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FIG. 20 
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near 50 Mev. In order to examine this falloff a comparison 

procedure was necessary" as" for energies below,"" 110 Mev" 
o 

the recoil protons at 61.8 c of m could not escape from 
to 

the crystal. This meant that only the product P~ P
T 

Cnn (90 ) 

could be measured" where P~ is incident beam polarisation" 
o 

and PT is target polarisation. At 90 c of m P is zero in 

equation (23)" due to the anti-symmetry of polarisation 

produced in p-p scattering. This point is illustrated by 
1.<1) 13) 

data at 98 and 141 Mev later in this thesis. Thus equation 

(23) becomes: 
o 

(24) I = I 0 [1 + (±P:r)& Cnn (90 )] 

rewriting to show the energy dependence explicitly: 

( 25 ) I (E) = I 0 (E) [1 ± P -r PT Cnn (90 0 , E) ] 

thus we can calculate the asymmetry c (E,PT) from data taken 

with the polarised beam at an energy E and with a mean target 

polarisation of P,. • 

( 26 ) f (E, po,) = P 7; P T Cnn (90 C" E ) 

Under continued irradiation, only P~ will vary, Cnn 

(90~ ,E) and P~ remaining fixed. If we take alternate measure­

ments at energies E and 143.2 Mev, two curves will be traced 

out" both with the same shape, the asymmetries on one curve 

being in a constant ratio to those on the other. Two sets 

of data collected in this manner for E = 73.5 and 98.3 Mev 

are shown in FIGS. 20,21. 
l' 

In addition to the removal of the two 30 (Lab) tele-

scopes, several other changes are required in the 45 ~ tele­

scopes for the lower energy data points. The slower protons 

are still incident at about 2.1
0 

, as their energy is ~ 140 

Mev almost to the target, since the CH~ degrader used is 

placed as close to the target collimator as possible. The 
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beam actually rises a small amount (1'01 0.1 mm), which was 

corrected for by raising the collimator on the target slightly 

each time a measurement was made at a low energy. 

The lower energy of the scattered particles required 

the angular settings and copper absorbers to be altered each 

time the energy was changed. The monitor counter was raised 

to a compromise between the planes of the 143 Mev beam and 

the lower energy beam, and the absorber changed for each 

change of energy. 

The angular settings used are listed in TABLE 2, and 

further details follow: 

Energy of 

measurement 

98.3 Mev 

73.5 Mev 

Degrader (CRlo) 

9.29 gm/ cm·lH!-2 

6.47 gm/cm**2 

Cu Absorber Al Absorber 

in Arms in monitor 

1.67gm/cm*-:;'2 1.09 gm/cm**2 

o. gm/ cm*·*2 o. gm/cm',(·*2 

One crystal was used for each of the two lower energies, 

and data taking was stopped when the polarisation of the target 

had dropped by about a half. 

The counting rates in the telescopes were·v l.9 cps 

at 98 Mev and N 1.3 cps at 74 Mev. Both the background 

coincidence rates and the random coincidence rates were -v 2 % 

of the total counting rates at both energies. At these rates 

about an hour was spent counting for one data point at each 

energy. 

3.4 Background measurement 

Initial attempts to measure the background coincidence 
_..1_ ,I. counting rate by using targets of CaIDOn , Lanthanum Mag-

nesium Oxide in a can; and nothing in the can; were not 

successful. Any slight water contamination was found to be 

detectable, and it was not possible to dry out the target 
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satisfactorily. 

The same difficulties had been encountered with the 

large polarised target used at the Rutherford Laboratory, 

and had been resolved b,y the production of a dummy (hydrogen-
131) 

free) target material. This material consisted of 66 io PTFE* 
~ ~ c 

loaded with 26.2 (0 Ba Co) and 7.8 foMgO, sintered at tv 400 C 

to form an easily machined water-free solid. It was not 

particularly important to reproduce the actual elements in 

LMN as it \'las reasonable to consider that neighbouring nuclei 

would have very similar (p,2p) inelastic cross-sections. 

Such events were the only ones that could give rise to back­

ground coincidences, and as the experimental ratio of back­

ground:hydrogen counts was small, this mate~ial was used to 

measure the background. The background counting rate when 

the target cavity was empty was effectively zero (a B.G:H2 

counting ratio of < 0.01 %). 

The density of the dummy target material was 2.45 

gm/cm*;~3 to be compared \'lith 2.08 gm/cm*.;}3 for the LMN target 

crystals. A dummy target of the same shape and size as the 

LMN target crystals was used, and the measured background 

scaled down b,y 2.08/2.45. This was justifiable as the great 

majority of the background scattering events occurred in the 

dummy target. A precise determination of the background rates 

was not pOSSible, as the LMN target crystals were only deter­

mined to be 1.0±9.1 mm. thick. This uncertainty was not serious 

as the ratio of background: hydrogen count was ",2 % • 

*Polytetrafluoroethylene 
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Using the unpolarised beam, together with the long 
Ilg) 

duty cycle facility (the Cee), the B.G:H~ ratio was close to 

0.02 for each telescope. Using the polarised beam and using 

the no~al duty cycle, as in the actual experimental data­

taking, this ratio was also 0.02, but an asymmetry of -0.05 

:!;:p.04 \'1as measured at 143 Mev. The measured counts were used 

to correct the 143 Mev data for background although one would 

expect this asymmetry to be zero, as indeed it was for the 

lower energy measurements. About three quarters of the back­

ground counts recorded using the polarised beam were random 

coincidences. This could have been reduced by using the long 
IlS) 

duty cycle beam, but only by deviating from the experimental 

conditions under which the LMN data was coliected. 

3.5 Enargy of the measurements 

Recently certain discrepancies have been found between 

theory and experiment in the range-energy relations commonly 

used to define the energy at which a sc~ttering experiment 

has been made. These differences areNl Mev, and have thus 

been of small importance in comparison with the precision of 

p-p data and the energy width of the beams used for p-p 
II. :s) 

measurements. As pOinted out by Rose at Williamsberg, such 

effects are now becoming detectable. For these reasons the 

material and precise range tables used \'1ill be quoted here. 

FIG.~5 shows the magnitude of the effect near 100 Mev in 
,l. "r) 

aluminium, as reported by Portner and Moore for measurements 

made on the MacGill synchrocyclotron.[~~) in the figure refer 

to Ref.(127)(128n. 

The full energy measurement was made by taking range 

curves in copper, and using the corrected Sternhei~er range 

tables as quoted in Ref. (105). The value obtained was 



Parametrisation of th~._dat~ y.sed for least squares analysis of 143 Mev data. 

Counting rates (C) of the three counter telescopes used for the 143 Mev measurement~: 
c 

C(30D:Pl±:P2-) = Tl j .N1 (1..%3) (1 +Pl • P3-P2 .1'3+Pl • P2. 01111 (61 J3 » 

c(45 : •• : •• ) = T2j.N2(1±S)(1+Pl.P2.Cnn(90
o 

» 
C' 

C(30U: •• : •• ) = T3j.N3(1±S)(1+Pl.P3+P2.P3+Pl.P2.Cnn(61.8 » 

C(30D:P±:P2=O) = Tlj.N1(1±S)(1±Pl.P3) 

c(45 : •• : •• ) = T2j.N2(1+S)(1) 

C(30U: •• : •• ) = T3j.N3(1±S)(1+Pl.P3) 

C(30D:P1=O:P2-)= Tlj.Ml(1+P2.P3*) 

c(45 :.. : •• )= T2j.M2(1) 

C(30U: •• . . . . )= T3j.M3(1-P2.P3*) 

C(30D:Pl=P2=0) = Ml.T1j 

C(45 • • • · ) = M2.T2j • •• 

C(30U: •• · ) = M3.T3j • •• 
c c 

vfuere:30D:45:30U referGto the telescopes defining LAB angles of about 45 and 30 degrees 
corresponding to -61.8 :90 D

: +61.8° in c of m. 

Mi:Ni are the normalising factors including solid angle, absorber corrections etc. for each telescope 
for the Unpolarised and the Polarised beams respectively. 

TABLE 3 
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142.2 ± 0.3 Mev for the polarised beam, and 146.3 ± 0.3 Mev 

for the unpolarised beam. 

At the lower energies, two methods were used to deduce 

the energy at the target centre. (1) The full energy range 

in copper was corrected to the incident proton energy after 

passing through the CHz degraders, the range tables of (105) 

being used for this purpose. This gave: . 
98.4 ± 0.3 Mev and 73.2 ± 0.3 Mev. 

(2) A separate telescope was then used to take range curves 

in copper for the degraded and undegraded beams and the tables 

of (105) used to give: 

98.2 ± 0.3 Mev and 73 .• 7 ± 0.3 Mev. 

As these estimates merely check the consistency of 

the range tables, the values adopted for the energies at the 

target centre given by the polarised beam after passing 

through the CH£ degraders are 73.5 ± 0.3 Mev 98.3 ± 0.3 Mev; 

and 143.2 ± 0.3 Mev, for the full energy polarised beam. All 

these are referred to the copper range tables of (105). 

IV Analysis of Cnn data 

4.1 Parametrisation 

The parameters used for these analyses are tabulated 

in TABLE 3. The functional forms involving P1, P2, P3 and Cnn (~) 

are those given by equation (23) for the various combinations 

of target and beam polarisation listed on the left hand side 

of each equation. Pl, P2, P3, P3* are the polarisations of 
o 

beam and target, and in p-p scattering at 61.8 c of m at 

143.2 and 146.3 Mev respectively. S is a parameter to allow 
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for a possible variation in monitoring efficiency dependent 

on the direction (+ or -) of the incident beam polarisation. 

M and N are normalising factors including absorber corrections, 

solid angle factors, detection efficiencies of the telescope 

arms etc. Two different normalisatlons (M,N) are used as there 

is a 3.1 Mev difference 1n energy between the two beams used, 

and the slightly differing absorber corrections, beam focus, 

beam spot shape, and scattered proton trajectories make it 

unreasonable to expect agreement between N,M for the two beams 

to the high precision «0.3 '10) given by the counting statistics. 

The second normalising factor Ti applies to data collected 

using either beam, and is expected to be close to unity. 

This factor is to allow for slightly differing normalisations 

to the monitor for the three different telescopes. This might 

be considered necessary as the occasional movement of the 

counter telescopes during a run on one crystal could lead to 
o 

errors of ~ 0.2 in the resetting of the counter angles. The 

suffix j of Tj refers to the crystal in use, and the other 

suffix (shown in Table 3) may be used to refer to each tele­

scope separately instead of considering T to remain the same 

for all telescopes throughout the data taking for a given 

crystal. This additional suffix is of doubtful merit (see 

later), however variations in T between crystals are expected 

to occur as the entire counting array must be removed in order 

to replace the target crystal, and must then be replaced and 

reset. Also the thickness of the target crystals varies, the 

nominal thickness being 1.0 ± 0.1 Mm. 

A slight improvement may be made to Table 3 by writing 
o ~ 

(27) Cnn (61.8 ) = R.Cnn (90 ) 

as the ratio (R) is well-determined independent of the behaviour 
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of the target polarisation with time. 

4.2 Preliminary Analysis at 143 Mev 

If the normalising parameters N,M,T are not used" it 

is still possible to compute values for Cnn. As data is 

collected for both signs of incident beam polarisation" the 

techniques of Appendix 3 may be used to obtain values for 

P2.P3* (from unpolarised beam data)" and P1.P3" and P2.P3 

(from polarised beam data" b,y the addition of the first and 

third equations of Table 3) that are independent of N"M,T and 
~ 

S. Similarly values of the asymmetries P1.P2.Cnn(gO ) and 
~ 

P1.P2.Cnn(61.8 ) may be obtained. If we take the energy vari-
o 

ation of P3(61.8 c of m) from the literature - see FIG.19 -
1\1l~ 

a value of P1 .dP3/dE of 0.85 % /degree~is obtained" and thus 

a series of pOints following the decay of the target polaris­

ation may be found. FIG.g was obtained in this way. As the 

protons of 143.2 and 146.3 Mev both lose very close to 1 Mev 

to ionisation in the target, it is immaterial whether the 

x-coordinate is the cumulative ionisation produced in the 

crystal, or the cumulative proton flux through the crystal. 

A smooth curve may now be fitted to these data. As 

discussed earlier" a three-parameter fit could not be justi­

fied by the data, and there \'las little to choose between a 
"-

linear and an exponential fit byX tests. As discussed in 

Chapter II, there are other reasons for using an exponential 

or other non-linear curve; however both linear and exponential 

fits were tried. The value of the target polarisation at the 

x-coordinate corresponding to each P1.P2.Cnn(~) datum could 

then be obtained" together with errors that included the 

effects of correlations between the parameters defining the 

polarisation decay curve. As Pl for the beam used in this 
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S"=I-) 

experiment was known to be 47.2 ± 0.47~ values for Cnn(90~) 
<I 

and Cnn(61.8 ) could be derived. The ratio of the two asym-
o 0 

metries P1.P2.Cnn(90 ) and Pl.P2.Cnn (61.8 ) measured simul-

taneously was evidently independent of the actual value, or 

indeed the behaviour, of the target polarisation. 
o 

Values for Cnn(90 ) and R were obtained for the first 

five crystals. As would be expected, the values of R (see 

equation 27) agreed well, but the absolute values - i.e. Cnn 

(90°) - were in poor agreement. The error of the final result 
t. 

was scaled up to allow for the poor )( /point before the 

presentation of these early data, and preliminary analysis 
11 'l} 

at Karlsruhe. 
1-

Parameter Form of Value Error X Degrees of Error renormal-

decay Freedom ised for Eoor')<..\.. 

Cnn(90 ) Exponential 0.89 ± 0.02 39.8 12 0.04 

Linear 0.88 ± 0.02 34.3 12 0.03 

Exponential 0.85 ± 0.04 12.5 12 

Linear 0.85 ± 0.04 10.4 12 

It was evident that R was reasonably well determined 

by this procedure, but that for the absolute value of Cnn(900) 

further data and closer examination of existing data was 

required. 

It was possible that the target polarisation, as seen 

by the two beams, might not have been the same. This would 

not be so if either the intensity distribution of the two 

beams was the same over the irradiation position of the 

crystal, or the polarisation of the target crystal was uni­

form over the same area. 

Both these requirements are fairly well satisfied, 
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throughout the analysis, and identical data reduction and 

decision procedures applied to both. The good agreement 

between the results obtained using the two forms was further 

evidence that the Cnn values finally quoted are not materially 

dependent on the decay law assumed. 

At this stage it should be noted that the decay laws 

applied to the maximum obtainable polarisation of the target, 

and drifts in the klystron frequency and the static magnetiC 

field could cause fluctuations in the actual behaviour of the 

polarisation with time. For this reason as far as possible 

a continual watch was maintained over the E.P.R. output (on 

a chart recorder), so that an operator could re-attain the 

maximum available polarisation as quickly as possible. 

Fluctuations of this kind were the probable cause of the high 

( 1.4/d.fr.) ')l~ per point finally obtained in the analysis, 

and also for the necessity to reject a certain number of 

data pOints in the course of the analysis. 

