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EXPERIMENTS ON INTERFERENCE AND POLARIZATION 
IN NUCLEON -NUCLEON SCATTERING 

David L. Fischer 

Radiation Laboratory 
University of California 

Berkeley, California 

February 7, 1956 

ABSTRACT 

Experiments have been done to provide additional data on the 

nucleon-nucleon interaction. The proton-proton cross section was 

measured for center -of -mass scattering angles between 4. 7° and 30.0° 

at an incident energy of 330 Mev. This includes the angular region 

where interference effects between Coulomb and nuclear scattering 

should appear. Nuclear emulsion was used as detector. 

The rotation parameter R and depolarization parameter D were 

measured for scattering of protons by neutrons at 310 Mev. The mea

surement was made by scattering polarized protons from deuterium, 

and analyzing the resultant polarization of the scattered proton with 

the neutron counted in coincidence. The proton scattering angle was 

varied from 20° to 40° (laboratory system). 
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I. INTRODUCTION 

A more complete knowledge of the nucleon -nucleon interaction is 

of prime importance in the further understanding of nuclear physics. 

In recent years a great deal of experimental information has been ob-

tained concerning the nucleon-nucleon interaction by scattering experi

ments in the region of a few hundred Mev. Much of this work was 

made possible with the advent of highly polarized beams of high-energy 
l 

protons. Double -scattering experiments have been performed to 

measure the polarization parameter P, 
2

• 
3 

and triple scattering experi-
4 ments to measure the parameters D and R for the proton-proton 

system. This information, together with the differential cross section, 
5 

has been sufficient to determine several sets of phase shifts through 

L 5_3 for the proton-proton interaction at approximately 300 Mev. 
6 

Results on small-angle proton-proton scattering, reported in this 

paper, have been directly useful in reducing the number of acceptable 

sets of phase shifts. 

The proton-proton cross section at small angles where interfer _ 

ence effects between Coulomb and nuclear scattering are expected to 

occur is of particular importance. The sign of this interference-

whether cons true ti ve or destructive-- is sufficient to tell the sign of 

the real part of the forward scattering amplitude. 

Part II of this thesis describes an experiment that was done to 

determine the differential proton-proton cross section in the small

angle region where Coulomb interference might be detectable- -that is, 

the angular region where Coulomb and nuclear contributions to tl)e 

scattering are comparable. Nuclear emulsions were used to detect 

scattered protons. A similar experiment was done by Pettengill, 
7 

who used scintillation counters rather than nuclear emulsions as 

detectors. 
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Experiments described in Part III of this thesis give information 

about the neutron-proton interaction. The neutron-proton cross section 

and polarization have been measured in the 300-Mev, region by several 

. t 8 ' 9 Th" . 1 . . d exper1men ers. . 1s tr1p e ~scatter1ng exper1ment was one to 

measure the rotation factor Rnp and the depolarization factor Dnp over 

a limited angular region at this energy. The results are given by the 

curves of Figs. 13 and 14. 
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II. SMALL -ANGLE PROTON -PROTON CROSS SECTION 

Ao Experimental Arrangement and Apparatus 

1. Beam 

The experiment was done at the 184-inch synchrocyclotron of the 

University of California Radiation Laboratory with a proton beam which 

had an energy of 340 Mevo Figure 1 shows a plan view of the cyclotron 

and experimental areao In order to obtain a beam with minimum angular 

diverg~nce, the electrostatically deflected beam was usedo This beam 

has a considerably shorter pulse length than the magnetically deflected 

beam, but since the scattered protons were detected with nuclear 

emulsions, the relatively short duty cycle was no disadvantage 0 The 

premagnet collimator (see Figo 1) had an aperture of Oo08 inch (vertical) 

by 0. 30 inch (horizontal) 0 The current in the steering magnet and the 

orientation of the 48-inch collimator were adjusted to give the cleanest 

beam possible through the two -inch -diameter collimator. Great pains 

were taken to arrange that the beam be completely collimated by the 

premagnet collimator, so the 48 -inch collimator need only remove 

protons scattered at the premagnet collimator. Only in this way could 

one avoid a large background in emulsions P.aced close to the beamo 

X-ray-film pictures were taken of the beam at the exit end of the colli

mator" to optimize this condition. This beam was approximately 3/4 

inch horizontally by 1-1/2 inches vertically at this position. 

2. Target 

A polystyrofoam liquid,..hydrogen target was used in the experiment. 

The length of the liquid hydrogen was 15.6 inches or 2o80 g/cm
2

. This 

target was also used in an experiment by Gordon Pettengill and has been 

described in greater detail by him. 
10 

The styrofoam had windows 4 

inches in diameter through which the beam passed. These windows 

were 5/8 inch thick, and a total thickness of 0.22 g/cm
2 

of polystyro

foam was traversed by the beam. An identical set of windows was 

made in the target above the liquid hydrogen level. To determine the 
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EVACUATED 
TUBE 
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MU-4358 

Fig. 1. Plan view of the 184-inch cyclotron and experimental area. 
ti 
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background effects from the target windows and other effects not 

associated with scattering from the liquid hydrogen, the target could 

be lowered so that the beam passed through an empty target. This 

"blank" effect could then be subtracted from the "hydrogen + blank" 

effect. The level of the liquid hydrogen was continually monitored in 

order to insure that the target was completely filled throughout an 

exposure. 

3. Camera 

The emulsions used were 1-by-3-inch Ilford G.5 nuclear emulsions, 

200 microns thick. These were held in a lighttigbt camera constructed 

for this experiment. The camera was designed to hold 14 plates on 

each side of the beam. The basic features of the camera are shown in 

Fig. 2. On each side of the beam seven emulsions are tilted at an 

angle of 43° to the beam line and seven are tilted at approximately 7°. 

The center of the camera has an opening to pass the undeflected beam. 

An x-ray film was attached to the center of the camera during each 

exposure to record the center of the incident proton beam. The positions 

of the nuclear plates represented laboratory scattering angles ranging 

from 2.2° to 13. 7°. The front face of the camera was covered with a 

1/16 -inch dural cover (not shown in Fig. 2). A bracket was provided 

for mounting varying amounts of copper absorber in front of the emulsions 

in order to reduce the background from low -energy protons in the experi

·mental area. 

4. Beam Monitor 

The beam was monitored with two ionization chambers, each 

5 inches in diameter and 2 inches deep and filled with argon at 

atmospheric pressure. These chambers are described in detail in 

Reference ( 5). During an exposure one chamber was placed just be

hind the emulsion camera, where it contribued. practically no back

ground scattering. This rear ion chamber was not considered, by 

itself, an adequate beam monitor, since its reading would be affected 
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EMULSION CAMERA 

1" x 3" Nuclear 

L Front View 

X 

Beam 

not to scale 
End View (section) 

MU-10836 

Fig. 2. Emulsion camera. Twenty-eight nuclear plates can be held 
for each exposure. The central rectangular aperture is open 
to pass the undeflected beam. 
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by the scattering material in the beam path, including the liquid hydro

gen. Therefore the reading from the rear ion chamber was compared 

with that from a similar front ion chamber placed just before the target. 

These calibration comparisons were made with both filled and blank 

target in the beam before an exposure was made, but the front chamber 

was removed during an exposure. The ion collection by the chambers 

was measured across a 0 .1-t.J.f capacitor with a recording electrometer. 

