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DETECTION OF AZIMUTHAL ASYMMETRY 
IN QUASI -ELASTIC DOUBLE-SCATTERING EXPERIMENTS 

Robert E. Donaldson 
Radiation Laboratory, University of California 

Berkeley, California 

November 3, 1955 

ABSTRACT 

The asymmetries for a double charge -exchange p·n-p scattering 

from carbon and tantalum have been observed. These asymmetries 

are small at small scattering angles and increase with angle to a maxi

mum of 10.4 ± 2.1 percent with the first and second scattering angles 
0 

equal to 45 (lab.). 

Asymmetries in neutron and proton production have also been 

measured for the quasi-elastic scattering of 285 Mev., 65 ± 3.8 per

cent polarized protons by carbon, lithium, and beryllium targets. The 

maximum asymmetries observed are about 20 percent. The neutron 

data are not antisymmetric about 90° em and the proton asymmetries 

are much smaller than the asymmetries from a free hydrogen target. 
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I. INTRODUCTION 

A nucleon, just like an atom or an electron, has associated with it 

an angular mo~entum; the magnitude of the momentum is given by 
,'JI(I+l) 
':V :::R where ~ is Planck 1 s constant divided by 2'1T and I is an 

integer or 1/2 integer called the spin. 

Evidence for the spin dependence of nuclear forces can be found 

hi the quadrupole moment of the deuteron and iri the low -energy singlet 

and triplet n-p cross sections. 
1 

Also, forces that couple spin and 
2 

orbital momentum have been used successfully by Mayer to predict 

ground-state properties of nuclei such as spin and stability. In the 

high-energy region ( 100 to 300 Mev) potential models using tensor forces 

or spin-orbit forces have been found
3

' 
4

• 
5 

to give better fit to the ex

perimental n-p and p-p angular distributions
6

• 
7 

than those models 

using only central forces. 

Wolfenstein
8 

predicted that the presence of noncentral forces 

should give rise to an asymmetry in a double -scattering experiment, 

and Heusinkveld, 9 with protons of several Mev, first observed a large 

polarization by resonance double scattering in helium. In the high

energy region Wouters 
10 

obtained a small polarization effect using a 

double charge -exchange (p -n -p) scattering; and the first high -energy 

proton polarization was obtained by Oxley et al. 
11 

This report describes a p-n-p charge -exchange experiment 

similar to Wouters 1 s experiment and, in addition, an investigation of the 

production of polarized protons and neutrons by the bombardment of 

various targets with a polarized proton beam. 

Before discussing the experiments it will be necessary to look at 

a few of the properties of a double scattering with spin 1/2. In a scatter-

, ing experiment one cannot measure the pure spin state of an individual 

particle, but must measure the statistical average of many particles. 

Therefore, one speaks of the polarization state of a beam of particles, 

which state is the expectation value of the spin averaged over all the 

particles of the beam. If the Z axis is taken as the direction of polari

zation, then the polarization of the beam is defined as 
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p = Number with spin up number with spin down 

Number with spin up + number with spin down 

(See Appendix I.) 

If there is coupling between spin and orbital angular momentum, 

there will be a spin-selective scattering of an unpolarized beam from 

an unpolarized target. This spin polarization is perpendicular to the 

plane of scattering. The once -scattered polarized beam, upon being 

scattered again, yields a cross section that varies ~zimuthally. This 

cross section is the actual quantity measured in these experiments. 

The azimuthal asymmetry e is defined by 

e = 

where L and R are the normalized counting rates at equal angles to 

the left and right of the first scattered beam as seen by the beam, and 

P 1 and P 
2 

are the polarization in the first and second scatterings 

that would occur if the incident beams were unpolarized. The above 

relationships are discus sed in more detail in Appendix H. 

' 
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II. p-n-p DOUBLE CHARGE-EXCHANGE SCATTERING 

A. Introduction 

This experiments is an extension of Wouters 1 s experiment, with 

some modification, to elements of higher atomic number. In quick 

outline, a target was bombarded by the circulating beam of the 184-inch 

cyclotron and the ejected neutrons were collimated and allowed to strike 

a second target. The right and left fluxes of protons from the second 

target were then counted. 

