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THE POLARIZATION OP PROTONS ELASTICALLY SCATTERED PROM CARBON 

I. Introduction 

Although the nature of nuclear forces is still only part¬ 

ially understood, in recent years considerable knowledge has 

been obtained from the analysis of nuclear scattering. The 

earliest experiments were done with alpha particles, and gave 

rise to the picture of a short-range, spherically symmetric 

nuclear potential. The availability of beams of protons, 

neutrons, and deuterons made it possible to investigate the 

dependence of nuclear forces upon the spin of the particles. 

These experiments caused the model of the nuclear potential to 

be modified; a spin-orbit term had to be added to the poten¬ 

tial which depended on the relative orientations of the spins 

and the orbital angular momentum. The fundamental evidence 

for this modification came primarily from the scattering of 

nucleons from helium and from deuteron stripping reactions. 

On the basis of this revised version of the nuclear pot¬ 

ential, the Hnuclear shell model” was postulated. Since the 

magnitude of the spin-orbit potential is responsible for the 

energy spacing and the ordering of the energy levels in the 

shell model, it is desirable to obtain experimental measure¬ 

ments of its effect to check the model^s predictions. 

1. Mayer and Jensen, The Theory of Nuclear Shell Structure. 
John Wiley and Sons, p.54. 
Peenberg, Shell Theory of the Nucleus. Princeton, p.22. 
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The measurement of the polarization of the scattered 

particles provides this information directly, for in the 

absence of any spin-orbit potential the polarization is 

zero. It is easy to see how this polarization can be ob¬ 

served: In a scattering process the Incident particles of 

a particular spin orientation are preferentially scattered 

to one side or the other by the spin-orbit force. This 

produces a partial polarization of the scattered particles. 

If a narrow beam of these particles is allowed to scatter 

again, the preferential scattering by the spin-orbit force 

will produce a marked asymmetry in their angular distribu¬ 

tion. An experiment of this type is called a double-scat¬ 

tering experiment• 

Several experiments have been done in which the polar¬ 

ization has provided important insight into the nature of the 

spin-orbit interaction. In the following paragraphs some of 

these experiments will be briefly summarized. 

In the elastic scattering of spin \ particles from spin 

zero nuclei the angular distributions are relatively insensi¬ 

tive to the spin-orbit splitting of the scattering phase 

shifts; thus, in general it is not always possible to deter¬ 

mine a unique set of phase shifts. The measurement of the 

polarization provides additional information which can serve 

to reduce the number of possible choices. This problem first 

arose in the analysis of the elastic scattering of protons 

from helium.3 The angular distribution data could be fitted 

3. Critchfield and Dodder, Phys. Rev. 76. 602 (1949). 
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■by two entirely different sets of P~wave phase shifts. Since 

the two choices led to extreme differences in the calculated 

polarization., only a very crude measurement of the polariza¬ 

tion was necessary to determine the correct choice.^ 

The analysis of proton polarization has also provided 

information about direct interaction processes. The polar¬ 

izations of protons from (d,p) processes have been investi¬ 

gated and have given enough additional information to reject 

several of the possible descriptions of the process,5S6 

In the elastic scattering of protons from more complex 

nuclei the polarization measurements have served in the deter¬ 

mination of the optical model parameters. It Is of interest 

to note that the polarization curves as well as the angular 

distributions have been successfully fitted using optical 

potentials.^*® 

All the experiments mentioned above have used either (A® 

or He^ as analyzers. The polarizations resulting from scat¬ 

tering from these substances were calculated from the phase 

shifts which were deduced from the elastic scattering angular 

distributions.4 5 6 7 8 9a10 These calculated polarizations are plotted 

as contours of equal spin polarization as a function of energy 

4. Heusinkveld and Freir, Phys. Rev. 85,, 80 (1953). 
5. Juric and Cirilov, Phys. Rev. 1120 1224 (1958). 
6. Juveland and Jentschke, Phys, Rev. 110, 456 (1958). 
7. Nishimura, Phys, Rev, 110, 1166 (1958). 
8. Warner and Alford, Phys, Rev* 114, 1338 (1959). 
9. Reich, Phillips, and Russell, Phys. Rev, 104, 143 (1956). 
10. Phillips and Miller, Phys. Rev. 112, 2043~7l958), 
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and scattering angle. 

