * 0,003, and that of heuum was 0.333 2 0, 003 Since o
“all polarzza.tion measurements were reproducible to within their statistical errore, -
and there was no reason to suspect a constant syatematic error, the errors re-- |
ported with the data are those due to statiatica. | _ | _ _ ’ | . |
The lab energy of the proton beam at the first target was about 735 MeV ‘
Except for hydrogen, which is discuaeed later, the lab energy was about 715 MeV
_at the second target Thua 725 MeV was chosen as the reported energy. Except s
for hydrogen, polarization valuea were not considered to be energy-depondent. e

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

I L UV S
A O - -

Since the alphas have no apin, any measured as_ymmetry _would reflect a bias in the'.‘ o 5‘_
' _experiment. This check. is much more senoitive to misalignment, since the dif-" _
ferential cross section varies much more rapidly with angle for a vp_a'rti:cleg .tha'n 1
'“ooos for protona.. Alignment of the alpha beom was less cergain that that of the e
nproton'beam. because of the lower ﬂux oi'part'icle's. Devspite these probleros; the R
asymmetry was found to be 1 S:t 1. 5%, which we. concidered and treated as zero.
Difierentxal cross- aection data were obtained as a byproduct of the polari-‘_

za.tion mea.surements. Perhapa the largest error in the diiferential-cross-aection

Ty g by

‘measurements came through use of collimators rather than counters to de_fxne :

e
I}
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solid angles. No &lic‘i»wance for éollimator scattering hao been made. Thg ‘ratio
of the counters to the first ion chamber was reproducible to about 25%. 'Ii‘ﬁe ‘
statistical error was always less than 1%. | .

'fhe ratio of the flux C in tfxe (M1M2M3)S - oY MiMzM3 counters to the
flux F in the first target ion chamber, is proportional to a2 product of ell-e;stic
plus near-elastic differential cross sections,do/dQ, at the two targets

. . do dg
(C/F)ave - Eﬁ; 3372 dﬂi 42, "1"2 ’

where d2 and p are respectively the appropriate solid angle and taz‘get density
normalizing factors. Since a product of cross sections is involved, answera ob- . |
tained from this latter method reflect only one-half of whatever constant systematic

errors there may have been,

1II. EXPERIMENTAL RESULTS

1. Protons on Hydrogen

The measured asymmgtries for prot.c.ms pol#rized on hydrqgeﬁ and analyzed '
by carbon are given in Table I (Column b). For hydrogen ther.éda,“ of coﬁrse.v no
probleiﬁ- in separatiﬁg out .inela:stic events, since there a;‘e ndne b_elowl‘x‘-neeon'
threshold. However, because 6!‘ kinematic energy loss in proton-proton scatteringisv'
the energy of thevprét'ons irriving at the carbon a.nalyz.le'r varies over a considerable ‘
range. In order to separate out the properties of protons one must know the energy
dependence of both the carbon cross section and carbon analyzability. The proton
- kinetic energy at the carbon analyzer is given in Table 1 (Column ¢). Some experi-

mental values of differential cross sections and polarizations for protbn scattering

e e T
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at 6 deg from carbon are given in I-"xg. 3. The pola:nzation results, although

| unfortun&tely sparse. inlicate that there are exther experimental d.iscrepancies

or considerable fluctuations with energy in the p-C polarization. We have arbitxarily

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

'. p-C polarization. If we assume the values on curve A, Fig. 3, we obtain the p- p

‘polarizations tabulated in Table I (Column d). The curve B gives the values in

Table I{Column e) On the basis of our presont knowledge. and without additional »

~information, the two sets of values must be consxdered as experimenta.l limits.

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

In Fig, 5 is plotted maximum p-p pola.rization as a function of energy. _ The__. e

- smooth variation of this function gives more ctedence to the curve B (Fig. 3b),

‘at least in the energy range batween 600 and 715 MeV, a.nd therefore to the polari- S

zations of Table I (_Column e).