The absolute calibration of the ion chambers depends upon the cali

bration against a Faraday cup, performed by Chamberlain, SegrE!, and 

Wiegand. 
5 

B. Experimental Procedure 

1. Geometry and Alignment 

The geometry of the experiment is shown in Fig. 3. As much of . 
the air path as possible was replaced by helium to reduce the air 

scattering of the protons. The helium was contained in 0.004-inch

thick polyethylene bags at atmospheric pres sure. Helium -filled caps 

were also placed over the ends of the target to prevent frosting of the 

windows. The iron antiscattering bricks were 40 inches from the 

collimator, and shielded the emulsions from protons scattered by the 

walls of the collimator. The distance from the emulsions to the center 

of the target was approximately 100 inches~ 

The lineup of the equipment was accomplished by the use of x-ray 

films, which were exposed at the tar get and camera positions. These 

£i lms determined the beam center -line. To position the iron anti

scattering bricks most advantageously, a two-counter scintillation 

telescope was set up in front of the emulsion camera at a position 

corresponding to a scattering angle of 4° in the laboratory system. 

With the target out of the beam the bricks were positioned to minimize 

this counting rate. 
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+-HELIUM ATMOS. 

~~IRON BRICKS 

STYROFOAM TARGET 

15• LIQUID HYDROGEN 

HELIUM ATMOS. 

CU. ABSORBER. 

PWWk!Wlllffl! ~EMULSION CAMERA 
c=J• ION CHAMBER 

WII-7R!'i3 

Fig. 3. Plan view of the target and camera geometry. Drawing above 
the concrete shielding is not to scale. 
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2. Exposure of Plates 

Before an exposure the rear ion chamber was calibrated with 

respect to the front ion chamber with target filled and with target empty. 

The ratio of the rear readings for equal readings on the front ion chamber 

was 

Reading (Target Filled) = 

Reading (Target Empty) 
0.977. 

The difference arises from two distinct effects. The energy is reduced 

by 17 Mev when the target is filled with liquid hydrogen, and each proton 

then has a larger rate of energy loss in the argon gas of the ion chamber. 

To obtain the ratio of beam currents, the filled reading should be corrected 

by 

(dE/dx) 340 

(dE/ dx)323 
0.975. 

The beam-current ratio then becomes 

Beam current(Target Filled) 

Beam current(Thrget Empty) 

0.952. 

Thus 4.8o/o of the beam is scattered out of the rear chamber by the 

hydrogen. This is to be compared to the 4.0o/o attenuation due to the 

total p-p cross section, indicating a 0.8o/o effect from multiple and 

Coulomb scattering. This is consistent with the known Coulomb 

scattering and the expected multiple scattering. 

After the calibration of the ion chamber the loaded camera was 

clamped in position to its supporting stand and an exposure was made. 

Seven exposures were made in all; each time the integrated flux or 

the amount of copper absorber was varied. (See Table I.) An additional 

7.7 g/cm
2 

of absorber was added during the blank exposures, to com

pensate for the energy loss of background protons in the liquid hydro

gen. This procedure and the reasons for adopting it are described by 

G 
. 11 

arr1son. 
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Table I 

Emulsion exposures, giving the total integrated proton 
flux and the thicknesses of the copper absorbers in 

front of the emulsions. Empty-target exposures 
are listed as blank 

Exposure 
number 

Target Integrated 
proton 

Copper 
absorber 

flux (g/ cm2) 

1 hydrogen 1.5x 
11 

10 protons 34.0 

2 hydrogen 9.7 X 10 9 protons 56.6 

4.8 
10 

56.6 X 10 protons 3 hydrogen 

4 blank 
10 

4. 7 x 10 protons 64,3 

1.6 
11 

56.6 X 10 protons 5 hydrogen 

4.8 
10 

34.0 X 10 protons 6 hydrogen 

4. 7 
10 

41.7 X l 0 protons 7 blank 
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The main emphasis in this experiment was to measure the relative 

cross section over the region observed. However, the emulsions at the: 

largest scattering angle were used without copper absorber so that the 

attenuation in the absorber could be measured and an absolute value 

for the cross section obtained. 

After development of the emulsions, the various sets of plates 

were given a preliminary scanning for selection of the best set to scan 

completely for the experimental data. Exposures No. 3 and No. 4 were 

chosen for this purpose. 

3. Plate -Scanning Procedure 

That set of plates was used in which the protons entered the 

emulsion at a dip angle of 43°, since these were more readily counted 

than those at 7°. The plates were scanned on the surface and the 

proton tracks were counted where they entered the emulsion. Figure (4} 

shows a diagram of the plate and a schematic representation of the 

scanning procedure. The x-direction is horizontal, with increasing x 

representing increasing ®.For a fixed value of y .a continuous strip 

was scanned across x for a distance of 1 centimeter. As indicated in 

Fig. (4), only those protons entering the upper half of the reticule were 

counted. Several different values of y positions were scanned in order 

to gain sufficient counts. The y values were chosen with sufficient 

spacing to prevent any overlapping. The angle ® was determined by 

the coordinate x
0 

of the centers of the strips. The exposures and 

magnification were such that a few -- not more than five -- tracks 

were seen in each field of view. In the region of predominant Coulomb 

scattering it was necessary to increase the magnification in order to 

reduce the number of tracks per field of view. The regions scanned 

by the two magnifications were made to overlap to make sure this 

introduced no systematic error. The area scanned was determined 

by the product (..6.x) (.6.y), where ,6.x was measured by the micrometer 

of the microscope table, and ..6.Y was measured by measuring the 

half width of the reticule with a stage micrometer. For most angles 

a lOx eyepiece and a 53x objective were used. 
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y 

X 

MU-10919 

Fig. 4. Nuclear plate showing scanning procedure. The circles · 
represent fields of view (exaggerated size). 
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Co Results 

l. Reduction of Data 

The relative laboratory cross section was determined by a sub

traction of the "blank'' from the "target filled11 data, by the equation 

Kcr(®) ={lProton Tracks J 
UOO fields of view H 

2 

r= Prot on Tracks J } l 

- ~ 00 fields of view B 
1 

cos 
3®' 

where ® is laboratory scattering angle; cr (®) 1s differential 

cross section (laboratory); K is a constant involving geometry, 

soiid angle, and protons in target and beam. 

The proton tracks per field of view are normalized to the same number 

of incident protons, since the integrated beam flux for the blank was 

slightly different from that for the filled hydrogen target. In the ex-

pression above, a factor 
l 
2 

cos ® 
arises from the increase of 

distance with increasing ®, and a factor 
l 

because the plates 
cos ® 

are not perpendicular to the scattered beamo In Table II the values 

for Kcr (®) are given as the relative laboratory cross section for the 

several angles scannedo 

The laboratory cross section was transformed to the center-of

mass system by the relation 

cr (e) = 

where the 

e by 

E + E I 2Mc2 sin2 ® J 2 

l 
0' ((!))' 

E + E I 2 Mc 2 J 4 cos ® 

laboratory angle ® is related to the center-of-mass angle 

tan 
e 
2 

l 

2 T 
= (l + EI2Mc ) tan ®. 
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2.41 
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3.00 
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4.21 
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9.46 
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12.02 
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Table II 

Results of the proton-proton scattering experiment. Total tracks counted and number 
of fields of view are tabulated for target filled and target empty. The center-of-mass 
cross section has been normalized to 3. 7 mb/ sterad for the average value between 10° 
and 14° (laboratory system). Errors given are statistical counting errors only. 

Target Filled Target Empty Relative 

ll Counts Fields Cts Fields Lab. u u(B) 
c.m. c.m. 

