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ABSTRACT

TECHNTCAL ADVANCES IN NFUTRON POLARIMETRY AND STUDTES OF THE (p,n)

REACTION IN l’3C

4 4

The asymmetry in the He(ﬁ,n) He reaction has been measured at

three different incident neutron energies: 19.40:; 22.85 and 27.31
0 . . ;

MeV, and 120 from forward direction. Values of the asymmetry have

been wused to calculate the polarization of fast neutrons produced in

the 130(p,3)‘3N.

The 13C(p,ﬁ)HN reaction was studied as part of a
programme being undertaken at the University of Manitoba Cyclotron
Laboratory to study (p,n) reactions linking isobaric analog states of
mirror nuclei in the energy range of 22 to 50 MeV. The study involves
a comparison of the proton analyzing power, A(B), 1in the reaction

Be,m !y

to the neutron polarization in the inverse reaction

13 13

>
C(p,n) "N. The importance of the comparison between these two
observables 1is based in Conzett’s polarization-analysing power theorem
for time reversed reactions, the theorem states that the proton
. L . 13,5 13,, .
analyzing power in the reaction C(P,n) "N is equal to the neutron
, . . ) . 13 >.13 . .
polarization in the reaction C{p,n) "N provided the reaction
proceeds between members of an isospin doublet and when charge svmmetry
and time reversal Invariance hold exactly. However isospin symmetry is

broken by the Coulomb interaction. So comparison of analyzing power



W) and polarization P(R) should vield information oa tle breaking of

Tsospia svimetry by the Coulomd torce,

To carry  out  this experiment a high pressare helium-xenon
polirimeter  was  Jesipgned and  builtg the polarimeter consist of a
ctainless steel cvlinder closed at both end by two acrylic windows.
The  seintillations produced inside the polarimeter by the recoiling
helium nuelei are transmited to two phototubes optically coupled to the
acrviic windows. A remote controlled system for the filling and
ventiag of the polarimeter was built and used during the experiment.

This polarimeter was used as an analyzer in the asvmmetry measurements.

B cause of  the low neutron flux, the experiments have been
performed using two large (NFE-213) side detectors and a broad geometry.
Therefore it was necessary to corvect the data for finite geometry and

multiple scattering in the target using a tMonte Carlo computer code.

At higher energies, around 50 MeV, there is a decrease in n-He
scattering  cross section and an increasce of He-rccoil range.This calls
for a maximan target density; for this reason an existing liquid
helium  polarimeter was redesigned and built with the aim of improving

the enerpgy resolution and light collection efficiency.
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OUTLINE OF THE THESIS

Chapter 1 is a brief theoretical introduction to the
problem. It discusses the comparison between proton analyzing power
and neutron polarization. These two observables should have the same
magnitude(Sa58) for the reaction stated at a given cm energy and they
have been proved by Byrd(By81,83) to be identical by means of spatial
symmetry arguments in the case of (p,p) and (n,n) elastic scattering.
However, they are not necessarily the same for (p,n) reactions.
Departure from relation P=A could imply perhaps both

1) Isospin Symmetry breaking

2) An asymmetric spin-flip transition.

This is a very important statement and more data are needed for the
comparison of the two observables especially within the energy range of
the Manitoba Cyclotron.

Chapter 2 is divided into four sections. The first two
sections describe the experimental arrangement and the electronics
used. The experiment was carried out in two parts separated by 6
months however; the main features were common to both runs and for
that reason emphasis is given to the description of the first part of
the experiment. The third section is devoted to the work done in the
design and construction of a high pressure 4He gas polarimeter.
Helium has been wused for many years in the measurement of neutron

polarization. It scintillates in both the liquid and gaseous states.
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A liquid polarimeter has the advantage of having a much higher density
than a gas polarimeter, however a gas polarimeter does not present any
of the cryogenic problems related to the liquid helium polarimeter.
Both are useful, and for practical reasons we have used the gas
polarimeter in the experiment described in chapter 2. Section four
describes a superconducting solenoid. In order to minimize the
instrumental asymmetry introduced during the experiment a
superconducting solenoid has become an integral part of most neutron
polarimeter systems. The magnet allows rotation of the spin of the
neutron through 1800, thus interchanging the roles of the left and
right detectors without exchanging their positions.

Chapter 3 is devoted to the analysis of the experiment.
This includes measurement of the asymmetry and the corrections for
finite geometry and multiple scattering using a Monte Carlo computer
code. The polarization is then calculated using the experimental value
of the asymmetry and the known value of the polarimeter analyzing power
at 1200. In order to compare the neutron polarization and the proton
analyzing power, two entirely different experiments are necessary. The
first 1is the one described in this thesis and the second is the
experiment concerning the inverse reaction, which will be carried out
in the not too distant future.

Chapter 4 is dedicated to the liquid helium polarimeter,
its design and performance. An existing polarimeter(BiAB) has been
redesigned in order to reduce the boil-off rate of 1liquid helium and

improve the energy resolution.
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line marked "Neutron time ot flight facility".
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13 13

from the reaction ~C(p,®) N. The upper curve 1is the first

excited state from the same reaction.

Neutron time of flight from the polarimeter to the side

detector. The lower curve represents the ground state neutron

13 13

group produced in the reaction C(p,63 N and later

scattered from the polarimeter to the side detector. The

upper curve represents the neutron group from the first
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THEORETICAL BACKGROUND



Page 2
1.1 INTRODUCTTON

The nuclear force is spin-dependent. FEarly work of Mayer and Jensen on
the nuclear shell model established that it was nec:ssary to include in
the nuclear Hamiltonian terms which explicitly contain spin. The
realization that spin-dependent forces are fundamental to the nuclear
interaction led to experiments which are selective in emphasizing such
spin-dependent effects. Throughout the past decade polarised nucleon
beams have been used extensively for this purpose, and this program has
already greatly improsed our detailed understanding of the
nucleon-nucleon interaction.

The comparison between the neutron polarization and the
proton analyzing vpower for (p,n) reactions on light nuclei has bheen a
subject of interest for many years. The two observables should have
the same magnitude (Sa58). At  low energy, the Lane model, in its
simplest version neglects the spin of the target, and for this case
Byrd(ByR1,83) showed that the values calculated for the observables are
indeed identical by spatial symmetry for (p,p) and (n,n) elastic
scattering. However, they are not necessarily the same for {(p,n)
reactions.

At low energies the reaction mechanisms 1involve a
non-direct contribution which can result in a more complicated
relationship between the P(8) and A(8) obhsgervables. In particular,

differences between P(OA) and A(B) can be produced by processes which
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o omirsmz oand spin=flip transitions{By83).

Tmeo2fuzzlity of  proton analysing power and neutron
- LT oTies - o Zemonstrated by H.E. Conzett(Co74), and is known
e ovmeTTos Tmerzom. The theorem states that the analyzing power,
= - - T zrzozion A{3,n)B, should be equal to the polarization,
T - T T TeomItiim ~:\?> provided A and B are isobaric analog
=T LT - .= TiT % T.2Y3 is guasielastic.
Troz 1hsoren is based on the assumption that the (p,n)
T-wrT o TT Tl ozz zonnecis isobaric analog states. Consegquently one
tiT =TT+ TZ TU= Tesilis to De more nearly correct if  the target and
- gietts wurlzxz  27=  meobars of  an isospin doublet (mirror nuclei,
T o= “rmr 1T TheT zrz members of a larger isospin multiplet. This
o T=l=iss L 0 = 1 {p,n) transition between members of an isospin
T - z o =z !800 rotation in isospin space and
JTetTe o TTI= T 7. T The other hand, conservation of isospin for a
T = IramsITioT heivwszen members of a  larger (T> 1) isospin
o T .=T T=rzITeos oompliete  rotational invariance in isospin  space
***** o with the more general assumption of charge
[aactell on the other hand has expressed the
Tt T a T T —~ £33 Im terms of transition probabilities Tfi’ where
T e s ITME I TLILE polarization of the initial proton and the
St TemITUna and """ to denote spin up and spin down,




P(a) = (T + T - (T +T
() = (T Ty Ty w)

Page &

In the case ot polarized incident beam, we measure the analyzing power

A(R) as the difference in sums over outgoing polarizations.

AR = - -
(B = (T Ty Tt Ty

We may now compare the polarization and analyzing power by

them as a difference in transition probabilities, i.e.,

P(6) ~ A(R) = 2(T+¢_ T¢+)

[v we now define the spin-flip S(8) probability as

S(A) =T, 4T
=Tt Ty

and the spin-flip asymmetry AS(8) as

AS(8) = T+¢— T|+= (A-P)/2

Y

and T are both positive,

Probabilities, v
4

T
4

aluebraically their sum and difference are related by:

T -T | «T +7T
T e ST

1A(®) - P(B)] < 8

expressing

1.3

therefore

1.4

1.5
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From cequations (1.3) to (1.5) above we can extract some very important
conclusions with respect to the difference between the analyzing power
and the polarization. TFirst from (1.4), AS#0 is obtained only with a
non-zero spin-flip probabilitv S#0. Since spin flip is forhidden for a
spin-zern target by parity conservation, we obhtain the trivial result
that P=A for that case. This result suggests that target spin may be a
necessary consideration in understanding cases of P#A. Further, to
obtain P#A, the ASA0 condition (1.3) states that spin Flip alone is
insufficient: one must have an asymmetric spin flip, i.e., unequal
probahilities for T, =~ and T .
Y V'f
The arguments mentioned above indicate that an
asymmetric spin-flip mechanism is a necessary condition for P#A. These

arguments may bhe combined to obtain the following two minimum

requirements for observation of PAA in (p,n) mirror reactions:
1) isospin symmetry breaking, and

2) an asymmetric spin-flip transition.

The principle of measuring the degree of polarization of
a beam of fast neutrons is well known, The beam is elastically
scattered by a sample the analyzer, composed of nuclei chosen so that
neutrons with spin "up'" are scattered preferentially to one side, while
those with spin "down" are scattered preferentially to the other. The
resulting asvmmetry in scattering 1is equal to the product of

polarization of the incident beam and the analyzing power, which must
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be known in order to determine the polarization of the incident neutron
beam. For the special case of elastic scattering the analyzing power
is equal  to the polarization that would result if an unpolarized beam
of neutrons of the same cnergy were scattered through the same angle.
Experimentally the left-right asymmetry is calculated from the

expression:

[ e e . — ll6

Then using the expression ¢ = P(8)A(B) the polarization
can be calculated, or one can proceed in the reverse mode; wusing a
beam of known polarization measure the asymmetry and then calculate the
analyzing power. The merasurement of the asymmetry is customarily done
by means of a double scattering. Polarized neutrons are produced in a
nuclear interaction, either directly 1in a charged-particle induced
reaction or else by elastic scattering of unpolarized neutrons produced
previously in some charged particle induced reaction. After such a
polarized neutron beam is scattered by a sample, the neutron must be
detected by means of another nuclear process, e.g., (n,p) scattering in
a scintillator.

Most neutron detectors are not effective energy
spectrometers, this means some method of energy discrimination must he

contrived in order to obtain polarization information for all elastic
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scattering measurements when the inelastic channel is open, or for the
highest-energy neutron group produced in a charged-particle 1induced
reaction. For this reason neutron experiments have concentrated on
; . 4 12 16 ) e

scattering from ', N, He, C, 0, and most reaction studies
involve light nuclei where the groups of neutrons are well separated in
energv,. Both time of flight techniques and coincidence spectrometers
(where the scatterer or analyzer are in a scintillator form), have been
employed to obtain varying degrees of energy resolution.

In order to minimize the instrumental asymmetry
introduced during the experiments a superconducting solenoid has become
an integral part of most neutron polarimeters. The magnet allows one

. 0 . .
to rotate the spin of the neutrons through 180 , thus interchanging
the roles of the left and vright detectors without changing their
position.

The one nucleus for which the most complete set of

. ) .4 . .
neutron analvzing power data exists is He and, in consequence, is
the most useful analyzer. It has heen widely used in both the 1liquid
and gaseous states. In both forms it scintillates. This feature is
used to discriminate against the high background present in a neutron
experiment.

In the last few years a significant contribution to the
comparison of the P(8) and A(8) obhservables at low energy has been
undertaken at the Triangle Universities Nuclear Laboratory (TUNL).

. . . ; 3
This comparison of P(B®) and A(B) includes (p,n) reactions on ~H,

9Be, llB and 13C nuclei (By83a), (To81), (Mu8l). Their approach
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extended the polarization-analyzing power theorem(Ri59) for the elastic
scattering of  nucleons to include a quasielastic model of (p,n)
reactions. This argument compared the bombarding energy Ep to the
Coulomb displacement energy AC between the initial and final states.
Equality of P(®) and A(B) would be expected at energies Ep greater
than ahout 3 AC.

