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A polarimeter is described having a large solid angle of  acceptance and using a carbon analyser combined with 12 multi- 
wire proportional chambers.  Its analysing power for protons has been calibrated at TRIUMF with an absolute accuracy 
reaching = 0 . 0 1 5 =  2% in the angular range 3.5 ~' to 28 ~ laboratory angle and tbr incident energies between 107 and 
462 MeV. A mean analysing power of  about 35% and an efficiency of  approximately 3')6 was observed. 

1. Introduction 
A carbon polarimeter with a large solid angle of 

acceptance has been constructed for studies of the 
spin dependence of the nucleon-nucleon interac- 
tion. It has proved a very convenient and precise 
instrument, and has been used in a series of ex- 
periments at the TRIUMF 520 MeV cyclotron. Us- 
ing it the Wolfenstein parameters P, D, R and R' 
have been measured in p-p elastic scattering ~) and 
in addition R~ for the reaction D(p, n) has been 
determined during the setting up of a polarised 
monoenergetic neutron beam2). The polarimeter is 
at present being utilised in an extensive series of 
measurements of Wolfenstein parameters in n-p  
elastic scattering3,~.5). 

The polarimeter consists essentially of a carbon 
scatterer, 53 × 53 cm 2 and up to 6 cm thick, sand- 
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wiched between six multi-wire proportional cham- 
bers 50x50 cm 2 and a further six 100x 100 cm 2. 
In the energy range accessible at TRIUMF carbon 
is a very suitable analyser as it has a large analys- 
ing power, large scattering cross section and is 
conveniently available in slabs of varying thick- 
ness. This polarimeter does not distinguish be- 
tween elastic and inelastic scattering from carbon, 
and had, therefore, to be calibrated in proton 
beams of known energy and polarisation. Details 
of this calibration (see also ref. 6) will be given, 
since it appears to be a characteristic of carbon, 
and insensitive to details of the chambers. The 
calibration has been made with an absolute accu- 
racy of about +_0.015 using protons with incident 
energies in the range 107 to 462 MeV. The calibra- 
tion was performed with a polarised proton beam 
produced by scattering an unpolarised proton 
beam from liquid hydrogen. The polarisation of 
these protons was established with an absolute ac- 
curacy of +0.003 to 0.01 in a double scattering ex- 
periment reported elsewhere7). 
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2. The polarimeter 
The layout of the polarimeter in the experimen- 

tal area is shown schematically in fig. 1 in the 
configuration used during its calibration. Incident 
protons are defined by the six half metre square 
multi-wire proportional chambers which have 
sense wires alternately vertical and horizontal. Af- 
ter the scatter in carbon exit tracks are defined by 
the six one metre square chambers. Three cham- 
bers are used in each plane, front and back, to in- 
corporate redundancy, so as to achieve high effi- 
ciency and reliability with the minimum of instru- 
mental asymmetries due to chamber inefficiencies. 
The carbon is mounted in a frame which may 
slide out laterally, thereby allowing the use of un- 
scattered particles to check the alignment of the 
polarimeter. The chambers may be moved easily 
along the length of the polarimeter, which allows 
for variable geometry. The polarimeter was used 
with the front chambers equally spaced 358 mm 
apart and the back ones 287 mm apart, although 
these spacings are not critical. The electronic logic 
is triggered by scintillation counters $3, $4 and $5, 
each 3 mm thick, and also by $6 6 mm thick. 
Counters $4 and $5 are nearly touching the carbon 
and comprise part of the analyser. They, as well as 
$3, are composed of four similar scintillators sep- 
arately wrapped and butted together. Counter $6 
consists of six separate scintillators. This subdivi- 
sion results in improved efficiency and gives some 
crude positional information in addition to that 
from the chambers. The detectors are mounted on 
a strong rigid carriage, 3.5 m long by 1.6 m wide, 
which also carries the gas manifold, power sup- 
plies, preamplifiers and readout electronics for the 
chambers. The whole instrument weighs 3 t and 
moves freely on four wheels. The carriage is 
equipped with survey marks and liquid level sen- 
sors which allow its repositioning with a precision 
of _+ 1 mm in three dimensions. By the use of a 
two-point suspension system, operating on a care- 
fully machined and surveyed track, the chambers 
themselves may be aligned with a relative preci- 
sion approaching _+_0.1 ram. 