B. Experimental Arrangement 

Figure 1 shows the experimental arrangement for the p-n-p 

scattering. So that the counters could be isolated from the first scatter

ed beam the first scattering took place inside the cyclotron vacuum 

tank. It was possible to place the first target at each of the following 

positlons: (a) inside the dee in such a position that the observed neutrons 

came off at an angle of 45° to the right of the circulating proton beaml 

(b) on the "main probe" in such a position that the observed neutrons 

came off at 0° to the proton beam (this position provided an unpolarized 

neutron beam), and (c) on an adjustable probe in such a position that 

the observed neutrons came off at any desired angle between 0° and 45° 

to the left of the beam. 

The maxi.Inum beam energy was 340 Mev. In the approximation 

of nonrelativistic nucleon-nucleon collisions between protons of the beain 

and target nucleons at rest, one sees from the geometry that the energy 

of the neutrons is a constant, independent of the scattering angle. There 

is, of course, a variation in energy of the ejected neutrons because of 

the internal momentum distribution inside the target nucleus. As the 

momentum of the bombarding protons changes with a change of scattering 
12 

angle, this variation in energy is a function of the scattering angle. 

Additional energy spread is introduced through target thickness and 

cyclotron ~adial oscillations. 

The second target was placed in the collimated neutron beam. The 

fluxes of protons to the right and left of the axis of the neutron beam 
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~-----------------------61 FT.------------------~r---~~ 
INCLUDING 23FT. PASSAGE 

THRU CONCRETE SHIELDING 

OPERATIONAL POSITIONS OF 
FIRST SCATTERER PROBE (8,) 

(C,To) 

HALF- ENERGY PORT 
AND PROBE 

ALSO ONCE -SCAT 
BEAM 

SECOND SCATTERER 
LEAD a IRON (82) (C,Ta) 

BEAM COLLIMATOR 

AZIMUTHAL TELESCOPE~ 

Fig. 1. Schematic layout of p-n-p polarization experiment (scale not 
uniform). 

MU-8433 
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were measured simultaneously by means of two counter telescopes. 

C. Targets 

Targets of carbon and tantalum were used. The first and second 

tantalum targets were both of 10 g/cm
2 

thickness. The first and seconc~ 
carbon targets were 4.1 g/ em 

2 
and 1. 5 g/ cm2 respectivelyo The solid(/ 

angle subtended by the second target from the first target was 2 x 10-
6 

steradian. Th~se targets were rather thick and this thickness contributed 

greatly to the energy spread of the neutron beam produced. Thick tar

gets were necessary, however, to ensure the production of sufficient 

neutrons for double scattering. 

D. Counters 

The right and left counter telescopes were made as nearly identical 

as possible. The counters were all liquid scintillators viewed by RCA 

5819 photomultipliers through lucite light pipes. The photomultipliers 

were adequately shielded by 1/2 inch of soft iron and 1/16 inch of tJ. 

metal. The scintillating material was composed of ?g of terphenyl and 

10 mg ofdiphenylhexatriene in 1000 g of 1,2,3,4,5,6-hexahydrobiphenyl. 

Each counter telescope consisted of a front counter (closest to the second 

target) with dimensions of 2 by 2 by 5/8 inches, and a rear counter with 

dimensions of 3.5 by 3 by 0.75 inches. The solid angle subtended by the 

counter telescopes from the second target was 0.04 steradian. 

E. Electronics 

The outputs from the front and rear counters of the telescopes 

were amplified and fed into crystal-diode double -coincidence circuits. 

The outputs of the coincidence circuits were amplified and recorded. 

The coincidence circuits were designed by Mr. Vern Ogren of this 

laboratory. The over-all time resolution of each circuit was 10-
8 

sec. 

The plateaus of the coincidence counting rates with respect to the 

photomultiplier high voltages were located by raising the voltages until 

the coincidence counting rate for a pair of counters remained constant 
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when the voltage of either counter was lowered by 100 volts. In addi

tion, all counters were suwlied by the same high-voltage source to help 

avoid false asymmetry due to high-voltage drifts. 

F. Procedure 

With the first target in the 0° position, the second target and the 

collimators were aligned by means of a telescope situated about 75 feet 

from the first target. This defined the axis of the scattered neutron 

beam. The counter telescopes were then placed in the plane of the 

first scattering at approximately equal angles to the right ari.d left of 

the axis of the neutron beam. 