The conclusions of this group for the measurements of
(p,n) reactions on light nuclei from 3H to 15N are that these
measurements now provide a fairly complete picture of the differences
between P(R) and A(B) 1in (p,n) reactions on light nuclei at low
energy(up to 11 MeV). Although additional shell-model <calculations
will be required to obtain detailed information about the source of the
differences or their sensitivity to nuclear structure parameters, some
relatively simple arguments have been able to explain most of the
dependence on target mass and bombarding enmergy. In particular (1) the
quasiclastic approximation (By83) shows that P(8)=A(R8) for energies
HP;Z 3 Ac’ (2) Arnold’s discussion (Ar77) of the spin-flip
asvmmetry S(8) shows that AS(R)=0 1is a necessary condition for
P(8)=A(9), and (3) the isospin symmetry arguments of Conzett (Co74) and
Wilkinson(Wi56) suggest an explanation for the dependence of
differences on bomharding energy and target mass. Again, these simple
arguments can only suggest situations in which a difference might
exist: further shell-model calculations will be needed to predict
whether a difference should actually be observable or to provide a

detailed explanation of its significance.
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Birchall and MeKee (Bifl) showed that asymmetry of the
spin flip is, in tact a conscquence of the breaking of charge svmmetry
or time reversal invariance. The argument used in this case 1is that

the (p,n) cross-section for g can be transformed into the (n,p)

ud
cross-section for Odu under Jetailed balance, spatial rotation, and
ctarge  symmetry. On the other hand, Byrd et al(By83b) claim that this
point of view does not take into account the microscopic nature of time
reversal. According to them the comparison of the two observables in
practice is impossible. From the "microscopic' point of view the time
reversal invariance constraint connects scattering states which cannot
be crcated experimentally, such as coherent combinations of incoming
spherical waves. This distinction between macroscopic reaction and
microscopic reversibility indeed has very important consequencese.
Biedenharn(Bi59) identified the actual relationship
between the P(A) and A(A) observables for a pair of inverse experiments
a+A <h+B. 17 for example two experimentally observed states |a¢A:>
and |h+B:> are represcnted in terms of microscopic states of definite

total angular momentum, |u:> and |ﬁ>>‘ then the polarization P(8) is

given in terms of the S-matrix by the weighted summation over the

amplitudes SB =Lp1Sla> . This is a very important statement, because
Q

the equality P(B) = A(B) at the macroscopic level has been reduced to a

requirement of wmicroscopic reciprocity for each value of angular

momentum, that is, to the equality |S. | = |S |
Bo of

to find the connection between time reversal invariance (TRI) and

« Then it is necessary

reciprocitv. Coester(Co51) showed that invariance under time reversal
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requires that S, =S . where @ _> and |F_> are time reversed
L el , bl t t
versions of the microscopic states involved in the P(8) and A(R)
experiments. The transitions represented by %xm 8t Are not directly
s
involved 1in the A(B) experiment. These transitions are dynamically
possible but experimentally very improbable. Coester(CoS51t) extended
the connection between a reaction and its time reverse to ohtain %x =

B

S which provides the necessary connection hetween the microscopic

Py,

transitions in the actual P(8) and A(8) experiments.

The argument to discuss possible mechanisms for
differences between P(8) an A(8) could be inverted. 1If a process is
invariant under time reversal, then its S-matrix is symmetric (in a
particular choice of representation) and P(R) for any binary reaction
is identically equal to A(B) for the inverse reaction. Observation of
a difference between P(8) and A(B8) would be a direct violation of
reciprocity between the inverse reactions and therefore also a
violation of time reversal invariance.

The above discussion stresses even more the necessity of
collecting more information to compare the two ohservables, especially

in the range of medium energy, i.e., between 20 and 50 MeV.
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2.1 INTRODUCT TON

In this chapter a description is given of the equipment

and the velectronic circuitry used in the measurement of neutron
4
polarization by means of n- He elastic scattering.
The unpolarized proton beam from the University of

. s . Co 13 _ .
Manitoba Spiral Ridge Cyclotron impinges on a C target, producing

. . ) 13 > 13 .
partially polarized neutrons via the C(p,n) 'N reaction. These
neutrons are then scattered from a high pressure helium target used as
an analyzer and detcected by two identical NE-213 detectors located at
svmmetric angles from the analyzer.

The experiment was carried out over two different
periods of time. The first consisted of runs at 23.2 and 26.8 MeV
incident proton energy, and the second part an extension to 31.1 MeV
incident proton energy.

During experiments, the background plays an 1important
role. This background comes from neutrons scattering directly from the
target assembly or indirectly from the laboratory walls, floor, etc. A
component of the background 1is induced by gamma-rays i.e there are
neutron or gamma-induced events. It is very important therefore to be
able to separate neatrons from gammas, the real events from the random
background and to separate groups of different energies. This has been

done using two different techniques.



2.2 Recoill Fnergy Analvsis

This enables the analysis of the energy pulse to be made according to
both its pulse height and pulse shape, The pulse height gives the
total enerpy deposited in the detector while the shape gives the decay
time information which varies with the type of particle. There is thus
a straipghtforward connection between recoil energy and the energy of a
certain type of particle, and between the type of particle and the
decay time of its recoil pulse. Turther, recoil energies and the
resulting pulse heights differ for different particles of the same
energy, so pulse height analysis is capable of separating different
types of events. Our Dbasic neutron energy measurement uses the
recoil-energy pulse height distribution from either hydrogen or helium

scattering.

2.3 Time of Flight

The time of flight requirement provides a coincidence condition between
target and detector, therefore identifying effectively the
time-—uncorrelated room background neutrons. If nne 1is interested 1in
determining the neutron velocity using the time of flight technique,

some basic conditions must be fulfilled.

1. The starting time of the neutrons must be well defined 1i.e the
duration of a beam burst must be short compared with the total

flight time.
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2. The detection time must he equally well defined,

3. The flight path must be known.

All the information about the experiment must he
extracted from raw data which are simply electronic signals. In even
the most comvlex case, these signals are only timing (anode or fast)
pulses and linear {(dynode or slow) pulses from each neutron detector,
and from the He polarimeter. These raw signals are then processed for
computer acquisition, a procedure which may require simple shaping
alone or include complex combinations of discrimination, timing, and
coincidence circuits.

During the experiment at 31,1 MeV proton energy we
rearranged our electronic setupe. However, the circuits kept
essentially the same features.

Fig 2.1 Shows a plan view of the University of Manitoba
Cyclotron Laboratory. The Cyclotron itself is a machine adjustahle to
produce a proton beam in the energy range of 20 to 50 MeV. Neut ron
time of flight and polarization experiments are carried out on the hecam
line marked "NEUTRON TIME OF FLIGHT FACILITY" in Fig 2.1. A complete
description of the Ffacility has been given by Ramsay(Ra80) and
Watson(Wa79) and T will describe therefore only the most important
features relevant to our experiments.

The 130 target and a NFE-102 viewing screen were
mounted in a target holder at the center of the scattering chamber(4lcm

in diameter). The screen was used to aid the focusing of the beam at
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UNIVERSITY OF MANITOBA CYCLOTRON LABCRATORY

Floor plan of the University of Manitoba Cyclotron Lakoratory.
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The C(p,ﬁ) N experiment was perforred on the beam line marked

"neutron time of flight facility".
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the center of the target. The beamline downstream of the chamber up to
the Faraday cup was assemhled entirely of 15cm diameter pipe. This was
done to reduce the neutron and gamma ray background that could result
from the halo of beam hitting the pipe. The beam 1is collected in a
Faraday cup downstream from the scattering chamber and the charge
integrated in the usual manner. The location of the TFaraday cup, 4m
along a shaft bored 7m into the wall, is also important for reducing
background. Very little radiation can be detected with the beam
running through 1into the Faraday cup without a target in the chamber.
The target itself was made from amorphous carbon enriched to 997 1in
13C. A special binder made of a mixture of 10 parts by weight of

methylene chloride and 1 part by weight of polystyrene was injected
into the target. This binder proved to be very useful. After a few
minutes the methylene chloride evaporates, leaving the dissolved
polystyrene injected into the target acting as a very strong binder.
This binder enhances the target rigidity, thus eliminating the problems
due to the target being too fragiles. The charcoal-like powder was
placed in a hydraulic pellet press and compacted into a carbon disc

+ . .
1.9cm in diameter (the pressure used in the hydraulic pellet was

around 24MPa).

————————— + Weighing the disc and dividing by 1its area indicated an
2 . .

average thickness of 25.0 + 0.2[mg/cm ]. This thickness produced a

neutron flux of measurable intensity 3200neut/sec at 350cm from the

scattering chamber with beam of 0.5pA.
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The beamline was aligned by wusing a theodolite. A
number  of  points along the beamline were chosen and aligned with
respect to a level line drawn on the wall of the experimental area
specially for this purpose.

For the experiment it is necessary to know the angular
position of the neutron detector with respect to the proton beam.
Therefore we decided to scribe all these angles on the floor of the
experimental room around the scattering chamber. This was accomplished
by locating a laser on the floor under the beamline at the entrance of
the beam to the experimental area. A few metres from this location,
exactly under the scattering chamber, a mirror mounted on a rotary
tabhle was located on the floor. This was done with the help of a

. ) 0
plumb-bob. The table is calibrated from O to 180, and has a
. . . 0
built-in vernier scale able to read to an accuracy of % 0.05 . The
laser beam was turned on and the mirror rotated until the laser beam
was reflected from the mirror to the center of the incident laser beam.
In this position the center of the mirror is aligned with respect to
the center of the target. Then, by simply rotating the table while the
laser beam is on, we were able to mark on the floor the different
. 0 0
angles of reflection of the laser beam from 0 to 180 around the
scattering chamber.
4 . .. 0
The He pas polarimeter was positioned at 40 from
L 13 .
the incident proton beam, and 3.5m from the C target. This

particular angle was chosen mainly for practical reasons. The value of

the differential cross section for this reaction(Ra80) is between 2.70
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and 1.51 mb/sr in the energy range of 22.5 to 37.2 MeV, and relatively
flat with angle. The asymmetry produced when the neutrons scatter from
t he AH@ analyzer 1s measured by two identical ©NE-213 detectors
pusitioned at svmmetric angles from the detectors (1200). This angle
corresponds to a maximum value of the analyzing power for the given
cocrgies (0.9).

The NE-213 neutron detectors are ll.4cm in diameter by
12.7 c¢m thick each coupled to an RCA-4522 photomultiplier. The
assembly is mounted on a sturdy wheeled wagon which can be rolled
around the area. The detectors are surrounded by 80cm of steel blocks
on each side, and 20cm of steel on top and underneath. To reduce the
room background the shielding was increased between the neutron
detectors and the scattering chamber by adding two 91x81xb6lcm concrete
blocks and two walls of approximately 20cm thick, one built from lead
and the other from steel.

The background should be similar in the two side
detectors and signal to noise should be maximised. The real count rate

in the NF-213 side detector is given by

R « @ QlQ2

. 13
where L1 is the distance between the C target and the

polarimeter. L2 is the distance between the polarimeter and the

NF-213 detector, see fig 2.2.
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)

Fig. 2.2 Schematic diagram used to calculate the
relation between the different distances
during the experiment.
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Keeping the quantity L fixed we keep the count rate fixed. Let

1L2

us call L I, = C. Most of the background comes from random

12
C 13, .
coincidences between the neutrons from the C target travelling

/)
4 . : .
directly to lle and to a side detector and is given by

13

where 1., is the distance between the 13C target and the NE-2173 side

3

detector(Fig 2.2). Then
2 2
B/R o L,/ Lj

2 2 2
From geometry, L. = L. + L, - 2L1L7c05¢

3 1 2
Then
B L2
2
2
' < + L2 - 2Ccos(

By inspcetion:

B/R > 1 as L2+ o

B/R - 0 as LE 0,

so it is necessary to choose a geometry in which L] is large and L2
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small. The worst case is given by L, = 2L In order to keep the

2 1°
ratio of random background to real count rate less than one it is
necessary to know by how much the neutron flux coming directly from the
13

C

target must bhe attenuated. The real counting rate of the

detector is related to the flux from the neutron source by the relation

N =N N
‘ 1191(092) ¢ €

where
Nr = number of recoils counted per second by the detector,
N1 = npumber of neutrons per steradian per second in the
direction of the target,
4 ) i
Nt = number of He nuclei per unit area,
Ql = solid angle subtended at the source by the aggregate Nt
Q2 = solid angle subtended by the side detector at Nt
4 . . .
o = neutron~ He differential cross-section,
£ = detection efficiency of NE-213 detector for neutrons

scattered from 4He.
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The rate of random coincidences is given by:

= 2N €
Ng 2N N3T,
where
N,3 = number of neutrons per steradian per second in the
direction of the NE-213 detector,
T, = Coincidence resolving time,
. 4 s

€ = FEfficiency of the He scintillator.

Using these expressions the ratio of random to real counts

calculated without shielding is about 600. This means the neutron flux
) . . 13 .
coming directly from the C target to the NE-213 side detector must
be reduced by a factor of several hundred. When steel shielding is
used around the detector this ratio is lowered by a factor of eight
hundred which is enough to keep the ratio of random coincidence to real
events much less than one. The further use of concrete shield reduces
even more the ratio of random to real events by another factor of two
hundred.
During the experiment we used a smaller NE-102 detector

4em  diameter by 2cm thick fitted with a 0.32cm diameter brass

. . 0
collimator and mounted on the side of the chamber at 130 from the
center of the target and away from the neutron detectors. The NE-102

detector viewed the target through a 76Hm Kapton-I window and its
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purpose was to detect elastically scattered protons so as to extract
the time structure of the beam with respect to the R.F, The count rate
of the NE-102 detector was high enough to ensure that a usahle time
spectrum could be accumulated in about 3sec. 1In order to have a system
able to resolve the different neutron groups it is necessary to tune
the machine for a minimum beam burst width, so the neutrons coming from
different beam bursts could be well separated. A routine was written
to display the spectrum of the elastically scattered protons
representing  the time structure of the beam. This routine calculated
the FWHM and the position of the centroid of the peak in a time of
tlight spectrum. If for any reason the centroid moved by one or more
channels, a sound alarm was activated and we proceeded manually to trim
the cyclotron parameters (R.F field and main magnet) to recover the
centroid position and to minimize the width of the beam burst. During
the first experiment a typical '"time tune'" of 0.8ns FWHM was obtained,
while for the second experiment the "time tune" was ahout 1.,0ns FWHM.