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

ments; however, we can say that either Ppp(e) is high at this energy, _of :_Ap_c(fs deg)

' ‘rises sharply with decfeasing energy.

Withv-regard to the differential cross sections, wo have assumed

| do/dﬂ lp c @ 6 deg to be avconstant and equal to our meésurcd value at 7257 MeV.v'

The assumption here is baaed on the apparent constancy of the total p~-C ela.stic

cross section5 --a simple square-well optical-model calculatxon lndxca.ted that.

in the energy ra.nge of interest (m 600 to 700 MeV), do/dQ | at 6 deg is nearly

proportional to the total elastxc cross section.

2. Protons on Helium

The differential cross section and polarization Ior protons scattering from

helium are listed in Table II and plotted in Fzg 6. Only in the hydrogen and henum'

&)

B . X
[ U S
X «
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measurements do near-elastice not distort the polarization and differe:ntial-crosa-

section measurements. ~The features are sinﬁilar to the data at 310 MeV, 4,

3. Protons on Other Elements

The beryllium and carbon data are given in Table 1II and plotted in Figa. 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

thé measurements at 40 and 13 deg, it was apparent the results are an averagé

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

An elastic polarization,- which closely follows that of the helium polarization as

the angle approaches the classical diffraction minimum, is:not inconsiatent with

these measurements. The diﬁerential-crosa-section results can be interpreted

és only an upper limit for the ela.stic 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 42, The most striking _featt;xre of the polarization measurements

are that they are so similar at the a;nme laboratory angle, Near-elastics also -

contaminate thé results whenever the gla:stiéodiffracgion minimum ie apéroached_.

The aﬁgular resolution in the measurements of the heavier elementé suffers be-

cause of multiple scattering. Because of these ‘effects, fine details of the scat-

terings are unobservable. This is particularly true for tantalum,
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1v 'OPTICAL MODEL FITTI\IG | C e

The dlfferentlal cross sectlona and polarization t'rom hellum. beryllium,

carbon. ammznum, calcium, iron. and tantalum were analyzed by fitting the ex-
perlmental data with an optical model ln this model the nucleus is represented b

by a complex potential well of the forms - T o T G

8, I ﬁ 4
Vir)=V p‘(r) - ]v le p(r) % lv | e Fe -a-x;p(r)c L,

where v, is the Coulomb potential arislng from the charge dlstrlbutlon p* (r). -
~and p(r) zs the nuclear matter distrlbutlon. and lV ‘e and ]V le e a,re o N :
 the complex central a.nd apln-orbxt potential strengths respectlvely.: ‘I’he imagmary

part of the central nuclear potential can be related to the mea.n nucleon-nucleon PR

total cross section O for the incldent protona by19

Im V (r)zé‘t AT olr) ,
where E ia the total energy of the proton in the proton-nucleua c. m. aystem,
k is its c. m. momentum, and A ia the atomic number of the target pa.rtxcle. '

The nuclear density has been normallzed to unit volume integral

| - .
»vfp(r)@rrdr:i ‘ : : .
z.f-,[za 4 (A - Z)o ]/A.

PP

| Using the optical model, Batty has completed a comprehenelve work on the -

| 'subject ofvecattermgs of high-energy nucleons by carbon, 3 _ He has aolv_ed for‘radil :

and potentials, using carbon experiments from 95 to 970 MeV inelde’nt proton |
energies'. The data of this experiment were analyzed along the lines of Batty'e

formula.tion of the optical model
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For the nuclear diatnbutxons. the same ahapes as found by Hofatadter in h
electron-scattering experiments were used, 20 For the light elements, a modxﬁed

Gaussian wasg used;
9(2') [1 + £ -3-(~)Z]exp[ (r/ai) ] o '

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

its size. For helium f was taken to be zer.o'. ‘reducing the distribution to-a pure

Gaussian, For beryllium f was set to 1/2 and for carbon f was 1, The Fermi

leh'a.ée. ’ |
1

14 ellT-Tlaj

plr) =

wag also used for carbon and -fox; the heavier elements, Here o is the radiué ét -
half-height and a deterrnines the thickness of the edge of the hucleus. To relate

potentials with different radial forms, Feshbach suggests integrating over the

volume of the nucleus and comparing results for the ixrxta.w-.gr.alz1 |
C
V)= V(r) 4nrldr ?