The construction of the chambers follows the 
precedent set by Charpak et al. 8) with 20/_Lm di- 
ameter gold plated tungsten sense wires forming a 
plane sandwiched between two EHT planes of 
0.12ram diameter beryllium-copper wire. The 
spacing between EHT wires is 2 ram, as is the 
sense wire spacing. However, for the latter, adja- 
cent wires are connected in pairs, giving a 4 mm 

channel spacing which reduces electronic hardware 
costs. The high voltage and sense wire planes are 
8 mm apart and the complete assembly is mount- 
ed in a gas-tight envelope closed by 0.1 mm mylar 
sheets. The sense wires are mechanically support- 
ed by l mm diameter copper wires enclosed in 
PVC insulation; the small chambers have a single 
pair of support wires at their centre, and the large 
chambers two equally spaced pairs of support 
wires. With the chambers operating at 5.8 to 
6.0 kV the support wires are maintained at 2.6 kV 
to avoid creating an inefficient region in their vi- 
cinity. The gas filling is essentially the magic-gas 
mixture 9) containing 0.3% of freon 13 BI* and 
bubbled through di-mcthoxymethane (methylal) to 
reduce the deleterious effects m) of hydrocarbon ac- 
cumulation on the sense wires. After three years 
of intensive use a small build up of carbon depos- 
its can be noticed as a slight darkening of some of 
the sense wires, but this is in no way a serious 
problem as yet. Optimum performance is obtained 
with an argon to isobutane ratio between 2.3 
and 3.0 to 1 and maintaining a gas flow of 
50cm 3 min ~per chamber. 

A sequential readout system ~) is used, interfac- 
ing via CAMAC to a PDP-11 computer. The elec- 
tronic scheme is shown in outline in fig. 2. The 
hierarchy of channel addresses, indicated in 
fig. 2b, enables the readout signal to be routed by 
the chamber control unit to only those second- 
stage encoder units containing active information. 
Thus the readout time is a constant independent 

* Dow Chemical  registered trade name. 
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Fig. 2. a) Electronic logic lbr one MWPC channel; b) Organization of the data highway. 

of channel position, and is equal to approximately 
2/is per channel fired. The total dead time, in- 
cluding CAMAC operations and writing onto tape, 
was about 2 ms during the calibration experiment 
described here, allowing near to 200 events per 
second to be recorded. With 6 cm thickness of car- 
bon, and the incident beam, as here, centred on 
the polarimeter approximately 1 proton in 14 un- 
dergoes a useful scatter. If the incident particles 
are uniformly distributed over the carbon, as in 
our n-p  experiment, about 1 proton in 30 under- 
goes a useful scatter. 

The detection efficiency of the chambers at their 
operational optimum approaches 99.9%, the resid- 
ual inefficiency being attributable mainly to timing 
jitter in the trailing-edge coincidence unit, fig. 2a. 
About 95% of the time only one channel fires in 

a chamber. Some particle tracks, particularly those 
highly inclined to the normal to the sense wires, 
cause adjacent channels to fire, and these com- 
prise about 4% of all events. The remaining < 1% 
of events exhibit a Poisson distribution of multi- 
plicities, indicating the random nature of the noise 
pulses. The total dark current is generally 
<0.1/~A per chamber, corresponding to a noise 
rate of the order of 25 noise pulses per metre wire 
per second. 