A further detector ( NE-IN2 and NE-213 in the first and
second runs, respectively) was positioned behind the gas polarimeter to
monitor the neutron flux and the time of flight spectrum at the
beginning of the experiment.

The effect of unequa. neutron detection efficiencies,
solid angle, and possible scattering angle differences between the left
and right detectors was minimized by the wuse of a superconducting
solenoid producing an axial magnetic field. The function of the

solenoid was to precess the direction of the spin of the neutron
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leaving the target through 180 deprees. In this wav the roles of the
left and right detectors could be reversed and tirst order svstematic
errors cancelled(At65). Stray magnetic field from the solenoid could
atfect the gain »f the photomultipliers., For this reason it was
necessary  to use a magnetic shield in the form of a Ilmm thick sheet of
p-metal between the solenoid and the polarimeter.

At 19,38, and 22,85MeV  we performed three different
runs. First we ran with no magnetic field. Then the superconducting
solenoid was cnergized and we ran for approximately the same amount of
time. Then the current in the solenoid was reversed and the run
repeated.

Beam currents on target ranged from about 80 to 200nA, a
tvpical figure being 140nA.

The second experiment at 27.31MeV neutron energy was
repeated  twice, first with no magnetic field, then we energized the
solenoid and ran for the same amount of time.

Beam currents on target ranged from about 110 to 220 nA,
a typical figure being 150 nA.

Fig 2.3 shows a schematic diagram of the experiments.
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MULTIPLE SCATTHRING L8 THE TARGET
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. 13, .
When the proton beam travels through  the C taruyet the multiple
scdttering  and  enerzv  loss produced in the target gives rise to two

important procceses;

The angular divergence determines

getting to the Faraday cup, smears

(pyn) events and introduces a relativel

The energy spread gives

beam  (which must be less than the

. 13
first state of N) and smears out the

over energy.

2.4.1 ANGULAR DIVERGENCE

Beam angular divergence produced by

estimated by making use of data derive

Marion and Zimmerman{Mab67). The calcul

approximation to the theory of Nigan,

NSY theory employs the Dalitz single

relativistic Dirac particle by a scree

to the second order in the Born approximation, and

scattering, especially at large ang

Moliere theory (Mod7). The approxima

anpular divergence and energy spread.

the amount of bheam
out the angular distribution of
y small energy spread.

the energv spread of the neutron
2.37MeV excitation energy of the

cross—section and polarization

multiple scattering has been

d from numerical calculations bhy

ations are made according to an
Sundaresan and Wu (NSW59). The
scattering cross-section of a

ned Coulomb field, calculated up

describes multiple

les, more accurately than the

te NSW theory gives for the

anpgular distribution F(x) of multiply scattered particles:
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Fx) = [ COBTT7 + (/BYF) +1 1/ (2BDYE), 2.

where

o = 2exp(-x),
I
Fi = —i‘£3J0(ux)1n(%u2)exp(—%u2)du,
4
r
s
oo s L d L2
s = _|7J (ux)[In(Zu™ ) lexp(-2u®)du. 2.2
16
0
x is related to the scattering angle 8 through the relation
H
X = A/ (X.B ),
here
2 2 2
X = 0.1569[2(Z + VY2°/A1[t/(pv)°] 2.3

and B is a constant related to the average number of scatterings and is

the root of the equation

B-1nB = b, 2.4

where

1 2
b = 1n[2730{(2 + 1)7 /3 A U/(ABTYY] - 0.1544. 2.5
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The remsining parameters are given below

J = Bessel function of zero order,

z = ato=nic number of incident particle,

N
]

atomic number of scattering foil,
t = thickness of foil (g/cm ),

A = atomic weight of foil material,

pv = [momentum][velocity of incident particle](MeV)
B = v/c
o = z2/137

The upper limit of the integrals in (2.2) is given by

X
2

' = 2B expl(B =1.9)/2.2]

Marion and Zimmerman have calculated and tabulated F(x) four values of B
cqual to 4, 5, 6, 7, 8, 9, 10, and 12. It is found that reliable
results are not obtained if the number of collisions of the particle in
the foil is less than ahnut 10-20. Cases are therefore only considered
for which B is greater than or =2qual to 4. The theory also bhecomes
inaccurate if the foil is thick, since the NSW theory assumes no energ

loss during collisions. A reasonahle criterion to judge the
applicability of the theory is that the particle must lose less than
about 207 of its initial energv in the foil. TIn calculating the value

of the pardameter [ the mean energzy in the target should be used.

In order to calculate the mean energy and the energy



Page 290

spread  of the nentron beam it is necessary to know the energy loss and
mean enerpv,  These two quantities have heen calculated using tables of

encerev loss{Jant),  Table 2.1 gives the results of these calculations.

TABLE 2.

3EAM ENFRGY

ENERCY LOSS

MEAN FNERGY

[MEV] [MIV] [MEV]
23.3 0.504 23.04
26.9 0.452 26.67
31,1 0,401 30.89

the multiple

quantities X
c
but the value of the energy entering the equation(2.5) through

be the value of the mean energy evaluated

b, B and

scattering

and b given by equations (2.3) and (2.5)

in the

In order to evaluate the angular divergence produced

we have

in table

Xc calculated in this form are represented in table

calculate the

respectively,

The valu:rs
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TABLE 2.2

ENFRGY [MeV] b X -_'LO_3 B
c
23.04 7.00130 2.41 9.32139
26,67 6.9520 2,09 3.1677
30.89 6.8040 1.80 9.0014

The value of B is approximated by 9. The angular distribution function
for B=9 is plotted in fig. (2.4). TFrom the graph it can be seen that
multiple scattering in the target produces an angular divergence of
().520 FWHM.

Instead of using this angle to evaluate the angular
divergence the width parameter Xw is used, This parameter gives the
angle at which the angular distribution has fallen to 1/e of its value
at x=0. For a value of B=9 the calculated value of XC is 0,927 then

using

3
X =8, /B X, 2.h

Ye

in radians one can calculate the angle in degrecs. Table 2.3

represents the value of the angular divergence for the threce energies.
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Fig. 2.4 Angular distribution function F(x)
calculated using the parameter B=9,
the FWHM in this case is 0.52°
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column 2 in table 2.3 gives the angular divergence produced by the

13, , . ,
C target, column 3 gives the total angular divergence.

TABLF 2.3

ENERGY[MeV]| 81

/e

23.3 0.38 0.77
26.9 0.33 0.74
31.1 0.28 0.72

The particles scattered from the target are focused into the Taraday
cup hy the quadrupole magnet located behind the scattering chamber. It
is possible then to calculate the fraction of particles scattered into
the cone with a half angle eq which corresponds to the angle

subtended by the quadrupole at the carbon target. This quantity is

calculated using the expression

Gq emax

A = FRACTION ={[F(8)sinBd@]/ | F(8)sinbldh
0 0

where 8 is the max angle of scattering. F(8) becomes wvery small

a

for a wvery large angle and the integration was cut off at this point.

The results of these calculation are shown in table 2.4
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TABLFE 2.4

ENERGY[MeV] |FRACTION

23.3 N.9972
26,9 0.9931
31.1 0.9902

From these calculation one can see than more than 997 of the beam will
be caught by the Faraday Cup. However the angular divergence produced
by the multiple scattering in the target is a factor that should be
taken into account when it is necessary to calculate cross sections and
analyzing powers (because of smearing of differential cross-section by

enerzy spread).

2.4.2 ENERGY RESOLUTION

The energy loss in the 13C target produced an energy spread in the

neutron beam equal to 0.25MeV (the energy spread of the beam in the
beam line is around 0.25MeV). The total energy spread in the neutron
beam is then 0.36MeV. This energy spread is small in comparison to the
energy difference between the neutron ground state and the first
excited state (2.37 WMeV). In consequence it is no problem to

differentiate between the two neutyrnn groups, provided that the £flight
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path is long enough. The question of how long the flight path must be

is indeed very important. For one thing

(=18 ]

if overlap occurs between the
tast neutron groups from one beam burst and slow neutrons from a
previous beam burst, then a long flight path may not be wanted. If
that 1is not the case then the experimenter would like to have a very
long neutron flight path, 1if good neutron energy resolution 1is
required.s Clearly if two very fast neutron groups have almost the same
energy, they will have to travel a long distance before the difference
in their flight times becomes detectable. Xinematic calculations (Fig
2.5) show that the time difference between two neutron groups, ground
state and first excited state (2.37MeV) produced by a 22MeV proton beam
incident on l"%C target is 3.76ns for a flight path of 3.5m (from the

3C target to the polarimeter). For a more energetic proton beam,
say 30MeV incident on 13C the time difference between the two neutron
groups (for the same flight path) will be 2.4ns. To resolve the two
neutron groups the system should have a resolution of better than
2.408. The timing resolution during the experiment was l.0ns and in
consequence we were able to resolve these two neutron groups.

Fig 2.6 represents the time of flight from the

polarimeter to the side detectors(lZOO and 0.53m flight path) as a
function of proton energy incident on 13C the lower curve being the
time of flight of the ground state neutron group produced in the
l3C(p,K)I3N and later scattered from the polarimeter. The top

curve represents the first excited state neutron group produced in the

same reaction and later scattered from the polarimeter to the side
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Fig. 2.5 Neutron time of flight from target to polarimeter.
The lower curve represents the ground state
neutron group produced at 40° 1lab, in the reaction
13C(p,'ﬁ)“N. The upper curve represents the first
excited state from the same reaction.
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and later scattered from the polarimeter to the side
detector. The upper curve represents the neutron group
from the first excited state produced in the same reaction.
and for the same flight path.



detectors The time difference at 2?MeV in this

the two neutron groups. At 30MeV this time

O.4ns. The total time difference at 22MeV will
to side detector.

Fig 2.7 Shows the time of flight
to

the polarimeter. This time one can see the

from a previous beam burst(35ns earlier) in the

Fig 2.8 shows the energy resolution for the two

groups as a function of proton energy for the
C to the polarimeter.
resolution and this is because at higher energy

a given flight path becomes smaller.,

The higher the energy the lower
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case 1is 0.84ns between
difference decreased to
be 4.hMns

from target

from the 1r;C target
same two neutron groups
lower left corner.
neu.ron
time of flight from the
the

energy

the time difference for
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two neutron groups from an earlier beam burst.
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Table 2.5

Parameters used during the experiment

a)

b)

(9]
N

e)

£)

h)

Target: Carbon-13.

Distance (rom the carbon—-13 target to the gas polarimeter
3:5Nm.

Distance from the detector to the gas polarimeter:0.53%m.
Angle of the He polarimeter with respect to the proton beam
line: 40 degrees

Angle of the side counters with respect to the gas
polarimeter: 120 degrees.

shielding used: lead, steel, concrete.

magnetic shield: H-metal

Neutron detector NE-213 liquid scintillator, end-on cylinder

11+43cm diameter and 12.7cm thick
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2.5 INSTRUMENTATION

RBlock diagrams ot the electronics used are shown in Figs 2.11 to 2.18.
At the left ot Fig 2.11 are shown the two NF-213 liquid scintillator
detectors, chosen for their good n-Y pulse shape discrimination (PSD)
properties.

The NE-213 is contained in a thin aluminum can with a
glass window at one end. The inner surface of the can is coated with
white reflector paint. The unit is fastened to the front face of a
RCA-4522 14 stage photomultiplier with RTV_602+ clear silicone rubber
potting compound. This provides a bond that is removable yet strong
enough to keep the rather heavy scintillator in place during use. The
photomultiplier is operated in the grounded anode configuration. This
permits the anode to be DC coupled and gives the hest timing. It does,
however, place the cathode at high voltage. To prevent adverse voltage
gradients across the face of the photomultiplier, the aluminum can of
the scintillator and the conducting coating of the photomultiplier are
operated at cathode potential. The entire assembly is covered with an

insulating sleeve and a high permeability magnetic shield.