Contour maps of spin polarization for p He^- and p + G 

scattering are shown in Figures 1 and 2. It is of interest to 

note that the regions of high polarization are found not only 

in the neighborhood of the resonances but also occur relativ¬ 

ely large energy distances from the resonances,^ 

Only a few direct measurements of these polarizations 

have been attempted. The polarization of protons scattered 

from helium has been measured by double scattering at several 

energies and angles* showing good agreement with the calcu~ 

lated valuesThe purpose of this paper is to report on the 

direct measurement of the polarization of protons scattered 

from carbon* and to compare the results to the predictions 

deduced from the phase shift analysis 

In the low energy range there are two regions of high 

polarization for the scattering of protons from carbon. These 

regions are in the neighborhoods of the resonances at 1.67 Mev 

and 4.80 Mev (proton bombarding energy). The 4o80 Mev region 

was studied with a double scattering experiment using carbon 

for both scatterings. The low energy region was studied by 

first scattering from helium and then from carbon. 

To perform these experiments a polarimeter was designed 

and built j part of this paper will deal v/ith the construction 

and uses of this instrument. 

11. Phillips and Miller* Interactions Nucleaires aux Basses 
Energies* p.522„ Comptes Rendues du Congres Inter¬ 
nationale de Physique Nucleaire* Paris* July* 1958. 

12. Scott, Phys. Rev. 110* 1398 (1958)* 
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II, The double scattering of protons from spin zero nuclei 

Where no spin-orbit forces are present the angular por¬ 

tion of the asymptotic expansion of the wave function* repre¬ 

senting the scattering from a Coulomb plus a short-range nuc¬ 

lear field* is given by?13 

(1) 

Where 

and 

OP 
^ (z£+0 Sinf^(cos>0) 
4=0 

t 

rr = r(&*i :r\ 

^ Z? e2 
42k J- 
_ C/, 

7 / (TZ rn*Lc) 
nd-ic) 

z 
s/V-f 

^ “ J 

The above symbols are defined as follows? 9 is the 

scattering angle in the center of mass system* K is the 

wave number of the incident wave* X is the orbital angular 

momentum quantum number* Sj, is the phase shift for the 

partial wave* j( is the reduced mass, Ze is the charge of the 

incident particle* Z’e is the charge of the target nucleus* 

and h is Planck’s constant. 

If It is assumed that the potential depends not only on 

X through the centrifugal barrier but also on the relative 

spin orientation through a spin-orbit force* then it la seen 

that a separate phase shift is required for each spin orien¬ 

tation, Thus Instead of Sg, a set of phase shifts 's> ° ° 

13, Schiff* Quantum Mechanics* Me0Graw-Hill* 120* 1955, 
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.r’e<luir,e<i for each value of jl * This assumes, of 

course, that the spin-orbit potential is of short-range; no 

attempt is made to separate this potential into the portions 

due to the nuclear or to the Coulomb field because both may 

be treated as short-range interactions* 

Consider now the scattering due to just the nuclear plus 

spin-orbit potential for thej£ ^ partial wave of particles 

with spin orientation ms« 

Thus by summing over Ji and adding the scattering due to 

the Coulomb field, the total angular wave function is obtained 

for incident particles of spin orientation ms* 

Now, this expression may be applied to the case where the 

incident particles have spin Calculating the Cieb3ch- 

Gordon coefficients, the angular momentum eigen-functions are 

and the are constants chosen such that in the absence 

of the spin-orbit force (2) reduces to thewave term of 

(l)o 

(3) 

obtained: 
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^ 
H-

 
- fi

¬ ll / -^ \i v° C + V2JU!/ U Oj_ z 
/ -4+1 \Lyi <- 
v XJ£+I ) U ->-_L t 2 

4 * — 
Ui>Yr'Su. + 

Z 
( 4-t 
l iA4i; u b-x . 

4^ _ 
^SL-i ~ -(i£4Y;'5, + (—\ * V6 s \-2.JL-nJ U 3-JL , 

2. 2. 

Using the following relations these equations may be put 

in a more convenient form* 

7T, W\ 
i.mcp 

JL 

[ 
{T-fr 

(za+ou-**)! C^RUcoS©) 

d (cos 6^ . 
(m>o) 

i-»r iC *"w 
( o) 

Thus 
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In this simple case the e^x^may "be obtained by inspec¬ 

tion, so that the wave functions may be written in their final 

form. 