4.67° 691 33.14 242 32.36 1340 ± 93 34.0 ± 2.4 

5.23 119 3 102.32 455 99.92 713 ± 40 18.1 ± l..O 

5.85 660 74.87 225 73.09 576 ± 40 14.62± LO 

6.5 0 414 74.87 158 73.09 338 ± 32 8.59± 0.81 

7.12 448 10 3.43 186 100.72 249 ± 24 6.32± 0.61 

8.57 597 223.45 229 218.17 163 ± 13 4.14±0.34 

9.15 666 269.12 280 262.81 142 ± 12 3.62± 0.31 

10.0 8 397 177.14 167 172.98 129 ± 13 3.29± 0.34 

11.02 779 32 5. 71 199 318.06 179 ± 10 4.56± 0.25 

11.33 218 120.00 71 117.18 123 ± 14 3.14± 0.36 

12.90 338 176.82 100 172.66 135 ± 12 3.45± 0.31 

14.77 315 176.82 78 172.66 136 ± 11 3.48± 0.29 

16.71 466 261.24 110 255.10 139 ± 9 3 .. 53± 0.23 

18.58 360 204.10 95 199.30 133 ± 10 3.44± 0.26 

20.50 545 294.59 103 287.66 155 ± 9 4.02± 0.24 

22.33 2P.3 17 3.64 53 l 70.48 139 ± ll 3.63± 0.29 

24.2 0 292 173.64 57 169.5 5 143 ± 12 3. 7 5± 0. 31 

26.00 275 17 3.64 48 169.5 5 139 ± 12 3.66± 0.31 

27.90 180 116.82 32 116.85 137 ± 13 3.63± 0.35 

29.65 177 116.82 23 114.07 143 ± 13 3.81± 0.35 

Data From Left Side 

5. 2 3 733 60.28 251 58.87 792 ± 53 20.1 ± 1.4 

7.12 111 28.57 43 27.90 236 ± 44 6.00± 1.1 

24.22 199 114.28 47 111. 59 140 ± 15 3.66± 0.40 

ZN-1473 
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The center-of-mass cross section is given in Table II, where it 

has been normalized to 3. 7r;nb/ steradian for the average value between 

10° and 14° (laboratory). The absolute cross section was also deter

mined in this experiment (see below), but I felt that the 3. 7 mb/ sterad 

determined in other experiments was more reliable. 
12 

The following quantities are necessary for the determination of 

the absolute cross section: 

I 0 = number of beam protons incident on tar get 

6 10 - 4.9 x 10 · protons; 

Nif Target atoms/ cm
2 

:: 1.68 x 10
24 

protons/ cm
2

; 

.6. 0= Solid angle subtended by detector 

= 1.33 x 10-
7 

for 100 fields of view, ® = 0; 

I = Protons scattered into ,6.0 

= 140 ± 7 (averaged for ® = 10° to 14 °) . 

The laboratory cross section is calculated from the expression 

to which several corrections must later be applied. 

Here I
0 

is the number of protons incident on the target, but 

there is an attenuation in the target of 4 o/o from the total p-p cross 

section. Therefore r
0 

must be reduced by 2% in finding <T (®), with 

the approximation that, for double scattering in the target, as many 

protons are scattered into the region measured as are scattered out. 

The scattered protons I were the average per field of view over 

the 10° -to-14° region. This number must be corrected for the 

attenuation of the scattered protons in the 2. 5 inches of copper ab

sorber. A comparison was made of the counts per field of view of 

adjacent emulsions at approximately 12°, with and without the copper 

absorber. This gave a ratio of 0.80 ± 0.05 after the blank subtraction, 

or an attenuation of 20%. This attenuation represents an absorption 

cross section of 0.42 barn, which is somewhat smaller than the 

0.61 barn found by Kirschbaum. 
13 

The difference is attributed to 
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the differences in geometry in the two measurements and to differences 

in the effects of inelastic scattering. 

The blank target actually was filled with hydrogen vapor at the 

temperature of the liquid hydrogen. This increases the calculated 

cross section by the ratio [\PJ.iquid) ;\PJ.iquid - PgaJ] and makes a 2% 

correction. (Here p represents density.) 

The scanning efficiency of the plate with no absorber was esti

mated to be 0.95 ± 0.05, since these tracks were somewhat lighter 

than those with absorber. The corrected calculation then becomes 

(l40±7)x 1.02 x(0. 9 S~O.OS) 
rr(®) =--------------------------~------~----------

6 6 24 -7 
(0.98 X 4.9 ) X (l. 8 X 10 ) X (1.33 X 10 ) (0.80 ± 0.05) 

= 17.30 ± 1.7 rob/steradian. 

Transformation to the center -of -mass system gives 

rr (8) = 3.82 ± 0.37 rob/steradian. 

2. Angular Resolution 

Since some of the effects to be measured in this experiment 

vary rapidly with changes of scattering angle, the angular resolution 

is an important consideration. An attempt to get better angular 

resolution by more stringent collimation of the beam was expected to 

increase background scattering and reduce the reliability of the experi

ment. In a preliminary experiment this was found to be so. 

Four major factors contributed to the angular resolution. They 

were the size of the target, the divergence and size of the incident 

beam,. multiple scattering (primarily in the liquid hydrogen), and the 

emulsion area scanned at a particular angle. Calculations shown in 

the Appendix give the resolution resulting from these effects. Table III 

shows the results of these calculations and the combined rms angular 

resolution. 
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Calculated angular resolution for several laboratory scattering angles. 
Here (..6.®) is the mean half width of the resolution function due to geom 
finite beam size and target length; (..6.®) lt is rms multiple 

mu . sc. , 
scattering angle; (..6.®)det. is rms angular resolution introduced by the 

width of emulsion scanned at a particular angle; (..6.®) is the combined 
rms angular resolution (in degrees); o® is the correction in average 
scattering angle because of the angular resolution. (See the appendix 
for calculation of the above quantities.) 

~ab. (..6.®)geom (..6.®)mult. (..6.®)de te ct. 
- (..6.®) Correct. scat. J~(,6.®.) 2 to @ 
1 1 o® 

20 0.41° 0.30° 0.06° 0.51° -0.12° 

4 0.41 0.30 0.06 0. 51 -0.08 

6 0.41 0.30 Oo06 0. 51 -0.07 

8 0.57 0.30 0.06 0. 65 

10 0. 72 0.30 0.06 0. 79 

12 0.86 0.30 0.06 0.92 
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The effect of this angular resolution is to increase slightly the 

experimentally observed cross section in the region where Coulomb 

scattering predominates and the cross section varies rapidly with 

angle. The magnitude of this effect has been calculated {see Appendix) 

and an effective angle of scattering found which is slightly smaller than 

the mean scattering angle determined by the geometry. No correction 

was calculated except in the small-angle region where the cross section 

1 
follows an angular dependence expressed by ~ ·{See Table III) . 

. 4/_ e 
s1n ,-

2
-

Another effect of the angular resolution is to smooth out possible 

rapid variation!? in cross section in the region of interference. 

3. Discussion of Errors 

a. The de_termination of beam center 

The center of the beam was determined to within 1/8 inch on the 

x-ray film attached to the camera. This indicates that the laboratory 

scattering angles are known to within 0.07°. The most significant 

error this could introduce would be caused by a difference in observed 

beam centerlines between the target-filled and the target-empty ex

posures. The error introduced in the cross section due to an error in 

the determination of the zero-angle position of the blank with respect 

to the filled target has been calculated from the measured rate of change 

of blank rate with angle. A difference of 0. 07° would affect the measured 

cross section by 7'/o at 2.15° and 3.9o/o at 3.0°. The e.ffect for larger 

angles rapidly becomes smaller. Such an error would cause a con

sistent difference between left and right scattering results, but no 

such difference was observed. Thus it is expected that any such 

misalignment was smaller than the upper limit discussed above. 
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b. Variation of absorber with angle 

The nominal thickness of the copper absorber was 2.5 inches, 

but the actual thickness seen by the scattered protons was 2.5 x --
1
--

inches. 
cos® 

This introduces a maximum difference in absorber thickness 

of 2.8% between the smallest and largest angles measured. Since the 

attenuation in 2. 5 inches is 20%, the error introduced is ± 0. 3%, which 

is considered negligible compared with the other uncertainties. 

c. Scanning efficiency 

The scanning efficiency was considered to be essentially 100%. 