—————————— + General Flectric, New York, U.S.A
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2.5.1  PULSH SHAPY DISCRIMINATION (PSD)
This widely nsed method of discriminating between neutron and gamma-ray
events in secintillators is based on the fact that organic scintillators
hhave different scintillation responses for neutron and gamma rays. Tn
particular, the variatinon of scintillation intensity with time has two
(or more) components with different decay rates, of which the slow
decav  component is relativelv more intense for neutrons than for guamma
ray produced scintillations. To a good approximation the scintillation

intensity from the scintillator can be represented by the expression

(Brs5n)
I(t,F) = AF(E)exp(—t/Tf) + AS(E)exp(—t/T )
! s
where
L, <<T
s
<< A
i s
A and Aq are respectively, the light amplitudes of the fast and

f 3

slow components at t=0 and t tg are the decay time constants for

f,

the fast and slow components respectively. and

[Af/AS]electrons

[Af/AS1Protons

The following possible explanation of this behaviour has been suggested

by Brooks(Br59). An ionizing particle travelling through the
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1
scintillator produces clectronically excited M molecules and ionised

molecules M+. The excited molecules return to their ground state by

(1) emitting a photon or (2) quenching, that is, conversion of their
c¢lectronic excitation energy into vibrational energy. The ionised
nolecules recombine with electrons  producing  further electronically
excited molecules M*. The speed of this recombination process

depends on the diffusion of electrons back to molecules and may be
relatively  slow (2,10_7390), This time is 1-2 orders of magnitude

longer than the electronic de-excitation time, so it is reasonable to
expect  fast and slow decay components of the scintillation. The
different amounts of fast and slow component for neutron and gamma ray
produced scintillations might also be expected from the observation
that, for a heavily ionising particle, the light output of an organic
scintillator is not proportional to the incident energv and is less
than would be expected from a linear light output versus energy
relation, The idea arises from the fact that heavily ionising
particles produce a higher concentration of quenching centers than do
lipghtly ionising particles and, 1in consequence, they inhibit light
output in a higher proportion than do lightly ionising particles, and
so the quenching probability is greater in the first case than in the
second, Neutron and gamma ray scintillations are produced largely by
recoil of Theavily ionising particles (mostly protons) and electrons,
respectively, Thus, the fast component of neutron scintillations tends
to be quenched to a greater degree than that due to gamma rays.

-7 C e . . .
However, 10 sec after the initial excitation when electron=-ion
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recombination is bhecoming an important process, excited molecules M

are in a region of lower ionisation density than was the case for the
. kie

primary M and scintillations are less strongly quencheds Therefore,

although the scintillation intensity due to neutrons may he less than

that due to gamma rays, the relative amount of slow decay component in

neutron scintillations is greater than that in gamma ray

scintillations.

2.5.1.1 THE ELECTRONICS FOR THE PULSE SHAPE DISCRIMINATION TFCHNIOUE

Fast timing signals are derived from the anode of the
photomultiplier by means of a constant fraction discriminator. The use
of a constant fraction discriminator results in a minimum of timing
wallk over a wide range of pulse heights. These fast timing signals
start two time to amplitude converters, labelled "TACI" and "TAC2" (in
fig 2.11), used to differentiate between neutron and gamma signals by
means of pulse shape discrimination. The fact that scintillations
induced in the liquid scintillator by neutrons have a longer slow
component than those resulting from gammas means that the linear
bipolar pulse from the spectroscopic amplifier produced by the neutron
sipgnal crosses zero at a later time than the pulse derived from a gamma
signal. By starting the TAC on the initiation of an event (as
indicated by the fast timing signal from the anode) and stopping it on
the =zern crossing of the linear signal (as determined by the single

channel analvzer operated in crossover wmode) one gets a spectrum
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containing two distinct peaks, one corresponding to the detection of
nentrons and the other corresponding to the detection of gammas.

The signal to stap the PSD-TAC , derived from the zero
crossing of the Dbipolar linear pulse, has worse timing walk than the
start signal which comes from the constant fraction discriminator on
the anode. The result of this difference in walk is that the neutvon
and gamma peaks in the PSD spectrum tend to shift toward the origin for
very low pulse heights. Hence, when accumulating a one dimensional PSD
spectrum for a large number of events having a wide range of pulse
heights, the neutron and gamma peaks tend to smear together and it is
very difficult to separate them completely. Fig 2.9 1is a one-
Jdimensional representation of the PSD spectrum. The large peak to the
left corresponds to the gammas and the small peak to the right
represents  the neuatrons. We have removed most of the problems
concerning this spectrum by using a two dimensional PSD versus pulse
helght representation.

In the PSh-pulse height (PH) plane (Fig 2.10) the signal
appears as separated neutron and gamma "islands". The PSD-PH plane is
displaved and loci are drawn around the neutron and gamma islands.,
These  loei are then stored. The data analysis routine used during the
experiment is then able to sort the incoming events into different
single parameter spectra depending on whether they fall within the

neutron or gamma loci.
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i i | A
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CHANNEL NUMBER
Fig. 2.9 One dimensional representation of the PSD spectrum.
The large peak to the left corresponds to the gammas
and the small peak to the right corresponds to neutrons.
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Fig. 2.10 7Two dimensional PSD versus pulse height
representation. The top fig corresponds
to the left detector and the bottom fig
corresponds to the right detector.
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2.5.2 TIME OF FLIGHT

2.5.2.1 Time of flight from 1’SC target to the gas polarimeter

The time of flight information from the neutron production source to
the gas polarimeter was obtained by using the electronics shown in fig
2.12. The lower time to amplitude converter (labelled"TAC4") 1is
started on the fast timing signal from the neutron polarimeter (this
follows standard practice of starting on the signal having the lower
count rate, hence reducing the number of false starts) and stopped on a
signal derived from the machine RF (a small antenna fixed near to the
cyclotron RF oscillator provides a waveform having the RF frequeancy,
28.48 MHz). A stop pulse is applied only every other RF period, which
means every 70.2 nus. With the stop signal generated every other RF
period, there will be two pezks in the TAC spectrum, one RF period
(35.1 ns) apart. Since the machine period is accurately known, this
provides a built-in time calibration. The delay in the stop channel is
ad justable and serves to position the time of flight spectrum within

the 100ns range of the TAC.

2.5.2.2 Time of Flight from The Gas Polarimeter To The Side Detectors

In this case the fast timing signals from the two neutron detectors are
mixed and used to start the TAC labelled "TAC3"(fig 2.11). The stop
signal is derived from the anode of the polarimeter (delay is

introduced into the stop channel as required to place the desired
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coincidence within the range of the TAC). Nf all the neutrons
scattered into the detectors only a certain number of them correspond
to neutrons scattered from the polarimeter. These "true" events can be
identified by their time relation to the scintillation in the
polarimeter. 1If, for example, a scattered neutron is known to take T
ns to travel from the polarimeter to the side detector, then any
detector pulse corresponding to a legitimate event will be preceded by
a helium scintillation ocurring T ns earlier. TAC3 establishes this

time relation.
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Tahle 2.6

Electronics for the experiment

Modules are standard NIM units

Amplifier

Analog to digital converter
Constant fraction discriminator
Universal coincidence unit
Discriminator

Delay amplifier

Dual discriminator

Dual sum and inverter

Gate and delay generator

Linear gate and stretcher

Multi channel analyzer

Charge sensitive (integrating) preamplifier
Quad. 100MHz discriminator
Ratemeter

Shaping spectroscopy amplifier
Scaler

Timing amplifier

Time fto amplitude converter
Timing filter amplifier

Timing single channel analizer

51
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Fig. 2.11 Electronics used during the experiment,
PSD (left and right), TOF (polarimeter
to side detector) and PH (left and right
detectors) .
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Fig 2.12 Electronics for the time of flight from
the carbon target to the Polarimeter.
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Fig. 2.13 Electronics used to extract pulse
height information (top fig.)

Fig. 2.14 Electronics used to extract the
time structure information.
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Fig. 2.15 Electronics used during the second part
of the experiment.
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2,503 PHLSE W TGHT INFORMAT [ON

2.5 3.1 Pulse leight From The Polarimeter

Fig 2,13 is a diagram ot the electronies used to extract the pulse
height  information ftrom the polarimeter. The linear signal from top
and bottom phototubes are amplified and fed 1into a Dual Sum and
Inverter and trom here they are passed to a linear gate and then to the
ADC and to the Vax-11/750 computer. The scintillations produced in the
. 13 . ;

polarimeter by the neutrons and gammas from the C target are viewed

bv an RCA-8575 photomultiplier at either end of the polarimeter. A
coincidence condition was set between the linmear signal from the top
phototube, the linear signal from the bottom phototubr and the signal

13

corresponding to the time of flight from the C to the polarimeter,

This coincidence has two functions.

l. to reduce the effect of noise produced by the phototubes.
2. to ensure the events induced in the polarimeter are caused only by

neutrons produced in the target.

2.5.3.2 Pulse Height In The Side Detectors.

Pulse height information from the side detectors is derived by taking a
linear signal from an earlier stage (dynode 9) of the photomultiplier.
Linear pulses from the phototube used with the NE-213 are amplified Dby
a charge sensitive preamplifier and shaped by a spectroscopy amplifier.

The resulting bipolar pulse is used in the PSD circuit. Ideally, the
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events detected Dby the two side counters should correspond to events
that have trulv been produce?! in the helium polarimeter, and are not a
part of the room background. To achieve this in practice a second
¢oincidence  requirement has been set between the signal from
"COINCIDRENCEL", the linear signal corresponding to the Pulse Height
(PH) of the side detector, and the Pulse Shape Discrimination signal
(PSDH) (this 1is done in the 1left channel as well as in the right),
These coincidence signals are labelled "COINCIDENCE?2" AND
"COINCIDENCE3" (fig 2.11) and are used to open the linear gates that
transfer the signals to the ADC. After appropriate delays the signals
are converte. to digital form and transferred to the Vax 11/750
computer, A scaler counts the total number of strobes on the CAMAC
ADC. Comparing this number to the total number of events actually
recorded by the comnuter permits us to correct for deadtime. The
signals from COINC2 and COINC3 are used by means of unit "OR4" to open
the linear gates that are passing the time of flight signal RF-TAC and

the helium pulse height (PH).

2.5.4 The Time Structure

The time structure information was obtained by using the
circuit shown in Tig 2.l14. The fast timing signal from the RCA-8575
photomultiplier derived using the quadruple discriminator 1is used to
start a time to amplitude converter(TAC5). This TAC is stopped on the

signal taken from the machine RF. Thus a time spectrum for protons
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scattered elastically from the target is accumulated by a multi channel
analvzer. This time spectrum shows hoth the burst width and phase
(r=lative to the RF) of the beam on target. An on-line FORTRAN routine
is used to calculate the centroid and FWHM of the peak. This

information is used to improve the timing resolution of the beam by

I« manually adjusting the RF amplitude and,

2. compensating for beam phase drift, i.e, shift in the centroid. The
method used is based on the observation that the beam phase is very
sensitive to small changes in the cyclotron’s main magnetic field.
This sensitivity is a common feature of cyclotrons, and 1is
presumably due to accumulated phase slip over many orbits for a
small change in the cyclotron resonance conditions. The effect is
much larger than the change 1in the transit time Dbetween the
cyclotron and the target due to small shifts in the beam energy

when the main magnet field is changed slightly.

The average resolution at FWHM was kept at 0.9ns during
the experiment.

The arrangement of electronics produced a set of eight
different raw spectra containing all the information needed to
calculate the polarization via the left right asymmetry.

Further online and offline analysis was necessary to
fully extract the neutron yield necessary for the asymmetry

calculatione.
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2.5.5 RUN AT 31.8 MeV

Fig 2.15 shows the main part of the electronics used during the run at

31.6 MeV.

2.5.5.1 TIME OF FLIGHT INFORMATION

2.5.5.2 Time Of Flight From The i?C Target To The Polarimeter

The RF-TAC("TAC9") shown in Fig 2.16 was started on the
signal derived from the coincidence between the top and bottom
phototubes, and stopped on the signal from the coincidence between the
fast signal of the side detectors. 1In consequence, we no longer have
time of flight from the 13C target to the polarimeter. The mezasured
time of flight is now from the 13C target to the polarimeter and from

the polarimeter to the side detectors.

2.5.5.3 Time Of Flight From The Polarimeter To The Side Detectors

The time of flight in this case 1is recorded by the TAC labelled
(L/R-TAC9), left and right TAC. It is started on the signal derived
from the coincidence between the fast signals of the two side detectors
and stopped on the signal derived from the machine RF. The TAC output
passes to two linear gates in order to be transferred to the computer.
As before the TACs labelled this time "TAC6"and
"TAC8"(fig 2.15) are used to differentiate between neutrons and gammas

by mean of pulse shape discrimination. Both are started on the fast
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timing signal derived from a NIM model 821 QUAD 10N MHz discriminator
and stopped on the signal from the TSCA which gives the time of the
zero crossing of the linear signal. The anode, the PH signal from the
side detector and the anode signal from the polarimeter are brought
into coincidence in both channels("COINC4" and "COINC5"), and this
coincidence signal is used to open the linear gates that are passing
the PH, PSD and TAf signals to the ADC. These signals are then
digitised to be transferred to the computer. This of course is done in
both channels.

The Pulse Height information Fig 2,17 was obtained in
the same manner as in the first part.

The time structure signal was obtained in a similar way,
Fig 2418 but, this time we used the Vax computer instead of the MCA.
The overall timing resolution this time was around 1.07ns TFWHM (Fig.