Ift . 
L , cL , 
e H- Qe 

*1 
51^ 

To facilitate the rewriting of these expressions, the 

following abbreviations will be mades 

Since the portion of the wave function corresponding 

to the spin-flip is incoherent with respect to the incident 

wave, the angular wave function may be written in the follow¬ 

ing manner, if it is assumed that the incident beam is unpol- 

arizedt 

■+ e 
5 



where K is a random phase angle. 

Sinee the scattering is cylindrically symmetric* it is 

sufficient to consider only scattering in the y-z plane 
_ . »J 

{f6 a1,e sit). So thatg 

The scattered beam defines a new set of coordinates 

The Pauli spin matrices for these coordinates can be 

expressed as linear combinations of those of the original 

coordinates: 

$z' = Cos 0, 4 0^ sm 6, . 

<X)1 “ @y C.OS 3lV\ 0| « 

(Ty} “ Oy T 

The expectation values corresponding to these operators 

may be calculated* but because of the random phase 

product terms do not appear. Thuss 

the cross 
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0*' “ 2-k1 

The polarization can now be obtained from these expect¬ 

ation values, and it is found that the scattered beam is pol¬ 

arized only in the direction perpendicular to the plane of 

the scattering: 

i 

?< = 

: Pz 

?*> « 

= TV = 0 

P* = 
l ( - Tc IT) 
ifj*-* iitr 

Ifel1 -t I k\* 

z 1M?) 

UeP+Uil* 

How upon redefining the scattered wave in the new system 

of coordinates, 

fT 

WaS 
Where 0^(0,)-  ^  

and cK and ^ are random phases* 

the differential crosssection. 
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This beam is considered here as a completely polarized 

component plus an unpolarized component. Since these com¬ 

ponents are incoherent* they may be treated separately. If 

the beam is now allowed to scatter again* the second scattered 

beam is the sum of the scattered beams from the polarized 

and unpolarized components. Thus first treating the polar¬ 

ized components 

? 
2. 

Sc- 
ik 

c 

where the ^ and the are analogous to the and rC of the 

first scattering. The differential crosssection for this com¬ 

ponent is given bys 

XvWScjf) S ‘^1. 

How consider the scattering of the unpolarized beam. 

Since this beam is unpolarized it is treated in the same man¬ 

ner as the incident beam. 

= ci te) aim (I-TV) 

The total crosssection for the scattering of the part¬ 

ially polarized beam is given by the sum of the crosssections 



12 

for the two components! 

07,;L(6IJ — CTija -4- 

Where Px^ is the polarization from the first scattering, 

and Px,2 the polarization from the second scattering* 

Thus the double scattering crosssection has its maximum 

when $ is ~^/2 and its minimum when £ is ="^2. If detectors 

are placed at these angles, the greatest possible asymmetry 

will be measured. If R is the counting rate for f6 ■ ~^/2, 

and L is the counting rate for $ s -"V2, then the asymmetry 

is given bys 

R R Xj 1 XjZ, 
0 
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III. Description of the equipment 

A. The Polarimeter 

In designing the polarimeter the following requirements 

were found to be necessary to insure its successful operation: 

1. The polarimeter should be free to rotate about the 

first scattered beam while maintaining a vacuum. This rota¬ 

tion would serve to eliminate differences in counter solid- 

angle or counter efficiency. In addition this rotation 

would permit the expected ^ dependence of the polarization 

to be observed. 

2. The counter solid-angle for the second scattering 

should be as large as is feasible (with respect to detector 

size) so as to insure a reasonable counting rate. 

3. The background must be reduced to a minimum because 

of the low counting rates involved in this type of experi¬ 

ment . 

4. The optical joints in the detectors must be trouble- 

free and unaffected by the rotation of the polarimeter. 

5. The phototubes must be shielded against the changing 

magnetic fields encountered in the rotation. These effects 

would produce a change of the counter pulse size as a function 

of $ if they were not eliminated. 

The key piece in the construction was the bearing^as is 

shown in Figure 3b. It is composed of a brass beam tube and 

an aluminum bearing mount. The beam tube is held stationary 

by the first scattering chambers while the bearing mount is 

attached to the polarimeter. Since the polarimeter is rela- 
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tively heavy* two Fafnir 200W ball bearings are used to main¬ 

tain alignment and support the weight of the polarimeter. 