3. Data acquisition 
It was possible to subject each event to up to 

four on-line tests by the PDP-II computer before 
it was written onto tape. 
a) A window could be applied to the time of 

flight between either an external scintillator 
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(here Sl) or the cyclotron RF and the scintil- 
lator $5. Times of flight measured by SI, $2, 
$5 and the cyclotron RF were recorded with 
every event for tighter off-line analysis. 

b) Events with scattering angles less than any 
chosen amount, usually 3.5 ° , could be rejected; 
the equal spacing of chambers simplifying the 
software logic, which operated only on infor- 
mation concerning the wire coordinates and 
was independent of external scintillation coun- 
ter requirements. 

c) An event could be rejected if two out of three 
chambers in either plane, before or after the 
carbon, had a multiplicity greater than one. 
The intention of this test was to clean up the 
sample of events recorded. However, it has 
been found undesirable, since it leads to a nar- 
row plateau in chamber performance: at low 
E.H.T. the efficiency for a single signal drops, 
and at high E.H.T. the efficiency drops be- 
cause two neighbouring wires fire. What is 
worse, the precise plateau point changes with 
track inclination, leading to lower efficiency in 
the corners of the rear chambers and an azi- 
muthal inefficiency of the form cos(44~) (see 
section 5). 

d) The bit pattern of the trigger scintillators $3 to 
$6 could be checked to eliminate two or more 
simultaneous particles in the polarimeter. 

Histograms of time of flight spectra, counter bit 
patterns, chamber wire patterns and multiplicities 
could be inspected at any time during the data- 
taking on a Tektronix 4010 visual display unit. 

4. Calibration 
The calibration was a double scattering mea- 

surement in which the unpolarised proton beam, 
extracted from the TRIUMF cyclotron, was polar- 
ised by elastic scattering from hydrogen at 24 ~ 
lab. and then analysed by a second scatter in car- 
bon. 

Let P be the magnitude of the polarisation pro- 
duced by the scatter in hydrogen. Its direction was 
initially normal to the plane of this scatter, verti- 
cally upwards, and it was rotated into the horizon- 
tal direction h by a solenoid in the secondary 
beamline, fig. 1. Let 1 and I0 be the polarised and 
unpolarised cross sections in carbon, and k, k' be 
unit vectors parallel to tracks entering, leaving the 
carbon. Then 
I(0, cb) = Io(0 ) [1 +PAt(O) cos q~], (1) 

where 0 is the polar angle of scatter in carbon, 
At(O) is the analysing power of carbon, and 

COS~= h 'n,  
with 

k x k '  
n - - -  

Ikxk'[ '  

The distribution, riO, ~) of events observed in 
the polarimeter was such that 

f (O, qg) ~ [l + e,(0) cos<b] D(O, 4p), (2) 

where e(O)=PAc(O) is the magnitude of the 
asymmetry and D(O, ep)is the detection efficiency 
of the polarimeter. A direct determination of the 
q~ dependence of D is made by averaging over al- 
ternate runs in which h was reversed by means of 
the solenoid. 

The polarisation P has been determined in a 
separate double scattering experiment, in which 
the carbon polarimeter was replaced by one detect- 
ing elastic p-p scatters at 24 ° lab. from a poly- 
ethylene targetS). 

4.1. EXPERIMENTAL LAYOUT 

The layout is shown in fig. 1. The extracted 
beam of TRIUMF, variable in energy from 200 to 
516MeV (known to a precision of = I M e V  at 
each energy from the measured cyclotron field) 
was focussed to 48 mm full width at half maxi- 
mum at a liquid hydrogen target which was of di- 
ameter 5.1 cm and length 20.6cm. Scattered 
beams were taken off at 24 ° lab. and also at 
15 ° lab. for the calibration at the highest energy. 
These angles are close to the maximum of the po- 
larisation in p-p elastic scattering*). The secondary 
beams emerged through a 25 t lead and steel col- 
limator, having eleven equally spaced ports of 
length 3.5 m. These collimator ports, designed for 
subsequent work with neutrons, have diameters of 
100 mm and 125 mm in their upstream and down- 
stream sections. A scintillation counter telescope 
S1, $2 in conjunction with the front chambers de- 
fined a beam passing cleanly through the collima- 
tor without striking the walls. The scintillator S1 
was 2.5 cm diameter, and $2 was 5.1 cm diameter. 
Time of flight between S1 and $5 separated most 
of the pions in the beam and all of the lower en- 
ergy protons produced by inelastic scattering in 
the liquid hydrogen. At the higher energies, about 
196 of surviving particles were pions with the 
same velocity as elastic protons, but one-seventh 
of the momentum; these were readily identified 