2.19) with a hest value of 0.77ns FWHM.
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Fig. 2.19 Time structure of the beam during the experiment.
resolution is 1.07ns at FWHM.
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2.6 THFE GAS POLARIMETLR

2.6.1  INTRODUETION

When ionizing particles traverse matter, they lose their kinetic energy
by electromagnetic interactions with the atomic electrons, resulting in
the excitation and ionization of the atoms. 1In the deexcitation and
recombination processes following the interaction, photons are emitted.
One therefore expects scintillation phenomena in pgases due to the
passage of ionizing particles. The first successful observation of gas
scintillations wusing a photomultiplier was reported by Grun and
Schopper (Gr5l). Other instruments of this type using inert gas
scintillators have been described by Eggler and Huddleston(Egb54,56),
Segre and Wiegang(Se53), Boicourt and Brolley(Bo54), Villaire and
Wouters(Vi55), Nobles et al{No55), Nobles(No56), Northrop and
Nobles(No56a, 56b), Palevsky et ai(Pa56), Forte(Fo56), Sayres and
Wu(Sa57), Koch and Lesueur(Ko58), Fentschel et al(He67), Morgan and
Walter(Mo6R), Manduchi et a1(Ma69), Davie and Galloway(Da7l),
Tornow(To73), Drigo et al(Dr79) and others. Further developments
established the fact that che pulses have a fast rise time and the
pulse heights are a linear function of energy.

The light emitted during the de-excitation and
recombination processes has a distinctly different optical spectrum for
different gases, and each spectrum covers a wide range of frequencies.

On the other hand, the photocathode of a photomultiplier is sensitive
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only to a very narrow range of wavelengths. To fully wutilize the
phot »ns emitted from the de-excitation and recombination processes, one
must convert as efficiently as possible the photons of short wavelength
to the appropriate frequency region to suit the photocathode. This is
done by using a wavelength shifter (generally an organic substance
e.g., diphenylstilbene), which absorbs the light produced in the ultra
violet region (162nm in the case of helium) and reemits it 1in the
visible region where most photomultipliers are sensitive.

It is well known that the scintillation property of a
gas 1is wvery sensitive to impurities(Xo60a,b). A small amount of
contaminant, such as oxygen or other polyatomic gases, may completely
quench its useful scintillation properties.

In the early gas scintillators the energy signal was
position dependent; tracks of equal energy loss occurring in cdifferent
parts of the scintillaticn volume did not produce pulses of the same
height because of absorption of light on the reflecting surfaces
surroundiag the gas volume. Moreover, they were designed with only one
light window, so the poor transport of light within the scintillator to
the cathode of the photomultiplier produced a low energy resolution.
G.Hentschel et al(He67) designed a scintillator cylindrical in shape,
capable of standing high pressure and eq:?Bped with light windows on
both ends. This scintillator has the advantage that if the pulse
heights from the two phototubes are added, then with a suitable
ad justment of the photomultiplier gain the output pulses become

independent of the position of the scintillation event in the
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scintillator and the pulse height is doubled compared to the

arranguement with a single window and phototube, Tn this fashion the

energy resolution of the system is improved over the old design.
Because of these advantages, we decided to build a gas

polarimeter incorporating the features mentioned,

2.6.2 THE NEUTRON GAS POLARIMETFR

The basic structure of the neutron gas polarimeter described in this
thesis 1is shown in Fig 2.20. The He gas used as the analyzer is
contained in a high pressure gas chamber. Scintiliations from the He
recoils are viewed by two photomultipliers which provide the electronic
signal for the recoil energy measurement and timing.

The gas chamber was machined from a solid piece of
stainless steel type 304, The shape of the gas volume is a cylinder
Scm in diameter and 15cm long with walls 0.2cm thick. The ends of the
cylinder are sealed with two acrylic windows depicted in fig 2.21,
which are mounted over a teflon ring, and a Viton "O ring'"; the first,
to avoid damage to the windows, and the second to get a proper high
pressure seal. The windows are kept in place by two heavy stainless
steel flanges bolted to the main body of the cylinder by 15 bolts,
0.63cm in diameter. This kind of seal has proved to be strong enough
to hold a pressure of 16000 KPa in the cylinder.

Two 5.08cm diameter RCA- 8575 photomultipliers, bonded

to the face of the acrylic windows with RTV-602 clear silicone rubber
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potting compound, view the gas scintillations through the windows.

2.6.,2,1 THE FILLING AND VENTING SYSTEM

Fig 2.22 is a diagram of the filling and venting lines. This system
was constructed from 0.95cm OD stainless steel pipes and fittings. The
fact that the cylinder can be raised to a high pressure imposes certain
safety constraints on how the system should he handled. The filling
and venting valves to the system are operated by remote control.
Furthermore, after the <cylinder has been pressurized it is isolated
from the rest of the system to minimize the danger incurred by gas
leaking through thke bottle wvalve. This is achieved by inserting a
third, remote controlled valve in the helium line, labelled "SV'"(Safety
Valve) in fig 2.22, The filling and venting of the system was done
very slowly to avoid sudden stresses on thes cylinder. The "SV" was
provided with a fast electric motor so it could be closed very quickly
if necessary. The =xeron line was completely manually controlled.
Xenon 1is added to the helium to improve light output. The amount of
xenon was always 107 of the total amount of helium(No58), so that the
xenon pressure was never higher than 3700 KPa. We considered there was
no need for the use of remote controlled regulators in this case. To
avoid any damage to the low pressure xenon regulator, an extra high
pressure valve was installed in this line, so once the cylinder was
filled with the required amount of xenon, this valve was closed. If

for any reason it is not possible to close the helium valve from the
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Fig. 2.22 Schematic diagram of the filling and venting
system of the polarimeter.
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tank when the pressure has reached the required value the system does
not suffer any damage as an extra high pressure relief valve, set at
the factory at 16400 KPa, has been installed in the helium line.

The pressure was monitored at all times by means of
closed circuit television. Two TV cameras were used, one on top of the
helium tank to check the pressure while the system was being filled,
and the other in front of the pressure gauge located about ten
centimeters from the gas chamber.

Since the amount of 1light from the He recoils is
strongly dependent on the purity of the He-Xe mixture(No58), it is very
important to have a xenon-helium mixture of high purity. This was
achieved by connecting the system to roughing and diffusion pumps. The
roughing pump evacuated the chamber to about 7.0 Pa (50militorr) and
was then closed. Helium was admitted to about 1400 KPa (around 200psi)
and allowed to settle for a few minutes before being let out to
atmospheric pressure. The system was then roughed down to 7.0 Pa again
and the procedure repeated. After three or four such flushings with
helium, the diffusion pump was turned on and the system pumped down to
a pressure of 3.0x10_6KPa for a few days. This method of cleaning
the gas chamber proved to be adequate. Whenever the gas chamber was
filled without following this procedure, we simply could not observe
scintillations in the polarimeter.

Once the gas chamber and the system was free of
contaminants, the xenon gas was admitted to a pressure of 1030KPa, and

then helium was added to bring the total pressure to 10300KPa, With
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this method the gases were quite well mixed by the large flow of gas
during the addition of the helium. If the order of filling had been
reversed it would have required several hours to achieve a uniform
He-Xe mixture in the gas chamber(Ha67). Since xenon comprises only 10%
of the total, there will be a very small flow of gas into the chamber
during the xenon addition and most of the Xe will remain near the

bottom where the entrance to the chamber is located.

2.6.3 LIGHT COLLECTION

When an energetic He nucleus is stopped in the high pressure He-Xe gas
chamber its energy goes into ionizing and exciting the atoms in the
gas, and some of the kinetic energy of the He ends up as light. Since
the statistical variation of the photomultiplier output depends on the
number of pho.ons incident on the photocathode, good 1light collection
is necessary to obtain good resolution of the He recoil energy. The
object of the light collection system is to get the maximum amount of
such light to the two photomultipliers which wview the gas
scintillations through the acrylic windows. Helium 1in the gaseous
state has been wused as an analyzer for many years and in order to
increase its stopping power different inert gases (WNe, Ar, Kr, Xe) have
been added to the helium. The light output has been found to be a
maximum for a mixture of 90% He and 10% Xe(N0O58). 1t is important to
keep this in mind, otherwise one could be tempted to increase the
amount of xenon in order to increase the stopping power of the mixture,

or even use only xenon. However, there are two facts which should be
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taken ia account s
" , . , b b _
1. The analvzing power for the reaction He(n,n) He is well known
. -r .
md the anatyezing power ‘or the reaction Xe(n,n)Xe is not.
‘ e . . 4 X
2. The energv transterred from a neutron to a He nucleus is greater
than  the  cvnerpy  transferred  from a neutron to a Xe nucleus(from
Winematics, see table 2.7 below), so the pulse height for neutron
scattering woald be smaller for Xe.
Table .7
Frnergy IncfHelium|Gas Xenon Gas
Neutron I E £ M
MeV MeV MeV MeV MeV
19.38 3.81 10,49118.93 {0.44
22.85 10.46 112.38122,32 10,53
27.31 12,48 |[14.82]12A.A7 |0.A3
This table has been calculated for a scattering angle from the

. 0
polarimeter equal to 120 .

An important

is to make the walls of the

done hy painting the inside

reflector paint. On  top

element

chamber as

walls

of

in obtaining good light collection

reflective as possihle. This is

of the cylinder with a diffuse

this paint the wavelength shifter is
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Jeposited,  The dirfuse reflecting paint  is, of c¢ourse, essential,
otherwise the size of  the signal from the photomultiplier for equal
scintillatiecns in  the c¢ylinder will depend on position. Another
consideration affecting this coat of reflecting paint is the rise time
of the light pulse which stimulates the cathode of the photomultiplier.
This should be as short as possible to reduce the background in the
experiment., If the reflectivity of the cylinder were 1004, light could
he reflected many times before entering the acrylic windows and then
being transmitted to the photomultiplier, and this would adversely
affect the rise~time of the pulse. Thus a compromise has to be reached
between high reflectivity with good resolution and low reflectivity
with good timing characteristics. The reflector paint, NE-560 has been
tound to he the most suitable for this purpose.

Sinc» most of the light from the He-Xe scintillations is
in the wultra-violet region, which has a greatly reduced transmission

1

through the acrylic windows and the photomultiplier faces, it is
necessary to convert this light to the wvisible region where the
phototubes are sensitive. This is achieved by coating the walls of the
chamber and the acrylic windows with an organic phosphor ahle to abhsorb
the light produced in the ultraviolet region and reemit in the visib’e
regions The organic phosphor chosen was pp’~diphenylstilbene (DPS),
T - . ;2 .
The walls of the chamber were coated with a 90 Hgm/cm  layer of  DPS
vacuum evaporated and the windows were coated with a layer of about
/ ? N o »- . : S 4

45 pypm/em” of NP5, These two quantities seem to be the optimum  for

evaporation. Another fact that helps to improve the resolution of the



sstem, by miaimizing the etitoct ot the  noise, is the use ot Lwo

photomnltiplicrs in fast coincidence{To74)s When doing this, the gains

o' the tao phothHtubes are matched by adjusting the high voltage applied
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2.6k STRESSES IN THE POLARTMETER

It is very important to know how the differcnt stresses are distributed
1tn the cvlinder uander high pressure. The subject has Seen under
investigation for a long time and the literature is very extensive. 1
will give a short description of the different stresses, and the reader
is referrvred to B.B Muvdi{(MuB0) for more details.

Numerous industrial applications require the use of
svlindrical containers for either the storage or the transmission of
vases ant liquid, Examples include cylindrical tanks used tor the
storage  of  gaseous oxygen under high pressure and the piping used to
deliver high pressure liquids to hvdraulic machines,

Cylindrical c¢ontainers are generally didentified as
thick—walled or thin-walled pressure vessels. The distinction between
these  two  types of  vessels is  based upon t“: nature of the
circumferential stress distr.bution over  the  thickness of  the
cvlindrical vessel: i{ the variation of this stress over the thickness
is  such that it may be assumed approximately constint, the cylindrical
vossel is referred to as "THIN-WALLED"; if not, it is knowa as "THICK
WALLED", This leads to the following rule nf tlamb to determine the
nature ot the vesscel. T1f the diameter of a vessel is  twenty or more
times the thickness of the vessel it may be assumel to be zhin-walled,
Avcording to this criterion we mey say that onr polarimeter is  thin
wallod,

The principal stresces defined in a thin-valled vessel



V

Fig. 2.23 Schematic diagram of the stresses in a
thin-walled cylinder
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are: Lwngit;uixnal(ul ), circumferent L}l(oc), and FdeJil(Or), sew

tig 2.723.  In ceneral, the radial  stress, because of  its relative
magnitude, is not as  significant a quantity as the circumferential
stress in the case ob thin walled cylinders. The longitudinal stress,
and the ciroamferential stress when the thin-walled cylinder has closed

ends, mav be ohtained by using expression 2,10, and 2,11.

01 = _PD. 2.10
4t
0 = _PD. 2.11
C
2t

~
n

Diameter of the vessel

t = Thickness of the vessel

Tahle 2.8 represents the value of the stresses calculated for different

wall thicknesse.
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— WALL THICKNESS L- Ymm “
p 2000 2100 2200 2300 400
S 25006 26550 27506 28757 30007
Y 12503 3128 13753 14378] 15003
o, 2000 | 2100 | 2200 | 2300 | 2400

WALL, THICKNESS t = 3mm
I “16663 17497 13330 19163] 19998
Oy K313 I743 9165 9571 9998
Or 2000 210D 2200 2300 2400

laodecd it is not

it thie  hehaviour

&Ji?‘lik‘ilt[ to !)l‘:‘rlil'[g W

two  dittferent

thicinesses,

of the acrylic window under those stresses

a problem ro calculate the stresses in  the cylinder,

is very

o overcame this problem by testing windows of

ind materials (quartz and acryliec) to find
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their tailare pressare and then selected  the most  suitable  for  our
purposes.  The quartz windows have good optical properties. However, a
2em o thick and 7.%m diameter quartz window shattered when the pressure
wis  riised to a wvalue close to 14480KPa(2100psi) and, a 3cm thick
window shattered when tLhe pressure was close to a value of
1 58AORPa(2300psi). The acrylic windows do not have as good optical
properties as the quartz window. However they can stand a higher
pressure  which we feel is very important, and decided to use it in the
tinal design of the polarimeter.