With the unpolarized (0°) neutron beam in use, the counting rates 

in the right and left telescopes, with background subtracted, were 

equalized by small adjustments in the detector angles. The backgrounds, 

which were of the order of 10%, were determined by counting with the 

second target removed. The above adjustments were always within the 

limits of the estimated error of about 0.3° in the original positioning. 

This procedure had the effect of eliminating false as yrnmetries due to 

small differences in solid angle and counter efficiencies between the 

right and left telescopes. The counters were then left fixed through-

out the run, and all angle changes were made by moving the first 

scatterer (situated inside the cyclotron). 

Counting rates were then obtained for both a 45° left and a 45° 

right first scatter. Asymmetries of the same magnitude rut opposite 

sign, obtained for right and left first scatterings, provide•:i a check on 

the alignment. With the second-scattering angles held constant, 

asymmetries were then measured for various first-scattering angles. 

Some runs ~re made 'with copper absorbers placed between the 

first and second counters of each telescope. This absorber determined 

the minimum recoil proton energy accepted. In this manner asymmetries 

were measured as a function of a "rejection energi'. 



-10-

G.· Results ·' ' 
-. ' ~ ' . 

The asymmetri~s observ~d from tant~lum a~dcarbon targets at 

various angles and rejection '~ri~rgie~ are sh?wn in Table I (asymmetry 

e is defined by e = L -R ) . The err,ors quoted are probable errors and 
. . L+R 

' .. ~ 

include only counting statistics. To determine one source of error 

due to misalignment, the internal targets were displaced perpendicular 

to the beam by an amount equal to the estimated error of positioning, 

about 1/16 inch. This displacement gave a change of asymmetry of 

less than 1 o/o. 

To.ble I 

Asymmetries measured for carbon and tantalum targets for 
various angles and rejection energies. The errors are 

probable errors and include only counting statistics 

First & First Counter Bombard- Energy of L-R 
second scattering angle ±: 6 ° ing energy rejection e= --

L+R 
target angle (Mev) (Mev) (percent) 
material 

c 17° 25° 190 45 0.4 ± 0.4 

c 17 25 190 75 1.9 ± 0.8 

c 17 25 190· 110 0.5 ± 1.9 

c 30 45 225 85 8.7 ± 2.2 

c 35 35 245 90 5.2 ± 2.0 

c 45 45 340 45 4.3 ± 1.2 

c 45 45 340 85 10.4±2.1 

c 45 45 340 110 10.5 ± 2.5 

Ta 17 25 190 45 1.0 ± 0.5 

Ta 17 25 190 85 -1.0 ± 0. 3 

Ta* 45 45 340 45 2.2 ± 2.5 

Ta* 45 45 340 85 6.0 ± 2.2 

Ta* 45° 45° 340 110 4.5 ± 2.5 

* These values are an average of a 45° left and 45° right first scatter. 
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It should be noted that because of the internal momentum distri

butiori of the nucleons in the target, the angles at which the asymmetries 

are measured actually correspond to averages over a distribution of 

nucleon-nucleon collision angles. 

Similar experiments have been carried out by Dickson and Salter
14 

15 16 
and by others. ' 
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HI. QUASI -ELASTIC SCATTERING 
OF POLARIZED PROTONS 

The term quasi -elastic is used to indicate a nucleon-nucleon 
17 

collision within the nucleus rather than a nucleon-nucleus collision. 

This type of collision is possible if, as in this experiment, the wave 

length of the incident particle is smaller than the nuclear diameter. 

The process is inelastic in that a rearrangement of the nucleus takes 

place, but elastic in that a free nucleon-nucleon collision occurs with 

the nucleus. 

In this experiment the polarized proton beam developed by 

Chamberlain 18 was used as the first scattered beam. The neutrons 

and protons ejected from the second target were then counted in c oinci

dence with the scattered protons (quasi -elastic coincidence). 

B. Polarized Beam 

The polari~ed proton beam was obtained by a 16 ° scattering of 

the internal proton beam of the 184-inch cyclotron by a beryllium tar

get. Figure 2 shows the method of extraction of the polarized beam. 

This beam has a polarization of 65.0 ± 3.8o/o, an energy of 285 ± 15 

Mev, and a flux of approximately 10 5 protons per second entering the 

bombardment area through a one -inch -diameter hole. The sign of 

the polarization may be inferred from an experiment performed by 

J. and L. Marshall. 19 They degraded a polarized proton beam to an 

energy of a few Mev, and then resonance -scattered it cif helium. Their 

results indicate that for a sma11-~ngle scattering to the left, as seen -by the beam, the polarization direction is parallel to n (see Appendix 

H). Therefore the pr~ton beam'has a positive polarization. 