The rotating vacuum seal is made by an ,,Ow-ring which lies 

in a groove around the beam tube. The MOtt-ring is compressed 

by the close clearance (,008M) between the beam tube and the 

bearing mount. 

The scattering chamber of the polarimeter is attached 

to the bearing mount* and the alignment of the two is in¬ 

sured by a recess in the front face of the scattering cham¬ 

ber. A similar recess in the rear face of the chamber serves 

to align a larger aluminum McanM* which is so constructed as 

to prevent scattering from the walls of the chamber into 

the detectors. Attached to the scattering chamber are the 

two asymmetry detectors and the two target holders. A third 

detector is attached to the 1*eanw* 

The three detectors are Gsl (Tl) scintillation crystals 

with Dumont 6292 photomultipliers. The two asymmetry detec¬ 

tors have large solid-angle (^0.10 steradian) and use 1.75p 

diameter, «005w thick crystals. The other counter is used to 

monitor the first scattered beam* and thus has a small solid- 

angle and uses a small* relatively thick (^l/20,f) crystal. 

The large crystals are permanently mounted to lucite 

disks. These disks are held to the glass, which separates 

the vacuum system from the photomultipliers, with Dow-Corning 

silicone vacuum grease. Mechanical strength is provided by 

means of a silicone nOM-ring which is fitted tightly around 

the lucite disk and then cemented to the glass. 
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The optical joint between the photomultiplier and the 

glass is an oil joint using a clear mineral oil. The oil 

is prevented from escaping by means of an ttOW“ring around 

the photomultiplier which is compressed when the tube holder 

is bolted to the polarimeter. The preamplifiers are also 

attached to the tube holders; thus preamplifier, tube, and 

tube holder become a rigid unit with the polarimeter. This 

form of optical unit has proved itself to be extremely satis¬ 

factory in use; in the three months of use proceeding this 

report neither the crystal nor the oil joint has had to be 

changed. (See Figure 4.) 

B. The first scattering chamber 

The chamber used in the double scattering from carbon 

was built by P, M. Windham. It provides for 90° scattering 

(laboratory system) from a solid target. It was used because 

the target holder is self-aligning and because of the ease 

with which the beam can be correctly aligned. (See Figure 5.) 

For the helium - carbon scattering a special chamber was 

designed. It also is for scattering at 90° (lab), because 

it is at this angle that the polarization of the scattered 

protons is a maximum. (See Figure 6.) 

C. Electronic equipment 

The pulses from the two asymmetry detectors were fed 

into a BCL 256 channel pulse height analyzer and into an 

Atomic Instruments 20 channel analyzer respectively. Both 

of these instruments contain their own amplifiers, so the 
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pulses could be fed directly from the preamplifiers. The 

monitor counter pulses were fed into an Atomic Instruments 

five channel pulse height analyzer after first being ampli~ 

fied. The charge collected by the Faraday cup was measured 

by a current integrators which works on the principle of 

charging a standard capicator to a known voltage. 

In this type of experiment the only important data is 

furnished by the asymmetry detectors. Howevers the beam 

monitor proved useful in the calculation of the thickness of 

the first target. The current integrator facilitated the 

maximizing of the proton beam from the van der Graaff acceler~ 

ator . 
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IV» Experimental Procedure 

A. Alignment 

In an experiment where an asymmetry is measured, any 

misalignment can obscure the effect to be measured,, The 

construction of the polarimeter insures the correct align¬ 

ment of its components, so that the only possible misalign¬ 

ment can be in the positioning of either the target or the 

beam0 The alignment of the target is greatly simplified by 

the small window in the first scattering chamber„ The tar¬ 

get holder is put in position with a clear plastic film 

instead of the target; by sighting through the monitor slit 

of the polarimeter it can be determined if the center of the 

target is on the center line of the polarimeter» The beam 

is then centered on the target by replacing the Faraday cup 

with a quartz plate and then centering the beam with the 

target in place. 

B« Measurements and Errors 

The peaks in the recorded pulse height distributions 

due to the twice scattered protons were readily discernible . 