The scintillations from the polarimeter were calihrated
using a 5.3 MeV alpha particles from polonium 210 located inside in the
central zone of the polarimeter. Fig 2.24 shows the pulse height
spectrum of the alpha source. The energy resolution of the system is
277 FWHM.

[t is important to know how the pulse height depends on
the gas mixture and the pressure. FExperimentally we found the highest
pulse height was obtained when there was pure xenon in the polarimeter.
This can be seen from fig 2.25., The maximum value corresponds to
138OKPa of pure xenon. When we add helium, the pulse height decreases.

Fig 2.25 summarizes these results.
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L ST D RONDICTING SOLENOTD

Thee method ol measuring asvmmetries using two counters
EE Y toanin precession solenonid is open to a number of criticisms
Asaocateeh st talse asvmmetries arising from the detectors having
N ! Drection et ticiencies and being inaccurately positioned. The

1rst o criticise can he removed by interchanging the detectors and
Feneasiariag the  asvmmetrv, but this may introduce a further error due
“H o oanaceariate detector positioning. Tt is Lo overcome this error that
tive  srin precession solenoid is useds The polarization direction of
e heam is reversed, ctfectively interchanging the functions of the
doteetorsy the "lett" becomes the "right' and vice versa.

The spin precession solenoid produces a magnetic field
whose  avis  is Tined up with the neutron beam direction. In this way,
tYhe poalarization vector is precessed in a plane perpendicular to the
hen v otion. The Larmor precession frequency of a neutron in the

gt i tield il

Vo= ;,',LJNH}\_1



whereo o o= pvroamiagietic ratio
oE nuclear magacton
Ho= mapgnctic rield

h = Planck's Constant

At a distance 1 from the centre of  the  solenoid  along
the axis the magnetic field is H(1). The relativistic expression for
the angle of precession A ( measured as a  {raction of  a complete
revolution)  of a ancatron with the velocity V in travelling through tie

solenoid is

+co
-1
AGQ = H(l)guNh dat
+
-1 - 1
;g = H(])gu\’h v 1(1-82%1 2.12

0 . . . )
For a precession of 180 the line integral of the magnetic field
required is

pas

o) //
HL)AL = h\l,/ZRuN(l-b"')li2

A solenoid of length L with a torns/cm and current T amperes produces
an inteprated ficeld.

Fasy

HOEYIE = 4 nLT/10
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regions, the

2.13

Fabte 7,9 <hows Lthe values of the magnetic field(at the

spin

controYy and carrent neceded  to precess  the neutron
torent angles.
TABLF 2,0
PRIECESSTION(degrees)
90 130
FNFRGY VFLOCTTY
et N m/s B 1 R I
Tesla Amp Tesla Amp «
10,138 A 00 2.N2 15.A9] 4.10 31.38
272,85 A0 2,20 17.04( 4,40 34,11
27.31 7.34 2.21 18,661 4.42 37.22

through
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2,727 Mepolarization due to Ynergv Spread
[f the nentron beam is nnt monoenergetic, depolarization occurs., As
shown by equation (2.12), due to neutrons of different velocities
spending different lengths of time in the solenoid and heing precessed
by dirferent amounts. This depolarization is estimated below for two

different cases,

2.7.2.1 Gaussian Fnergy Distribution If we ignore the relativistic

effect, the precession angle AQ is proportional tn 1/v. Then

And the average polari=zation can be written as

00

CoshDexp [-A0?% /2003aAA0]

Xexp[-sz/on%dAO1

1
17 A0 s small, then cosA0 = (1 - sin®40)° = (1 - A0*/2)

X( 702 /2 Yexp (-A0? /2003) ALt
and P jexp(—doz/zﬁbﬁ)dﬁu




page
i [ = A7 (exp=A7 /2700 a0
then F=1- %AOé
For a1 precession angie (O =T, and energy spread AE/E =+ 5%,

‘m()= N.N785 radians, and the average polarization is p = 0,997, so the
depolarization in this case is estimated to be 0.37. If the precession
angle is O =31, AU = 0.0393 radians and the average polarization is p

= 0,999, and the depolarization is estimated to be 0,1%.
2+7.2.2 Rectangular Fnergy Distribution

In this case the average polarization is given by the expression

. +A0
|
(JcosAOdAO J( 1 - A0%/2)aA0
P = ~0\g S - R -
]dAO jd[\O
Then
P =

1 - 20%/6
0

For a precession angle ¢ = r, and energy spread of '5%, = 0.0785, the

90
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average polarizattion po-= .99 0 gnd the estimate depolarization is N,17

Denolarizationn also occurs for neutrons  travelling off
the solenoid axis, since the mapnetic tield across the solenoid bore is
not uniform, particularly at  the ends ot the solenoid where the
magncetic  tield Is not parallel with the solenoid axis, producing
procession out  t the correct plane,

Atkinson and She rwood (At 6HS) have caleculated
depolarizations resulting from this cause  and  find that the
depolarization depends on the length to radius ratio of the solenoid.
A soltenoid for which this ratio is large produces less depolarization
than one for which it is small. For a ratio of 10:1 the depolarization
s calculated to be 141%7. This figure is quoted for the situation in
whicit the solenoid current has been ad justed to the value given by
cquation 2,13, in which npeutrons travelling along the axis are

() . .
precessed through 180 . Those travelling off the axis are precessed
N ) . . .
by less  than 180 and so the distribution of precession angle about
0 . ‘ c . . »
1830 is asvmmetric, The dependence of the depolarization on coil
geometrv  (L/a) calculated by Atkinson and Sherwood was done for a

particular trajectory defined by r=0.8a (a 1is the beam radius) and

(i = 7/3 according to these calculations serious depolarization is
contined to small wvalues of L/a (less than 5; I-length of the
saolenoid). In the case of our solenoid the ratio I./a =10.8 and in

conscequence no serious depolarization occurs,
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20703 DUSURIVTION G THE CRVOSTAT

The ervostat is ol horiczontal confipguration having a4 two
inch trame ter roon temperidture hore concentric with the main bodv.  The
onter vacuum case is constructed from polished stainless  steel with
anodised duratumin end flanges in which the copper bore tube is located
with shouldered flanges and sealed with "0" rings. Two stacks  extend
verticallv  above the main body. ne contains the demountahle current
lead and the other the helium  svphon entry and ceolium  level  probe
connections  (fig 2.2A). Retween these two are two smaller tubes, the
nitrogen filler and vent tubes.  The vent tube supports the electronics
. 0
for the nitrogen level meter, and also has a 90 ¢lhow fixed to it to
provent  damage  to  the leads connecting the level probe to  the
celectronics,

The helium container is supported from two thin-walled
stainless  steel necks rising centrally to the top of the stacks., The
helium container is enclosed bv a gas cooled shield supported from the
necks: it is wrapped in superinsulation 5Scm thick over its diameter
and ends. The helium can contains the magnet, svphon entry cone and
two integral helium level probes, one being a spare. Flectrical
connections to the magnet i.e current leads and superconducting switch
heater leads, are made via a connector located at the base of the stackh
A (tig 2.26). The plugs are mounted on the lower end of a thin  walled
stainless steel  tube which forms the demountable leads  This can be

removed once the magnet has been energised and hence reduce the  helium
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Fig. 2.26 Cross se ctional view of the Cryostat.
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Dol -nte At the top ot this lead there is a ten pin connector, with
the connections to the switeh heater, and a 60 amp  co-axial  terminal
tor  connection  of the current  lead, Helinm  filling/removal and
Witroven precooltiayg are aided by the addition of an entry cone located

at rhe base o the stack B,

20T 301 MAGNTT
The  solenoid is wound from multifilamentary niobinm~titanium
supcrconductor, comprising a full length coil section with a large
fised compensating coil at each end giving a long flat profile on axis.
The  mapgnet  is  designed to operate with a minimum helium level of one
third of the container diameter f.e 7.60 cm (corresponding to 307 on
the heliam ltevel probe). This is achieved by having all the joints and
switeh below this minimum level: conduction through the magnet former
ind snperconductor maintains the temperature at 42K, A
superconduct ing switeh is supplied and connected across the magnet to
atlow persistent mode operation at any ficld value up to 7 tesla.

The magnet is fully protected from quench damage by 6
1/ ohm < 06N watt resistors— one across each uninterrupted winding
section. These resistors are mounted as high as  possihle inside the
helinm can and will be out of the liquid for the major part >f the hold
time heing pas cooled during a quench.

Fig 2,27 is a profile of a calculated magnetic field

along the axis of the solenoid.
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CHAPTER 3

ANALYSIS OF THE EXPERIMENT



ol ANALYSIS AND CESILTS

The collection and nline analvsis o) Jdata doring  th oo riment TN
perrormed  using  the data  acquisition and  analvsis sustem TVLAYST
acquired trom Triangle lUniversities Nuclear lLaboratorv(TUND), This
acquisition svstem was written for the Vax 117750 conputer and oow 1%
routinely used in our lahoratory. Some of the capabilities o  the

current "X8YS" commands are brieflv described bhelow.

1. Allocate memory for data storage

2. Sort data during the experiment

3. Write data areas from memory to disk or tape files  for storage

purposes

4. Allows addition, subtraction or transfer of different data areas

5. Compute background in spectra

6. Create one dimensional graphic display of Jdata areas

7. Defines regions of interest in the data areas bhe setting  Jdittercnt

gates

8. Transfer data betwecen VAX/VMS files and XKYS data areas



Page 100

9. Read data areas from disk or tape files to memory

R Mlculate arca, centroid, and variance of gates in a specified data

‘te freate a graphic display of Ltwo-dimensional data

1. Allocate and manipulate gates for two-dimensional data areas

3. Transfer one data area into another

The sorting algorithm for each subprocess is determined

b the FVAL-code written for each experiment

3.1.1 EVENT ANALYSLS LANGUAGE (EVAL)

FVAL i3 an cevent analysis routine for sorting data from online ADC or
trom  ovent-bv-event disk or tape files., Sorting multi-parameter data
consists of many repetitions of a simple sorting algorithm. This
alporithm  normally consists of some sequence of numeric manipulations
with various gpectra being incremented according to the results of the
Lest. FVAL  provides a language which is broad enough to allnw these
alearithms to be easily specifieds 1t is also simple enough to allow
the compiler to generate code which executes quite quickly. EVAL
provides a mechanism for interfacing with the X8YS data structures
which contain  the appropriate spectrum and gate arrays. A series of
windows can be set from within the EVAL-routine. The object of these

wintlows is  to select from the incoming events only those lying within
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Lhe window to venerdate new spectra. The  abilitv to  ecall a Fortran
subroutine “rom within FVAL {s also provided,

Daring the experiment spectra ar. displayed on a  VTIDC
retro-graphics  terminal using two different programs DISPLAY, and THD
(Two  Dimensional Display). Display has provisions for fitting
backgrounds, computing areas and setting gates for one dimensional
spectra, THD contains similar functions for operating on two
dimensional  spectra. Gates for the EVAL Routine can be set from these
Progriams.

The electronic set-up produces a set of 4 raw spectra

during the experiment. Table 3.1 is a summary of all these spectra



TABLE 3.1
ARVA SPECTRUM

1| re-Tac Time of Flight from the neutron
c»roduction target to the gas
Polarimeter

2 rPH He—Pulse height in the gas
Polarimeter

3 TAC=-LEFT Gamma and Neutron Time of Flight

4 TAC-RIGHT

5 ILPH
A RPH
7 LPSD
8 RPSD

from the Polarimeter to the left
NDetector

Same as above in the right channel
Pulse Height left Detector

Pulse Height right Detector

Pulse Shape discrimination in the
left Detecrtor

Pulse Shape discrimination in the

right channel

3.1.01.2 0 The Structure of the FVAL-routine

In terms of

Page

the FVAL language, an cevent consists of eight words.

102

Fach



Pape 107

ot the speetra ot table 3.1 represents 1 worde  The Eval-routine then
reads these words, stores them on tape ind performs different tests on
words and  increncnts spectra if the words fulfill the requirements ofr
the Yval-routine. The number of  tests  imposed is similar for the
neutron  and  gamma  events and  is  performed in  the left and right
channels. Tn order to be selected the neutron events must satisfy the

tollowing tests:

l. Left or right PSD v/s pulse height window test

2. The left events must he within the window set in the left Tac, lLeft

Psh and left pulse height

3. The events must bhe within the window set in the RF-Tac spectrum

The same number of tests is performed in the right channel. The gamma

cvents are treated in the same fashion.

We now will consider some of the most important spectra obtained
during the experiment, some of them produced by the electronics set-up

and, some produced by the Eval-routine.