0 N
When the modified Gaussian was vuae‘id. the charge density was assumed to have

the same distribution as the nuclear distributién; When the Fermi model was used,
. the trapezoidal form K | |

pt(r) = i. for r< (ro - 275 a),

o rgraTsa)er. S a
p' (r) = — BT . for(r -275a)<r<(r 4275&), _

p'(r) = 0, for r >(ry+ 2.75 a)

‘wa'a used for the charge distribution, 20 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 beééuee the Coulomb effeét is relatively unimportant
at this energy. | ‘

N
TN
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In fitting tho expertmental data vnth the optzcal-model potential, an
IBM 7090 computer program was used. This program started with tne potential :

in terms of |V | 6 . iV |/‘V | vand (6 -9 ale and with radial values i’or a,

LI

and £ for fitting the modlﬁed Gaussian, or r0 and a for fitting the Fermi form.
g From these. it generated values of the polarization as well as the differential. total.
‘and aiasorption cross section. These values were compared with the correspondmg :

‘ experimental values and x 2 was computer. The pxogram then varied any or all
of tne ﬁrst five of these parametere in a grid manner. attempting always to reducel .
| x 2. Uniqueness is determined by starting the program at different initial values. -.{..v

'The data are fitted well by several choices of the phase of the central potential

: GC.- The solution with a large posltive imaginary central potential and a srnall
_negative real central potential fits the data as well as any. In addition, Batty

shows this solution to fit uicely w;th measurements at other energies. ?-.-Two

ST
: iamilzes of solutions correspond to sin(9 -0 ) in either the first or\ second quadrant. ,V AV 1
., The correspondmg imaginary part of the spin-orbit potential is posm.ve and negative. ‘
respectively. The positive solution ﬁts the helium data better. Combining this with
the showing that at lower energies the real part of the spm-orbit potential is two be L
positive. we took the positive solution to be the correct one. o _ | . :
When the modiﬁed Gaussian was used for fitting the data on the light elements, ]
. the value of the radius a, was allowed to vary. £.a. and ro' were fixed at the ,
- values obtained by electron scattering. _ Because of the absence of near-elastic . |
scattering contaminating the helium data. the potential values found in fitting these ;
B aata are judged most reliable. _ In fitting the beryllium and carbon data, the data :
. from only the first four angles were used because of the high percentage of con- 7‘..1 |

,tarmnation frotn near-elastic states at. larger angles. For carbon. in addition Y

|
. _to the angular distribution and polarization data. the total and absorption cross :»' 1
22-25 ;. - IR o . S

- sections were used
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For the heavier elements. the average proton~nuc1eon cross section ‘0 -
an:l the ratio of the real to xmaginary central potential were fixed at the carbon
values. Only the spin-orb&t potential wae allowed to vary. Data from only the ,
fzrst three angles were used A search was not zna.de for tantalum, but the average | '
value of T and the ratio of all potentials were held £1xed The values of ‘the
potential and related parameters are given in Table IV, The errors on the |
potelnt.ials are crudely estimated by se_einé how xz- varied as these pérameters
changed. The computed .differential cross sectiona and polarization are plotted
alo;g with the data o;n Figs. 6 through 42, The fit ;.vith the data appears gboc_{ when
allowance .is made for near-clastic scattering and angular reaolution.‘ . The ceﬁtx‘al

potential is seen to be mostly imaginary and the rez;l part small and neg.ative." The -

‘phase of the spin-orbit potential is close to that of the central potentiala. This reflects

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

Fermi models for p}oton-carbon acattering were similar; thosé of the modified

Gaussian are plotted in Fig. 8.
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Table 1. Differential cross sections and polarizations for proton-proton scattering,
Column b gives the measured asymmetry of the beam after analysis with
carbon; column ¢ the proton energy at the carbon analyzer, and columns