An initial approach used a functional minimisation 
B~ 

routine (due to Powell ) that did not require functional 

derivatives, and used a variable step-length approach to 

ensure a good convergence rate to the minimum from a poor 

initial approximation. 
~ 

The function to be minimised was the sum of the X 
contributions from every data pOint. A typical such contri­

bution is shown below for the case of a datum collected b,y 

the 30D telescope when both beam and target were polarised, 

and an exponential form P2 (x) = Aj.Exp(- x.Bj) was in use, 

[where x is the cumulative monitor count coordinate corres­

ponding to the cumulative proton flux that had passed through 

the target up to the midpoint of the count required to collect 
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experiment was known to be 47.2 ± 0.41~ values for Cnn(90~) 
., 

and Cnn(61.8 ) could be derived. The ratio of the two asym-
o 0 

metries Pl.P2.Cnn(90 ) and P1.P2.Cnn (61.8 ) measured simul-

taneously was evidently independent of the actual value, or 

indeed the behaviour, of the target polarisation. 
o 

Values for Cnn(90 ) and R were obtained for the first 

five crystals. As would be expected, the values of R (see 

equation 27) agreed well, but the absolute values - i.e. Cnn 

(90°) - were in poor agreement. The error of the final result 
'-

was scaled up to allow for the poor )( /point before the 

presentation of these early data, and preliminary analysis 
l'il} 

at Karlsruhe. 
1-

Parameter Form of Value Error ~ Degrees of Error renormal-

decay Freedom ised "-for Eoor~ 

Cnn(90 ) Exponential 0.89 ± 0.02 39.8 12 0.04 

Linear 0.88 ± 0.02 34.3 12 0.03 

Exponential 0.85 ± 0.04 12.5 12 

Linear 0.85 ± 0.04 10.4 12 

It vias evident that R was reasonably well determined 

by this procedure, but that for the absolute value of Cnn(90 0
) 

further data and closer examination of existing data was 

required. 

It was possible that the target polarisation, as seen 

by the two beams, might not have been the same. This would 

not be so if either the intensity distribution of the two 

beams was the same over the irradiation position of the 

crystal, or the polarisation of the target crystal was uni­

form over the same area. 

Both these requirements are fairly well satisfied, 
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throughout the analysis, and identical data reduction and 

decision procedures applied to both. The good agreement 

between the results obtained using the two forms was further 

evidence that the Cnn values finally quoted are not materially 

dependent on the decay law assumed. 

At this stage it should be noted that the decay laws 

applied to the maximum obtainable polarisation of the target, 

and drifts in the klystron frequency and the static magnetic 

field could cause fluctuations in the actual behaviour of the 

polarisation with time. For this reason as far as possible 

a continual watch was maintained over the E.P.R. output (on 

a chart recorder), so that an operator could re-attain the 

maximum available polarisation as quickly as possible. 

Fluctuations of this kind were the probable cause of the high 

( 1.4/d.fr.) -)(~ per point finally obtained in the analysis, 

and also for the necessity to reject a certain number of 

data points in the course of the analysis. 

An initial approach used a functional minimisation 
Bot) 

routine (due to Powell ) that did not require functional 

derivatives, and used a variable step-length approach to 

ensure a good convergence rate to the minimum from a poor 

initial approximation. 
. ... 

The function to be minimised was the sum of the X 
contributions from every data point. A typical such contri­

bution is shown belo\,l for the case of a datum collected by 

the 30D telescope when both beam and target were polarised, 

and an exponential form P2 (x) = Aj.Exp(- x.Bj) \'las in use, 

[where x is the cumulative monitor count coordinate corres­

ponding to the cumulative proton flux that had passed through 

the target up to the midpoint of the count required to collect 
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the datum] (28) 

~ ~ 

Ate =[C(30D:Pl+,P2-)-Nl.Tl (1+S)(1+Pl.P3-P2.P3-Pl.P2.R.Cnn(90)] 

[Q (C[30D:Pl+,P2-])]**2 

where the denominator gives the square of the statistical 

uncertainty relevant to the counting rate C[30D:Pl+,P2-] 

including contributions from the background subtraction, and 

corrections for random coincidences in both the monitor and 

the telescopes. 

The initial minimisation procedure was used to show 

that eight of the data were not part of the consistent data 
t. 

set, as the ?G contributions for each of these points was 

)100 for all the possible variations in parametrisation 

described, and for all starting pOints tried for the mini­

misation. These 8 points were then removed from the complete 

data set of 284 points. 

A much faster and more convenient routine was now used. 
,3,.) 

This also was due to M.Powell, and was specialised to the 

minimisation of sums of squares. The major feature of this 

technique was the good approximation to the error matrix built 

up as a function of the minimisation search procedure. 

The parametrisation \'las initially used in the form 

(1) Cnn(90 ) and Cnn(61.8°) as separate variables 

(2) Tij without the suffix i, so that only one common 

overall normalisation of the monitor was allowed for the 

three telescopes for a given crystal. 

The form Tj was used as this restricted the freedom of the 

fit as much as possible consistent with known effects. The 

form Tij was used later to restrict the freedom of the fit 

as little as possible consistent with known effects. 

The parametrisation Tj required 31 variables: Cnn(90
0

), 
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o 

Cnn(61.8 ), S, P3, (Ni, Mij i=1,2,3) and (Ti, Ai, Bi, ; i=l 

to 7) where Ai, Bi are the parameters defining the exponential 

or linear forms for P2(x). 

(I) Initial Fit : ?C~for all points <30 

This is the result of the fit to the initial data set 

of (284-8) points: 
o 0 

Cnn(90) Cnn(61.8) 
'1.. 

Q#lD,601 S 'X-/n. Fr • P 3 Fit -
0.78 0.0008 668/2450.164±p.002 

Lin. 1.01±0.04 0.85±0.03 0.74 0.0008 688/2450.164±0.002 

S is ± 0.0010 in both cases. 

Three stages of data reduction were now carried out, 

identical sets of data being used for both the linear and the 

exponential fits This gave as a result a set of data for 
1.. 

which rx <9 for all data points under both hypotheses. All 

points in the initial data set had been tested to ensure that 
, I 

their rejection was still justified when the final values 

of the parameters \'lere used to calculate the1r 

contr1 but1ons. 

(II) Reduced Set L points <9 . 7(, for all . 
0 

t.. 

ill Cnn(90) Cnn(61.8) e"~'62 S X/D.Fr. U 

Exp. 1.oo±0.04 o.83±p.03 0.77 -0.0000 355/225 0.166+0 .002 

Lin. 0.99:t,O.04 0.82±,O.03 0.77 +0.0002 370/225 0.166+0.002 

S is ± 0.0010 in both cases. 

As previously mentioned, the value of the incident 

beam polarisat1on had been held constant at the value of 

0.472 • A check was now made on the effect of this restriction 

by repeating the fit using a value of P1 = 0.468 (= 0.472 
s-=r) 

_ quoted error of 0.004) and the same data set. 
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TABLE 4 
i 

Error Matrices from Cnn analysis 

Exponential decay law; Analysis (A) using Cnn(gaO) and R. 
(1 co 

Cnn(900) Cnn(61.8 )/Cnn (90 ) P3 

~ 4 -3 
6, = 1. 3.10 

--, e,.\. 0, c.l\. =-2.62.10 
-s r'1 0'". OJ = 1.80. 10 

1. ~ 4f 
(1, = 4.46.10 (Ju6&.oJ= 2.91.10-(' 

1. - Co 
0"1 = .3. 59. 1 0 

Thus: 

a [Cnn(90° )]= ~ = 0.038 ~'A.=-0.33 

0" (Ratio) = 0',- = 0.021 ~'3.2 = 0.73 Ratio = 0.8279±O.021 

a(P-P-poln.)= cr1 = 0.0019 (31 = 0.25 P3(61.8°) = 0.1656±<>.0019** 

ell 

Exponential decay law; Analysis (B) using Cnn(ga ) and 
o 

Cnn(61.8 ) uncoupled. 

Cnn (90° ) Cnn (61. 8 C> ) 

Thus: 

o [Cnn(90° )] = 0.039 

([Cnn{61.8°)]= 0.033 

o(p-p poln.) = 0.0019 

.. see 8.2 

'1. -~ -~-
0"" = 1. 1 o. 1 0 en 0; 6', = 1. 86 • 1 0 

?.. 6 -(. 
aj= 3. 0.10 

e.\. = 0.78 Cnn(goo) = 0.9959±.O.039* 

Qn =-0.30 Cnn(61.8°)= O.8245±O.033 

e,l = 0.25 P3(61.8°)= 0.1 656±.O.0019** 

*,** The stability and repeatability of this solution is 

shown by the *, **results. Widely differing starting pOints 

were used for the minim1sations whose results are quoted here. 
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(III) Test set Pl displaced by 1 standard deviation 

Fit Cnn(99j -
o 

Cnn(61.8) 
2.-

-X-/D.Fr. S -
Exp. 1.00±,O.04 0.825±p.03 0.80 -0.0001 356/225 0.166±p.002 

Lin. 1.00iO·04 0.830+0.03 0.78 +0.0002 370/225 0.167±p.002 

S is ± 0.0010 in both cases. 

This shows that the solution is stable to such displace­

ments, as is necessary for this solution to be at the true 

minimum. 

Although Cnn(goo) and Cnn(6"1.8°) are the results most 

easily compared with other work, and assimilated into phase­

shift analyses [P.S.A.], the physically distinct parameters 

determined by this experiment are Cnn(90o), and the ratio (R) 

of the two Cnn values. R may be incorporated into P.S.A. with­

out undue complications, and the final data set was run with 

this parametrisation to obtain the. correlated error for R and 

the correlation coefficient ~ between Cnn(90o) and R. 

(IV) Final Fit Cnnz R Parametrisation 

Cnn(gcf) 
I-

m R ~ .§. X/D.Fr. tl -
Exp. 1.00+0.04 0.828±p.02 -0.33 -0.0000 355/2250.1656±9.0019 -
Lin. 0.99±p.04 0.827±p.02 -0.33 +0.0002 370/225 0 .1656±9.001 9 

S is ± 0.0010 in both cases. 

The error matrices for (II) and (IV) are shown in 

detail in TABLE 4 together with the results obtained for Cnn 

and P3. 

As a final check on these conclusions, the same data 

set was run using the full Tij normalisation, allowing all 

three telescopes to have slightly differing efficiencies 

relative to the monitor for runs on each crystal. This 

removes the smoothing over possible re-settings of the 

telescopes made during a set of runs on a crystal, and 
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and we may consider that both beams do indeed see the same 

target polarisation. The mean polarisations seen b.1 the two 

beams can be compared b.1 observing the spread of the points 

on exponential decay curyes fitted to the data. FIG. 9 shows 

that such a comparison is of necessity of poor precision, 

but the quality of the overall fit of polarisation falloff 
:a.. 

data to exponential curves gives a satisfactory ?C of 36 for 

42 degrees of freedom. 

4.3 Least squares analysis at 143 Mev 

After the preliminary analysis of 4.2, further data 

was taken, and an alternative approach to the analysis adopted. 

The spread of results for Cnn obtained as in 4.1 suggested 

that fluctuations in the target polarisation or errors such 

as the missetting of a counter on the magnet had occurred. 

To distinguish such data from the rest required a least 

squares analysis that utilised all the data simultaneously. 

The parametrisation of 4.1 was used in two basic forms. Type 
o 0 

A, using Cnn(90 ) and Cnn(61.8 ) as separate parameters; 

Type Busing Cnn(90o) and the ratio of the two Cnn values, R. 

P3 was allowed to vary in the analysis, to provide a 

check that the mean analysing angle of 30D and 30U telescopes 
.. 

was in fact 61.8 c of m b,y comparison with other p-p polaris-

ation data. P3* was written as P3 + Il P3 where it P3 was 

derived from the published data shown in FIG.19 and fixed 

at that value. 

Although the data of Chapter II would have allowed us 

to use only an exponential form for the behaviour of the 

target polarisation under continued irradiation, the analysis 
2-of that data was not complete until after the X analysi s 

was run. Thus both linear and exponential for.ms were used 
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allows 14 more parameters for the overall fit. 

(V) ~-NormalisationsLXTal Cnn(900) and Cnn(61.8°) 
CI Co 

...... 

ru Cnn(90) Cnn(61.8) 4 n §. 1= ID.Fr. II 
Exp. 1.02±<>.o4 0.85±<>.03 0.78 0.0001 293/.al1 0.166±p.002 

Lin. 1.01±<>.04 0.85±0.03 0.79 0.0004 310/311 o. 166j:O .002 
0 '\. 

ID Cnn{9Q) R +- §. 'X ID.Fr. II -
Exp. 1.02j:O.04 0.83j:O.04 -0.33 0.0001 293/211 0.1 66±p .002 

Lin. 1 .01 0.83 -0.33 0.0004 312/211 0.166 

All S values are ± 0.0010. 

The conclusions do not vary significantly between the 

two parametrisations, and the more restrictive fit of (IV) 

allows sufficient freedom without introducing the additional 

(and less likely) hypotheses adopted for (V). 

The slightly better fit of the exponential decay law, 

when taken in conjunction with the conclusions of the radi­

ation damage study, leads us to quote only the exponential 
'\. 

results of (V). The X/pOint is still high, and indicates 

that the scale of errors has been underestimated b.Y using 

the statistical errors. The fluctuations of the target polar­

isation are considered to account for thiS, and the errors 
1-

quoted in TABLE 5 have been scaled up for the poor 'X Ipoint. 

Corrections have also been made for the imposed cutoff at 
lo 

'X )9, and for the reduction of the data set by 20 pOints 

out of an initial 276. 

4.4 The Determination of P3 

A value for polarisation in p-p scattering at 143.2 
() 

Mev at 61.8 c of m is given by this least squares analYSis 

as 0.166 ± 0.003. This value for P3 is correlated to the 

other variables in the analYSiS, and is equally affected b.Y 

changes in the monitoring, counter efficiencies, counter 
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settings, and the other factors which may have fluctuated 

during the experiment and so introduced non-statistical 

errors. 

The effects of these fluctuations, and of the con­

sequent data reduction process described in 4.3, can be 

estimated by calculating the asymmetry P1.PJ directly from 

the data, b,y using the equation: 

(29) P1.P3 = r - 1 

r + 1 

where: r*~:·2 = C(30D:Pl+:P2=O) C(30U:P1-:P2=O) 

C(30D:P1-:P2=0) • C(30U:Pl+:P2=O) 

By considering the expression in TABLE 3, it may be 

seen that this value of P1.P3 is independent of both the 

beam monitor and the telescope efficiencies. This is fully 

discussed in 8.3. The value of P3 obtained in this way is 

0.165 ± 0.002, which implies that the non-statistical errors 

other than those associated with the target polarisation 

were very small. 

Although P3 has been considered to be a parameter to 

be determined by the experiment, good experimental data 
n) 

exists. Cox et al have used the same polarised beam to deter-

mine the angular variation of P3 using a liqUid hydrogen tar­

get. Using the known variation of P3 with energy [ref. 50 
I) 

and FIG.19], we obtain P3('1.8 c of m, 143.2 Mev} = 0.162 
In} 

± 0.003 from a smoothed curve (based on Perring's phase-shift 

analysis) through the data points. This result does not in­

clude uncertainties in P1, and is in good agreement with the 

results of this experiment. 

If the Cox value of P3 were used directly in the 

analysis, the error matrices quoted in TABLE 4 predict values 
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o 

ot Cnn(90 ) and R of O.98±9.05 and 0.80±9.03 respectively. 