However, the tracks made without absorber, where dE/dx is only 

two-thirds that with absorber, were grey instead of black. To the 

no-absorber count an efficiency of 0.95 ± 0.05% was assigned. This 

affected the absolute cross section but had no effect on the relative 

cross section. 

d. Statistics 

The errors listed in Table II are statistical errors only. These 

are typically about 4%. The moderate angular resolution achieved did 

not seem to warrant the large expenditure of time necessary to im

prove this statistical error by increased scanning. 
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III. PROTON -NEUTRON TRIPLE SCATTERING 

A. Theoretical Background on Polarization 

Wolfenstein 
14 

defines the triple -scattering parameters in the 
k'. xk.' 

following way. Let ~ = 1 1 
be a unit vector perpendicular to 

1 lk. xk'.'l . 
1 1 

to the plane of the i th scattering, where k. and k.' are unit vectors 
- 1 1 

in the direction of motion of the incident and outgoing particles in the 

laboratory system. In a triple -scattering experiment, the third 

scattering can measure the component of spin in the plane normal to the 

direction of the second scattered particles "t2 ', but polarization along 

the direction of motion is not detected. Thus the third scattering can 

measure the spin components, 

where \0. iJ is the polarization of the beam after the second scattering, 

based on the Pauli operators u (see Fig. 5). Wolfenstein shows that, 

if the azimuthal angle <j> is defined by 

then 

and 

cos <P = ~l . ~2 , sin <j> = (ii'1 x "':i2 ) · ~2 
P

3
(P

2 
+ DP

1
cos <j>) 

(1 tP
1

P 2 cos <j>) 

(1 + p1p2 cos<!>) 

I(+) -I(-) 
where e 3n and e 3 s are defined as 

I(+) +I(-) 
wherein the 

{
I(+} refers to 
I(-) 

..:... {parallel } 
n3 antiparallel 
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P 
1 

is the polarization of the proton beam after the first scattering; 

P 2 is the polarization that would be present in the beam after the 

second scattering if an unpolarized beam were incident on the second 

target; P 3 is the effective polarization at the third target (if the beam 

incident on the third target were unpolarized); D and R are functions 

of the scattering angle ® at the second target, and are the quantities 

measured in this experiment. Throughout this paper the experiments 

to measure e3n and e3s will be referred to as the D and R experi-

ments re spe ctivel y. Solving the previous equations for R and D gives 

D 
1 { e3n (1 + p1p2 cos <!>) Pz } = 

cos <I> plp3 pl 

R 
1 { •3s (

1 +P 1P 2 cos <j>) } = 
sin <I> plp3 

R and D can then be calculated with the data obtained in this experi-

ment -- e3n'e3s'plp3 

of P 
1 

and P 
2 

. 1 5' 9 

together with the previously reported values 

B. Experimental Arrangement and Apparatus 

It would have been desirable to have a beam of high-energy 

polarized neutrons for this experiment, but since this was not avail

able a target containing a high proportion of neutrons was employed. 

Deuterium was chosen for this purpose. The neutron in deuterium is 

loosely bound in comparison with the energy of the proton beam, and 

can be considered as approximately free. Polarized protons were 

scattered from deuterium, and the polarization of the scattered proton 

was analyzed. The neutron was counted in coincidence at the proper 

angle to insure p-n scattering in the deuterium. In most respects the 

R and D experiments ·were similar except fer the scattering geometry, 
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Fig. 5. Diagram showing vectors~· k'i,n2 , and SZ. for the case in 
which'K

2 
and~ are in the y-z plane. 
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and the following description applies to both unless otherwise notedo 

Similar experiments for proton-proton scattering are described by 

T Y '1 t' 15 o ps1an1So 

1. Beam 

The beam of polarized protons entered the experimental area 

through the- same 48 -inch collimator described in Part II, after first 

scattering inside the cyclotron. (See Fig. 1) 0 The first scattering 

is from a l-inch-thick beryllium target through an angle of 13°0 The 

polarization of this beam has been measured and is 0.69 ± Oo05o 
15 

This beam differs from the beam of Reference 15 only in theaddition 

of three strong -focusing quadrupoles between the steering magnet and 

the 48 -inch collimator 0 These had an aperture of 4 inches where 

previously it had been 2 incheso The current in the quadrupoles was 

varied to give the most intense beam consistent with good focusing in 

the experimental area. Under optimum conditions the beam intensity 
6 

was 4.0 x 10 protons per second through the 2 -inch -diameter calli-

mator. 

Figure 6 shows a Bragg curve measurement to determine the bea.m 

energy and energy spread. The average beam energy during the run was 

318 ± 9 Mev, with a day-to-day variation of less than one -half the rms 

energy spread. 

2. Targets 

A liquid deuterium target was used for target No. 20 This was 

designed by Roscoe Byrns and has been modified for several experi

ments at this laboratory. The deuter:ilim is condensed in the tar get at 

approximately atmospheric pressure and is surrounded by liquid hydro-

gen and liquid nitrogen jackets. For this experiment the deuterium con

tainer was a vertical cylinder 4 inches in diameter and 5 inches high. 

The walls were 0.002-inch brass and the bottom 0.005-inch brass. The 

unscattered polarized beam passed through 0.004-inch dural windows 

entering and leaving the target. The condensed deuterium could be 
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BRAGG CURVE 

Range 84.4±3.7 g/cm" 

Energy 320 ± 9 Mev 

20 40 60 
g/cm2 copper 

80 100 

MU-10837 

Fig. 6. Bragg curve showing the range in copper and the energy 
of the polarized proton beam. 
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removed from the target to an upper reservoir for taking target-empty 

background data. 

Target No. 3 was carbon for the R experiment and beryllium 

for the D experiment. The carbon was wedge -shaped to compensate 

for the energy spread across the vertical extent of the counter due to 

differences in scattering angle ®z. 
Since 

E = 
E· 2 

1 + (1 + -::-:-2> tan ® 
2Mc 

.6.E = . ,_2_E_o_(_1_+_E_/_2_M_c_
2

_) _s_i_n_®____,c,_o_s_® 6 ® . 

[1 + E/2Mc 2 sin
2 ~ 2 

For ®2 = 30°, .this energy difference represents a difference in 

thickness from top to bottom of 0.9 inch of carbon. The energy 

spreading caused by internal momentum of the deuteron, incident-beam 

energy spread, and angular resolution all tended to wash out the uni -· 

form change of energy across the target and reduced the effectiveness 

of the wedge-shaped target. For the larger values of ® 2 , the thickness 

of target No. 3 was reduced to keep the energy of the third scattering 

sufficiently high for a large P
3

. Table IV gives the values for the 

minimum energy accepted by the analyzing telescope. 

3. Experimental Geometry 

Figure 7 shows the scattering geometry used for the D experi

ment. The six counters shown are all plastic scintillators with the 

dimensions and photomultiplier types listed in Table V. All three 

scatterings are in the. horizontal plane. For different values of ®2 
the distance from the neutron counter to the target center was varied 

in order to maintain maximum counting rate without excessive back

ground coincidences. Copper absorber is used in both proton and 

neutron telescopes. The supporting arms for the counters are not 

indicated but are constructed of dural channeL 
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Table IV 

Calibration asymmetries P 
1 

P . Here E
2 

is the average 
energy of the second scatterecrbeam determined from the 
range curve. E . is the minimum energy of protons 

m1n 
accepted by the telescope following target No. 3. Errors 
listed for e

3
1 are statistical counting errors only. 