'd and e the calculated p-p polarizations based on two different: assumpuona g
 -for the energy dependence of p-C. polarization, as ind.icated

B3 bh oh ph b B e

@ ® © A (e
elab .(do_‘/dﬂ)l' a; - Asymmetry Energy at the Polarization Polarization
. (deg) (mb/er)  2nalyzing center of T, [Curve Aof  |Curve Bof
i with carbon S {(MeYV) Fig.3bused =~ Fig.3b used
_ : S for A c(6 deg] ~ for Apc(G’deg]

4.5 57.9 - 0.075%,004 - 748 g 0.250 - 0.246

6.0 5.7 - 0.107+£004 - - 743 B 2 11 L. 0.340

7.3 . 54,3 0.1418+003 - 708 - 0.322 =~ - . 0,369

8.6 46.2 ' 0.429%.004 703 . 0.434 . . 70,391

0.0 45,3 - 0.445%,003 - 694 : 0.483 . 0,433

1.5 38,5 - 0.1662,004 684 0,553 ' v 0,484

3.0 - 377 0.4722,002 674 - . 0.872. - " 0.485

5.3 34,7 7 0.485%002 ' 655 0.609 * 7 0,493

6.4 26,5 . 0.496x004 - 645 . 0.652 . 0.516

8.0 25,2 - 70.1984,003 " 634 7 Ty 0,664 ¢ 70,495 -

0.5 C19.7 T 0.200%, 003 ., 605 ... 0666 ~ . O 482 L

a. These numbers have a reproducibility error of &5% plus an additional error -
due to uncertamty in the enetgy dependence of the p-C crosa uection at 6 deg.
see text, , S ,
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.,m””,_”é%wﬂmpjuwwhj . ”
Differentml cross’seéction and polarization for protoxm

2 scattering from helium T

- ucaL-umb' o

—

D

By
Sme

e

* o 8

TgrgTgrTeTe ' S

[
CLLWWLWEROONTCO N
OHMWOONOCWROOW

[vS
»

e 3gls

. Including

: . Elastic -
AT 30 MeVloes

291
- 288
267

360

T 280
260
ST 448 o
960 0
- 55 é . l"‘, ;'; ‘ LY

. 10.6 -
SN I A S
2.0 i,

i “Polafization

7 0,369%,011
0.4232.040
" 0.4392.018

- 0,446,018
0.3482.033

Both targets helium R .
o bCarbon at the ﬂrsa target, hennm at the second

..:,*", PR ..“, N
.'.",“\.:_-.-'X-v .

SIS St ]

10.393£.014
i0,4432,043

L 0,265%.083
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R :Table III leferential croos aections and pola.rization for
o . proton scattering trom various nuclei

l”.""l ey

ol e S (do/da)lﬁb(mb/ar) N C e u Ciendiie
YT ela.b L Includmg P  Including = . ' " Polavization
' o 45 MeV loes © .30 MeV loss S .

@

. Beryllium .~ S At
4320 w1390 o 7 0.2474.007
- 640 0 e 892 s 0,346,007 -,
384 T T . 428 o a0 0,368£.008
223 vl oo 266 0 i e 0,4444.012
Co437 o 469 e e 0,395,010 7
41 Carbon ..~ 60" S 0.4524.025

24200 .. T s 2240 L T 0,2332,005
1500 .00 1 4580 . 1 0.265%005
970 il o 40400 0 0 0 0,300,003
. B20 i e 570 CLie W -'0,348%,006
446 A S 448 . 0.335%.015
a3 b Ce Bk L 0.4482,028
o, oo Aluminum o I
5480 T oo B30 . .t .. 0.2424.006
L cwe 33200 0 W .. 0.250%,008
© 4540 7 : L4640 - -0 . as 0,2754,007
~ ' : o 0.326%0043
S f‘*gﬁ,-;.;ig,,.o.383g;ozg
CLel 0,443,024
© .. 0.5312,030

-

.