In neither experiment was the background excessive or was it 

difficult to separate it from the peak. Each data point 

consisted in taking approximately two hundred counts in the 

peak; then the polarimeter was turned through 180° and the 

point repeated. This procedure was usually repeated several 

times at each data point, the exact number of times being 

determined by the magnitude of the effect observed. The 

experimental uncertainty in the asymmetry, due to counting 
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statistics* is given by “^7LT * higher order terms are neg« 

lectedo 

Another source of possible error is the asymmetry due 

to the angular distribution of particles over the first 

scattering solid=angle« At 90° this effect will in general 

be small* because the variation of the crosssection across 

the solid-angle is relatively smallc However* at more for¬ 

ward angles this effect could become much more pronounced 

and could completely obscure the asymmetry due to the polar¬ 

ization,, This fundamental asymmetry* (X * cannot be avoided* 
but its effect can be estimated from the angular distribution 

point on the target to the right and left respect- 

ivelyj and ©gR is the average angle for scattering into the 

detector on the right* and ©g^ is the corresponding angle for 

the left detectoro Though this integral cannot be carried 

out analytically* it can be done graphically. (For a discus¬ 

sion of this procedure see the appendix.) In the two experi¬ 

ments that were done* the errors due to this effect were 

found to be negligible in comparison with the statistical un¬ 

certainty. 

datas 

Here and S&t, are the solid angles for detection at the 
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V. Experimental results 

Ao The double scattering of protons from C-^ 

In order to investigate the polarization of protons 

from (A^(PSP)G-^ in the vicinity of the 4„80 Mev resonance., 

protons were doubly scattered from carbon targets® The 

first of these targets was a ncraekedw carbon foil with a 

thickness of 1„0 mg/cm„*% It was necessary to use this 

thick a target because of the low cross section (^*05 bams) 

in this energy region,, A sheet of ®00025n mylar was used 

as the second target because of its availability in thin9 

uniform sheets® 

The counting rates for the asymmetry detectors were 

very low 6 counts per minute for a 2/j amp beam current); 

but since there was no appreciable background at this energy 

the pulses due to the twice scattered protons were easily 

resolved® (See Figure 7®) 

The asymmetry due to the angular distribution of part= 

icles from the first scattering was calculated to be less 

than ,005® (See the Appendix) Thusp in this case it is 

seen that this source of error may be disregarded completely 

in comparison with the statistical uncertainty. After each 

data point the polarimeter was rotated through 180° and the 

measurement repeated® Ho systematic deviation was ODserved 

between the two measurements,, and in all instances they 

agreed to within the statistical uncertainty. 

At 4®78 Mev the asymmetry was measured as a function of 

$62s and as can be seen in Figure 9 the results show the sinu 
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soidal behavior that is predicted by the theory. The magni- 

tude of this effect Is, however, in poor agreement with the 

value that is predicted from the angular distribution data, 

(See Figure 8j) 

The asymmetry has been measured as a function of the 

energy for bombarding energies from 4.7 to 5.0 Mev. Since 

carbon was used for both scattering, the calculation of the 

polarization from the measured asymmetry involves two un- 

known quantities - the polarizations for the two scatterings. 

For this reason the predicted polarizations are used to cal- 

culate the predicted asymmetry so that they might be compared 

with the experimental results. The agreement between the two 

is good with respect to the sign and the general behavior, 

but is poor with respect to the magnitude of the effect. 

Because of the good experimental conditions under which 

this experiment was done, and because of the self-consistency 

to the data, it is difficult to reconcile, the predicted and 

experimental results. In Section VI this lack of agreement 

Is discussed in relation to the accuracy of the experimental 

phase shifts. 

B. The double scattering of protons from He^ and (A® 

This experiment was. done to study the polarization of 

protons elastically scattered from carbon in the energy 

region around the resonance at 1,67 Mev, The protons were 

first scattered from helium in a region of high polarization 

(2.5 - 3.0 Mev) and then resoattered from carbon. The 

energy loss in the first scattering reduced the energy of the 
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protons to that of the region of interest for the C^(p*p)cl2 