C. Counters and Targets 

Figure 3 shows the general arrangement of the target and 

counters in the bombardment area. 

The counters were all plastic scintillators. Counters 1 and 



10 FEET 

-13-

PREMAGNET 
COLLIMATOR 

46 11 SNOUT 
COLLIMATOR 

CAVE 

MU·9852 

1 Fig. 2. Plan view of cyclotron and path of polarized beam. 
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3 were rectangular in shape, 3 by 3 by 0.25 in. and 6.5 by 6.5 by 

7/16 in., respectively. Counters 2 and 4 were cylindrical, 2 in. in 

diameter by 7 in. long and 5.5 by 4 in., respectively. The angle be

tween Telescope 1, 2 and Telescope 3, 4 was kept at 85° in the laboratory 

system. This angle is the approximate relativistic nucleon-nucleon 

scattering angle. The distances between the second scatterer and the 

telescopes were altered for different angles of observation in orqer to 

obtain an optimum ratio of counting rate to background. The solid angle 

subtended by the 1, 2 telescope was va~ied between 0.2 x 10-2 and 0.8 x 
-2 

10 steradian, and that subtended by the 3, 4 telescope was varied be-

tween 0.03 and 0.3 steradian. The counter phototubes were surrounded 

·by soft iron and IJ. metal to shield against stray magnetic fields. It 

was shown that the shielding eliminated any effect of the magnetic field 

on the photomultipliers. 

The targets were thin slabs, of vertical dimension greater than 

that of the incident beam. The thin dimension was oriented perpendi

cular to the incident beam in order to allow the scattered particles to 

get out of the target. The targets had the following composition and 

dimensions: carbon, 1-15/16 by 11/16 by 9 in .. ; beryllium, 2 by 

5/16 by 4 in.: lithium, 3 by O.Z.5 by 3 in. 

D. Electronics 

Figure 3 shows the coincidences demanded from the four counters. 

The output of each of the four counter photomultipliers was amplified 

by distributed amplifiers and then split into two channels. The signals 

from the first of the two channels (from each of the four counters) were 

mixed directly into fast coincidence circuits of 10-
8 

sec resolution in 

four combinations of pairs. The signals from the other channel were 

further amplified and fed into two 10-
8 

-sec coincidence circuits with 

outputs 4 and 2 delayed in time by one rf cycle (6 x 10-
8 

sec). The 

delayed circuits gave a simultaneous· measurement of accidental events. 

The outputs of the 10-8 sec coincidence circuits were then amplified by 

linear amplifiers, shaped by variable gates, and mixed appropriately 

(see Fig, 3) into coincidence circuits of 10-
6 

sec resolution time. 
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ABSORBER 
/ 
I 

2 

10- 6 SEC COINC 

1,2;2,3 
1,4; 3,4 
1,4d; 3,4 
1,2; 2d,3 

1116 x 10-8 SEC DELAY TO DE.TERM IN E 
ACCI DENTALS 

MU-7497 

Fig. 3. Experimental setup showing counter arrangement and events 
recorded. The solid. an2le sub tended by the l, 2 counter was 
approximately 0.2 x 10- to 0.8 x I0-2 steradian; that of 3, 4 was 
approximately 0.03 to 0.3 steradian. 
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As an example, p-n coincidences with the neutron going into counter 2 

are determined by the following subtraction: ~(2, 3) - (1, 2; 2, 3)} -

{ (2d, 3) - (I, 2; 2d 3) } - {same with 2nd target out.} 

The position of the beam was found by means of x-ray film, and 

the target was then placed in the center of the beam. Photographs were 

taken periodically to monitor /possible changes in the beam position. All 

the counter angles were measured with a transit centered at the target 

position. The estimated angular error was of the ~rder of 0.1°, and in

tentional misalignments of this amount gave errors in asymmetry of less 

than 1 o/o. 
The plateaus of the counters were located by raising the photo

multiplier voltages until the coincidence counting rate for a pair of 

counters remained a constant when the output'pulses from either counter 

were attenuated by a factor of two. 

The incident beam was monitored by an argon-filled ionization 

chamber. 