Calibration E2 Target e3
1 

= P1P3 ®3 E min 
for @2 (Mev) No. 3 (Mev) 

.R Experiment 

18.8° 275 ± 9 2. 5 in. c 0.400 ± 0.018 14.0° 215 

26.6° 230 ±:JO 2.5 in. c 0.437 ± 0.022 14.1° 190 

33.0° 199 ± 17 2.25in. c 0.379 ± 0.030 14.0° 147 

39.8° 161±15 1.5 in, c 0.293 ± 0.013 15.0° 113 

D Experiment 

20° 275 ± 8 2 in. Be 0.375 ± 0.024 14.1° 210 

30° 220 ± 10 2 in. Be 0.387 ± 0.020 14.8° 145 

39° 175 ± 12 1 in. Be 0.253 ± 0.017 16.0° 110 
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GEOMETRY 0- EXPERIMENT 
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Fig. 7. Schematic drawing of the geometry for the D experiment. 
I. C. is an ion chamber which monitors the polarized beam from 
the internal target. Counters A and B define the second 
scattered beam, while Counters 1 and 2 count the third 
scattered beam. N is a plastic scintillator neutron counter. 



-32-

Table V 

Counter Data 

Data for the counters used in the R and D experiments. 
Scintillator s are plastic. Numbers and types of photo
multiplier tubes employed are listed. 

Counter Scint. Thickness Photomul- Scint. Thickness Photomul-
area (in.) tiplier area (in~ tiplier 
(in~ (i~ 

A 3 by 3 1/4 ( 1) 1P21 6by2.5 1/4 ( 2) 1P21 

B 3 by 3 1/4 ( 1) 1P21 6by2.5 1/4 '(2') 1P211 

1 8 by 2.5 3/8 ( 2) 1P21 8by 2.5 3/8 (2) 1P21 

2 9 by 3 3/8 (2) 1P21 9 by 2 3/8 (2) 1P21 

p 7 in. diam. 1/2 ( 4) 1P21 6 in.d:iam. 1/2 ( 2) 1P21 

N 5 in. diam. 10 ( 1) 6364 5 in. d:iani. 10 (3) 6342 
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The counters employed in the R experiment were basically 

the same as for the D experiment; however, differences in the 

scintillators are given in Table V. The scattering geometry of the 

R experiment is more difficult to picture and is shown schematically 

in Fig. 8. The first scattering inside the cyclotron tank is in the 

horizontal plane (1t 1), followed by a second scattering from deuterium 

in the vertical plane (tr
2

) and a third scattering from carbon in a plane 

(tr
3

) perpendicular to the second. Not shown is the path of the con

jugate neutron scattered from target No. 2 and also in the plane 1tz· 
Because of the very low counting rates the counters in general 

were large, and angular resolution was sacrificed in order to gain 

increased solid angle. This produced (nonnegligible) accidental 

coincidences, which are considered in a later section. 

Counters A,B, 1 and 2 are plastic scintillation counters con

structed for and used in previous polarization experiments at this 

laboratory. Since a high neutron-counting efficiency was needed, 

together with discrimination against a comparable proton background, 

a neutron counter was constructed specifically for this experiment. It 

is described in the following section. 

4. Neutron Counter 

The neutron counter is a cylindrical plastic scintillator 5 inches 

in diameter by 10 inches long. It was designed by John Baldwin and 

built by the shops of this laboratory. For the R experiment this 

was viewed by one 5.,.inch-diameter photomultiplier tube which was 

latter replaced by three 2-inch-diameter tubes for the D experiment. 

The smaller tubes give a shorter pulse and can be operated at a higher 

voltage and hence greater counting efficiency. 

The efficiency of the counter can be estimated from the total 

inelastic cross secti~n for neutrons on polystyrene. Considering 

scattering at ®
2 

= 30° Hildebrand
16 

gives 0.20 x 10-
24 

cm
2 

for 

the inelastic n-carbon cross section at the scattered neutron's energy. 
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MU-9424 

Fig. 8. Schematic drawing of geometry for the R experiment. 
Scattering planes 1r

1
, 1r2 , and 1r

3 
represent the planes of the 

second, and third scatferings respectively. 
first, 



This together with the total n-p cross section gives 
NO.-N N. . - O"X 

eff. = = 1 - e = 0. 2 7. 
No 

The actual efficiency in this experiment is reduced by the spread 

in scattering angles introduced by the internal momentum of the deuteron, 

as well as by the attenuation of the neutrons in the target walls and 

copper absorber. An estimate of the effect of internal momentum is 
0 

calculated in the Appendix. These results show that for ®
2 

= 30 . 

approximately 60o/o of the conjugate neutrons pass through the neutron 

counter. With 1 inch of copper absorber in front of the neutron counter 

the neutrons are attenuated by about 15%. 

These numbers give an over -all efficiency 

ef£.= (0.60) (0.85) (0.27) = 0.14. 

This is certainly a rough estimate and will depend, of course, on the 

angle of scattering ®
2

. Smaller proton scattering angles will give 

decreased eff from internal momentum spread, and slightly increased 

eff. from increased neutron cross section. 

If we assume that the quasi -elastic p-n and p-p cross sections 

are each changed in the same way relative to the free -nucleon eros s 

sections, it is interesting to compare this value with the observed 

efficiency. Then we have 

effc. = AB12PN 

AB12 

± P
1
P

2
)' <T + (1 ± P

1
P

2
) 

PP PP pn 

where AB12PN and AB12 are the counting rates averaged over ®
3 

left and right, and the bar over the P indicates counter P in anti

coincidence with counters AB12N,which are connected in coincidence. 

With the observed counting rates this gives 



30°L 

20°R 

30°R 

39°R 
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eff. 

18.0% 

11.0% 

15.5% 

18.5% 

The higher efficiency at 30°L was the result of an increase m 

the high voltage in the neutron counter at this angle. 

Counter P was placed directly in front of the neutron counter 

to detect protons. A neutron count then consisted of PN. Since for 

each AB coincidence approximately as many protons as neutrons go 

through the neutron telescope, copper absorber was placed in front 

of Counter P to stop most of the protons. The absorber was sufficient 

to reduce the AB12PN rate to less than 10% of the AB12PN rate. Not 

all the protons were stopped because of their large spread in energy 

due to internal momentum of the deuteron, and large angular acceptance 

of the neutron counter. 

An absorber curve for neutrons scattered at an angle of approxi

mately 67° is shown in Fig. 9. The slope of the curve gives a mean free 

path of 120 g/cm
2 

copper. This represerrts a cross section of 0.87 barn 

for neutrons with an average energy of 46 Mev. This is a little lower 

than the measured inelastic value 1. 0 barn, 
16 

probably because of the 

poor geometry. Similar curves were obtained at other neutron scat

tering angles. 

5. Electronics 

A block diagram of the electronics used in the experiment is shown 

in Fig. 10, The signals from the counters first go through variable 

delays (0 to 10 x 10-
8 

sec) and are then amplified by two Hewlett

Packard wide -band distributed amplifiers. The six signals are fed 

into a multichannel coincidence circuit with a resolving time of 
-8 

2 x 10 second. Coincidences are formed with AB, AB12PN, and 
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NEUTRON ATTENUATION CURVE 
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Fig. 9. Absorption curve for neutrons from deuterium scattered 
at an angle of approximately 67°. 
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BLOCK DIAGRAM OF ELECTRONICS 
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Fig. 10. Block diagram of t.he electronic equipment. AB indicates 
a coincidence between Counters A and B; (3) (Zf indicates 
an anticoincidence, with 3 but not 2. 
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AB 12N as well as an anticoincidence between the last two. The AB 

rate is counted with a fast prescaler followed by a slower scaler, 

while AB12PN, AB12N, and AB12PN pulses are amplified by a linear 

amplifier and counted with slow scalers. The slow scalers have 

resolving times of the order of 1 microsecond. The prescaler and 

coincidence circuits were designed and built by Dr. Clyde Wiegand. 