IMF OF FLIGHT SPECTRA

3.2.1 TIME OF FLIGHT FROM THE TARGET TO THE POLARTMETER

. 13
Fig 3.1 Tlustrates the time of flight from the C

target to the necutron polarimeter. Time increases from right to left,

becaunse we started the TAC on the signal from the He polarimeter and
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stopped  on the sipgnal ¢coming from the R.F.  The backgzround is periodic
with a period of 35.11 ns.  This is because the beam arrives from  the
cvclotron in bursts at  the rate of once every 35.11 ns. The peaks
overlap due to the complex structure of the bheam. The shaded peak
centred in channel 517 corresponds to the neutrons leaving ]3N in its
ground state (isobaric analog state of 13C)‘ The next peak to the
lefr  corresponds to the 3.51-3.55 excited states. The small peak
centred in channel 376 is a gamma peak. The timing resolution in this
case is 1.0%ns FWHM. A stop pulse is applied only every other R.F
cvele, so that the time of flight spectrum includes two beam bursts.
AAY and BB' correspond to the neutron and gamma gates set in this
region. By setting these gates, we impose the condition that only the
events within the gate will be analyzed. The energy resolution
calculated for this time of flight spectrum in the best case¢ is equal
£ty 600KeV FWHM, and in the worst case 1is equal to 1.6MeV, and is

tvpically 1MeV.

3.2.2 TIME OF FLIGHT FROM THL POLARIMETER TO THE SIDE DETECTORS

Fig 3.2. 1ilustrates the time of flight from the helium
gas polarimeter to the side detectors. Zero on the time axis
corresponds to those scintillations occurring simultaneously 1in the
polarimeter and side detector. To the left are those occurring later
in the detector and to the right, earlier. The peak to the right of
the neutron group corresponds to gammas from the same beam burst. We

sev two "true coincidence” peaks superimposed on a background of
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"random  coincidences", The rate of true coincidences varies directly
as the heam current but the rate of random coincidences varies as  the
squire ot the bheam current. The maximam heam current which can he
tylerited, and hence the running time required, is determined by the
rate ot random vcoincidences. In consequence one should reduce the
random coincidences electronically as much as possihle. This will
result  in minimum running time for a given statistical accuracy. The
rate NR’ of random coincidences appearing in a time window 71 of the

TACY gpectrum is given by:

N, = 2TN N
pol det

wher: Np is the effective count rate of the polarimeter and

N
ol det

is the effective counting rate of the detectors. th‘t is reduced by

the use of the puls shape discrimination technigque and hy the
shielding. Vpol can be reduced by means of pulse height

discrimination and time of flight information from the carbon target to
e pularimeter. Since the time of arrival of neutrons at the
polarimeter always hears a fixed time relation te  the machine R,F,
placing a window on the appropriate peak in the TAC4 spectrum (using
TSCAl,in fig 2.12) permits the use of the polarimeter pulses which
vccur  at the time of arrival of neutrons alone. This techinigue should
discriminate against gammas from the production target. The fact we
still have gammas in the TOF means that those gammas have heen produced

1n the polarimeter. CC’ and DD” are the neutron and gamma window set

in this area to further reduce the numbher of unwanted events. 1.2
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those events that Jdo not contribute to the vield ol neutrons necessary
to  calealate the left- right asvmmetryve The timing resolution in this
case ix t.0buse Mo energy resolution caleulated for this  time of
Flrght  spectrum  in the best case i3 equal to 700KeV, and 1n the worst
case is equal oy 2MeV, typically being l.4MeV.

In constructing the rest of the time of flight spectra
weo have  dmposed  some conditions on the two dimensional displays that
have to be fulfilled in order to have only real events included in the

time 0! tflight spectrum. For this reason we will now analyvze some of

those spectra.

3.3 PULSE HFIGHT INFORMATION

3.3.1 PULSE HEIGHT IX THE POTLARIMETER

Fig.3.3 shows the pulse height distribution 1in the
helinm  pas polarimeter. A monoenergetic beam of neutrons will produce
a4 continuous distribution of pulse heights ranging from zero to some
masiman  value corresponding to the maximum recoil energy for that
vnergy of neutron. A pulse height threshold has been set at channel
199 and pulses of lower amplitude than this do not appear. AA’
corrzssponds to the neutron gate set in this region to cut the low pulse
height neutrons. The resolution of the polarimeter was measured using
4 %.3MeV alpha source(Fig 3.4) and is equal to 277. This corresponds
to an encrgy resolution of 5.23MeV for 19,40MeV neutrons incident on

N
the polarimeter and scattered at 120 . The range of the pulse height
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3.4 pPulse Height from the 5.3MeV alpha source used as 2
calibration., This peak is eliminated by the coincicence
criteria from fig 3.3
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of  the scattered recoil alpha particles in the polarimeter gooes trom
1 7™MV gt backward angles to IMeV in the forward direction(for 27MeV
incident neatrons on the polarimeter), and is in the range of 10MeV and

oo . Co ;
LAMeV at 120 tor the three different incident proton energies.

3.3.1.1 PULSKE HETGHT SPECTRUM IN THF SIDE DETECTORS

Fig 3.5 illustrates the pulse height spectrum in the
lett  and  right detectors. The pulse height threshold has bheen set at
the Compton edge  of a 6000(1.1 MeV) source(this corresponds to
channel 44). It is very important to set the pulse height threshold in
the proper range. If, for example, the PH threshold 1is set below
channel 44 then more events appear to the left of the ground state in
the time of flight spectrum(fig 3.1). 1If the threshold is too low, low
energy  neutrons will overlap the ground state of the adjacent cvele.
This situation is referred to as 'wrap-around" and corresponds to
slower neutrons from one heam burst arriving at the detector at the
same time as the faster ground state group from the following beam
burst. The detector pulse height threshold must he set just high
enough to reduce the detection efficiency to =zero f{or neutrons slow
cnough  to wrap around. Our setting eliminates wrap-around and gives a
good detection efficiency for the ground state group. To produce a
good clean lower cutoff, the pulse height threshold was set by means of
the TSCAL (Fig 2.12). AA” is the neutron gate set in this region to

include only the highest enerzgy neutron group.
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L T NI N SPTETRA

Fre 3ub is a1 twan Jdimensional  representation  of  helium
gttae Hersht o versus REF-TAC signal.  The structure is the same as the
wosnectram tor the time of tlight from the carbon target to the
polarimcters By setting a two dimensional kinematic locus as indicated
aro the vraph it is possible to discriminate against the events not
Inciunted i this vinematic locus.

Fig 3.7 illustrates a two dimensional representation of
Hotiam palse heivht versus time of tlight to the side detectors. The
vivematics locus this time is drawn around the peak so as to include
on!y those events in a Yurther analysis.

'ig 3.8 is a comparison of time of flight spectra The
uaner  curve  shows the raw data, while the lower curve results when
nentron events in the side detector are selected, The peak near
channel 200 in the upper curve is due to gamma-ray events and is barely
seen in the lower curves Note that time of  flight 1increases to  the
Lottt an this diagrame. IFrom these spectra it 1is easv to see the
cttectiveness of the kinematic and PSD cuts on the data.

Fig 3.9 illustrates the neutron time of flight from the
vas polarimeter  to  the side detectors after neutron events are
scvlocted,

Fig .10 illustrates the pulse height spectrum in the
side detectors aftsy the gates of fig 3.3 have been applied.

Fig 3.11 illustrates the neutvon time of flight from the



Fig.

Fig.

Two dimensional representation of
pulse height versus RF-TAC

Two dimensional representation
of pulse height versus time of
flight to the side detector (lower fig.)
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gas  poliarimeter to  the side Adetector Vter imposing all cuts and
selecting neatron events, The shaded pealb corresponds toy the  neutron
ground state of Y, the next to the left to the tirst and second

cxclted states.

3.5 BACKGROU™MI

The shield uscd during the experiment is very cffective in eliminating
the  background of neutrons and  gammas coming ta the side detectors
directly from the carbon 13 target. There are however, some
unavoidable sources of background. One of these is the contamination
of the neutron beam by neutrons and gamma-rays credated by interaction
ot the primary beam with the walls of the polarimcter. Another is
caused by the presence in the experimental area ot an ambient flux of
neutrons and  gamma-rays arising from interaction of aeutrons in the
walls and floor of the experimental area and from the interactions of
the neutrons with the shield itsells The time correlation of this flux
with the beam bursts is essentially randome The effect of this flux is
to  causce  some  accidental coincidences within the opening of the

coincidence window which must he corrected for,

3.6 THP OFFLING ANALYSTS

The ot fline analysis consisted mainly in  plaving the tapes Dback,
re-sorting all the e¢vents, checking the gain ol the phototubes by

analvsing pulse-heipght spectra and setting once  again  the gates  and
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.8 Comparison of time of flight spectra. The upper curve

shows the raw data, while the lower curve results when
neutron events in the side detector are selected.
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3.9 Time of Flight from the Polarimeter to the side
detector after the neutron events are selected.
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Fig 3.10 Pulse Height in the side detector after the gates of
fig 3.3 have been applied.
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Time of Flight from the Polarimeter to the side
detector after imposing all the cuts and selecting
neutrons events.
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kKinematic loci to further check the data collected during the

experiment.,

3.7 EXTRACTING NEUTRON YIELDS

The neutron vield from (p,n) reactions to the isobaric analog state is
determined by integrating the I[AS peak in the neutron time of filight
trom the polarimeter to the side detectors after all the cuts have bheen
placed and only neutron events have been selected ( Figs 3.11). This
wis done by using a computer code which allowed us to fit one, two or
three Gaussian distributions to the spectrum after background
subtraction (if required), using the method of non-linear least

squares. This was generally straightforward.

3.8 NEUTRON DETECTION EFFICIENCY

The calculation of the efficiency of the neutron detectors is generally
done using a Monte Carlo computer code. We obtained the latest version
ot this code from Kent State University. The program has been
described by Cecil(Ce79). A particular application of this code was
the calculation of the efficiency of a cylindrical NE-213 Jdetector
carried out by Ramsay(Ra80), In our e¢xperiment, we have used the same
NE-213 cylindrical neutron detector of Ramsay(Ra80), so we decided to
calculate the efficiency of these detectors using the same parameters.
Because neutrons are uncharged, they are not detected
directly, but rather by means of the charged particles produced when

they interact with hvdrogen and carbon in the organic sgcintillatonr,
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Knowing  the composition of the scintillator and the ltight produced in
it hyv the various charged particles, it is possible to caleculate the
traction o!f incident neutrons that will produce a2 pulse height above
threshold and hence be Jetecteds When a neutron enters the detector a

numher of things can happen.

1. The neutron can pass through the detector without interaction.
2. It can scatter from a hvdrogen atom.

3. Tt ~an scatter elastically from a carbon atom.

Y. Tt can scatter inelastically from a carbon atom.

11 case (1) the neutron remains undetecteds In case (2) the kinetic
energy Fi transferred from the neutron to the proton depends on the

3
angle of recoil, Qp of the proton through

2
E =71 cos™A
p n P

where Vn is the initial neutron energv. The scattered neutron may

interact with a second atom or leave the detector directly. The recoil
proton is slowed down as it moves through the detector by multiple
coulomb scattering from atoms and atomic electrons. Some of the atomic
and molecular excitations produced by the stopping of the recoil proton
glive risc to scintillations which are detected by the phototube. Tt is
tound that the light ontput of the scintillator depends in a non-linear

wav  on  the energy ot the proton. This is because the higher the
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density  of  ionisation produced around the proton path in the
scintillator, the more is the sci . illation light quenched by transfer
of excitation energv to non-light emitting excitations. Light output

is often sgpecified by quoting the energy Ee of an electron which

would give the same light output as the proton. Light output for
vlectrons  is much more closely proportional to energy than is the case
tor protons  because of  the relatively low density of ionisation
produced by them. The light output of NE-213 for protons is closely

fitted in terms of equivalent energy ¥ by (Ce79)
@

Ee = Jl[ 1 - exp(azﬁp33)] + a4Ep 3

where a and a, are constants (-2.83, -0.25, 0.93, and

12Aasdy
0,83 respectively, when energies are in MeV). If the proton does not
stop in the detector, but leaves it with kinetic energy E'P, then the

light output corresponding to a proton of energy E’p is lost. If

case  (3) above occurs, that is, the initial neutroq scatters
elastically from a carbon atom in the detector, the light onutput is
much lower than in case (2). This is so first, because the maximum
energy  transferrable from a neutron to a carbon atom is only about 147
of the energy of the neutron. Second, the recoil carbon atom causes a
very  high density of ionisation quenching. The light output of NE-213
for a carbon atom of 1 MeV, for example, is less than 197 of that of a
proton of the same energy, which in turn has about 20% of the output of

a | MeV clectron.
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3.9 THY PROGRAM

The program calculates the probability of a given neutron bheing
detected 1n the NE-213 detector by simulating the neutron detection
process. It follows vach neutron (and its products) scatter by scatter
until they are lost or fall to a negligible energye Seven interaction
channnels are provided, the n—-p channel and six n-carbon chaanels,
nanely  (n,n), (n,np), (n,2n), (n,y), (n,%) and (n,q). The technique
used is 1 Monte Carlo or random walk calceculation. In the simulation
neutrons  of  enerpgy En Are required to be incident at a random point

on a face of the detector. The point r at which a given neutron
intericts in some way with the detector is chosen by the Monte Carlo

relation:

= - J < ” H
g lnq/[NC Otot(En)+ N Gtot(En)]

H

where q is a random number between 0 and 1, NC and NH are the
numbers of carbon and hydrogen nuclei per unit volume of the detector,

- C H . = 0]
and g, and O, ,p are the total cross—sections for interaction of

aeutrons  of energv En with carbon and hvdrogen. If the point r lies

outside the detector, the neutron is deemed to be undetected, If the
meutron interacts inside the scintillator, the type of nucleus (C or H)
it interacts with is chosen randomly, but always taking account of the
carbon and hydrogen total c¢ross—scctions. If the reaction is with
carbon, the reaction channel is chosen randomlv, weighted by  the

individual veaction channel cross-sections. The direction of recoil of
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dn 1on resulting trom the interaction is chosen randomly hased on  the
ditterontial  cross-scction {or the interaction concerned. The kinetic
chnerpy of the recoil is computed from kinematics and the range of the
ion in  the detector material deduced from polynomial fits to stopping
sower 1atae A peometrical subroutine determines whether the ion stops
inside the detector and the light output of the ion is then given by
ciuation (3) with appropriate coefficients. This procedure is repeated
until  tvpically 100,000 neutron paths have heen simulated. The result
is a4 pualse height distribution, the area under the curve being
proportional  to the probability of detection of neutrons of energy
En. Comparison of the output of this code with experimental data
(C-79) has shown excellent agreement. Fig 3.12 shows computed neutron
detection efficiencies of the above detector for neutrons of energies
between 12 and 35 MeV., The curves are labelled by the pulse height
threshold (below which level scintillation light is not recorded) in
units of electron equivalent energy, MeVee.