P O L A R I M E I E R  FOR NUCLEONS BETWEEN 100 AND 500 MeV 405 

and removed by their angle of  deflection in the 
small steering magnet  M, which deflected elastic 
protons by 7 mrad. A veto counter  $7, 35.6 cm in 
diameter,  was positioned so as to eliminate most 
of the multiple Coulomb scattering in carbon, 
which was particularly serious at low energy. This 
counter  rejected most events  with a scattering 
angle ~ 3.5 :. 

The superconducting solenoid ~2) is l m long 
with an inside diameter of 10 cm. It is capable of  a 
field of  6 T at an excitation current of  212 A. The 
consumption of  liquid helium was on average 
1.5 l/h. The field of  the solenoid has been calcu- 
lated, and experimentally checked, to a precision 
of  better than 1%. 

The liquid hydrogen target, designed also as a 
liquid deuter ium target for producing neutrons~3), 
was cooled by a Phillips B-20 cryogenerator.  The 
target had end windows 5 0 ~ m  thick, which pro- 
duced a background of near 0.5% of  elastic pro- 
tons from the hydrogen. An evacuated flask of 
identical construction, mounted underneath the 
target, could be rapidly raised into the beam in 
order to measure the count rate needed for back 
ground subtraction. 

5. Data analysis 
Tracks were separately fitted to the front and 

rear chamber  coordinates and then checked to en- 
sure that the incoming and outgoing trajectories 
met at the carbon (or $4 or $5), within errors. 
Multiple wires firing in the chambers were incor- 
porated into the fitting procedure by using a least 
squares method to generate straight lines through 
the various coordinates,  and taking that line which 
gave the best fit. 

A test was made on the exit track to ensure 
that it would be accepted geometrically at its given 
polar angle 0, whatever  the azimuthal angle O. 
That  is, the trajectory of  the scattered proton was 
rotated about that of the incident proton, and it 
was required that the entire circumference of the 
resulting cone intercepted the back trigger coun- 
ters $5 and $6, while missing the veto counter  $7. 
Thus  the detection efficiency D(O, O) is close to 
unity [br all 0, O and depends only on chamber  
efficiency. 

Accepted events  were binned into 2 ° intervals of 
0, and the distribution of  events  was fitted by ex- 
panding the detection efficiency D(O, O) in eq. (2) 
as a Fourier series: 

f(O, cI)) = N(O) [1 + ~(0) cos 4~] × 

x % +  ~ {:t,(0) cosnq~+f l , (0 ) s inn~  
n - I  

(3) 

Here N is the total number  of events  at an angle 
0. The coefficients ~z,, and /3,,, which describe the 
detection efficiency, were determined by averaging 
over f -  and .f having opposite spin orientation 
h. Taking the difference between .I'+ and f , and 
expanding eq. (3) in terms of cos n ~  and sin n~ ,  
one finds from eq. (3): 

(COSt'b) + - - ( C O S t ' P ) -  = e 1 2~@] + 0 ( 8 3 ) .  

(4) 

The term of order e 3 was always negligible, and 
the term -e[3~/2.7.~ almost always so, but not the 
term involving ~2. This is given by 

(cos 2@)+ + (cos 2@)-  = ct2/%. (5) 

It arises from differences in efficiency in the hor- 
izontal and vertical planes. 