The pulses from the neutron counter were clipped with a shorted 

stub line and were less than 2 x 10-
8 

second long. The other counters 

gave pulses about 2 x 10-8 second long and were not clipped. 

C. Experimental Procedure 

l. Delays and High-Voltage Plateaus 

Before a run was started the delays of the counters were adjusted 

to bring all the signals into coincidence. This was done by maximizing 

the coincidence counting rate as a function of delay in each counter. 
-8 

These delay curves typically had a flat top 1 to 2 x 10 second and 
-8 

a base 3 tq 4 x 10 second. Next, the counting rate as a function of 

high voltage was taken and the counters w·ere operated at a high volt-

age 100 volts above the knee of the plateau. The neutron counter showed 

no plateau, since the pulse heights depend on the type of neutron inter·

action. 

2. Alignment 

The deuterium target and scattering arms were lined up with a 

transit that was placed on the beam line as determined by x-ray film 

exposed to the beam. The most critical alignment is the determination 

of the zero of ®
3 

. This is done by taking a profile of the second

scattered beam by finding the counting rate for small values of 

®
3 

= 0° to± 6°. Figure 11 shows such a beam profile. From th; two 

sloping sides the center of the beam can be found to within± 0.05 . 

This center was determined for each value of 9 
2

, and ®
3 

was set 

for scattering at equal angles right and left of this center. 
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Fig. 11. Beam profile of the second -scattered beam. Triple -scattered 
counting rate is plotted versus ®

3
. Beam centerline is determined 

by the centers of the two sloping s1des. 
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3. Measurement of e
3

n and e
3

s 

0 
The counting rate AB 12l?N was measured for ®

3 
equal to 14 to 

16 ° right and left. The larger angles were used for larger values of 

® 
2

, where the energy is less and the angle of maximum polarization is 

increased. The minimum energy accepted in Counter 2 is given in 

Table IV. For the D experiment typical counting rates were one to 

three counts per minute. In the R experiment the c·ounting rate was 

less than one per minute (0.3), and the time available did not permit 

completion of the run taking AB 12PN data, so the experiment was done 

without the neutron in coincidence. This meant an Rpd was measured 

for the sum of the effects of the proton and neutron in deuterium. By 

properly subtracting out the known R for proton-proton scattering 

one can obtain some information about Rpn 

4. Calibration 

The product of the polarizations P 1 P 
3 

:: e 
3

1 must be known for 

the determination of either R or D .. This asymmetry was found at 

the energy appropriate to each second -scattering angle, since P 
3 

de

pends on the energy of the second-scattered beam as well as the 

geometry of the analyzing telescope. To measure e
3

1 lead energy 

degrader was placed in the beam just in front of the deuterium target 

so that the range curve at the analyzing telescope with ®
2 

= 0 matched 

the one found for taking the asymmetry e
3 

or e
3 
at~\ 0. The 

n s ~ 

internal momentum of the deuterons causes a spread in the energy of 

the scattered protons which is not present in this calibration. To 

compensate for this effect the lead degrader was of nonuniform thick

ness so that some energy spread was intentionally introduced. 

Figure 12 shows the range curve obtained while finding the 
0 

asymmetry at ®2 = 33 as well as the curve for the calibration at 

~2 = 0°. The energy threshold of the AB 12 coincidence is determined 

by the amount of absorber in the telescope while measuring the asym

metry, and is indicated by the arrow on the curve. 



-42-

PROTON RANGE CURVE 

350 

200 

CD - 150 c ..... 

z 
IQ. 
~ 100 
Ul 
<( 

50 

0 5 10 15 20 25 30 35 

9/ c m 1 copper 
MU-10842

1 

Fig. 12. Proton range curves. Crosses indicate triple -scattered 
counting rate versus copper between Counters 1 and 2 for 
® 2 = 33°. Circles indicate double -scattered counting rate versus 
copper between Counters 1 and 2 with ®

2 
= 0° The latter is used 

for the determination of P
1

P
3

. The arrow indicates absorber 
used for taking the asymmetries. 
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The measured values for P 1P 
3 

are given in Table IV for both 

experiments. In all cases the energy cutoff was the same as that used 

in the determination of the asymmetry e
3

n or e 3s at the appropriate 

angle. 

5. Accidental Coincidences 

One of the major difficulties in a triple -scattering experiment is 

to obtain a high enough counting rate without a large background of 

accidental coincidences. This problem is increased when one component 

of the coincidence is a neutron counter having an efficiency of the order 

of 15o/o. The presence in the experimental area of a general background 

of neutrons from the cyclotron adds to the difficulty of reducing accidental 

effects. 

The accidental coincidences were measured by taking advantage 

of the rf structure of the cyclotron beam. The polarized cyclotron 

beam is composed of 60 pulses per second, each pulse approximately 

80J.Lsec in length, and having a fine structure with the period of the 

cyclotron radiofrequency or 6 x 10 _g sec. Accidental coincidences 

between two counters can then be measured by delaying one signal with 

6 -8 respect to the other by x 10 sec. The counting rate obtained in this 

way is valid provided the beam-derived singles rate in each counter is 

large compared with the true coincidence rate, and the number of protons 

per rf pulse is uniform, or at least slowly varying. 

In this experiment there are six counters which make up three 

telescopes. Accidental coincidences then occur between each telescope 

and a coincidence in the other two. Thus in principal the accidentals 

could be measured by counting 

(1) = (AB12) (PN) 1 

(2) = (ABPN)( 12) I' 

(3) = (PN12) (AB) 1 

(where the prime indicates "delayed by 6 x 10-
8 

sec"·) 

Of these effects the first is the largest, and the third is not significant 

because correlated (PN12) events were not common. 
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Because the final counting rate was so low, an approximation 

was made in order to gain statistically significant data on accidentals. 

Experimentally, (AB 12) (PN) 1 was found by the product 

(AB 12) 

(AB) 
X (AB) (PN) v ' 

and 
(ABPN) ( 12) v 

was found by (AB) ( 12) 1 x (ABPN) 

(AB) 

These can be made more reasonable by defining ' (A) (B) 1 
::; 

(A) X (B) 

where R is the number of resolving times per second. Then, R 

(AB12) (PN) 1 = 
(AB 12) X (PN) (AB) 

X-- = 
(AB 12) 

X (AB) (PN) 1 

R (AB) (AB) 

and 
(ABPN) X ( 12) X (AB) = (' ABPN) X (AB) (12)' (ABPN) (12)' = 

R (AB) (AB) 

The percentage accidentals at the three angles for the D experiment 

were as follows: 

®2 Percent accidental coincidences 

20°R ( 1) = 18.6 ( 2) = 7.8 

30°R ( 1) = 15.6 (2) = 4.4 

39°R (1) = 21.9 ( 2) =3.4 

30°L (1) = 26.3 ( 2) = 9.5 

In the Rd part of the experiment only the (AB12) rate was counted 

and the accidentals were found in the usual way by delaying the ( 12) 

signal with respect to the (AB) signal by 6 x 10-
8 

sec. 
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6. Target -Empty Data 

The ABPN rate was taken with the liquid deuterium removed 

from the target container. This is compared to the target-filled rate 

in the following table. 

30°L 

30°R 

39°R 

20°R 

ABPN (target empty,) 

ABPN (target filled) 

0.029 

0.053 

0.025 

0.062 

The effect of deuterium gas in the empty target should be 0. 02 

at liquid deuterium temperature. The effect from target windows 

was then from 1% to 4%. Donaldson 
17 

finds that the quasi -n:P scat

tering from neutrons bound in carbon gives a polarization that is not 

significantly different from the deuterium value, so this background 

should not be significant. 