This was not done for several reasons The result 
o 

quoted for P3(61.8 ) from this analysis was derived Without 

reterence to the beam energy or to the scattering angle, and 

also has been shown to be very insensitive to the precise 

value assumed for P1. Thus, apart from the small corrections 
o 

tor the energy dependence of P3(61.8 c of m), all the results 

are insensitive to all other available data and may there­

tore be used directly in phase-shift analyses Without intro­

ducing further error correlations. This would not be the case 

if the value of Cox et al were to be used. 
o 

The datum P3(61.8 ) is a data point of equal precision 

to that ot Cox et aI, and therefore may be used in one of two 

ways; firstly it may be taken to conri~ the consistency of 

the analysis procedure, and also, Qy reference to other data, 
o 

the mean setting angle for the 30 Lab telescopes; or secondly, 
o 

as a subsidiary result from the experiment. We quote P3(61.8 , 

143.2 Mev) = 0.166 ± 0.003 as one of the results of this 

experiment. 

4.5 Analyses at 73.5 and 98.3 Mev 
o 

The method used to obtain data on Cnn(go c of m) at 

73.5 and 98.3 Mev has been described in 3.3. Data was taken 

at 143.2 Mev and (say) 98 Mev alternately, using only the 
o 

polarised beam and the 90 c of m telescopes. Both directions 

(±) of the incident beam polarisation were used and the target 

was polarised all the t1rne.~y reference to TABLE 3, it can 

be seen that an asymmetry E. may be measured at each energy , 

of the form (see TABLE 3): 

~ = C(4S:P1+:P2-) - c(45:P1-:P2-) 

(30) c(45:Pl+:P2-) + c(45:Pl-:P2-) 

\ 
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o 

E = Pl.P2.Cnn(90 ) - S 

1 - S.Pl.P2.Cnn(goo ) 

From the least squares analysis at 143.2 Mev, we may 
I:. 

write S = 0.0000 ± 0.0010, thus E = P1.P2.Cnn(90 ). If we 

plot £. against the cumulative proton flux through the crys­

tal - or total ionisation energy left in the crystal - the 

two curves will be traced out as P2 varies FIG.20,21. These 
o 

two curves are related b,y the ratio of Cnn(gO ) at the two 

energies being used. A least squares fitting procedure may 

thus be used to fit all the E data to a smooth curve, the 

143.2 Mev asymmetries being multiplied b.Y a parameter 
o 

R;~ = Cnn(gO ) at low energy. 

Cnn(gOo) at 143.2 Mev 

The polarisation falloff seen in FIG.20,21 may be 

descr1bed (as for 143 Mev analys1s) b.Y a straight line, an 

exponential, or any other smoothly vary1ng curve. The x-coord­

inate may be in tenns of cumulat1ve energy deposited in the 

crystal, or in terms of cumulat1ve proton flux through the 

target crystal. All these poss1ble descriptions of the decay 

gave sens~y the same results for the values of R*. Second 

order terms giving a third parameter for the polarisation fall­

off were found to be unjustif1ed b.Y the data. 

The errors quoted are derived from the error matrix of 

the least squares solut1on in each case: 

1;2.:2 .:I: 0.3 Mev 
'1.. 

x-coordinate R* P2 law used %/n.Fr. -
Cumulat1ve 0.6goj:O.o41 Exponent1al 21.7/24 

number of protons 0.68g+o.043 Linear 22.5/24 

Cumulative ion1sat1on 0.688,±O.o42 Exponent1al 22.6/24 

deposited in crystal 0.689±P.038 Linear 23.3/24 



Parameter 

o 

Cnn(90,143.2) 

98.3) 

143.2) 

143.2) 

Results and predictions for Cnn measurements 

Experiment Breit (Xpp4)(1967J Arndt ( 1 966 ) 

1.00 ± 0.05 0·98 0.91 

0.83 ± 0.03 0.84 0.81 

0.69 ± 0.04 0·10 0.11 

0.25 ± 0.06 0.33 0.32 

0.166± 0.003 0.163** 

Perring(1966) Per.rIng(1967) 

0.91* 0·91* 

0.85* 0.85* 

0.11*** 

0.36 

0.162* 0.163* 

*Includes these results for Cnn at 143 Mev
4 

and the recent (1966) Harwell data on polarisatIon and 
dl£ferentlal cross-section at 140.1 and 14 .1 Mev. 

**Breit (YRB1(Ko»(1966) 

***This fit includes this Cnn value, 93 and 98 Mev (1961) Harwell polarisations and 99 Mev Harwell 
(1961) cross-section. 

TABLE 5 

-(» 
I\) -
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98.3 :r 0.3 Mev 
'1. 

R* P2 law used 'X-/D.Fr. --x-coordinate 

Protons O.253±,O.055 Exponential 12.6/13 

0.252iO· 059 Linear 12.7/13 

Ionisation 0.252;tO.056 Exponential 12.6/13 

O.251±<>.059 Linear 12.6/13 

The results adopted were, as in 4.3, those for the 

exponential law, and the cumulative number of protons. 

0
0

) i.e. Cnn(90 ; 73.5 Mev)/Cnn(90 ; 143.2 Mev = 0.253iO. 055 

Cnn(90o
; 98.3 Mev)/Cnn(90~; 143.2 Mev = 0.690+0.041 

4.6 Conclusion 

The values of the exponential quantities in this 
'\. 

experiment have been determined by X minimisation pro-

cedures. Error matrices have been calculated, and the quoted 

errors in TABLE 5 allow for correlations. 

The right hand columns in TABLE 5 refer to the pre­

dictions and fits of various modern phase-shift analyses. 
,3(') 

Both the Yale communications (YRB 1 (Ko) and Ypp-IV) are 
I~) 

predictions, so also are Perring's 1966 analysis and the 
16) . 11'1) 

Livermore energy dependent analysis. The later Perr1ng 

analyses include the data in this thesis, and are therefore 

fits. 
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V Apparatus for 98 Mev proton scattering experiments 

5 .1 Liquid hydrogen degrader 

The external pr ot on beams of the Harwell 280 cm 

synchrocyclotron are a t a mean energy of about ,40 ~v, and 

have an energy spread of a bout 2 t o 3 Mev (F. I • . H. M. ) . The 

• intensity available i s f a irly low, rv 10 pps unpolarl se d pro-
,. 

t on s , and N10 pps polari sed pr otons . 

In order to produce a beam with an energy of a bout 

100 Mev, it 1s necessary to degrade the energy of the beam 

1n some material . In order to retain a reasonably small energy 

spread 1n the degraded beam a material of 1m-I a tomic number 

mus t be u sed . As the intensity of the beam 1s alr eady l ow, 

it i s necessary t o minimise the multiple scattering in the 

degrading materi al to give a reasonably small beam spo t at 

the t arget with a minimum of further collimation . As the 

beam divergence introduced by multiple sca tte r i ng increase s 

as the square of the a t omi c number of the material u sed , a 

low a t omic number is again necessary . 

The bes t solution i s t o use liquid hydrogen t o degrade 

the mean energy of the beam. This minimises multiple scatter­

ing and s traggling, and removes the possibility of c ontamin­

a tion of the 10'0'1 energy beam from inelastic coll i s i ons in 

the degr ader. 

To make best u se of these pr opertie s of hydrogen, very 

thin plastic windows were u sed al ong the beam path through 

the hydrogen cryost a t . The techniques developed t o contain 

hydrogen behind window s of ma terial of u .005 cm thlcme ss 

and of low atomic number are de scribed 1n 5 . 2 . 

The degrader cryosta t was made from stainl ess s teel 

and was continuously pumped by a 7 .6 cm Genevac oil diffus i on 
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pump. A sectional drawing i s shown in FIG. 23 . The hydrogen 

was 1n a cylinder of stainle ss steel suspended directly from 

two 15 cm lengths of thin wall (0 . 010 cm) cryogenic s tain­

le ss s teel tubing. A steel saddle tank containing liquid 

.ni,trogen shielded the bottom and sides of the hydrogen vessel 
, 

from radiation lOSses . The top 
,. 

radiation shields were shee,t,s' 
I.- ' , 

... . •• ~. So ." 

of silver plat'ee( copper, which were allowed to t ouch the 'sUs~ ' 
C·, 

pension tubes of the H. ve ssel in order to reduce the hea~ , 
• '< • .. ,.. ..- . ,.\ 

input to the liquid hydrogen by tying the tubes to the temp~ 
1 ;( ." f· u', r,' 

erature of liquid nitrogen at this point. The end radiation 

shields were of 0 .006 rnm Al foil, with a vertical slit, to 

make it poss ible to see the level of the H, in the inner 

container through the transparent plastic windows . 

The overall length of the cryostat was 60 em, however 

sever.:n different inner containers were u sed with \'dndovi 

si zes varying from 4 to 6 c~ . In the final stages of develop­

ment, the level of the l i quid hydrogen 

N 5 cm :in 30 hours . 

5 . 2 Thin 'Film ,Jindo" s fOll Ltguid Hydrogen 

. ~.' An ideal window for- use o,n a liquid 

would have the properties of : 

(i) transparency, t o make al i gnment and hydrogen level 

determination as simple as possible . 

(ii) being unaffected by r adiation , 

(ii i ) low atomic number . 

(iv) being readily demountable (or replaceable) when 

required . 

(v) minimal thickness cons i s tent w1th adequate s trength . 

Several techniques are known which fulfil some of 

these requirement s . Methods bas ed on the use of epoxy resins 

, , 
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have been published b.y several writers. Mylar has been used 
,4fJ) 

to construct liquid helium vessels, and for direct attach­
I't-I) 

ment to a metal liquid helium container. 

It is not easy to make a demountable or easily replace­

able window in this way. An alternative approach is to use 
,~u 

a mechanical seal. Warschauer has described a demountable 

window of this type, where an 0.013 cm sheet of polyethylene 

is used. The sheet is held onto a flat greased surface on a 

vessel b.Y a metal collar, which is drawn down onto the sheet 
11f'~ 

b.Y bolts. Astrov has described a similar technique for 

sealing a solid brass disc to a brass liquid helium container. 

Mylar loses its mechanical strength under continued 

irradiation and a better material has been developed Qy Du­

Pont. This is known as Kapton H-film, and is a polyamide of 
l~. 

chemical composition [0 22 H/o N~ 04]n. The mechanical strength 

of unirradiated Kapton exceeds that of Mylar at all temp-
l'f'f) 

eratures, and retains a degree of flexibility even at liquid 

helium temperatu~es. 

Unlike Mylar, Kapton initially increases in strength 

under irradiation. Tests have been made to measure the effect 
Iltlf) 

of radiation on the mechanical strength of Kapton and Mylar, 

and it has been found that Kapton is N50 x less sensitive to 

radiation than Mylar. 

Several different techniques have been tried using 

Kapton windows to enclose liquid hydrogen. These are illus­

rated in FIG.24. FIG.24 (3) is a mechanical seal, using the 

same Kapton to act as both gasket and window. Two mating rims 

of truncated triangular section are cut onto the faces of the 

steel hydrogen vesse'l and a steel retaining collar, and the 

seal made Qy bolting the collar down onto the Kapton. This 
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technique has been found successful, but the use of 0.005 cm 

film is hazardous, as the mating rims tend to cut into the 

surface of the film. When using 0.013 cm film no such cut­

ting was observed. This window is easily demountable, and 

fulfils requirements (i)- (iv). It is necessary to use 

comparltively thick Kapton, and this is the main disadvan­

tage of the technique. 

In order to reduce the thickness of Kapton required, 

the w1ndow sealing was achieved in two stages, the first 

being the seal between the Kapton and a mount1ng ring and 

the second the seal between this mounting ring and the hydro­

gen vessel. The technique. adopted was to solder the metal­

coated Kapton to stainless steel rings or collars, and then 

attach the steel mountings to the hydrogen vessel. 

Tests were carried out b,y the Optical and Electrical 

Coatings Co. of Reigate, Surrey. They showed that it was 

possible to evaporate a thin layer of metal onto 0.005 cm 

Kapton without damage. Mylar of the same thickness was found 

to suffer damage. Attempts to deposit a layer of solder 

directly onto the Kapton were not successful, as the adhes10n 

of the evaporated layer was low. Satisfactory adhesion was 

obtained b,y evaporating a Nickel-Chromium alloy as a substratum 

and coat1ng this layer with evaporated gold. The total thick-
. -) 

ness of metal deposited on each side of the Kapton was N6.10 

cm. Transparent areas were retained b,y suitable masking 

during the evaporation. The coating separated from the Kap-
o ~ 

ton at N 250 C J but prolonged heating at tv 150 C and above 

could also cause separation. By using a layer of gold over 

the NilCr it was found possible to solder the metallised film 
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to stainless steel rings and collars. This could be done 

rapidly by using orthophosphoric· acid as flux and 62 % Sn! 

38 t Pb Binary Eutectic solder. This solder was supplied by 

Enthoven Solders Ltd. to the American specification QQs 571D. 

The window shown in FIG.24 (1) was made by soldering 

stainless steel rings 3 mm wide, 1 mm thick, and 4 cm in 

diameter to both sides of a piece of metallised 0.005 cm Kap­

ton. This assembly was then soldered onto the hydrogen vessel 

using the same flux and solder. A vessel using this type of 

window has been cycled N30 times between the temperatures of 

room and liquid hydrogen with no degradation of the seals. 

This type of window may be removed intact although with some 

difficulty, and re-used. 

The most difficult seal to make is that between Kapton 

and the rings, and a more readily removed window may be made 

by using an indium compression seal between rings and the 

vessel. Such a seal is shown in FIG.24 (2), and has been 

found to be still satisfactory after 3 cycles between room 

and liquid hydrogen temperatures. This type of window is 

rapidly reassembled, unlike Type (1), but the indium tends 

to hold rings and vessel firmly together after a few cooling 

cycles. This frequently makes it necessary to break the Kap­

ton window in order to remove the window assembly when re-

placement is desired. 

The best features of the window sealing methods 

described are combined in the design of FIG.24 (4). Here the 

load bearing seals are soldered joints,_ and the gasket seal 
" " 

is Kapton. The large thermal capacity of the collar shown in 

FIG.24 (4) makes"it difficult to solder the metallised Kapton 

to the collar without the metallic layer separating from the 
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Kapton. The design illustrated has been found to work, but 

it may be improved in several ways. A first improvement would 

be to use 0.013 cm Kapton for the mounting gasket, as the 

thickness of the gasket is not important. A second improve­

ment would be to use the l~out of FIG.24 (2) to apply the 

sealing pressure, which then allows the use of thin rings of 

low thermal capacity. 

The four types of window discussed have differing 

advantages and disadvantages, however the Type (4) window 

incorporating the suggested improvements should be suitable 

for most applications. 

All the types shown in FIG.24 have been used success­

fully in experimental runs. 

5.3 Liquid hydrogen target 

The liqUid hydrogen target used for the 98 Mev 

experiments was a cryostat of conventional vertical design. 

A 1.5 litre hydrogen container was suspended inside a radi­

ation shield containing liquid nitrogen. The shield was 

attached to the hydrogen vessel suspension tube to reduce the 

heat input to the liquid hydrogen. The liquid hydrogen used 

to scatter the proton beam was contained in an 8 cm diameter 

right cylinder of 0.005 cm Kapton fixed to a brass frame Qy 

a eiba epoxy resin [Ax 111, Ay'1']. 