We have found that the coefficient 7.4 was a 
sensitive monitor  of the health of the chambers,  
particularly for 0>~ 16 °. The corners of the 1 × 1 m 2 
chambers received highly inclined tracks, tending 
to lead to high multiplicities. When test 3(c) was 
applied on-line, limiting the multiplicity in two 
out of  three chambers to 1, this effect was partic- 
ularly serious, and for this reason the test has 
been discontinued. Fortunately ~z4 does not have 
any direct bearing on the determinat ion of  ~:(0). 
We have confirmed in runs without  3(c) that the 
calibration was unaffected. 

The tiny subtraction for background from the 
empty hydrogen target was not made channel by 
channel as this would merely introduce statistical 
noise. Instead, it was assumed that the 0 depen- 
dence of c was the same for events from the full 
(F) and empty (E) targets, but that the polarisation 
P of  beam particles may have been different. The  
weighted mean (g) of e over 0 was formed, using 
as weighting factor for each bin N(O)c2(O). Then if 
B was the fraction of events originating from the 
empty target, and R = g'E/~'F was the ratio of mean 
asymmetries  from target empty and full, the cor- 
rected asymmetry  was given by 

~. = er (1  - B R ) / O  - B) 

e v i l -  B ( R - 1 ) ] .  (6) 
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In practice, R ~ 0 . 5  and the correction was ~<25% 
of statistical errors on target full data. 

Finally, at low energies, some bins for 0~<7 '> 
were discarded because of contamination by mul- 
tiple Coulomb scattering in the carbon. The onset 
of  multiple scattering was conspicuous, since N(O) 
rose dramatically at small 0. In principle, one 
could have accepted these events,  but in practice 
we wished in parameterising the results to make 
use of the well known fact that for nuclear scat- 
tering, both elastic and inelastic, c(O)o, 0 as 0--*0. 

6. Results and discussion 
Approximately 8×105sca t t e r s  in carbon were 

recorded for each of  9 energies at 24 ~ scattering 
angle from hydrogen using a 6 cm thick carbon 
slab; also for the highest energy at 15 ° with 6 cm 
of  carbon, and for 4 low energies at 24°using 3 cm 
of  carbon. We were prepared to find that the an- 
alysing power of carbon depended significantly on 
the thickness of  carbon, either because of double 
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Fig. 3. Data from this experiment at 14 energies; cont inuous 
lines are our empirical fit. The energies given are those at the 
centre of the carbon, whose thickness was 6 cm except at the 
asterisked energies, t h e n  3 cm was used. 

scattering, or because of  the range of protons leav- 
ing the carbon. The latter effect should have been 
biggest at low energies. However,  from an overlap 
between two sets of  data with 3 cm, and two sets 
with 6 cm, of carbon we found no discernable dif- 
ference if the analysing power was taken to be a 
function of the m o m en tu m  at the centre of the 
carbon. It therefore seems likely that the results 
we have obtained will be generally applicable to 
other instruments not too different in geometry. 
These results are shown in fig. 3. 

We have found it convenient  to parameterise 
the results for the purpose of interpolation in 
angle and energy by an empirical fit: 

At(p,  O) = a(p) PT 
1 + b(p) P~ + c(p) P~ 

where PT = P R  sin 0, p is the momen tum of  the 
proton at the centre of the carbon in GeV/c ,  and 
R =  13.922(GeV/c) ~ characterises the radius of" 
the carbon nucleus. The coefficients a, b, and c 
are given by: 

a(p) = ao + a . p  + a2p 2 + a3p 3 + a4p*, 

b(p) = be + h i p  + b2p 2 4- b3p 3 , 

c ( p )  : C 0 + c t p  4- C z p  2 + c 3 p  3 4- c4. p 4", 

where the values of the coefficients are given in 
table 1. The errors on these coefficients are highly' 
correlated and are therefore not given. The error 
on the fit is limited by the statistical error of the 
calibration, and is given as a function of energy in 
fig. 4. 