WORNOULA
COCWOOO

[TRVS
- »

L3

.

[T ‘
DO WLWOHOO

.

b
WOoNoL N

0.205+,006 - -
. 0.246%,008
s 0.278£.009
.. 0.3622,019
D 0,446,027
T 0.497%,020

(2
OCCWODD OCWOOO OCWOODO COBWOOO
-3
-3
-8

.

Iron

. 10550 N . 0.4872.006
3910 : o 4170 ' . 0.245%.044
41443 : : ' 1270 o ‘ ' 0.214£,044
285 _ ‘ B 386 o . 0.369%,026
- 292 . ' v o 380 ' O 0.4472.024
245 T o 308 : . 0,4032,018.
. Tantalum ‘ ‘

.

>

[
.

o 44300 o 0.464%.014-
5980 6370 - . 0.485%.014
2870 .. . 3430 o 0.266%,041
1440 ] : 4640 - C 0,349,048
570 707 . 0.365%,023
© 339 - o 434 o 0.4442,023

e & * s &

O~ d OGON.O\U!@- O 6 =~ OO0

>~
.
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Tablg' IV. ”(V)pt.iéal-model parame'éér.s__ .
Element Model Ivcl : o, ,IVSVIVC [ (6_-0) ReV ' vxm'vc' .'R_g'vsx Im Vs— -
' (MeV) - (deg). Lo (deg) " (MeV) (MeV) = (MeV): {(MeV).. .

“He  Gaussian 63+4 97£10 0.052%.004 232 . -7.6 62.2- 0.90 - 3:14 e

‘Be ~ Mod. Gauss,  48%3 100%10 0.037.004 2748 ' -8.4 °  47.6. 0.53 . 1.69

c Mod. Gauss. = 49%3 100£10 0.0354.004 264 . -8.4  48.2-° 0.48 - 1.64

c _ Fermi | . 56%3 100410 0.035%.004 274 -9.6 552 . °.0.59 . 1.86

Al Fermi 548 100 0.030.£.004 29%4 -9.5 540  0.53  1.58 .

Ca Fermi "51.1 " 100% 0.021%.004 464 -8.9 50.3 0.63  0.89 .
“Fe - Fermi ©53.2 100 . 0.026+.004 31%4 -9.2 524  0.51 1.29 -

Ta Fermi . 46.0  100° 0.035% 27* . -8.0 453 047 154

Element . Model . I(ReV,) I(ImV) II(ReVs)I' 4|1(1mvs)| A

A A A A )
N (NfeV - 10-39 cm3) . (amu) v ‘

He Gaussian’ - 34 281 9 32 4.003

Be Mod. Gauss. . ' =52 294 6 21 9.013

C Mod. Gauss. - 57 330 8 22 12.011

c . Fermi - 56 325 7 .23 12:011 . -

Al Fermi - 56 316 6 20 . 26.98 - - ~

Ca ~  Fermi - .55 313 8 12 40.08 .

Fe  Fermi - 55 312 7 17 .7 55.85 E

Ta Fermi .54’ 1309 - 7 22 . 180.95. .- LT

Element = Model £ oa)/A a ro/Ayyy 0 O o o

(1013 ¢m) S * " {mb) < il

‘He ' Gaussian 0.0 0.93%.02 - - 39£3 - 116 - - 90

Be Mod. Gauss. = 0.5 0.82%.02 - - 3823 251 192

c . Mod. Gauss. 1.0 = 0.73%.02 - L 42#3 324 235

c - Fermi - 0.50 0.98 ~ 423 334 244 .

Al Fermi : - 0.60 '1.00 . 42% ° 649 454 )

Ca " Fermi - - - 0.57 - '1.06 42* 891 * 598 .
' Fe Fermi - - 0.57 1.06 42 1121 729 )

Ta - Fermi " - - 0.64 . 1.14 42 2813 1690
. 2Held fixed during aﬁalyéls )
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" Fig.