The vacuum region is extended Qy an 8 cm diameter tube 

to a distance of 50 cm upstream from the centre of the scat­

tering chamber. A mechanical seal is used to attach a 0.005 

em Kapton window to the end of this tube. The scattered beam 

exit window in the brass is 8 cm high, and extends round the 
o 

lower part of the cr,yostat to ± 90 on each side of the beam 

line. A window of 0.005 cm Kapton is fixed to the outside of 
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the cryostat b,y [Ax 111~ Ay 111] epoxy resin. 

5.4 Experimental Lgyout 

The layout of the experimental apparatus used for 

scattering experiments with a polarised beam is shown in FIG. 

22. The 144 Mev polarised proton beam is produced by scat-
D 5:f-) 

tering at 10.8 from an aluminium target inside the cyclo-

tron. It is then extracted through a magnetic channel which, 

in conjunction with a collimator at the exit from the vacuum 

vessel~ passes a beam with an energy width of about 2 Mev 

(F.W.H.M.). For these experiments a spin precession solenoid 

(as described in chapter III) was used to precess the plane 

of the incident polarisation vector. 

Quadrupole magnets were used to focus the beam, and 

steering magnets used to position the beam spot at the 

required position. The beam monitor detected coincidences 

of scattered and recoil particles from elastic scattering 
o 

events at go c of m in a 0.5 mm sheet of CH~ • Aluminium 

absorbers were used to reduce the background and random coin­

cidences. The polarisation vector of the incident beam was in 

the vertical plane for these experiments. The monitor was 

also in a vertical plane, and was therefore unaffected by 

reversals of direction of the incident beam polarisation. 

A low (bUt constant) background counting rate ~O.7 

counts/min.) was recorded by cosmic rays coming vertically 

downward, causing coinCidences between the counters. 

The liquid hydrogen degrader was placed downstream of 
lib) 

the beam monitor, and a pair of differential ionisation cham-

bers positioned immediately after the degrader. These chambers 

were used to hold the centre of gravity of the beam at a 

stable and repeatable position, to a precision of (0.1 mm. 
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The defining collimator was mounted atter the ionisation 

chambers, 3 cm from the forward extension of the hydrogen 

target vacuum chamber. 

The hydrogen target was mounted over the centre of 

curvature of a 94 cm radius scattering table which was marked 
o 

out at intervals of 1 round the circumference. Eight scin-

tillation counters were used, four on each of two movable 

arms pivoted under the target mounting plate. E.M.I CV2316 

photomultiplier tubes were used with short perspex light 

guides and NE102A plastic scintillatiors. There were two 

defining scintillators (2,3) on each arm, one (2) subtending 

about half the solid angle of the'oth~r (3). A front counter 

(1) was used to limit the counter telescopes to seeing only 

the region near the target. In order to reduce counting losses 

in the arms, 0.05 cm NE102A plastic scintillation material . 
was used for counters 1-3 on each arm. A large counter (4) 

of 0.25 cm NE102A was mounted after the two defining counters 

(2 and 3). Energy discrimination was obtained Qy requiring 

triple coincidences 1 2 4 and 1 3 4, and placing copper 

absorbers between 3 and 4. 

The angular settings of the counter telescope arms 

were made Qy using a set square against a standard position 

on each arm, and referring to the angular scale machined into 

the scattering table. The set square was attached to a block 

engraved with a matching angular scale, subdivided at inter-
o ~ 

vals of 1/20 and 1/50 . It was found possible to set and reset 
o 

the angular position of the arms to ± 0.02 when using this 

method of defining their position. 

The counting electronics were very simple, and are 

shown in FIG.25. The photomultiplier output pulses were fed 
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FIG. 25 
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to 10 MHz discriminators, and then to fast coincidence cir­

cuits with a resolving time ot~18 ns. the random triple 

coincidence rate was estimated b.Y recording triple coincidences 

with 4 delayed b.v an extra 49 ns, the time interval of the 

tine structure of the proton beam. 

VI Experimental methods and results atN 98 Mev 

6.1 Experimental method for polarisation work 

The technique used for these polarisation measure­

ments has been referred to in 1.3, 2.1, 3.1, and 4.4; and 

is described in detail in 8.3. The two essential features 

of the method are: 

(1) To collect data simultaneously at equal scattering 

angles on each side of the beam. 

(2) To collect data using both signs of the incident 

polarisation alternately. 

It is shown in 8.3 that (1) and (2) combined make it possible 

to measure a scattering asymmetryf (@) independently of the 

efficiency of the counter telescopes, of the monitor, and to 

a certain degree the beam zero angle assumed. erefers to the 

opening angle between the arms. The experimental counts are 

combined to give a quantity r, where: 

(31 ) r2 = [LU.RD]/[LD.RU] 

and for example, LU refers to the coincidence counting rate 
o 

recorded in the arm set at ~~ on proton left, and taken 

with positive ( UP ) incident beam polar1sat1on. Then: 

(32) [( 9~+ ~~)/2] = [r-1]/[r+l] ± [1- l~]/ N 

where N = the sum of the four counts LU etc. [see 8.4] 
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A solenoid was used to reverse the direction of the incident 

polarisation vector (f ). The precession effect is described 

in 8.9. The current through the solenoid required to reverse 

!. was found experimentally. 

A thick (N 2 f!JIJI cm l.) carbon'l.. target was placed over 

the pivot of the scattering table, and the liquid hydrogen 

degrader and final collimation removed from the beam line. 

The two scattering arms were then set at equal angles (&~,8~) 

to the beam zero. The asymmetr.y: 

(33 ) ~ ( ~) = t - N ( d! .. ) / N ( dla. ) 

1 + N ( <9,,) / N (tClft ) 

m~ then be measured as a function of solenoid current {I} 

whenf (I) will be equal to f (I) • f [= P,l.Pcos(c9)l where P 
1'2. 

is the polarisation produced in p-C scattering. The graph 

ot £ v I will be a cosine curve, with maximum values when 

the polarisation vector!. has been precessed by zero or 1\ • 

The results of this measurement are shown in FIG. 15, and 

the required currents for this experiment are zero and 1500 

Amps. The current in the solenoid was held constant to 

within 25 Amps which corresponds to a negligible variation 

in the measured asymmetries. The measurement was repeated 

at N 100 Mev with the tinal collimation in place, before 

each experimental run as a check on the correct functioning 

of the solenoid. 

The solenoid technique for measuring asymmetries is 

sensitive to only one main source of systematic error. This 

is the possibility of shifts in beam position (and to a 

lesser degree, shape) between the settings OFF and 1500 

Amps • The effects are considered in detail in 8.5. Any 

effects due to beam spot shape changes were minimised by 
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TABLE 6 

Counter Telescopes forN 100 Mev scattering 

Radial Distance 

Counter Thickness Width Hei2iht Wide Ansles Small Ansles 

1 0.05 cm 6.36 7.12 49.5 

0.05 cm 3.55 7.11 100.3 , 
6.33 49.5 1 0.05 cm 7·11 

0.05 cm 3.55 7.10 100.3 

2 0.05 cm 2.170 4.437 100.2±0.2 248.0:tO.4 

2' 0.05 cm 2.160 4.445 100.4±0.2 247. 6:tO.4 

3 0.05 cm 3.580 7.168 -110.4+0.2 258. l:tO. 4 -, 
3.544 7.086 257.8:tO.4 3 0.05 cm 110.5±0.2 

4 0.25 em 7.6 11.2 114.0 264 
4' 0.25 cm 7·6 11 .2 114.0 264 

Dimensions of 2, 2' measured to ± 0.005 cm. 

3, 3' measured to + 0.020 cm. 

TABLE 7 

Zero ansles deduced from ansle scans 
0 

!elescope Solenoid Arms Hydrogen target Zero Angle - -
Primed 1500 Normal Wide Empty 23.126 ± 0.0025 

Unprimed 1500 N Wide Empty 23.157 ± 0.0025 

Unprimed orr Wide Empty 23.152 ± 0.0025 

Unprimed 1500 N Small Full 23.080 ± 0.0033 

Primed 1500 N Small Full 23.115 ± 0.0025 

o Beam shift between solenoid ON and OFF: -0.005 ± 0.003 
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the use of a final collimator, that defined the beam spot. 

The shapes of beam spot for solenoid OFF and 1500 Amps were 

measured by taking photodensitiometer traces from X-ray 

films exposed in each of the two beams. The shapes were 

identical, and therefore only the traces from films taken 

with the solenoid off are shown in FIG. 26. The beam shifts 

between the two solenoid settings were reduced by aligning 

the solenoid accurately along the beam line, to less than 

0.5 mm at the position of the scattering target forrvl00 

Mev beams. 

The beam zero positions for each of the two counter 

telescopes were found by scanning the curves through the 

direct beam (much reduced in intensity) using a single coun­

ter as a monitor. The dimensions and radial positions of the 

counter telescopes used for N l00 Mev measurements are listed 

in TABLE 6, and the zero angles measured in the above manner 

in TABLE 7. A plot of the beam profile detected Qf counter 3 
in this measurement is shown in FIG 26. The beam profiles 

were also measured by taking X-ray photographs at the target 

position and also near the position of counter 3. The 

trapezoidal shape at the target centre becomes a good 

Gaussian due to air scattering before reaching counter 3. 

When the finite size of counter 3 is included, the Gaussian 

form given by the angle scan is obtained. 

The energy spectrum of the beam incident on the target 

was examined using a lithium drifted germanium counter, 

loaned by C.Whitehead. This counter was~5 cm deep, and could 

stop protons of up to rv120 Mev in the active region. The 

pulse height distribution obtained with the counter is shown 

in FIG. 27. The variation of the pulse height with energy 
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was determined b.Y adding a CHt shim of accurately known 

surface density after the final collimator. The interaction 

background was estimated b.Y considering the constant dis­

tribution of pulse height below channel 30 to be all back­

ground. It was assumed that the size of the interaction 

background at a given energy would depend on the number of 

protons in the beam of higher energy. These assumptions were 

used to subtract background effects. These estimates are 

not precisel and the quoted percentages of protons in the 

beam below a given energy are subject to errors from this 

source in addition to those quoted. 

The spectrum shown is that obtained for the beam 

used for 98 Mev p-p polarisation measurements; FIGS.261 27 

both refer to this beam. For p-d~ measurements, a slightly 

longer degrader was used, which gave an incident beam a few 

Mev less in energy. The shapes and spectra obtained using 

this second degrader were not appreciably different. 

When making measurements of the asymmetr,y after 

scattering from a target, it is necessary to correct for the 

effect of asymmetries arising from other material in the path 

of the beam I a. 1~ also seen b.Y the telescopes [see 8.6]. 

As these background asymmetries are measured with the 

scattering material (hydrogen or carbon) 1n the targetch~M~ 

removed, they are necessarily measured at a higher energy 

than that at which the correction must be applied. Extra 

absorber is used to select the same scattered protons, but 

the extra absorption 1n this copper 1s negligible. The energy 

dependence of the measured background asymmetry and its ,a. 
magnitude is taken to be that found in p-C scattering. 

About two thirds of the material in the beam that gives 
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TABLE 8 

Background Fractions for 98 Mev p(S) 

~ ~ Measured Calculated % F"". of background from 
o 

Angle 

8 

10 

12.5 

15 

17.5 

20 

22.5 

25.4 

27.5 

30 

35 

40 

45 

Small 

Small 

Small 

Wide 

Small 

Wide 

Wide 

Wide 

Wide 

Wide 

Wide 

% 

30 

22 

15 

20 

9 

12 

8 

4 

3 

1 .9 

1.5 

. Ii. 

from C data downstream of target(X) 

29 0.88±O.O3 

21 0. 86±O.O3 

14 0.83±0.03 

17 o.86±p.01 5 

10 0. 82±.O.03 

12 0.85,iO.015 

8 0.835±0.015 

6 0.82±0.O15 

4 0. 81 ±.O.015 

2.0 0.80;tO.015 

1.3 0.79±p. 01 5 

0.79+0.015 -
0.77±<,.015 

0.75±,O.015 

0.75;tO.015 
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, .. 

rise to background effects 1s carbon ,hoil.'ever the remain-

der 1s made up of the oxygen and nitrogen 1n the ai r and 

Kapton and the o .0007cm aluminium radiation shi elds . 

Although the aluminium gives rise to less than 5% of the 

background, and oxygen and nitrogen are expected to behave 
I> 

1n a manner reasonably similar to that of carbon ,it 1s 

somewhat surprising that both the magnitude (TABLE 8) and 

the a symmetry (FIG . 29) observed i n the background are s imilar 

to that expected i f all the material were carbon . 

6.2 Carbon data for background corrections 
l2-q) 

In FIG . ~ the data of Dickson and Salter (as renorm-
50) 

ali sed by Jarvis and Ro se ) i s compared with the background 

asymmetries measured using the empty hydrogen t arget . The 

Copper absorbers were set to strongly attenuate protons 17.5 

Mev dovm 1n energy from the mean e nergy of the i ncident beam. 
1'30) 

In TABLE 8 , the data of Mark et al - shmm in FIG.28 -

1 s used to calculate the ratio of count s from the empty 

hydrogen target t o the count s from hydrogen only . In order 

to make this estimate (" hich i s of poor preci s i on ), the 

pr oporti on (x) of the total background which originates 

downstream of the hydrogen (and thus at a lower energy than 

that at whi ch the background is measured) mus t be found . This 

was done by measuring the s imul at ed eff ect on the background 

counting rate of the variou s pi eces of Kapton and aluminium 

in the target at one angle for both of the two counter geo­

metries used, and calculating the angular variation of x . 

Thi s makes some allowance for t he effect of finite beam size, 

although the extra angular divergence produced by the target 

i s not negligible . 

The corrected value s of t he background asymmetry 



.0 
E 

~ 
b 

400 

300 

200 

100 -

(104 ) 

FIG. 28 

\ 

\ 

100McV S.K.MARK ET AL (CAN.J 
PHYS 44. 2961 (9661) 

o =::~I==::~w~I~~X~1 0=-----~----~----~15~---==---~=---~~--~~- 40 4S 50° 

CENTRE OF MASS SCATTERING ANGLE 

DIFFERENTIAL CROSS SECTION OF P- C I2 SCATTERING INCLUDING 4-4, 7·6,9·6McV 
LEVELS 



(105) 

and background fraction (f)* for any given angle (e) are: 

(33) fl = f( 1 + X [(1/0- ).(do-/dE)] A E) 

( 34 ) f ~~ = € ( 1 + x [( lip) • (dP I dE )] A E) 

wher~A E is the energy thickness of the target, x is the 

proportion of the background requiring correction, and~ 

and P are the differential cross-section and polarisation 

of carbon at the angle (8). 

Several different ways of estimating 

[ ( 1 I (l" ). (d a-I dE) ]( =d ) and [( tip) • (dP I dE) ] ( =e ) 
)'2.. 'I) 

are possible. The data of Dickson and Salter at 95 and 135 

Mev are on the same absolute scales, and the values of both 

d and e may be obtained to a reasonable precision. The 

angular range of this data is limited, especially at 95 Mev. 
'2 In order to bridge these gaps, other p-C data is used, to-

gether with some new measurements. 
13 0) 

The recent precise lOa Mev data of Mark et al is used 

to estimate d. The inelastic levels up to to Mev are included. 