In this calibration, no restriction has been placed 
on inelasticity in the scatter in the carbon, other 
than the range requirement that the exit protons 
reach $6. Our highest two energies overlap the 
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Fig. 4. The percentage uncertainty in our empirical fit as a 
function of energy at the centre of the carbon. 
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TABLE l 

Values o f  the  coefficients for the  empirical fit to the  analysing 
power ot" carbon 

Coeffi- Value of  index n 
cient 0 1 2 3 4 

a ,  - 1 . 4 6 1 2  3.9771 4.5465 14.691 7.9534 
b n 1.7526 - 4.4892 2.6525 0.19632 - 
c, 0.31303 - 2 . 4 9 8  6.5019 - 6.7049 2.3974 

lowest two of the small angle data from CERN of 
Aebischer et al.14). This group determined A~ 
when the proton was allowed either unlimited 
inelasticity in the scatter on carbon, or an energy 
loss limited by a range energy telescope. Their re- 
sults are shown in fig. 5 at an incident energy of 
399 MeV with inelasticity ~<16MeV, and at 
462 MeV with inelasticity ~< 38 MeV, together with 
the data unlimited in inelasticity at the same en- 
ergies. The agreement of our results with the lat- 
ter is good, and clearly verifies that the analysing 
power is reduced by highly inelastic events. 

The characteristics of A~ in our energy range 
confirm the main trends of earlier d a t a l 4 - 1 7 ) .  It 
peaks at a transverse momentum p sin 0 = 
145 MeV/c and an energy near 240MeV. The 
broad maximum at the lower energies narrows to 
a forward peak as the energy increases, without 
any sign of a secondary minimum. This agrees 
with the well-known effect shown by Chesnut et 
al. tS) that inelastic scattering fills in the dip in the 
elastic scattering curve. A comparison of our data 
with the results of Chesnut et al. at 220MeV 
shows this smoothing effect (fig. 6); the forward 
peak centred close to 16 ° is in good agreement. 

At the highest energy, the improvement over 
the lowest energies of Eandi et al. ~9) is shown in 
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nearly elastic events .  
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fig. 7. Like us, they placed no constraint on 
inelasticity. 

Finally, we comment on the absolute magnitude 
of the instrumental asymmetry ~zl/:z 0 which mi- 
mics a polarisation asymmetry in those circum- 
stances where it cannot be eliminated by reversing 
the polarisation of the incident proton. Over the 
period of 18 months in which we have operated 
the polarimeter, we have observed values of ~1/~0 
of typically _+0.005, changing with a time constant 
of many hours or days. Such instrumental 
asymmetries can arise from the occasional dead or 
noise wire which has to be tolerated under prac- 
tical conditions, or slow variations of chamber per- 
formance with gas composition. Since the mean 
analysing power, averaged over 0 is typical- 
ly 0.35, this instrumental asymmetry leads to an 
uncertainty of _+0.015 in proton polarisation. For 
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measurements of Wolfenstein parameters, where 
one is interested in changes of polarisation, this 
does not matter. For absolute polarisation mea- 
surements where the spin cannot be flipped, it 
does matter: it could presumably be greatly re- 
duced by adding two more chambers behind the 
carbon, so as to increase the redundancy in the 
number of chambers available. 

The polarimeter was constructed at the Ruther- 
ford Laboratory. We are greatly indebted to the 
design engineers, John Mogford and John Boon, 
for producing a reliable and versatile piece of 
equipment, and to John Connelly for expertise in 
initial testing of the chambers. The superconduct- 
ing solenoid was designed at the Rutherford Lab- 
oratory by George Gallagher-Daggit, and con- 
structed by Oxford Instruments Ltd. It has proved 
highly reliable. We are indebted to T. Hodges and 
the University of Victoria for the design and con- 
struction of the liquid hydrogen target. We are 
grateful to Dr. J. Reginald Richardson and the 
operating staff of TRIUMF for the high quality of 
accelerator performance. C.O., G.L. and K.S. 
thank the Science Research Council and TRIUMF 
for support. S.J. thanks the Fonds National Suisse 
de la Recherche Scientifique for support. D.B. 
thanks the Association of Universities and Col- 
leges of Canada for a Commonwealth Fellowship. 
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