reaction* 

The helium target was maintained a pressure of 20w of 

Hg* corresponding to an effective target thickness of 6*10 

mg/cra.2* The team entrance window of the gas target was of 

•0001“ nickel and caused an energy loss of 150 kev for the 

incident protons* The scattered particles left the target 

through a «00025w mylar window* These protons then had an 

energy of 105 to 1*8 Mev with an average energy spread of 

30 kev due to the target thickness* The energy spread due 

to !Jstragglingtt of the protons in either the entrance or 

exit foils was found to b© completely negligible* 

Because of the low energy of the detected particles and 

the very low counting rate (*/4 counts per minute for a 3 A 

amp beam current)* there was an appreciable background in the 

pulse height .distribution in the region corresponding to the 

doubly scattered protons* (See.Figure 10*) This,, of course* 

caused additional, uncertainty in the measured asymmetry* 

For comparison with the observed results the predicted 

polarizations were averaged over the counter solid-angle* 

(See the Appendix) To deduce the polarization from the mea¬ 

sured asymmetry the polarization of the protons scattered 

from helium was taken to be the accepted value®ii»15 It is 

seen that the trend in the measurements, is the same as the 

prediction^ however* the agreement in magnitude leaves much 

14* P« D* Miller* Ph.D* Thesis* Rice Institute* 1958. 
15* K® W* Brockman* Phys. Rev* 110* 163 (1958)* 
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to be desired* (See Figure 11^ Because of the experimental 

difficulties encountered with the high background, it is. 

impossible to make any definite statement concerning this 

disagreement* In spite of this, the correspondence between 

the general trend of the measurements and the predictions 

seems to confirm the overall behavior of the polarization in 

this energy region. 
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VIo Discussion of the results 

A« Possible phase shift errors 

In the previous, section it was noted that in the 90° 

scattering of protons from C-*-9 near 4®8 Mev, the magnitude of 

the experimental asymmetry did not agree with the value that 

was predicted from the phase shifts,, This has also been ob¬ 

served by Grace and Evans at HarwellFor scattering at 

60° they observed that the polarisation was about twice the 

predicted value in the energy range 5*0 to 4®0 Mev0 

Since Pg8(cos ©) is zero at 90°, the chief contribution 

to the polarization at this angle comes from the splitting 

of the P=wave phase shifts0 This is not the case at 60°, 

where it has been observed that the polarization is insensi¬ 

tive to the P-wave splitting but is strongly dependent on the 

splitting of the D=wave phase shifts® Because of these two 

facts it is reasonable to suppose that the observed polari¬ 

zations, as well as the angular distributions, may be fitted 

within the experimental accuracy by causing further splitting 

in the D-wave phase shifts, while at the same time reducing 

the P-wave splitting® 

In the study of the elastic scattering of protons by 

Reich, et alo, complete angular distributions were taken at 

4*613 and 4®964 Mev®9 At other energies only excitation 

curves were taken at several angles® For the purpose of 

phase shift modification, the complete angular distributions 

have been reanalyzed to determine how small phase shift mod- 

16® Private communication and preprint of a letter submitted 
to the Physical Review® 
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ifieations affect the fit to the experimental data® 

To explain the data found in this experiment it was nec¬ 

essary to decrease by 105° and increase 81“ by 2® 5° over 

the energy range from 4®0 to 5®0 Mev® This modification pro- 

duces a fit to the angular distributions that is within the 

experimental and statistical error® (See Figures 123,13*14,) 

To fit the angular distributions at 4®613 and 4«964 Mev it 

was impossible to add any additional D-wave splitting® How*= 

ever at 4®0 Mev the effect due to decreasing Sg^ by 2° and 

increasing by 2° is within the experimental and statists 

cal uncertainty® This is sufficient to explain the Harwell 

data if* starting at 3»0 Mev* 82^ is gradually depressed and 

5g“ is gradually increased® From 4®0 to 4®5 Mev this trend 

is reversed so that the phases return to their* derived val¬ 

ues at 4®6 Mev® 

When these modifications are taken into account* the 

measured asymmetry agrees both in magnitude and general be¬ 

havior with the predicted result* as is shown by the solid 

curve in Figure 8® 

B® New Experiments 

The conclusion that may be drawn from these results is 

that small changes in the phase shifts may cause large varia¬ 

tions in the polarization without perceptibly affecting the 

angular distribution® This makes it very nearly impossible 

to predict accurately the magnitude of the polarization from 

the angular distribution data* and raises questions as to the 

detailed correctness of the polarizations deduced from the 
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He4(p<,p)He4 and He^(H©3®He®)He4 reactions® Gonversely® re¬ 

latively crude polarization measurements at several angles® 

together with the angular distributions® can serve to deter¬ 

mine the phase shifts far more accurately than is possible 

from the angular distributions alone® This accuracy becomes 

increasingly important in light of recent work® in which the 

experimental phases were used to construct the nuclear den¬ 

sity of statea,function®18 

A possible new experiment for polarization measurement 

involves the scattering of spin g particles from spin ■§• 

target nuclei* Polarization measurements here can show dir¬ 

ectly whether channel spin is. .conserved® (This is treated 

at length in the appendix®) 