Given the value of the cross-section (~) at an energy E, and 

angle 8, the optical model may be invoked to estimate the 
( I 

cross-section at an angle 8 and an energy E b.Y considering 
,~o) 

the shrinking of the diffraction peak. The relation is: 

(35) fJ (E ,(9 ) = cr (E ' , e' ) where (9. JE = BJET 
This relation has been used to estimate the variation 

of cross-section with angle at 90 Mev. These two curves are 

plotted on FIG.28, and the values of d obtained listed in 

TABLE 10 at the end of the section. 

The poorly determined absolute scale of the Dickson 

and Salter polarisation data, together with the poor pre­

cision of the relative data at 95 Mev, makes it inadvisable 

*see 8.6 
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13') 

to use these data in conjunction with the data of Rolland 

et al to derive values of e for all angles. 

The polarisation in elastic proton scattering from 
\1-C was therefore remeasured at 93.7 ± 0.3 Mev. 

A target of pile graphite, 1.0S0 gm/cm~ thick, was 

used with an early form of H2. degrader. This gave an energy 

of 93.7 ± 0.3 Mev at the centre of the carbon. This energy 

was deduced from a range curve taken in copper in conjunction 

with the revised Sternheimer range tables of Ref. (10S). 

It was necessary to use accurately calculated thick-. 
nesses of copper as absorbers to attenuate the 4.4 Mev 

l~ ( inelastic level of C • A computer programme described in 

8.8) was used to calculate the required copper absorbers, 

taking into account the finite size of the beam spot, the 

intensity distribution across the beam, the energy losses 

in air etc. and their variation with angle. 

The data was taken in the manner described in 6.1. 

The lower vacuum chamber of the hydrogen target was used with 

0.005 cm Kapton windows. The wide angle geometr,y was used 

but the front counters (1,1') were replaced with the 3.SS em 

counters (1, 1 ')from the small angle arms to reduce back­

ground coincidences to a minimum. The value of x was 1.00, 
. 0 . 0 

and the background fraction did not exceed 2 ioat even 9 Lab. 

Due to the consistency of the background with previous 
It 

carbon data and the agreement between the background and C 

asymmetries, no background correction was required. Allow­

ance was made for the small errors introduced by this 

assumption. 

Two corrections were made that have not previously 

been discussed here. The finite size of the scintillator 
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FIG. 29 

%. 
40~ 

I 

35 r 
30 

15 

,of 

:L o 
I 
5 

! 
POLARISATION OF TARGET EMPTY ASYMMETRY 
FOR 98 MeV EXPT. USING 17' 5 MeV 
DIS CRIMINATION LEV EL. 

9S MeV DICKSON AND SALTER P_C 12 

t POLARISATIONS INCLUDING 4-4, 7-6,9'6 

Me V LEVELS. 

I 
10 

L- 1_1 
15 20 25 

-L--t-
30 3S 

LABORATORY SCATTERED ANGLE 

COMPARISON OF BACKGROUND A5YMMETRY WITH P - CARBON OATA. 

I 
f 
f 

WIGAN AND MARTIN 93'7 MeV (1967) 

DICKSON AND SALTER 95 MeV (1957) 

ROLLAND .t al. 75 tot.V (1966) 

! I 

35 
LABORATORY SCATTERING ANGLE 

POLARISATION IN ELASTIC P - CI2 SCATTERING: 75-95 ""V. 

FIG. 30 



(108) 

dilutes the measured polarisation, as scattering events out 
. .. 

of the horizontal plane may be recorded. This correction is 

discussed in 8.7. 

The multiple coulomb scattering in the carbon target 

also dilutes the polarisation. The amount of th1s multiple 
.. 

scattering was calculated using the method descr1bed b.r 
11tS) 

Cormack and the correction for the measured asymmetries 

deduced. An arbitrar,y error of 50%was ascribed to' this 

calculation. 

The results are shown in FIG. 30, and a tabulation 

of the data, main corrections, and results is listed in 

TABLE 9. The agreement with Dickson and Salter (as renormal­

ised b.Y Jarv1s and Rose) 1s fa1rly good. The precision of the 

data, together with the 0.85 %precis1on of the absolute 

scale of the polarisation, is adequate to use in conjunction 

with the Rolland data to calculate e(= [l/P].[dP/dE]). 
, , 

The pOints labelled Rolland in FIG. 30 are the results of 

combin1ng published data over ranges of 10 
• 

The various est1mates of d and e are tabulated in 

TABLE 10 together with the values adopted for the correction 

of the 98 Mev p-p polarisation data. An arbitrar,y 50 % error 

1s associated w1th these estimates of e and d. 

6.3 Prel~naEY measurements of p-p polarisation at 93.2 

::I:: 0.3 Mev 
'L 

The same apparatus used for p-C polarisation measure-

ments was used to examine the problems expected to arise in 

the measurement of p-p polarisation. The asymmetries to be 

measured were NO. 040, compared' wi th a minimum value of tv o. 11 0 

for p-C (J... elastic scattering. 

The wide angle geometry, with the small angle counters 



12 
ASymmetries in elastic p-C scattering at 93.7 ± 0.3 Mev 

o 
Lab Angle Raw Asymmetry Beam Shift Finite Size Multiple Scattering ~esult Polarisat1on* % 

9 o .1025±p.OO14 0.000 0.0007 0.0044±p.0022 O. 1 08;tO • 0026 21.2;tO.55 

12 0.105 ±p.0019 0.0003 0.0005 0.0025±,O.0012 O. 1 08;tO • 0023 22. 9;tO. 5 

15 0.110 ±,O.0028 0.0003 0.0003 0.0017±p.0009 0.112±p.0030 23.7;tO.6 

17·5 0.1215±,O.0033 0.0004 0.0003 0.0015±0.0008 o • 124±.0 .0033 26.3±P.7 

0.1358;tO.0027 0.0006 0.0002 0.0012±,O.0006 0.138±p.0028 29.2±p.6 -20 -a 
c 

0~174±.O.0024 36.9±p.5 
\0 

25 0.172 ;to.0023 0.0007 0.0002 0~0010±P.0005 ........ 

30 0.237 ;to.0067 0.0010 0.0002 0.0010±0.OO05 0. 240±.O.0067 50.8+1.4 -
35 0.323 ,±O.0081 0.0006 0.0002 0~0010±0.0005 0.325;tO.0081 68.9±1.7 

40 0.321 +0.0148 0.0007 0.0001 0.0008.±,O.0004 o. 323.±,O. 145 68.4±3. 1 -
*relative errors only: an absolute error of 0.85 % on the polarisation is not included here. 

TABLE 9 



Energy dependent corrections to asymmetries 

b. £ = 1 df. is the fractional change in b.g. asymmetry/Mev 
£ dE 

D.fJ = 1 dCT'is 
?dE 

the fractional change in b.g. fraction/Mev 

Lab Arur.leo 
l ' 

Rolland + Values adopted with 
Dickson and Salter Mark+ 19JE Wis;an,!lQlartin arbitra!i 200/2 errorS: 

~£* des' * A<l * At ~a- * Il£ - - - -
8 -0 .. 022 0.0054 -0.016 0.0054 -0.016 -~ 

-0.016 
~ 

10 -0.028 0.0073 -0.016 0.0073 c ....., 

12.5 -0.025 0.011 0.0094 -0.017 0.0094 -0.017 

15 -0.028 0.012 0.0102 -0.019 0.0102 -0.019 

17.5 0.0103 -0.022 0.0103 -0.022 

20 -0.021 0.016 0.0165 -0.025 0.0165 -0.025 

22.5 0.029 -0.027 0.029 -0.029 

25.4 0.024 -0.027 0.024 -0.027 

27.5 0.037 -0.031 0.037 -0.031 

TABLE 10 



0 
Rolland + Values adoEted with Lab Angle I I 

Mark+ i9JE Wi2jan!fJIart1n arbitra;rz :20'1'0 errors Dickson and Salter 

AE * AG'"" * 11(J * -
30 -0.023 0.016 0.028 

12 
E-C data used here 

Dickson and Salter from ref. (129) at 95 and 135 Mev. 

Mark et al from ref. (130) at 100 Mev. 

At 
-0.031 

Rolland et al refers to data shown in FIG. 29 at 75 Mev. [Ref. 131] 

ACT * 
0.028 

Wigan and Martin refers to measurement shown in FIG. 29 at 94 Mev. [Ref. 147] 
12 

* refers to data where the inelastic levels in p-C scattering have been included. 

TABLE 10 continued 

Af -
-0.031 

-------....., 
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I 

(1, 1 ), was used to give a high counting rate. The back-

ground was minimised b.Y this restriction on the region from 

which the telescopes could detect coincidences. The region 

of interest was restricted to angles of less than- 20 
o 

Beyond this angle the counter telescopes could not see all 

the hydrogen. Under these conditions the background coincid­

ences were held to below 2S% at 10° (Lab). 

. The effect of energy discrimination was studied by 

using copper absorbers to define two energy discrimination 

levels. These levels were set to remove protons that were 

4.4 and 10 Mev down from the mean energy of the beam at the 

centre of the target. These levels were set close to the 

mean energy of the beam to test the consistency of the back­

ground estimation. Th~ 4.4 level removed events from"" 70;0 

(see FIG. 28) of the protons in the incident beam. 

The mean energy at the centre of the target was deter­

mined to be 93.2 ± 0.3 Mev b,y taking a range curve in copper, 

and using the revised Sternheimer range tables of Ref.{10S). 

The mean thickness of the target was similarly detennined 

to be 8.7 ± 0.3 Mev. 

The experimental data was collected as described in 

6.1. Measurements of the asymmetry were made when the target 

was full, and also when it was empty and evacuated. 

The measured background fractions (f) and asymmetries 

( tBj) were corrected by using equations (33) and (34). The 

energy dependence of f and f~ were taken from TABLE 10. 

It may be seen from TABLE 11 that the background 

corrected (hydrogen) asymmetries obtained using 4.4 and 10 

Mev levels are in good agreement, bUt the background fraction 

for 4.4 level was found to be greater than that for 10 Mev. 

\ 



o 
Lab Angle (Target Full) 

o 
(centre of mass) 

e , 
10 (20 . 48) 

D ' 12( 24 . 57) 
• • 15( 30 . 70) 

o c 
17(34.78) 

e , 
17 . 5(35.80) 

e 0 

17 . 25( 35 . 29) 
o 0 

20(40.90) 

*0 .05951 + 0 .0027 

**0 .0524 ± 0 . 0023 

"0 .0534 ± 0 .0017 

*0 .0553 

**0 .055 1 

+ 0 .00 18 

± 0 .0023 

*0 .0575 + 0 .0025 

*v .0553 + 0 .0025 

**0 .0583 + 0 .0024 

*0 .0578 + 0 .0025 

**0 .0567 ± 0 .0025 

• 

P- P polarisation at 93 . 2 ± 0 . 3 Mev 

(Target Einpty) 

0 .1 12±0.005 

0 . 098 + 0.007 

0 .102 + 0 .006 

0 .1 18 + 0 . 008 

0 .112 ± 0.011 

0 . 126 + 0 . 010 

0 . 132 + 0 .010 

0 .1 18 + 0 .014 

0 . 149 + 0 .013 

0 . 130 ± 0 . 050 

(corr . for B.G) pooled Polarisation "t. 

0.0395 ± 0 . 0036 , 0 . 0388 ± 0 .0025 8 . 22 + 0 . 53 

0 .0376 ± 0 . 0033 

0 .0443 ± 0 . 002 1 0 .0446 + 0 . 002 1 

0.0472 ± 0 . 002 1} 

0 .0476 + 0 . 002g 

0 .0476 + 0 .0027 

0 .0517 + 0 . 0027 0 . 0518 + 0 . 0027 

0 .0498 ± 0 . 0026 / 

0 .0536 + 0 .0027 ) 

0 .0519 + 0 . 0 19 

17 AND 17.5 COMBINED 

0.0535 + 0 .00 16J 0 . 536 ± 0 .00 15 

0 .0535 ± 0 .0034 

9 . 45 ± 0 . 44 

10 .08 + 0.36 

10 . 98 + 0 . 57 

10 . 99 + 0.40 

[10 . 99 + 0 . 31] 

11. 36+0 . 32 

Also including multiple scattering, beam shift and finite counter size corrections . 

Relative errors only, the absolute scale uncertainty of 0 . 85 1s not included. 

* = 4 . 4 level . ** = 10 level 

TABLE 11 

« 
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In later experiments the levels were reduced to 8 and 7.5 

Mev. The data for the two levels are then combined and the 

small corrections applied for the finite size of the scin­

tillators, for multiple scattering in the hydrogen, and for 

the small shift in the beam between solenoid (OFF' and (1500 
\ \ \ 

Amps. These results are in the pooled column in TABLE '1. 
The results are plotted in FIG. 31, together with the phase-

/6) 116) I~) 
shift predictions of MacGregor and Breit. The fit of Perring 

includes this data. 

The conclusions drawn from this preliminary work were 

that (i) the telescopes should be able to see all the hydro­

gen at all angles, (ii) that the background at small angles 

would be very high unless a second set of more restricted 

telescopes were used, (iii) that energy discrimination so 

close to the mean energy of the beam was unnecessary. 

6.4 P-P Polarisation measurement at 97.7 = 0.3 Mev 

The measurement of polarisation has been discussed 

several times, and only changes in the procedure will be 

described. 

The mean energy of the proton beam at the centre of 

the hydrogen target was 97.7 ± 0.3 "Mev, and the thickness 

of this target was 8.4 ± 0.3 Mev. These were determined Qy 

range curves in copper and the revised Sternheimer range 

tables of Ref. (105). The two telescopes are detailed in 
I) 

TABLE 6, and their ranges of application overlapped Qy 5 . 

Two energy discrimination levels were used to eliminate 

protons in the beam, 8 and 17.5 Mev below the mean beam 

energy. 

In order to estimate the background as accurately as 

possible two methods of measurement and calculation were 
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TABLE 12 

Baslc AsYmmet~ Data at 28 Mev 

Small Angle Arms 

Lab. o Plscr1mlnatlon Target Target Target Empty: 
Angle: Level: Full: Empty: CRoG Shim In: 

8 11.5 0.0509+0.0018 - 0.1 6,tO.010 0.080±p.008 

10 11.5 0.0515+0.0018 - 0.118±0.012 0.091±p. 01O 

12.5 11.5 0.0546±0.0018 0.098,±O.015 0.099±0.013 

15 11.5 0.0564±0.0019 0.093,±O.019 0.082±0.016 

Wlde Angle Anns 

12.5 8 0.0581±0.0022 o • 1 21,iO • 008 

15 8 0.0612±,O.0022 0.110,tO.012 

11·5 8 O.0613j:O.0022 0.128,±O.012 

20 8 0.0619±0.0023 0.131±,O.018 

22.5 8 0.0567+0.0023 - 0.186±<>.025 

25.4 8 0.0530±0.OO24 0.118±0.031 

30 8 0.046g+0.0020 - 0.1:)2,iO.o41 

35 8 0.0336±p.0026 o • 138±<>.047 0.082±<>.039 

40 8 0.0154±,O.OO28 o. 1 f.~1±0. 059 0.011±,O.o41 

45 8 -.0066 +0.0031 0.081,±O.O69 0.034±,O.048 -
17.5 17.5 0.0612±,O.0013 0.146±0.008 0.101±p.008 

20 17.5 o • 0608±(). 001 3 o • 146±<>. 009 

22.5 17.5 0.0565,±O.0013 0.140+0.014 

25.4 17.5 o .0559±.0 .0012 0.148±p.018 

27.5 17·5 0.0511±,O.0014 o • 165j:O .020 

30 17.5 0.0444+0.0014 - o • 148±O.023 

35 11·5 0.0304,±9.0 15 0.1 14±p. 021 o .1~.:4±0.021 

40 17·5 0.0155±,O.0015 0.076±p. 049 0.031 ±0.036 

45 17.5 -0.0019+0.0011 0.013+0.061 -0.009+0.042 - - -
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\ , 

used. The target empty asymmetry was measured in the usual 

way, w1th the correct addit10nal copper absorber in the arms, 
c H u-to g1ve Cg~ and f [background asymmetry and fraction]. The 

asymmetry measured 1n th1s way 1s at the correct energy for 

background or1g1nating from upstream of the target, and as 

all the background is assumed to have the same energy var1-

at10n as carbon, this 1s the correct asymmetry for the . 

fraction of background (1 - x) originating upstream of the 

hydrogen. The background fraction 1s measured partly (1 - x) 

at the correct energy, and partly (x) at an energy too h1gh 

b.r 8.4 Mev, as there 1s no hydrogen 1n the target. The beam 
~ divergence and beam spots are now too small, and f is thus 

an underestimate of the background. 