For the Rpd experiment in which the conjugate neutron was not 

counted the empty-target data were taken and subtracted from the 

target-filled results. The ratio of "empty" to "filled" counting rates 

varied from 0.045 to 0.092. 

D. Results 

1. Third -Scattering A symmetries 

The asymmetries e
3

n and e
3

s were measured in this experi

ment, where 

jej = 

the sign of e is determined by the definition given in Part IliA. Table VI 

gives the results obtained for (e 
3 

) , (e 
3 

) , and (e 3 ) d . n pn s pn s p-
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Table VI 

Experimental results for the depolarization parameter D and 
the rotation parameter R. Angles given are those for the 
second scattered proton. "R 11 is as defined in the text. 

pn 
Errors shown are statistical counting errors only. 

Depolarization Parameter D 

@
2

(c. m.) ®2 (lab) <I> 
(e 3n)pn D 

pn 

. 42.9 
0 20° 180° -0.097 ± 0.044 +0 . 7 4 3 ± 0 . 11 

63.8° 30° 180° -0.246±0.047 +0.795±0.12 

63.8° 30° 00 +0.261 ± 0.037 +0 . 5 1 9 ± 0 . 1 2 

82.3° 39° 180°- .,.0.211±0.051 +0 . 7 4 3 ± 0 . 2 5 

Rotation Parameter R 

- e2 ®2 <I> (e3s)pn R pn 

56.7 26.6° 270° .., 0. 26 5 ± 0. 1 31 0.606±0.30 

83.9 39.8° 270° -0.081 ± 0.055 0.277±0.19 

e2. ®2 <I> (e 3s)pd Rpd "R II 

pn 

40.3 18.8° 270° -0.106±0.027 0.265±0.071 0.50±0.16 

56.7 26.6° 270° -0.126 ± 0.028 0.292±0.065 0.32±0.17 

70.0 33.0° 270° -0.101±0.024 0.266 ±0.066 0.20 ± 0.22 

83.9 39.8° 270° -0.103±0.011 0.350±0.041 -0.17 ± 0.17 
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The subscript pn indicates that the conjugate neutron was counted in 

coincidence, while p-d indicates the neutron was not counted and the 

result is a sum of p-p and p-n type events. The errors given are 

statistical errors only. 

2. Calculation of R and D 

R and D were calculated from the following equations: 

D pn 

R pn 
(e3s)pn 

e ' 3 

where upper sign refers to second scattering left and lower sign refers 

to second scattering right. 

The polarizations P 1 and P
2 

necessary for the calculation of 

D have been measured by Chamberlain et al. , 9 and their results, 

which were used in this calculation, are given in Table VII . The 

results obtained for R , R d' and D are given in Table VI. pn p pn · 
If the neutron and proton in deuterium were not bound but were 

free nucleons, then the Rpd would be related to Rpp and Rpn accord

ing to the relation 
CJ R +CJ R 

pp PP pn pn 

(J + (J pp pn 

where CJ and CJ are the laboratory cross sections. 
PP pn 

With this approximation the Rpd results were converted to 

"R " by pn 

Values for 

"R pn 

( CJ +CJ )R -CJ R 
II _ PP pn pd PP PP 

(J 
pn 

11 R ;; are also given in Table VI. 
pn 
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Table VII 

Values for P 
1 

and P 
2 

used in the calculation of R and D. 

These are the results of Chamberlain et al. (9) 

Beam Polarization p1 =0.69±0005 

P -N Polarization 

~:9 (lab) 

0.382±0.036 

0.158 ± 0.030 

0.105±0.021 
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3. Discussion of Errors 

An important error in an experiment done with such a low 

counting rate is the purely statistical error based on the number of 

counts observed. This is the only error that has been assigned to the 

measured asymmetries previously presented. 

Another source of error in any polari:zation experiment is associ

ated with the determination· of the "zero" of the final scattering. In 

this experiment the zero of ®
3 

was determined to± 0.05° from the 

second-scattered beam profile. From the known change in counting 

rate as a function of ®
3 

this introduces an error in e
3 

of± 0.01. In 

all cases this is smaller than the statistical errors. 

The neutron counter used in this experiment had no plateau in 

counting rate with respect to high voltage, so any change in high volt

age changed its efficiency. A 50 -volt change in high voltage produced 

a 12o/o change in the ABPN counting rate at the usual operating high 

voltage. To eliminate any systematic errors due to drift in neutron 

efficiency, the taking of counts was frequently alternated left and right. 

The method of computing accidental coincidence rates was given 

in Section III C 5. Any source of error involved in the accidental 

coincidence determination is expected to be small compared with the 

statistical error, with the possible exception of the D at ® 2 = 30°L. 

For this point the accidental rate was higher, since the second -sce>.t

tered beam is higher on this side by a factor of almost two. 
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IV. DISCUSSION OF RESULTS; CONCLUSION 

A. Proton-Proton Cross Section 

It is interesting to compare the results for the measured proton

proton cross section as given in Part II of this thesis with the s·um of 

the calculated Coulomb cross section and the nuclear cross section 

extrapolated to the Coulomb region. Garren 
18 

gives an approximate 

expression for the M-matrix for Coulomb scattering as follows: 

, 
M=- -· 

c 2k 

where 

E+ 

0 

0 

2 
e 

T]--

.-fiv 

k = p 
Ai 

± 
E = 1 

---z-
s 

0 0 0 

E 
v + . -i<j> 

- -E Sln 8e 0 
,JT 

v + . 
E -- E Sln 

£ 

0 E 

v = laboratory velocity; 

p = c, m. momentum; 

• 11 1 - 2i TJ £ n ~' .e 
e -21 TJ x n c ± "' s = sin - ' -.:-z--

c 2 

ee -i<j> 

c =cos 

em, 

e 
2 

v = (~ - 1) E2a + 1) + 2a(a + 1) J.1pl , a = c.m energy fer each prdrn. 
( 2a -1) :_] M 

The differential cross section is 

(J ( 8) = 
c 

1 (_ J 21( + 2 - 2. 2 i; 2 2 J 2 
"4\~l]L' )+3(•) t2v(<)siD Jcm. 

The measured cross section in the region where Coulomb scat

tering is negligible is remarkably isotropic, and is 3. 7 mb/ sterad. 

Figure 13 shows the measured eros s section with statistical errors, 
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MU-10843 

Fig. 13. Plot of results obtained in this experiment for the proton
proton cross section versus center -of -mass angle. Circles 
indicate scattering to the left; triangles scattering to the right. 
Errors indicated are statistical counting errors only. The 
solid curve is the sum of the calculated Coulomb scattering plus 
a constant nuclear contribution of 3. 7 mb/ steradian. 
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together with a solid curve which is the sum of a constant nuclear 

effect of 3. 7 mb and the Coulomb cross section calculated from the 

expression in the preceeding paragraph. The angles for the experi

mental points in the region of Coulomb scattering have been corrected 

by the calculated effect of angular resolution (see table). The difference 

indicates a destructive interference of 1.8mb/sterad ate= 10°. Using 

the value for the real part of the forward -scattering amplitude given 

by Stapp 
7 

for the preferred set of phase shifts, and the approximate 

Y "1 . 12 1 1 h ps1 antls, one ca cu ates t e expression for cr . t. f of 1n er erence 
destructive interference at 10° as 2. 3 mb/ sterad. It should be noted 

that the above comparison depends on (a) the validity of the extra

polation of the flat nuclear cross section to smaller angles, (b) the 

limit of L = 3 in phase -shift analysis, which may not be valid at 

small angles, and (c) a comparison of 330 -Mev cross section with 

phase shifts calculated for 310 -Mev scattering. 