An absorber that rejected protons 

was placed in front of Counter l, where 

2 
of energy less than 0. 7 E cos e 

0 

E was the' energy of the 
0 

polarized prQton beam and e was the angle of the 1, 2 telescope. This 

absorber reduced the accidental singles rate in Counter 1 and increased 

the efficiency for counting fast protons by increasing their pulse heights. 

The value 0.7 E cos
2 e was chosen in order to measure separately the 

0 

proton asymmetry obtained without using the recoil particle in coinci-

dence, and to compare with the results of a similar experiment by 

Chamberlain et aL 
18 

The observed asymmetries agreed with those ob

served by Chamberlain, within the statistical errors. . When absorbers 

of greater thickness than the proton range were placed in front of Counter 

1, the remaining counting rate decreased by the amount expected from 

nuclear attenuation alone, thus indicating that neutrons were being 

counted. 

Background counts were determined by removing the target. 
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S'irnilar methods have been used by Ypsilantis, 
20 

who observed 

p -n and p -p polarization in deuterium. 

F. Results 

Figure 4 shows the noncoincidence proton asymmetry observed 
2 

for protons greater than 0. 7 E cos 8. 
0 

The asymmetries observed for neutrons from carbon, lithium, 

and beryllium are tabulated in Table II and plotted in Figs. 5a, 5b, and 

6a, 6b. The ~ parts of Figs. 5 and 6 show the data as actually measured 

in the laboratory system. With the ejected neutron in the forward di

recti;n (zero to 45° in the laboratory system) the neutron is recorded 

in the angle-defining (1 1 2) telescope. For neutron angles greater than 

45° the proton is recorded in the defining telescope. Actually these 

regions were overlapped, and the agreement in the overlap region is 

within the statistical errors. In view of this agreement the data have 

been combined and plotted, Figs. 5b and 6b, in the center -of -mass 

system for a hypothetical free nucleon -nucleon collision. The actual 

center -'of -mass angle is a function of the internal momentum distri

bution. 

The p-p quasi-elastic asymmetries obtained for carbon, lithium, 

and beryllium are tabulated in Table III and plotted in Figs. 7 and 8. 

The errors quoted are probable errors and include only counting 
! 

statistics. 
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Carbon target -Initial beam 65.0 ± 3.8% polarized 

285 Mev 

e = asymmetry 

+~0 

+.30 
~-· 

-.10 

-.20 
MU-7498 

9 

Fig. 4. Asymmetry r:lotted as a function of the laboratory angle for protons 
scattered off carbon with no. recoil coincidence demanded. The errors 
shown include only counting statistics. 
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Table II 

Asymmetry in the p-n quasi-elastic scattering of a 65o/o polarized beam 

Target Lab. angle Asymmetry 
{percent): 

Carbon 15° 13.2 ± 2.3 

Carbon 20° 16.4 ± 2.5 

Carbon 25° 12.8 ± 1.9 

Carbon 30° 13.3± 1.2 

Carbon 35° 11.5 ± 2.0 

Carbon 43° 7.0 ± 2.3 

Carbon 50° -3.9,±2.1 

Carbon 55° -7.9 ± 1.2 

Carbon 60° -17.8±3.8 

Carbon 65° -15.9 ± 3.6 

Carbon 70° -13.0±4.i 

Beryllium 15° 2.5 ± 4.6 

Beryllium 20° 9.7 ± 2.1 

Beryllium 30° 9.8 ± 1.3 

Beryllium 43° 11.6 ± 1.1 

Beryllium 55° -20.9 ± 2.4 

Beryllium 65° -21.5±3.6 

Lithium zoo 6.1±5.0 

Lithium 30° 12.8 ± 2.0 

Lithium 55;0 , -13.6 ± 2.6 

Lithium 65° -6.1±7.1 
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Carbon target-Initial beam 65.0 ± 3.8% polarized . 