If a CHz shim, 8.4 Mev thick, 1s placed just upstream 

of the target, and the absorbers set at the same value as 
L 

for hydrogen scattering, then the asymmetry ( e05 ) measured 

w1ll be at the correct energy for (x) of the background, and 

too low for (1 - x). The part of the background fraction 
I-

(f ) or1ginating downstream will be at the correct energy, 

but w1ll be overestimated, due to the larger beam d1vergence. 
.. L ~ .... 

The background data f"S' flJ~, f , f may be used 

in two ways: 
I~ <;' L-

(I) f 6S ' ~45 may be comb1ned by assum1ng that all the 

background 1s composed of the same material, when the 

corrected value w1ll be: 

(36) tl.f~ = t;y (1 - x) + [;5. x 

A second estimate of f_ may be made using equation (34) 

(37) [' = r~ (1 + x (1/P)(dP/dE) A E) 
I 

and the mean (f ) ot these two values ot £Pj may then be 

used as in 8.6, together with equation (33): 
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TABLE 13 

Corrections to 98 Mev Hydrogen Asymmetries 

Lab. Finite Size Beam Shift Multiple Scattering 
o 

Angle of counter effect Correction factor Correction 

8.0 0.00006 small -0.00004 1.0088 0.00034 

10.0 0.00005small -0.00011 1.0055 0.00026 

12.5 0.00003small -0.00005 1.0036 0.00018 

O.OOOl9wide 

15.0 0.00001 small -0.00003 1.0025 o .000l 4 

0.00001wide 

11.5 0.00001 small -0.00001 1.0019 0.00011 

0.00005wide 

20.0 0.00004wide 1.0015 0.00009 

22.5 0.00005 1.0012 0.00007 

25.4 0.00001 1.0010 0.00005 

27.5 0.00008 1.0008 0.00004 

30.0 0.00009 1 .0001 0.00003 

35.0 0.00004 1.0006 0.00002 

40.0 0.00004 1.0004 0.00001 

45.0 1.0003 



0 

Lab. Angle 

8 small 

10 s 

12.5 s 

*12.5 wide 

15 s 

*15 w 

17.5 w 

17.5 s 

*20 w 

*20 w 

*22.5 w 

*22.5 w 

*25.4 w 

*25.4 w 

!ner&t Cutoff 

17.5 Mev 

17.5 

17.5 

8 

17.5 

8 

17.5 

8 

17.5 

8 

17.5 

8 

17.5 

8 

98 Mev HYdrogen Asymmetries 

Pooled (~'S) value 

0.0381+0.0025 -
0.0464'±p.0022 

0.0493,±O.0022 

0.0536,:!:.O.0020 

0.0576'±p.0014 

*Background data from shim not taken 

TABLE 14 

Pooled A£ value 

0.0387.±,o.0023 

0.0483.tO. 0022 

0.o490.tO.001 9 

0.0542+0.0020 -
0.0575±O.00t4 

Quoted result 

0.0384.tO.0024 

0.0473j:O.0022 

0.0491,±O.0019 

0.0471±O.OO30 

0.o539,tO.0020 

0.0553+0.0046 -
0.0575±O.OO14 --.II 

-" 

0.0582±O.0024 
\0 -

o.o584.±,O.OO15 

0.0603':!:p.0024 

0.0547,±O.0013 

0.oS43.tO.0025 

0.0548j:O.0012 

0.0517j:!J.0024 



0 

Lab. Ansle Ener&!: Cutoff Pooled (fssl value Pooled /J.~ value Quoted result 

*27.5 17·5 0.0498:tP. 0014 

*30 w 17.5 0.0436:tP.0021 

*30 w 8 0.0466j:O.0020 

*35 w 17.5 0.0291:tP.OO1 5 

*35 w 8 0.0312+0.0026 -
*40 w 17·5 0.0153+0.0016 -
*40 w 8 0.0150,±9.0029 

*45 w 17.5 -0.0021+0.0017 -... - ro 
*45 w 8 -0.0071,±O.o031 c ........ 

TABLE 14 cont. 
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(38) f ~ ( ,-. = f~ t + x (l/O-)(d cr/dE) A E) 

to give the correction (~£) to the measured target full 

asymmetry, where: 

(39) /Jf. = E. (measured) - f~ [ ('(measured) _ e.' ] 

(II) We may use (38), (37) to obtain a value for A~ , and 

combine this value of IH .. with the value obtained by com­

bining all the f u , fl- , t.:~ , £ ~ Ii data simul taneously • 

(39) A f = ~ (measured) (1 - f!. ) + (1 ) r. .. - X H EH + X rl. EL. 

We may then pool the two values of L1 £ • The values of 

x used in both these calculations are tabulated in TABLE 8. 
o 0 

x was measured at 8 (small angle arms) and 17.5 (wide angle 

arms) b,y measuring the effect of parts of the hydrogen target 

simulated by Kapton and aluminium foil. 

In TABLE 12 are listed the asymmetries measured under 

the three experimental conditions and with the two counter 

telescopes and two energy discrimination levels. 

In TABLE 13 are listed the corrections applIed for 

the finite size o.f the defining counters (3, 3'), the beam 

shi.ft between the two solenoid settings, and the multiple 

Coulomb scattering in the hydrogen. The first two corrections 

are discussed further in 8.7 and 8.5. 

These corrections are applied to give [TABLE 14] 

the hydrogen asymmetries corrected for background in one [or 

both] of the two ways described. The weighted mean of the 

two estimates of the background correction is used to cal-
I I 

culate the result. The error on the final estimate of the 

background correction is found by extracting the common errors, 
I 1 

pooling the two values of the error, and reinserting the 

common errors. The agreement between the two methods is 
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TABLE 15 

Mean Angle Correction to 98 Mev p(e) 

0 

!!.ab. Angle 

~Q ~oss of protons 

for 17.5 Mev level 

Proton Right 

Proton Left 

% loss of protons 

for ·.8 Mev level 

Proton Right 

Proton Left 

Change in mean 
o 

Angle 17.5 Mev 

8 Mev 

30 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

35 

3.9±<>.4 

0.0±p.5 

3.1±1.0 

0.oj:O.5 

0.01 

0.01 

40 45 

11.4±1.0 18.3±2.0 

3.1,iO.5 6.4+1.0 -

10.2±2.0 18.3±2.0 

2.2±1.0 6.4+1.0 

0.o8,iO.05 o.18±9.0 5 

0.08,iO.o4 O.18±9.05 



, 
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sati sfactory, in view of the lar ge beam width, thick t ar get, 
o 

and high backgrounds (N 3o~at 8 La b- see TABLE 8 . ) . 

The liquid hydrogen container used fo r this experiment 

had a 1 cm wide strut on pr oton right of the be~ . Thi s strut 

occluded some of the scattered protons although i t was well 

away from the fringes of the main beam . A percentage of the 

t otal number of prot on s scatter ed t o proton right i s occluded 

a t the wider angles ( )35i ) . 

This percentage may be calculated f r om the geometry 

of the beam and the telescopes . The only effect of thi s 

occlusi on i s t o shift the mean angle of scat ter ing , by di s -

pl acing the mean ef fec tive centre of the target downs t ream . 

Thi s i s because the discrimination levels 17 . 5 and 8 Mev are 

sufficiently high to completely exclude any scattered proton 

that has been through the brass . The mean angle corrections 

are listed in TABLE 15, and the corresponding centre of mass 

angles are included in the table of re sults , TABLE 16 . 

The re sult s are plotted in FIG . 32 , together with the 
J.I~) 4-9) 

data of Taylor et al and Palmieri et al , at nei ghbouring 

energies . The smooth curve s are all derived from the energy 

independent phase- shift analysis of MacGregor and Arndt a t 

95 Mev . This anal y sis represents the previous data , and 

doe s not include the mea surement s of Cnn reported 1n thi s 

thesi s . 

The data are also plotted on FIG. 33, together with 

the predict i on s of 
It) 

MacGregor . The f it 

IJO 
t he phase- shif t analysi s of Breit and 

1]1) 

of Perrlng incl udes thi s data . 
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FIG. 32 
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TABLE 16 

Polarisati on Results at 97 .7+ 0 . 3 Mev 

" Cent re of mass angle Asymmetry Polari sation' '10 

16 . 41 0 . 0384;tO .0024 8 .1 4 + 0 . 51 

20 · 50 0 .0473+0 .0025 10 . 02 + 0 . 47 

25 . 62 0 .0485+0 .0020 10 .28 + 0 . 42 

30 . 73 0 . 0541 +0 .00 19 11 . 46 + 0 . 40 

35 .84 0 . 0578;tO .00 12 12 .25 + 0 . 25 

40 . 94 0 .0589+0 .00 13 12 .49 :+:. 0 . 27 

46 .04 0 . 0548+0 . 00 12 11 . 61 :+:. 0 . 25 

51 ·90 0 .0539+0 . 00 13 11 .42 :+:. 0 . 27 

56 . 20 0 .0498+0 .00 14 10 . 56 :+:. 0 . 30 

61. 27 0 .0452:+:'(J.00145 9 . 58 :+:. 0 . 31 

71. 39 o . 0296;tO . 00 13 6 . 27 :+:. 0 . 27 

81.60 0 . 0153;tO . 00 14 3 . 24 + 0 . 29 

91. 81 - 0 . 0032;tO .00 15 - 0 . 68 + 0 . 32 

*The absolute scale er ror of 0 . 85 ~ has not been i ncluded here . 
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FIG. 33 
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VII Discussion or the p-p scattering results in the 70-140 

Mev region 

7.1 Results obtained 

A summary of the p-p data reported in this thesis 
is required before further discussion. 

(a) enn at 73.5, 98.3, 143.2 Mev 

(b) p (&) at 93.2, 97.7 Mev 

(c) 6'(8 ) at 97.8 Mev (absolute) 

Only the preliminary data is available for (c) at this time, 

however, as the data is used in the phase-shift analysis at 

95 Mev, this preliminarY, data is listed in TABLE 17. The 

experimental techniques used were similar to those or Jarvis 

et al (Ref.13), and some details of the measurement are 

included in 8.10. 

Several phase-shift analyses have been reported 

recently without the data reported here, notably the energy 

dependent and energy independent analyses of MacGregor and . 
16) /'1 c) 

Arndt at Livermore, and the Yale series of analyses YRBI (Ko) 

and Ypp-IV. The later Yale analyses (Ypp-IV) are presented 

in two forms, one including magnetic moment effects on the 

F-waves and above, and one not including this refinement. 

These analyses have been used to make predictions for the 

data of this thesis, based on all previous work. The 

various predictions are compared with the new data in FIG. 

31, 33, 34. 

Perring has carried out a set of analyses using data 

sets including the new data. These allow for the magnetic 

moment effects on F-waves and above, and are also plotted 
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TABLE 17 

Preliminary cross- section data at 98 .8 ± 0 .3 Mev 

Centre of mass angle 

20 .51 

22. 56 

24 . 50 

26 .65 

28.70 

30 .74 

32 .79 

35 .85 

40 . 95 

46 .05 

57 .64 

61.28 

66 .39 

71 .39 

76 . 42 

81. 45 

86.47 

91. 47 

96 . 46 

• Cross- section (mb )* 

4. 548 + 0.083 

4.497 + 0.094 

4. 588 + 0 .065 

4.749 + 0 .075 

4.839 + 0 .077 

4.824 + 0.074 

4.884 ± 0.072 

4. 789 + 0 .059 

4.856 + 0 .048 

4.781 ±0 .038 

4.760 + 0 .035 

4.735 + 0 .031 

4.691 ± 0 .034 

4.634 + 0.021 

4.624 + 0.030 

4. 583 + 0.059 

4.61 + 0.035 

4.602 + 0.036 

4.613 + 0.035 

* These are a bsolute cross - sections , with relative error s ; 

the absolute normali sation factor is 1.00UO + 0.0082 
t I Q Q 

Total cross- section (integrated from 12 - 90 c of m) 

= 29 ·1 :!: 0 . 3 mb . 

1 
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7 . 2 The determination of the energies of the measurements 

In all cases the energy quoted for a mea surement 1s 

~eferred to a range curve taken in copper, and interpreted 

u sing the r evised Sternheimer table s l i sted in Ref . 10 5. 

The preci s i on of the data 15 such that an error of 

1 Mev would be of some concern , and this is the order of 

magnitude of the disagreements between theory and experiment 
;>1) 

f ound at McGill near 100 Mev as i s shown in FIG . 35. For 

these reasons all the energies quoted are referred to ranges 

1n the same material , interpreted in the same way . 

7 . 3 Comparl sons with other data 

The polarisation data near 95 r~ev is sho,m in FIG . 32 

together with the Harvard and previous Harwell measurement s . 

It 1s evident that both these earlier data sets contain 

unresolv ed systematic errors, as is shown by their fail ure 
o 

to extrapolate t o ~,·ero polarisation at 90 c of m. This 

fault was also pr esent in t" 140 Mev polarisation until the 
11) 

recent Cox et al values were obtained (FIG . 37) . 

The normalisation s for polarisation 

considerable disagreement until Jarvis and 

data were in 
5"D) 

Ro s e showed that 

polari sations of some of the beams used had been referred 
,,-

to an incorrect value for the polari sati on in p-C scattering 

mea sured at Harwell in 1957 . The renormal ised re sult s for 

t he maximum polarisation in p- p scattering are shown in FIG . 

38 over a wi de range of energies. A smooth curve may now be 

drawn between N 60 and N 600 Mev ~ and the 93J 98 and 141 Mev 

(1967) Harwell values lie on this curve . The polari sation 

data at 93 , 98 Mev fit in well with the data a t other 

energies ) and are of adequate pr ecision to provide the 

stronger constraint s on the phase- shift analyses requ1red b.Y 
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MacGregor et al (16). 
~ 

The cross-section is the only absolute measure­
IV 

ment in this energy region, other than that of Kruse [to 

± 5~]. The relative values are also a significant improve-

the previous data. The 
t I ment on integrated total cross-

0 0 
section [from 12 -90 c of m] is shown on FIG.36, together 

~W ,3) ~~ 
with the results of Goloskie, Cox, and Young. The Goloskie 

point at 90 Mev is in disagreement with the new value at 99 

Mev, which favours a smooth variation of~~ with energy. 