- Fig.

e vcRu-itdse

e ncumc m:cmns

1 Bea.m la.yout e e /‘ ,

?. Beam profiles after spectrometer for protons doubleoscattering fro - s

carbon for (a) 0y=3 deg' and ' (b) 9 = 13 des. - Counter 6 is on the h18h-' o

L energy side. . Each counter nubtenda 5 MeV. '_ The increased apread in (b)

8 fig.’

. Fig.

Fig.

Fig.

is due to the grea.ter proportion of near~e1aatic ecatteringa produced at
the 1arger angle. '- : _ | | |
3. (a) Difierential crols eection and (b) vpolarizatlon vs eneegf; £'romm.
protons on earbo__n at odeg (lab) v . Ref 8. O Ref 9 9 R.ef 10.
A, Ref. 4; ] ‘_'A . Eet ‘ 14 O Ref 12 (acaled dovm from 6 33 deg),
@, ~Ref. 13; B . thia experiment. V. » Ref, 5 (extrapolated),

4. Differentxal cross section and polarization vs angle for protone on protons._, o
The upper ( AL,) and lower ( v )} mets of pola.rlzation points are derwed R

" from Curves A end B respeetively on Fig. 3. The error bers on the eross

‘sections include the S%jr_eproducibilit'y error but not the unce:teingy _in _the

p-C cross section. S e - L L

5 - Maximum pp polarization as a funetlon of energy. @ ., Ref 14-
O, Ref. 15 8, Ref. 16} 3, Ref, 173 V., Ref. 7; @ zm

| experiment (A and B refer to the choice of valuea for p-C polarizatxon. , o

Fig. 3b);. ¥V , Ref. 18.

6. Differential cross section and polarisetion vs angle for protons on helium

The curves are the result of the optical model for elastic scattering. with the S

potentials and radia.l valuee given in Table IV,
A Includes elaetic events only

0 Inclndes inelaatic events to about 30 MeV lou. o




S Fig.’ 7 mfferential cross aection and pola.rzzation vs angle for protons on §

| "Fig. 8 ‘Differential « crou aection and polarization va a.ngle £or protons on

_' Fxg. 9 Differenti&l cross section and polarization vs angle for protons on

- Fig. 10, Differential cross s;eceion and polarization va angle for prbtdns -6n
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ber)'mum The curvas are the result. of the optica.l model for elastic -
L scattering, with the petentiale and radial valuea given in Ta'blg 1v
o Inclndea inelasnc eventn o about 15 Mev loss = e

A Includes melastxc events’ to about 30 MeV loss.

caxbon-. The curves are the result of the optical model for elastic ‘
scattering. vrith the potentials and radial valuea given in Table IV. s .
0 Includes inelaatic events to about 15 MeV loss = i

A Includen inelastic events to about 30 MeV loss. ¢

alumimam. The curves a.re the reoult of the optical model for elastic
N

scattering. with the potentiala and radial va.lues given in Table I'v'

R

a Includem inela.mxc events to about 15 MeV losos RN

A Includes inel&ati* eventa to about 30 MeV loss,

' caleium, ’I‘he curves are tho result of the optical model for elastic
scattering, with the potentials and radial values given in TAble IV
a Includes inela.ﬁtic: events to about 18 Mev loas : o

A— Includea 1ne1astic eventa to about 30 Mev loss.

ffig. ii. Differential cross section and polarization vs angle for protons on
iron. 'The curves are the remm of the’ ‘optical model for elastic slcatteringa
with the potentials and radial values given ig Table IV. NP

- Includea inelaatic eventts to about 15 MeV loss

A Includes inelaatic events to about 30 Mev loss. ‘




i Includes inelastic events to. about 15 MeV loss

A Includes inelastic evente to about 30 MeV 1oas. ‘ ,'. "
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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.



. . - B - ) /
) . : ’ o s
L : oo ’ ) v
.
; P . 3 i L
i e A i . N L ) : s
. : ; : N y / |
P 3 . | |
' . )
¥ . . ‘
3
a

-
Boe o @ ;.

-
.
iy y
i
s
.

AR R
s

-
i