17® Biedenharn and Griffy® Rice Institute (to be published)® 
18® Biedenharn and Phillips® Rice Institute (to be published)® 
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VII* Appendix 

A® The scattering of protons from unpolarized spin ^ 
nuclei 

The complexity of this problem makes the complete analy¬ 

sis of the experimental data in terms of the scattering mat- 

rix or phase shifts rather formidable® In general this 

approach is not feasible,* and some means of simplification is 

sought® One method that has been used with some success is 

that of the optical model; howeverp while this can give an 

estimation of the strength of the spin-orbit force9 its appli 

cation seems somewhat artificial„ Another type of simplifi¬ 

cation was made recently in the analysis of the elastic scat¬ 

tering of protons from ol3®19 in. this ease the analysis was 

simplified by assuming that the channel spin was conserved 

in the scattering® 

The intention of this section is to investigate this 

assumption for a special case and to find out If a polari¬ 

zation measurement could check on its validity® 

The following table represents the formation of ^sharp11 

states in the compound nucleus (if14}® The s0 and 10 are 

the initial values of the channel spin and orbital angular 

momentum respectively; while sf and If are their final values 

s© 

0 

0 

3=o 

0 

-t 
Sf 

0 

0 
1 

if 

0 

1 
1 

Thesis, 19 o E® Kashys Ph®D0 Rice Institute 1959 
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0 

1, 

2 

0 5 

1 0 

1 1 

1 2 

1 5 

J' 

3^ 

1“ 

2^ 

1“ 

2“ 

3” 
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3^ 

4,4 

Sj» 

0 2 
1 2 

0 3 
1 3 

X 0 
X 2 

1 1 

1 
0 

X 
1 

X 
X 

X 
3 

X 2 
X 0 

X 2 
0 2 

X 
X 

I 
X 

2 
4 

3 
X 

X 3 
0 3 

X 3 
X 5 

It is thus seen that for J « the initial and 

final channel spins may be different0 The simple problem 

that will be considered her© is that of a sharp X^ state« 

The following work will neglect completely the effect of 

partial waves with JL$ X0 

Where the incident beam and the target are unpolarized 

the polarization of the scattered protons is given byt^® 

20* Co BXochp La Theorie des Reactions Nuclealres<, Commis° 
sariat a l8Energie Atomiquep Service de Documentations 
Saelays 1955P p»238« 
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P(6> (r(S) sln<f, = ukWir-H) zI<mi.m»iLSU+|-nrlb^) 
"VM 

where <rf0) = ftsk*l)W'Y ^ Ok^l UU"I ( 

!VIS,Mv- 
i 

and <^raY|U|m*vw*> = 
£J*-J ■''&, 

For our simplified case this becomes s 

ftu.* * 

and for s i: s ITV*£Y^ <*1 ^Vy^mbUt>Ww^# 

By considering the symmetry of the scattering process3 re- 

lations may be found between the elements of U. As before 

let & s ^/20 

^A"il- 4iilUrs'5/? = b . 

<4ilu|-H>-<-HlKlH> - o . 

<T-2lUKx>= - K . 

<HlUI4r> = <rs-i|Ulf-f> = P, . 

<-i-!IUl-K> = = & . 



<±-±iuii±>-<-HlUM-i>- 6. 
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Thus the matrix U can be written: 

fa ?. o\ 
! P4. b k 6 \ 
\ P* k b fit-1 
\ o pt a «./ . 

And the final result is obtained: 

crCa)- lfcr-uu+ - 4Ciq|MH,4ikiI+i{’F+ 

PM («*& 4 b*e) +(k*R ^ f? k)  
N1-*iUs + ik|2J,ie,il+ ip„p +1ft,!*- * |f,|2 . 