The kink required to draw a smooth line through all the 
qQ 

Goloskie points has previously been criticised, although 

this is the first experimental disagreement. 
o 

The Cnn (90 c of m) measurements are shown as a 

function of energy in FIG.39, where the smooth curve is the 
40 

prediction of the Hamada-Johnston potential model, which 

fits remarkably well. The references listed on the figure 

are to be found under Ref. 151. At 140 Mev the Cnn data do 

not contribute much new infor.mation, as the concurrently 

measured~, P results of FIG.37 were analysed and used first 

to closely define the phase-shift solution. At 98 and 74 Mev 

the Cnn results are valuable, but it is advisable to make 

some allowance for the possible ± 0.3 Mev error in the mean 

energies of the measurements. This is made necessary b,y the 
o 

rapid variation of Cnn(90 ) with energy, (see FIG.39). 

7.4 Phase-shift analyses 

In TABLE 18 the results of the Perring analyses for 

T=l phase shifts are tabulated together with the Livermore 

(1966) results. The Livermore analyses represent the previous 

data, and include both n-p and p-p information in the data 

sets. The Perr1ng data sets contain solely p-p information. 
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7 · 2 The determination of the energies of the measurements 

In all cases the energy quoted for a mea surement 1s 

r eferred to a range curve taken 1n copper, and interpreted 

us i ng the r evised Sternheimer tables listed in Ref .l 05 . 

The precision of the data 1 s such that an error of 

1 Mev would be of some concern, and thi s is the order of 

magnitude of the disagr eements between theory and experi ment 
1'4) 

found at McGill near 100 Mev as i s shown in FIG . 35 . For 

these reasons all the energies quoted are referred to ranges 

in the same material, interpreted 1n the s ame way . 

7.3 Compari sons with other data 

The polarisat1on dat a near 95 Mev 1s shown in FIG . 32 

together w1th the Harvard and previous Harwell measurements. 

It 1 s evident that both these earlier data sets contain 

unre sol v ed sy stematic errors , as 1s shown by their failure 
o 

to extrapolate t o :c ero polarisation at 90 c of m. Thi s 

fault was also present in (V 140 Mev polari sation until the 
11) 

recent Cox et al values were obtained (FIG . 37) . 

The normalisa tions for polarisat i on 

considerable disagreement until Jarvis and 

data were in 
)0) 

Ro se showed tha t 

polarlsatlons of some of the beam s used had been referred 
,l-

to an incorrect value for the polarisation in p-C scattering 

measured at Harwell in 1957 . The renormalised results for 

t he maximum polari sation in p- p scattering are shown in FIG . 

38 over a wide range of energies . A smooth curve may nOvl be 

drawn between rv 60 and N 600 Mev, and the 93, 98 and 141 Mev 

(1967) Harwell values lie on th1s curve . The polari sation 

data at 93 , 98 Mev fit in well with the data at other 

energies, and are of adequate precision to provide the 

stronger cons traint s on the phase- shift analyses required by 
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MacGregor et al (16). 
~ 

The cross-section is the only absolute measure-
tV 

ment in this energy region, other than that of Kruse [to 

± 5~]. The relative values are also a significant improve-
t I 

ment on the previous data. The integrated total cross-
a 0 

section [from 12 -90 c of m] is shown on FIG.36, together 
~ ~ ~ 

with the results of Goloskie, Cox, and Young. The Goloskie 

point at 90 Mev is in disagreement with the new value at 99 

Mev, which favours a smooth variation of~~ with energy. 

The ki~ required to draw a smooth line through all the 
qQ 

Goloskie points has previously been criticised, although 

this is the first experimental disagreement. 
o 

The Cnn (90 c of m) measurements are shown as a 

function of energy in FIG.39, where the smooth curve is the 
40 

prediction of the Hamada-Johnston potential model, which 

fits remarkably well. The references listed on the figure 

are to be found under Ref. 151. At 140 Mev the Cnn data do 

not contribute much new infonnation, as the concurrently 

measured~, P results of FIG.37 were analysed and used first 

to closely define the phase-shift solution. At 98 and 74 Mev 

the Cnn results are valuable, but it is advisable to make 

some allowance for the possible ± 0.3 Mev error in the mean 

energies of the measurements. This is made necessar,y b,y the 
o 

rapid variation of Cnn(90 ) with energy, (see FIG.39). 

7.4 Phase-shift analyses 

In TABLE 18 the results of the Perring analyses for 

T=l phase shifts are tabulated together with the Livermore 

(1966) results. The Livermore analyses represent the previous 

data, and include both n-p and p-p information in the data 

sets. The Perring data sets contain solely p-p information. 
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In TABLE 18, * indicates that the phase shift has 

been set at the one-pion exchange value, x indicates an 

energy independent analysis, and y an energy dependent one. 
54) +i) 

At 73.5 Mev the data set is the Minnesota~, the Harvard 
0 18) 

p,~and the new Cnn(90 ). Only five free phases are used, 

the remainder being set at the values given b,y the one-pion 
L 

exchange potential. The Cnn point contributes 4.9 to theX . 
"J":f) 

In order to use the measured Cnn value, the value (0.9737) of 

Cnn at 143.2 Mev, deduced from the precise 140 Mev analysis, 

was used as a normalisation to give Cnn (90°, 73.5 Mev). 

The 95 Mev analysis shows a very marked improvement 

in precision, many errors being reduced b,y a factor of two 

or more when seven phase shifts are allowed to vary. The 

analysis at 95 Mev is now as well determined as at 140 Mev, 

but for the 3PO phase shift, for which a new precise D (de­

polarisation) measurement is required. The data set used is 
,9'1 I n) N:f-) 

the Harwell R, R ; Harvard D, (j , P; and the new Harwell 
1-

P, (J, Cnn. The ~ contr1 butions of the new data are: 

X~(Cnn) = 5.3/1 point 
\. 

X [P(93.2 Mev}] = 4.6/5 

j?[P(97.3 Mev}] = 13.6/12 

xt [6(98.8 Mev}] = 14.6/20. 

The absolute normalisation of polarisation (experi­
n·) 

mentally 1.000±p.008) and cross-section (experimentally 1.000 
I~~) 

±p.008) are found to be 0.994±p.oo8 and 1.001±O.008 respect-

ively, which is a very satisfactory agreement. Further 

support for the shape is given b,y the value of ~{ (the 

average P-wave phase shift). This parameter is determined 

b,y the shape of the Coulomb interference minimum, and the 
o 0 

value of 2.71 ± 0.24 obtained in this 95 Mev analysis lies 
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<f~ on the smooth curve through other accurate values at 10, 18, 

68, 140 Mev. 
4-=f-J 

The 95 Mev Harvard data could now be dropped from 

the analysis as the data is of little weight. The phase 

shifts are now accurately known at 95 Mev. 

7.5 Conclusion 

The p-p system is now well detenmined at both 95 and 

140 Mev, and the ambiguities and inconsistencies in the data 

at these energies have been resolved. There is now no further 

need to remeasure any quantities (except D at 95 Mev) in the 

p-p system at either energy until a further order of mag­

nitude in precision may be obtained. 

A compilation of the N-N data in the 60-160 Mev 

region is presented in TABLE 19, and should be used in 
fO) Ir£) 

conjunction with the papers of Jarvis and Rose which discuss 

the renormalisations in detail. A selected data set near 

140 Mev is to be presented in the paper describing the~140 
/1) 

Mev 0, P measurements. 



T = 1 Phase-shift solutions: 10-140 Mev 

Phase shift Energ:£: 73.5 Mev 72.0 Mev 95 Mev 95 Mev 140 Mev 140 Mev 
0 0 0 '" .. 0 .. . . .. c.. e-

lS0 30. 64±p.58 31.7 25. 37,tO.55 26.33±2.37 17.58+0.62 16. 78,iO.74 
o 0 u .. Q 0 0 .. .. '- .. 

1D2 2. 87,tO.08 2.6 4.08±p. 13 3.48.±.0.33 5. 22,iO. 22 4. 84,±O.27 
0 (> " 0 

" 0 
.., 

" " .. 
3pO 13.92+2.57 12.4° 12.01±1 .57 13.22±1.85 6.74+0.52 6. 66.±.0. 58 -

" .. 
-13.06±.o.2b 

0 C\ 0 '" .> " Q 

3P1 -10.91,iO.22 -10.5 -12.78.±,O.47 -16. 61 ±p.18 -+6.85±p.43 
0 0 tJ o Q .. Q " " 0 0 

3P2 8.26.±,O.53 8.3 10.32±0.25 10.18+0.45 13.71±.O.12 13.57,tO.22 -
0 Q .. 0 " .. .. ., 

~ • 
E2 -2.31* -2.9 - 3. 08.±.(). 15 -2.67±,O.36 -2.77±p. 09 -2. 88i,O.16 

co '" .. .. 0 0 Co> 0 

0.63* 1.0 
.. 

0.62±,O.14 0.64.±.0.59 0.40.±.1.31 0.67±,O.32 
.. 

3F2 --0 

cI 0 
,) "" ... 0 01 0 w 

3F3 -1.25* -1.9'" -1.69* -1 • 1 8±(). 67 -1.91±p. 2O -2. 13,tO.22 -.;J -<:> .. .. oJ '" " 
.- 0 • 3F4 0.18* 0.8 0.22* 0.48+0.20 0.52±p. 18 0.87±p. 18 -

u ~ .. 
-0. 66'!.o.07'-' E4 * 0.7 * * -0.70±.O.14 

" <> " " 3H4 * 0.2 0 

* * 0.18±0.14 0.44+0.18 
0.6<> 

~ 0 " . 
1G4 * *' * o • 58.±,(L 09 0.62.±,O.13 . .., .' 
3H5 * -0.5~ * * -0.38,tO.16 -0.62+0.17 -

u J .. J 

" 3H6 * 0.1 * * 0.11.iO.09 0.25.±,O.11 
1. 

.1.- /Points 29/48 78/92 
9,y 

I Perring II Livermore III Perring IV Livennore V Perr1ng VI Livermore 
1967x 1966y 1967x 1966x 1967x 1966x 

TABLE 18 



Collected nucleon-nucleon scattering data in the range 60-160 Mev 

~ 

Parameter Energy 
<I 

Renormalisation factor Author Reference 

Total 
Cross-section 70-147 Goloskie (1964 ) (56)** 

D1f'ferential 
Cross-section 68.3 Young (1960 ) (54) 

• • 40- 95 Kruse (1956 ) (88) 

• • 95-147 Relative only Palmieri (1958) (47) 
• c: 98 Th i':-; \.~ ~}'(K. (, !) (, 6 ':1.) (14--:'f) -142.0 (1960 ) (49)* --• • Taylor l.JJ 

ex> 

144.1 (1967 ) ( 13) -· . Cox 

· . 155 Caversazio (1961 ) (53) 

Polarisation 70, 97 0.89 Christmas (1961 ) (55)* 

• • 66-147 0.933 Palmieri (1958 ) (47) 

· . 98 o. 911,±P. 03 Taylor (1959 ) (70) 

• • 93, 98 This work (1966-7 ) (39) 

· . 138 Caversazio ( 1963) (53) 

· . 140.7 Cox (1967 ) (13 ) 

TABLE 19 



f=f. 
Parameter Ener2il Renormalisation factor Author Reference 

Polarisation 142 O.911±<->.O3 Taylor (1960 ) (49) 

Depolarisation 98 Thorndike (1960 ) (52) 

· . 138 Caversazio (1963 ) (53) 

• • 142 Hwang (1960 ) (62) 

• • 143 Bird (1961 ) (63) 

R-Parameter 98 Jarvis (1965 ) (51 ) 

140 Thorndike (1960 ) (64) -• • .-. 
VJ 

142 (1963 ) (65) \0 • • Bird -
R -parameter 98 Jarvis ( 1965) (51) 

• • 137.5 Hee ( 1963) (66) 

• • 140 Jarvis (1965 ) (67) 

A-parameter 139 Hee ( 1963) (68) 

• • 143 Jarvis (1965 ) (69) 

Cnn-parameter 73, 98, 143 This work (1966- ) (38) 

TABLE 19 



!i=l. 
Parameter Energy Renonnalisation Normalisation error Author Reference 

Total 
Cross-section 38-153 Taylor (1953 ) (71) 

· . 88 Hillman (1954 ) (72) 

• • 16-112 Bowen (1961 ) (73) 

• • 129-151 Relative only Measday (1966 ) (74) 

Differential 
Cross-section 70-109 Bowen (1961) (73) 

(1954 ) (75) -• • 91 Relative only Stahl ..... 
+=" 

• • 128 Relative Hobbie (1960 ) (76)* 
c 
'-' 

• • 137 Thresher (1955 ) (77) 

• • 133, 153 Relative Randle (1956 ) (78) 

· . 129, 150 Relative Measday (1966 ) (74) 

Polarisation 20-120 Langsford ( 1965) (79) 

· . 77 Relative only Whitehead (1960 ) (80) 

· . 95 Stafford (1962 ) (81 ) 

126 10 t Carrol (1964 ) (82) 

TABLE 19 



!!:!: 
Parameter Energz 

Polarisation 128 

•• 140 

Transfer 
Depolarisation 128 

.. 128 

P-P Bremsstrahlung (e.g.) 

140 

158 

Renormalisation Normal:lsat:lon 

10 % 
1.097 7Yo 

error Author 

Hobbie (1960 ) 

Stafford ( 1962) 

Patel ( 1962) 

Collins (1964 ) 

Edgington (1966) 

Gottshalk (1966) 

Reference 

(83) 

(84) 

(85) 

(86)* 

( 17)* 

(87) 

Triple scattering parameters measured using deuterons, and corrected b.Y Cromer (89) for binding. 

A,R in N-P 135, 137 resp. 

II.) IS;) "0 
*It is recommended that these data are ignored. 

q,) 
** 90, 108 Mev po:lnts suspect: see FIG.36. 

TABLE 19 

Hoffman (1962 ) 

-.... 
-'=' .... -
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VIII Appendices 

8.1 Calculation of the proton flight paths in the 

magnetic field of Cnn magnet 

The technique used was that of F.J.OO.Farle;:)as 

published in a CERN report. The paths of the individual 

protons 1n the magnetic field are traced b,y a step b,y step 

calculation. The parameters used are shown in FIG.41, and 

are defined as follows: 

x = radial distance from centre of magnet in ~. 

y = aztmuth angle in radians. 

z = inclination of track to radius vector in radians. 

e = radius of curvature of trajectory. 

y and z are both measured in the same rotational direction. 

By moving a distance h along the particle trajectory from 

(x,y,-z) to (x' ,y' ,z./) 

(a) x'= x + h cos(~) - h sin(z)/2e + h sin(~)/2x 

(b) y' = y + h sin (-z)/x' + Ii cos (-z.)/2 e x I 

(c) z' =~ + hit - (y'-y) 

In (a) and (b)e enters only to second order, and thus the 

value of ~ at the beginning of the step may be used in 

(c) { is the value of e at the midpoint of the step. This 

can be calculated from (a) and from 

(d) {= 3.336 YB where P is momentum in Mevlc 

B is field in kilogauss. 

Two programmes were written: one using a fitted 

polynomial to the fringeing field, the other using the 

fringeing field at 0.5 cm. intervals and an interpolation 

rout1ne. The results computed in each way were in good 

agreement. 