285 Me~ 

e =asymmetry 

! 
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-.10 
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MU-7496 

Fig. Sa. Asymmetry e for the proton-neutron quasi -elastic scattering 
off carbon, plotted in the laboratory systern with the neutron into 
the angle-defining (1, 2) telescope (top) and the proton into the 
defining telescope (bottom). 
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5b. Asymmetry e for the proton -neutron quasi -elastic scattering 
off carbon, plotted in the center -of -mass. system with the data 
combined. The errors shown include only counting statistics. 
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~ =Be target - Initial beam 65.0 ± 3.8% polarized 
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\Fig. 6a. Asymmetry e for the proton -neutron quasi -elastic scattering 
off lithium and beryllium, plotted in the laboratory system with 
the neutron into the angle -defining ( 1, 2) telescope (top) and the 
proton into the defining telescope (bottom). 
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Fig. 6b. Asymmetry e for the proton-neutron quasi-elastic scattering 
off lithium and beryllium plotted in the center -of -mass system 
with the data combined. The errors shown include only counting 
statistics. I .. 
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Table III 

Asymmetry in the p-p quasi-elastic scatte~ing of a 65o/o polarized beam 

Target Lab. angle Asymmetry 
erceNtL_ 

Carbon 20 
0 

14.3 ± 1.0 

Carbon 25° 12.3 ± 0.8 

Carbon 30° 8.1 ± 0.5 

Carbon 35° 3.6 ± 0.7 

Carbon 43° -4.3 ± 3.1 

Carbon 50° -11.3±0.7 

Carbon 55° -12.8 ± 1.0 

Beryllium 15° 9.2 ± 3.0 

Beryllium 20° 9.9 ± 1.3 

Beryllium 30° 10.4 ± 0.8 

Beryllium 43° -7.4±0.5 

Lithium 20° 10.0 ± 1.6 

Lithium 30° 11.6±0.7 



-25-

Carbon target- Initial beam 65.0 ± 3.8% polarized 

285 Mev 

e = asymmetry 
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MU-7499 

1Fig. 7. Asymmetry e plotted as a function of the laboratory angle for 
proton-proton quasi-elastic scattering off carbon. The errors shown 
include only counting statistics. t 
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2 =Be target - Initial beam 65.0 ± 3.8% polarized 
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!Fig. 8, Asymmetry e plotted as a function of the. laboratory angle for 
proton-proton quasi-elastic scattering off lithium and beryllium. The 
errors shown include only counting statistics. 
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IV. CONCLUSIONS 

Both the above experiments suffer as a result of the uncertain 

internal momentum distribution, which distorts the free p -p and n -P 

asymmetries; In the coincidence experiment some center -of -mass 

scattering angles and energies are excluded, partly owing to the limited 

size of the 3, 4 telescope, and partly owing to the absorber in front of 

the 1, 2 telescope. Leon.e Marshal1 21 has calculated the p-p quasi

eiastic polarization using a free p-p polarization distorted by the in

ternal momentum of the carbon nucleus. She did not take into account, 

however,. the finite ,size of the counters. Although a very rough approxi

mation to the internal momentum distribution was used, qualitative 

agreement with this experiment was obtained. Thus the difference be

tween the quasi -elastic p -p asymmetry and the free p-p asymmetry, 

which is 60% higher, is mainly a result of the internal momentum. The 

noncoincidence proton asymmetry (Fig. 4) is much larger than the 

quasi -elastic asymmetry because of the inclusion at smaller angles 

of elastically scattered protons that are highly polarized. 
22 

Calculations of the p -n polarization using the Serber potential
2 3 

(50% exchange) predict an anti symmetric distribution about 90° ( CJTl.) 

as the Serber potential allows no odd angular momentum states. Both 

the quasi-elastic and p-n-p asymmetries differ appreciably from anti

symmetry. In fact the p-n-p asymmetry increases with angle to the 

maximum observed value at 90° (c. m.). 

Direct comparis.on of the p-n-p charge exchange and the p-n 

quasi-elastic expe_riments is difficult because of the energy difference 

between the two experiments and the small asymmetries observed in 

the p -n -p experiment. Where there is a statistically significant 

asymmetry for the p-n-p experiment it is interesting to combine the 

p-n-p with the results of p-n quasi-elastic experiments. The p-n 

quasi -elastic polarization for 315 -Mev incident protons is, .from 

Ypsilantis, 
20 

P 1 = - 15% ± 2o/o. Ignoring the energy difference, we 

can apply this polarization to the p-n-p asymmetry for a 45° - 45° 

(lab) scattering through the relation e = P 
1

. P 2 ; where P 1 is the 
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polarization in the first scattering and P
2 