Consider now the meaning of the individual terms of Us 

lo a represents coherent scattering for s.s 1« 

2* b represents coherent scattering for s * 0o 

3* k represents incoherent scattering in which both spins 
are flipped for s g 0o 

4« represents incoherent scattering in which the inci- 
dent particle is flipped from a s 0 to s s 1, 

5* fj* represents incoherent scattering in which the target 
nucleus is flipped from a s 0 t© s s le 

6« represents incoherent scattering in which the inci¬ 
dent particle is flipped from a - 1 to s ® 0. 

7„ represents incoherent scattering in which the target 
nucleus is flipped from s s 1 to a 0o 

The result of the assumption of channel spin conserva¬ 

tion is now clearly visible! if channel spin is conserved 



50 

^ s fa & & fa s 0. This implies that the polarization 

is identically equal t© zero* The validity of this result 

can thus he easily checked by a measurement of the polar- 

ization of the scattered particles. 

In light of the results of similar experiments* it seems 

rather unlikely that there will be no polarization effects. 

It thus appears that this assumption places too strong a 

restriction upon the analysis<, 

An alternate simplification of the problem is suggested 

by the form of the numerator of P{©). If the incoherent 

scattering is small in comparison with the coherent scat¬ 

tering,, the term kss^ - will be smaller than the two other 

terms and may be neglected as a first approximation. This 

then reduces the analysis to essentially that of scattering 

from a spin zero nucleus. 

This assumption in n© way implies that the spin of the 

target is not flipped* it only implies that its effect on 

the polarization is small. In this manner it may be possible 

to predict accurately the polarization from the angular dis¬ 

tribution data without treating the problem completely. 

B. The calculation of counter solid-angle 

The counter solid-angle is completely defined by the 

first and third slitsi the second being used to minimize 

scattering from the chamber walls into the counter. Since 

the slits are circular* all parallel crosssections of the 

cone formed by the point on the target and the slit are also 

circular. Consider the cones formed by the first slit and 
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by the third slit. The solid-angle of acceptance for the 

counter is thus represented by the points common to the two 

cones. It is now seen that the counter solid-angle is given 

by the orthogonal projection of the area of the intersection 

of the two circles in the detection plane, divided by R^. 

The radii of the two circles as well as R may be obtained 

using the methods of projective geometry. 

The beam spot on the second target is roughly ellipti¬ 

cal j thus, at each first scattering angle, 0^, the solid 

angle also depends on the width of the ellipse at that angle. 

The fa dependence of the solid-angle is symmetric about tT/g 

with the maximum solid-angle at this point. Because of this 

symmetry the dependence can be expressed by a factor of 

proportionality, If . The results of these calculations are 

^ S2i_) and *j(,&K“i2u) versus 0^. 

(See Figures 17 and 18«) 

plotted in the form ff 
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C„ The calculation of the error due to the angular 
distribution of the scattered particles 

The results of this section follow directly from those of 

the previous section and from the formula on page 23» The 

integration over ^ taken in to account by ^ , and the 

©1 integration is done graphically, using the experimental 
Q 

values of the differential crosssection. 

This source of error is dependent on the orientation of 

the polarimster and upon the energy of the incident protons. 

Since measurements are taken at both horizontal positions for 

each energy, the quantity of interest is the average of the 

errors for the two orientations. 

For the carbon double scattering experiment the maximum 

error introduced in the energy range studied was less than 

0,5^. For the helium scattering this was somewhat greater, 

having a maximum error of 1.2 

The error introduced by the difference in ©2 for scat¬ 

tering to the right or to the left was neglected in the 

treatment above. The magnitude of. this effect has been cal¬ 

culated, and. in both cases is completely negligible (less than 

Qo2%)„ 

Do The calculation of the asymmetry from the polariza¬ 
tion 

Because of the large counter solid-angle, the predicted 

polarization must be averaged over a range of angles in order 

to be compared with the experimental results. Since the polar 

ization varies in a relatively smooth fashion with respect to 

angle, the integrals 
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p s 

J 
may be replaced by a summation. By considering the total 

solid-angle for each 9]_, and by breaking the range of angles 

into intervals of width 10°, the following set of weighting 

factors is obtained% 

F - <30 P(2oa) •+ AO Pfto6) + . 23 P(H>6*) -+>07P(l/o*J . 
This result represents a rather drastic approximation 

technique, but because of the smooth behavior of the polar¬ 

ization, it is relatively insensitive to the choice of in¬ 

tervals (to £ in the cases considered). 
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