B. N -P Triple Scattering 

The results for the depolarization parameter D given in pn 
Table VI are plotted in Fig. 14. The high and low points at e = 64° 

represent second scattering to the right and left respectively. No 

reason for the observed difference other than statistical error is 

known. Either too large a value for P 2 or too small a determination 

of the accidental rate would produce a systematic error in this di

rection. The r-esults give values of D which do not differ signi-
pn 4 

ficantly from the values of D measured by Ypsilantis, et al. 
PP 

Figure 15 gives the results for R and "R " previously pn pn 
given in Table VI. The calculation of 11 R 11 depends on the assumption 

pn 
that the nucleons in deuterium are free, or that the observed n-p and 

p-p cross sections are at least proportional to the free -nucleon values. 

Bloom 19 finds the quasi -elastic p -p scattering from deuterium to be 

suppressed with respect to the free -nucleon cross section, while the 

n-p values are apparently the same. This conclusion is based on a 

measured lower limit··for the p-p cross section and may not be entirely 
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DEPOLARIZATION PARAMETER DPH 

I-

f 
-

0.81-- -
1) 

I- -
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I- -
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I I I I I I l I 
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8cf4 
MU-10844 

Fig. 14. Experimental results for the depolarization parameter D 
versus the center -of -mass scattering angle of the proton scattered 
from the neutron of deuterium. Circles indicate data with second 
scattering to the right; squares indicate data with the second 
scattering to the left. Errors s.hown are statistical counting errors 
only. 
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ROTATION PARAMETER RPN 

0.8 1- I -
1- -

0.61- I 0 -

v - ! 
-

0.4 1- I I -
1-
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I 1 -1- -
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e,M 
MU-10845 

Fig. 15. Experimental results for rotation parameter R. ~ is 
the scattering angle of the proton. Circles indicate data with the 
scattered neutron counted in coincidence. Triangles indicate data 
without neutron coincidence and an appropriate R (proton) 
subtraction (see text). Errors shown are statistical only. 
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valid. On the other hand, Gluckstern and Bethe
20 

predict a slight 

suppression of the quasi p-n scattering in deuterium, particularly at 

large scattering angles where charge -exchange scattering occurs. 

This effect should be small for the angles concerned in this experi

ment, and the calculation was made assuming the quasi-elastic p-p 

and p-n cross sections were both proportional to the free -nucleon 

values. This assumption is further supported in some experimental 

results obtained in measuring the n-p polarization. 9 The polarization 

P pd found from the asymmetry of charged particles with protons in

cident on deuterium is shown in Table VIII. This is compared to the 

value "P d11 calculated from the known P and P weighted by the 
p pp pn 

laboratory cross sections, 

u P +u P 
"P II = 

pd 
pn pn pp pp 

(J + (J 
pn pp 

The larger value of P pd observed at 10° (laboratory) is not unexpected, 

since it is increased by the elastic p-d polarization, which is larger 

than p-n or p-p. In all cases, "P pd11 agrees with P pd to within the 

statistical accuracy. 

On comparison of these results for R with those for R 1 pn PP 
the values for R seem to be decreasing in the angular region where pn 
R is increasing. pp 

Unfortunately the statistical accuracy of the triple-scattering 

results does not seem to be sufficient to allow any precise fitting of 

the data. At a time when the proton-proton phase shifts are un

ambiguously determined, it might be possible, assuming charge in

dependence, .to determine the remaining seven n -p phase shifts for 

L ~ 3 by using n-p cross section and polarization data. Ambiguities 

in the solution might then be eliminated on the basis of gross features 

in R and D as observed in this experiment. np np 
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Table VIII 

Comparison of the polarization of charged particles from 
proton -deuterium scattering with weighted sum ("P d") 

of P and P P 
pp pn 

~ab p 
ppp (j p (j "P II* 

pd pp pn pn pd 

10° 0.44 ± 0.02 0.31±0.02 18.4 0.46 ± 0.07 21.3 0.39±0.04 

20° 0.36±0.01 0.38±0.02 16.0 0.38±0.04 13.9 0.38±0.02 

30° 0.20 ± 0.02 0.25±0.02 13.4 0.16±0.02 8.18 0.22±0.02 

40° 0.00±0.02 0.07±0.02 12.0 -0.10±0.02 5.42 0.01±0.02 

* "P II 
(j p + (j p 

= pn pn pp PP 
pd 

(j +u pn PP 
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V. APPENDIX 

A. Proton-Proton Angular Resolution 

1. ~earn and Target 'Geometry 

The angular resolution from the beam and target is considered 

to be the trapezoid shown in Fig. 16. Here (..6.~) is taken as 
geom. 

the mean width of this function. The trapezoid has the dimensions 

base= 0.819 + 0.143 ® , 

top = I o.s19 - o.143 ~I . 

2. Multiple Scattering 

The projected rms multiple -scattering angle is calculated 

from the approximate relation 

,-==.;--- ~ ..6.E I 

-.1®'"'= 0.95(2 + 1)-' 
E 

where E is the average energy of incident protons, and ..6.E is the 

energy lost in the liquid hydrogen target. 

3. Detector 

The emulsion is scanned over a width of 1 centimeter. This 

gives a square resolution with half width 0.11° and rms width 0.06 °. 

4. Combined Resolution ..6.® 

The preceding effects were combined to give ..6.® from the 

square root of the sum of the squares, j r (..6.®i)
2 

I This is summarized 

in Table III. 
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5. Correction to Angle of Scattering 

If g(a) is the resolution function, then the observed cross section 

at ~ is given by 

®tb 

C1 ( Q!) = J g ( 0-a) u (a) da , 

Qi)...b 

where b represents the limit of the resolution curve. For u(® 
1 

~· - and g(a) given by the trapezoid in A.l broadened by the effects 
®4 

of multiple scattering (A.2), and detector resolution (A.3), OT® was 

calculated. 

The expression ~ :;: u (® + o @) defines the correction in 

angle o® that is given in Table III. This correction was not applied 

to the angles given in Table II, but has been applied to the curve of 

Fig. U. 

B. Deuteron Internal Momentum 

The internal momentum of the deuteron alters the relative angle 

between the two nucleons taking part in a collision from that which 

would result for free nucleons. To get an estimate of this effect the 

collision is treated nonrelativistically and considered to be a two

nucleon interaction. The projected internal momentum distribution can 

be approximated
21 

by 

P(p )dp = z z 2 
1r (MB + p ) z 

where M =nucleon mass, 

dp ' z 

B =binding energy of deuteron = t 2.2 Mev. 

The effects of components of internal momentum P:X and pz on the 

included angle 1T/2 t e are calculated separately. . . 
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From conservation of energy and momentum, we have 

1T 
a=z--®+e z 

1T 
p + p = p cos ( - - ® + e) + p cos e o z n 2 p 

2 2 

- B =~+L+ 
2M 2M 2M 

2 
+p z 

2M 

( 1) 

( 2) 

( 3) 

These equations are solved for e, considering only one component 

of internal momentum at a time, for angles ® = 20 °, 30 °, 40 °. p has . z 
been taken as ± JMB, which includes 50o/o of the distribution, and 

± 2 J MB, which includes 70o/o. The angle subtended by the neutron 

counter is approximately ± 10° (see Fig. 5). 

Angular Spread from Internal Momentum (e = change in included angle) 
in degrees 

®2 = 20° ® - 30° 0 
2 - ®2 = 40 

px 
+ ,jMB -l.O -0.5 -0.:) 

- JMB -2.0 -0.5 -0.5 

+2jMB -2.0 -1.5 -1.5 
px 

- 2jMB -4.0 -2.0 -2.0 

+ ,jMB -10 -7.5 -6.5 
pz 

- JMB +11 +8.5 +7.5 

= +2,,MB -19 -14 -12 
Pz 

-2JMB +21 +16 +15 
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