= P 
2 

(E, 8) is the polarization 

in the second scattering. A polarization is obtained for 170 -Mev neutrons 

scattered at 45° equal to P
2 

(170, 45) =- 69o/o :I: 15o/o. The same pro-
. 0 0 0 0 

cedure can be apphed to the 30 - 45 and the 35 - 35 p-n-p 

asymmetries .. Using the p-n polarization at 285 Mev given in Table II, 

and again ignoring the energy difference between the p-n and p-n-p 

initial energies, we obtain the polarizations P
2 

(170, 45) = - 43o/o :I: 9o/o 

and P 2 ( 170, 35) = - 29o/o :I: 12o/o. The errors quoted are all probable 

errors and the angular res'Olution for the seco~d scattering was 12 °. 
The energy extrapolation used in these calculations is quite doubtful; 

there is some evidence, however, for a large n-p charge-exchange. 

polarization at a neutron energy of 170 Mev and angles near 45° (lab) . 

. Both experiments show little dependence on atomic number, as 

would be expected from the Fermi gas model.¢ 
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APPENDIX I 

Specification of Polarization 

For spin 1/2 particles the spin part of the wave function is repre

sented by a spinor 

uz~ (:)~a(~)+ b(~) 
where a and b are the probability amplitudes of finding the particle 

with its spin in the positive Z direction and negative Z direction 

respectively, and a
2 + b 2 = 1. The expectation value of the spin in the 

Z direction for the Ith particle is 

<~;; i ~(<at bi*~(L~)(:n ~ /a/2 -/bf. 
where* 0' z is the Pauli spin operator ( ~ _ ~) . Similarly (u.). = 
2 Re a b and (u y) . = 2 Im a *b, where Re an~ Im signify 

1 
taking 

the real and imagin.iry parts respectively of a b. The average over 

the beam of the expectation value of the spin in the Z direction is 

(u z) = 

= 

:!; 
Beam 

:!; 
Beam 

:!; a. 
( 

2 

Beam 
1 

:!; a. 
( 

2 

Beam 
1 

Number up -number down = p 

Number up + number down 
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APPENDIX.ll 

It is instructive to see how the simple relationships used in double 

scattering arise. The problem of scattering nucleons from a spin -zero 

heavy nucleus is discussed, as this problem is the easiest to solve. 

Wolfenstein has shown that these results can be generalized to targets 

with spin. 

The total wave function is given; 
(ikz) 

I(r, e, <j>) = e U. + M(O, <j>) 
1 

at a large 
e (ikr) -r U. 

1 

distance r, by 

Where U. is the initial spin function, k is the propagation constant, 
1 

and M(O, <j>) is the scattered wave amplitude. Wolfenstein has shown
13 

that the most general form of M(O, <j>) for a spin-1/2 particle scattered 

from a spin-zero target is 

where k and k' are the propagation vectors before and after the - _.,. 
-+ kxk 

scattering, respectively, n equals and g and h are 
/k X k'/ 

complex numbers. For targets with nonzero spin, g and h become -matrices in the spin space of the target. As n is perpendicular to the 

place of scattering it is seen that the spin is coupled only to the normal 

to the plane of scattering. Thus, only the component of spin normal 

to the plane of scattering caf be detected. 

With an initial spinor \ ~) and the Z axis normal to the plane of 

scattering the final spinor after scattering is { /: ·+ ~~-~ \ · This 

spinor is no longer normalized. · If the first scattering in ~ double 

scattering experiment is performed with an unpolarized initial beam 

(a = b = -1-) ,. the final intensity is 
J2 

2 2 2 2 2 2 
(g +h) a + (g - h) b = g t h = I 

0 

The final expectation value of the spin is 

= (g + h) 2 a 2 - (g - h) 2 b 2 
= 

2 2 2 2 
(g + h) a + (g - h) b 

2 Re g*h 

I 
0 
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·If, as in the second scattering, the incident beam is polarized, then 

the final intensity is 

2 2 2 2 
I 2 = g + h + 2 Re g>!<h (a - b ) , 

where "- equals the angle between the incident spin direction and the 

perpendicular to the plane of the second scattering. Actually the beam 

into the second target is only partially polarized; a fraction ( 1 - P 
1

) 

is unpolarizedo The final intensity from a double scattering then 
I 

becomes 

I = I
0 

( 1 + P 1 P 2 cos '-.). 

The asymmetry e is defined as I(l..) - I ( Tl' + l...) = P 
1 

P 
2 

cos "
I(l...) +I( Tr + "-) 

In these experiments "- = 0, therefore .e = P 1 P 2 
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