Reference (97) 

F.J.OO.Farley C.E.R.N Report 59-12 Geneva (1959) 
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8.2 Use of the error matrices obtained in Cnn analysis 

The analysis carried out for the 143.2 Mev Cnn data 

has been shown to give a value of 0.1656 ± 0.0019 for the 

polarisation in protonfroton scattering at the overall mean 
o 

angular setting of the 30 telescopes. This is supposed to 
~ 0 

be 30 Lab (61.8 centre of mass). The values for Cnn are 

quite independent of this angle, as the only effect of 

the ar.m was to provide an admixture of analysing power for 

the polarisation measurement. If it is taken that the 
1\ 

angle was in fact 30 Lab, then the result obtained may be 
Ii> 

checked against the recent measurements of Cox et al at 

140.7 Mev. These measurements were made using the same 

beam, and thus the value of the proton-proton polarisation 

(P3) given b.Y their data is 0.162 ± 0.003 when corrected to 

143.2 Mev using the known energy dependence of P3 from the 

literature, see FIG.19. 

If this value of P3 is imposed on our results, then 

b.Y using the error matrices of TABLE 5, we may give the 

corrected value of Cnn. We take the two-variable regression 

equation of y[=cnn(90)] on x(=P3). 

E(y/x) = ,'J + ~~ ~ [x- ry; ] 
([If, 

As we have moved 1.9 standard deviations. ((/C (note: we are 
\. 

!!2i here using the values renormalised for overall 'X /point), 

[E(y/x)l = -0.47 ~y = -0.018; 

thus Cnn (gOo) becomes 0.g82 ± 0.0039 

The derivation of the equation for E{ylx) is now given. 

We have a bivariate distribution f(x/y) = f(x,y). 

fey) 

If we take a normal distribution: 
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f(xly) = 
, '(~~ &. i>'" 

1 Exp [- 2C1-V~) ( a=;; )-2e (~-,'.~t:. )+( ..,~) ] 

;tTl ~ 6X6'y Jfn 1:JEx.P [-Y2 ( ~ -;;) )] 

This is the P.D.F. of N(f~ + ~~.!!. (y-/',), o-It~(l-r)] 
CJ") 

thus the regression line is. E(X',) = ,I{ + ~~.!!... (Y-/). 
cS"!1 

8.3 Asymmetry formulae 

The general form for the cross-section for the scat­

tering of a beam of polarised protons from an unpolarised 

target has been given in chapter one. If we restrict our 

attention to the case of scattering in the plane perpen­

dicular to the plane of incident polarisation, we may express 

the count rates recorded in two telescopes set at angles (j L­

and ~~(to proton left and right respectively of the beam), 

in the following manner. L,B = left or right; U,D = incident 

proton spin up or down, set b.1 the spin precession solenoid. 

L.U. = N tl e" I ( ~l.) [ 1 + p, Plo (c9t. ) ] 

L.D. = N D el- I (IJL ) [ 1 - P, PI. «9/,)] 

R.U. = NIJ e IL I ( S"t. ) [1- Pi Pt. (<9{1.)] 

R.D. = N j) e /1. I ( 61,t ) [ 1 + P, Pl (1.9 /L )] 

where I(~), P2 (G) are the differential cross-section 

and polarisation for protonfroton scattering of an unpol­

arised beam from an unpolarised target at an angle f): et.' e R 

are the efficiencies of the two arms Left and Right: PI is 

the polarisation of the incident beam: and N~, N) are the 

number of protons incident on the target for one monitor 

count when the incident proton spins are up or down respect-

ively. 
1. , 

Defining r as (g[ RDl z. , and f;. = P, PL (<9£..) 
ltv L."b'J 

~= P, Plo ( l9ItJ 
l t t r = rl+ ~J X 1~ tt); independent of e .. , e~ 

l,-(/t- I 
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if we now take BJ.. to be ~ <9/l.. , 
~ 

then r ~ .1.:!:.!:.. (1 + 2 £. E ) 
J4. 1- £ 

where S and higher terms are "\.. 

neglected; and t is neglected 

compared to 1 in the second term. As in the case of 98 Mev 
I~ t 

p-C the maximum value of £: is tv 0.08, this is acceptable. 

Thus f = (r - 1'\ - E. '61. to the same order of accuracy. As an 
'Y-t'/ 

estimate of the siz e of the second term" consider (J../.. _ NIl. = 2° 

then b refers to 10 and S = PI,llL. The highest value of 
q(J 1. ~r 

P, () P1. obtained in the proton-proton scattering gives S,,- 10 • nr 
The term was thus neglected, and the formula E = (r-n 

")o-f' -;' 

used for the asymmetry" which then refers to the angle 

( lJl.+ dirt) • 
1. 

8.4 Statistical error on the asymmetry 

We label the four counts at a given angle Xi (i=1-4) 

when r = XI .x. • We have already shown that this 
-)( z. )( 't 

expression is not dependent on monitoring" and thus the 

standard deviation of each count is given b,y its square root. 

f- n( ~~) J = l.' [-A (~ .. ~. = 

now di = 2· as t = r-1 
1;" Q'"-tl)< m 

thus A f. = 2 • lr. A(r1. } 
~z. t ~~ 

, 
= l~IP ($(~.)) t = (1- £L ) JL't~ ... )C.-,; 

As a ~ b ~ c ~ d ( as a consequence of the small asymmetries 

measured) A E = 1 - £~ where N = a + b + c + d. 
-W 

8.5 Effects of beam movements on the measured asymmetries 

If the beam alters position between the two solenoid 

settings" or if the beam spot varies in position at a given 
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solenoid setting, false asymmetries may be introduced. These 

asymmetries come from two sources: (a) the change in cross­

section with angle, (b) the change in polarisation with 

angle. The previous appendix has shown that the values of 

the asymmetr,y calculated in the manner described are 

independent of small differences between the left and right 

scattering angles. This allows us to assume that the spin­

up beam has equal left and right angles of scattering (~), 

and the spin-down beam, is displaced A(9 to proton left. 
1 

For case (a) r = .!.±..! .[tr({9) <r(l9 - AlP )llneglecting P(<9-)effects 
f-f _ (J(dlJ ~(t9 r A<9/j 

I 

For case (b) r = [' +p, P? (61 ) . 1 +p, Pt (~_~) \ t 
(- P, 1\ (<!J) 1-9, Pl (Go. +A&):J 

neglecting 0(&) effects. 

Expressing r to first order terms in ~~, and writing 

P I P'L ((9) = t, and P / Pl 

(a) becomes r = 

(£9 +~ ) - P l P, (<9) = A ~ 

1 + r ( 1 - ASl d (t ) 

t="'{ cr d8 

(b) becomes r = 1+f (l+fA£) -1- ( 

Rearranging again to first order in 1102 

(a) gives ( ~ ~ + lAl9[l ..£cr] 
"HI 2- cr dB 

(b) gives f = ~ [1-1/16 (PI l!L..) ] 
-r+I z. ()c9 

For hydrogen the magnitudes of these effects are, in the worst 

cases, (a) 1 part in 500 

(b) , part in 3000 

although the effects can be larger for the carbon case. The 

beam lines for spin-up and spin-down cases differ only 

slightly, the measured angular difference between the two 
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lines being 0.005 ± 0.003 • As the beam position is defined 

Qy the last collimator up-stream of the hydrogen target, 

movements of the beam during runs with constant spin-up 

(or down) are negligible. The centre of gravity of the beam 

spot incident on the ionisation chambers could be held steady 

to better than 0.1 mm. without difficulty, thus reducing any 

effect still further. 

8.6 Application of the background asymmetrY correction 

The asymmetry (ff) measured in scattering from a full 

hydrogen target may be written (F- = L F- - RF where L F) ( Rf) is 
Lr- -+ R F 

the count in the left (right) hand telescope. The count L~ is 

made up of Lu from the liquid hydrogen and L8 from other 

material in the beam. 

Thus fF- = Ltf- RH + L {l - Ro 

and if we write L CJ +R a 
L,,, 4- {2~ 

e, = eu 
r- 11> .f 

as f, the background fraction 

+ 

or ~ = fF- + [e~ - ~6 ] f 

8.7 AsymmetrY correction due to the finite size of the 

defining scintillators 

The finite vertical extent of the defining scintil­

lators causes a reduction in the asymmetry measured, as 

scattering at an angle ~ to the horizontal is included with 

the scattering in the horizontal plane. The effective asym­

metry is then reduced to PI (cos ~)Pl(&)' where b is the angle 

between the normals to the horizontal and the ¢ -inclined 

planes see FIG. 42. The measured asymmetry is then P,~ (8) 
cos (~) 

E meas = PI PI. fcos b dy 
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FIG. 42 

FIGURE FOR EFFECT OF FINITE SIZE OF THE COUNTER ON THE ASYMMETRY. 

FIGURE FOR COMPUTER CODE DISCUSSION. 

FIG. 43 
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Now S = tan [ y ] where 1 is the di stance between 
ls""CS/-

target and counter. Thus, expanding the expression for (cos S) 

in terms of y, a term Qy term integration may be made, 

l. meas. = P J Pl. - 1 P, P2 (. a )'1. + higher terms. 
6 \"'£.1":' lSI 

The fractional correction is thus: - 1 L a :1 \ 
'6 r i.r..:c9 

and amount s to c. 5 % in the worst case. 

8.8 Computer code used for the absorbers and various 

effects on P and dcr/JJ1.. measurements 

A computer code was written for the I.B.M. 7030 to 

compute the copper absorbers required for the 98 Mev experi­

ments, and to define as consistently as possible an energy 

threshold to remove protons, e.g. at 13 or 20 Mev down from 

the mean energy of the incident proton beam, taken at the 

mean centre of scattering. The effects of beam size, target 

position, target shape and beam intensity profile were in­

cluded in the calculations. The loss of protons due to 

absorption in the hydrogen was included in the computation, 

and the losses after scattering could conveniently be ob­

tained for all angles. The total cross-section data of 

Goloskie et al were used for this stage. The range curves 

of Sternheimer as published in the N.I.R.N.S. High Energy 
IfH') 

and Nuclear Physics Handbook (Chilton 1963) were used for 

losses in Cu, CH, CH2' Al and air. The curves of UCRL 2426 

(1960) were used for the energy losses in hydrogen. 

All range curves were reduced to the form: 

Range (gm/cm**2) = A.Exp (BT), where T = energy in Mev, 

for the energy range 20-60 Mev. The parameters used are 

given here 

A 

B 

H'2-
-3 

0.72xlC> 

1.843 

CH 

1.85Xl0"t 

1.810 

CH"L 
-:1 

1.758xl0 

1.805 

AIR 
-3 

2.22xl0 

1.800 

Al Cu 
-3 -1 

2.66xl0 3.44x10 

1.785 1. 761 
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The mean thickness of the target depends on the 

beam intensity profile used: a trapezoidal shape was chosen 

as it could give a close fit to the gaussian distribution 

observed in the beam spot. The parameters of the trapeiium 

were chosen by taking a microphotodensitometer trace of the 

beam spot ~t the target position and comparing the shapes 

and areas graphically. 

8.g Spin precession in the solenoid 

The precession of the proton spins produced b.Y 

passing protons down the axis of the solenoid is due to the 

interaction of the axial field (H) of the solenoid with the 

magnetic moment of the proton ~). From the classical state­

ment of the problem, l X !! = J1. ~ , where 'P is the angular 
/ -

momentum of the proton. Also, w = gff~ li in the semi-class-

" ical approximation, where g p is the gyromagnetic ratio of 

the proton and iw the nuclear magneton. As the time for the 

proton of velocity v to traverse a distance L along the 

( L/ l )~ solenoid is given by & 1- v c ,the. length of solenoid 
v 

(L) required to precess the proton spins through n radians 

a bout the beam axi sis given by 

The beam spread before the degrader is less than 

± 1.4 Mev (FWHM) , which would introduce a treduction of the 

incident- beam polarisation of < 0.15 1" , which is negligible 
cI S T) 

compared to the experimental error of 0.85 ~on the absolute 

value of the beam polarisation. 

A precise derivation of this effect has been described 
CJ t) 

by Bargmann et al. 
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8.10 p-p Differential cross-section at 98.8 + 0.3 Mev 

The data shown in preliminary form in FIG.34 and 

listed in TABLE 17 was taken while this thesis was being 

written. As these preliminary results were used in the phase­

shift analysis discussed in 7.5, a short account of the 

experiment is given here. 

The experimental layout is shown in FIG.44, and the 

scintillation counter sizes and distances are those listed 

in TABLE 6. Shielding and antiscatter1ng collimation was 

used in addition to~at shown in FIG.44. 

The experimental techniques were similar to those 

of Ref.13, however more care was taken in the measurement of 

the absorption losses in copper used in the scattering arms. 

The hydrogen scattering chamber differed slightly from that 

used for 97.7 Mev p-p p(&) work, and thicker ( .013cm) Kapton 

was used for the entry and exit windows of the vacuum chamber. 

The energy discrimination level used, rejected protons 

more than 20 Mev down from the mean beam energy at the centre 

of the target, which was~8.6 Mev thick. Details of the beam 

shape are shown in FIG.45. 

The absolute calibration of the monitor was carried 

out b.Y the method reported in Refs. 13 and 152 using the 
u0 

long duty cycle beam. The block diagram in FIG.45 shows 

the fast-slow system used. The resolving times of all the 

fast circuits were set at 18 ns, so that the fast systems 

could count once and only once each r.f. cycle (100 MHz units) 

or once every cycle - other than one following a cycle in 

which it had counted - (1 MHz units), giving counts in a 

given time of N/~ , N/Q respectively. 

The actual number (N) of protons passing through the 



, 

1 
I , 
i 

.1 

: ~ 
·1 

j 
1 

(, 53) 

FIG. 44 

QUADRUPOLE 
FOCUSSING 
MAGNETS 

6.------DOUBLV .. ENT 
,,- BEAM 

/ 
No.2 !lENDING 

56 UP 

MAGNET 

COI..UMATCR SHIELDING WALL 

HORIZONTAL \.. " 
STEERING ~/" 
MAGNET ~ /~ 

COLLIMATOR '/; 
2.0.2.0_ /" 

~ 

Ha 
DEGRADER 

EXPERIMENTAL LAYOUT FOR 98 MeV P-P: (1 (9) 

[UCIIONICS USED TO CALItUTE THE BUM MONITOr. 

2145 

BUM SPOT 

1217 

FAST 
DISCRIMINATOR 

SHAPES FOR 98' 8 MeV ~ MEASUREHENT. 
dn 

1 1 1 1 
O' em. Z 3 .em.S 

20elll 8EFORE TARGET CENTRE 'Oem AFTER TARGET CENTRE 

FIG. 45 

CII A&SOA .. ER 

COUNTER 
TEI.ESCOPU 



(154 ) 

fast-slow counter system is given b,y: 

(a) N = N/G'> N 10 log[ N ,g /(2N,O -N 11)1> ) l/[N/\I\> -N'II 1 

which reduces to 

(b) N ~ N,~ + [ N,t'I - N,o ]/2 

when N,~ is close to N,o • This relation (a) was tested 

over a wide range of intensities and duty cycles, and 

found to give the same value for protons/monitor count. An 

absolute normalisation of 1.0000 ± 0.0082 was finally 

obtained for the cross-section data. 
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