Because of finite pulse height resolution the pulse
height  spectrum  is  somewhat more smeared than the theoretical light
intensity spectrum. To simulate the resolution smearing, the program
translates the energy deposited by a monoenergetic charged ﬁarticle
into a Gaussian pulse height distribution, the width of the
distribution being determined by the number of photoelectrons released.
This numbher depends on such things as the state of the reflector paint
in the scintillator, the coupling to the phototube and the photocathode

itself. The more electrons released by the monoenergetic particle, the
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better detined will be the corresponding pulse height,  The efticiency
0 the detector has  heon calculated to be around 127 dAurine  the

ciperiment.
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10 ASYMMETRY CALCULATTON
The asvametry was calculated using the method desceribed by
Keaton  (OL73),. The essentials of this method and s ady
presently summarized.

A beam of polarized neutrons incident upon
target will, in general, exhibit an e¢lastic scattering d
cross section which is dependent, not only on the angle of
(P, but also on the azimuthal angle (@ ). This cross

defined as follows:

o(9,¢p) = OU(G)[ 1+ Py,\y(a) n)

Pocger

Mlsen  and

antages are

A heooam

ifforeatial

deilection

saction is

J

where

1. , - differential cross-section for unpolarized beam,
1
>

2. Py = vector polarization of the incident neutron beam,
N AA, NN . .

3. n = KzK /|Kth = unit vector normal to the scattering plane,
A . . . -

b, K = unit vector in direction of the incoming hecam,
A/

5. K’ = unit vector in direction of the outgoing beam,

6. A(Q,E) = analyzing power of helium like,

In a polarization experiment, two detectors are symmetricall

the same polar scattering angle so that the beam and the ¢

¢ nlaced at

ontroids of

127
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the two detectors torm a planes  The azimuthal anele  botween the  two
. 0 . . .

detectors  is then 130 . One detector is conveniently designated as

the "right detector™, the other, as the "left detector'". TIf we neglect

thae  Tinite size ol the detector and also the possibility of multiple

scattering, equation (3.1) leads to the following relation:

1 r
P A(R) = - e
ol + Or
N(=-0)/N(+6) - 1

witere
1. o = differential cross section appropriate to right detector,
2. 01 = differential cross section appropriate to left detector,

3. Nr(+9) = number of counts in right detector,
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N ,\'1(—(-%) = aumber ol ocounts in left detector,
9 r = /o = N(+8),/N(-4)

r |
[S1 o= asvmmetrye

Thus under idealized conditions, if one knows the analyzing power
Ay(H), one can  readily determine the component of the incident
polarization in the direction u and vice versa.

The actudal number of  counts recorded in a  detector,

N(@, &), may be written as follows

N(R, Q) = N, ORG(8, ¢) 3.2
Here n, is the number of particles incident on the target. NA is the
number  of target nuclei per square centimeter, A is the solid angle
subtended by the detector and B is the efficiency for detection.

If two dissimilar detectors are used, or if there are
slight dirferences in the pulss height requirements which are set for

the two detection channels, expression 3.2 becomes

== = 7O D {
N (B,0) = L NGy K Opl 1+ PAy(Q)]

N, (3, 1) = R, = aNTy Eyou[ |- PAy(Q)]
-> >
I we now " tlip" the polarization, i,e let p > = p
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NLlHL iy = L= n'N"ZEqUO[ |+ PAy«%] where the
orimes  are ased 1o indicate  that  the integrated charge and the
crrective tarpet thickness mav not be the same for the two runs. If we

forn the  conmetric means

oL 1/2
’ 0y (O - .
[on NN/ 2 0k K] o1+ PA,)

—
H

-
1/2

R :\!x!%q = [an’NN'D Q EIEZ] OO( 1 - PAy)

and solve for pAV(Q) we find the left-right asvmmetry € to be

L=t _ PAy(Q)

L + R

which is 1independent of relative detector efficiencies and sclid
angles, of relative integrated charge, and of target thickness
variationss

Those quantities commom to the two channels, i.e n and
N, are averaged over the data accumulation period so that time
fluctuations in the Dbeam curreat or target density are of no
consequence. On  the other hand, those quantities which are different
in the two channels, E and 7, must not vary with time, Dead time in
the counting equipment may be either common to the two channels or not,
depending on the equipment used (dead time during the experiment was
daround 57%). If it 1is not common a correction is required. It we

define the geometric mean of the numbher of particles detected by
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N)

The ratio of these

That is, monitoring

the apparatus, this

software ad justment
is

analysis. and

determination is to
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two sntervals as ﬂl or N, we have

{ (1= (pa ) it
LaRy = {nn NN[ 1 - (pA Ve S
g 11 Y 101

oy AN ~ 2
/2% {na’NN"[ 1 (PAy) 1} Q200E2
is
\JE
_ 1
2

this ratio provides a check on the performance of

quantity is used to check the stability and to make

of the gain of the photomultipliers in offline

required to be constant in time if the asymmetry

be accurate.

STATISTICAL ERROR

The statistical error associated with a measurement of the asymmetry is

given by

/\ =

It AL = AR

I

I, and

‘ 2,2 2, 2
LY (L= 9)7(AL) T+ (1 +e) (AR
VL + R

R as for a single counting interval, the above
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cxpression reduces to

!

For the geometric mean L= \/v’lq the error 1s given by

AL = ,L\_; + 1

and for the geometric mean R ='JH1R7 The error is given by

Thus, the more gencral error expression of eq 3.3 1is requirad Iif
geometric means are to be used.

In measuring the asymmetry care has to be taken of the
error produced by false asymmetry. By false asymmetry we mean that
asvmmetry which would still be observed in the apparatus if the Dbeanm
polarization were to  vanish. This type of error can be eliminated
exactly by a 'proper flip", In this case we assume that the
polarization of the beam is reversed or that the analyzer is rotated

through 130 degrees in such a way that the beam direction and position
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o ae b v aarant with respect to  each of  the derectors.
Fuperimental ey s o Clip o is carrvied out by using the superconducting
solenoids 1 detector 1 is at the left and detector 2 is at the right,

Hhe written

the v tds moaw
o (M4, ) = aNE o (A L, AR ) A+ NS 1 + PA (B + A8 )
( 1 1 l(/\ 1 v 1 OO( l)[ Y( N 1 ]

Roo No(R + fHy ) = 11?\1?‘.2;‘)2(/\1*2,AQ2)00(9 + Aez)[ 1 - PAy(Q + AQ2)]
\r,, denote total error quantities. If a

1° 2

Ahere .‘)H}’_'-AH,\, Or

proper tlip is executed, vields in detectors 1 and ? become

Ry = Np(A + A8y, 1) = n’N’I—il‘Tl([\rl,AHl)oO(e + AGl Y[ 1 - PAy(Q + Agl)]

L= N (A a = n/NED a + A + P
2( + A8, 0) n\iz,z(/\rz,Az)oo(G ﬁez YOl i-PAy(9+A92)]

Ta important part of this assumption is that the errors in r and A are
correlated  with the physical detectors and not with their position in

space,  Forming the appropriate geometric means, we have



Page 134

Lot L = {nn XNV E (A A0 )y (A 0B )G (B FAR ) (A, +:0)
Vo1 121 1771 2 20 "% 1 79 2 %

1
+ PA (A + 1 ! + PA (9, + . :
N M A S CPORN:

-
[t}

1

1 - PAy(Hl+ 191)]{ 1 - PAy(A2+ Auz)l}

If we assume for the moment that Ay is independent of scattering

angle in the range A 4+ A91t0 B + A@2wc have

v = PA =1, - R
y -

i.c there is exact cancellation of false asvmmetry effects. Since the

torm of ! was not specified in the argument, it applies to both solid
and to gas target geometries. Since A@l, A@z, Ar], and Ar2
were  each arbhitrary, one does not even require symmetry in the

analyzer. Table 3.2 summarises the results of the calculations of the
asvmmetries for the different energies using the method described

ahove,

Mn"AN'E E 2 (Ar AD YR (A AP Yo (B +AA Do, (B, +.0)X
A RPN R RS RO A L M R 1770t 72
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PNFROY ASYMMETRY | POLARTZAT[ON S ANALYZTNG I(l/N2
NISAN ASYMMETRY POWER
7i°l;&»‘_ 0.1511_ | N3RT 0.03% 1.91 Ve 541 -
22,85 Je 340 N 400 0,035 RS N.595
AR 0,232 3. 2873 NN]2 N.R2 N 457
— - S S SRS DU DU
3.12 CORRECTTON FOR FINITE GEOMETRY

Because of intensity reasons fast neutron polarization
experiments  are wusually performed with relatively large cattering
samples and side detectors. This broad geometry, however, makes
necessary  corrections to  the measured asymmetry to account for the
tinite geometry of the detectors and the occurrence of multiple
scattering in the polarimeter, These corrections are generally
performed using a Monte Carlo computer codex.

In the following pages a summary of the papers of
Mitler(Mi79), and Tornow(To75,77) describing the computer code P.M,S.,
widely used to caleulate the corrections to the experimental asymmetry
due to these two factors, will be given.

The program  simulates the actual geometry of the

experiment, traces the scattering histories of thousands of neutrons
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step by stepe The paths  are chosen  randomly and  each neatron is
weiphted wordiney  to the probabilitv  of its path and, from the
hiistories, vives an estimated wmultiple-scattering asvmmetrv  for  an

tncident neatron beam of arbitrary polarization,

———————— *The computer  code used in  this work was acquired from

Karlsrohe by courtesy of ilans Klages
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The program takes a first estimate of  the ocutron  polarization  and,
neing it, estimates  bv Monte  Carlo method the resulting scattoering
asvmmetrv, It then compares this  asvmmetry  with  the experimentatly

measared one and produces a new estimate of neutron polavization:

¥
X

(Pesﬁq = (Pest)l_':““"
i Monte Carlo

. . ) . . Y
i £ and t . agree within 2%, the process stops, data
exp Monte Carlo 0 ’ I s,
and ¢raphs arc plotted, otherwise (P ) is used as a new estimate
est’
(P t)° of neutron polarization for a new iteration of the
est 2
calculation, pives (P and new
? ( cst)3 Monte Carlo

For dealing with the multiple scattering correction, we
necd a4 relation for the polarization vector P° of the scattered neutron
in terms of the polarizatinn of the incident neutron and relevant
scattering parimmeters. In general, the polarization changes its
dirceetion and mapgnitude with each scattering according Lo the following

relation

e

B = g (P + P.ad + (1 - PAD ()] 7. (3. P AT
1 n 1 1
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whoer

1. Ll = cector nolarvrizatinn ot the incident neatron beam,

.oo¥ = Maalizing power of heliam

3.0 = polarization vector of ontgoing neuwtron beam,

veo . 7 oso=called "spin rotation paramcter'” ot the helium,

5¢ D) = aorotation vperator which ratates the vector operand  about

the axis o tarough an aagle .

Since wqel3.1) gives g in verm of Oy The above equation may be used
in the Monte Carlo program to trace the evolution of the polarization
veeetoar throupgh a maltiple scattering theory. This i1s  necessary since
the cross section of scattering toward the left nr right detector at
anvy particular collision is dependent upon the scalar product (tor that
particular collision) of the incident polarization vector with the unit
vector normal to the scattering plane. To implement the Monte Carlo
program, one needs  the unpolarized cross section of helium o, the
anilyzing power \, and the rotation parameter £, all as  Ffunctions of
incident cnergv and scattering angle. The set of phase shifts used in
the propgram corresponds to values of  the iacident nentron orbital
Anvular momentuam  of L= 000,223,495 and total  anpular momentum of
I - L+, M™e scattering cross section is then caleculated by  the

followiny expression
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\ v 3 | ‘I
\.‘u‘.”b
; 1) ( | (ié )]
o RIS IR LI (RT'D B k sin s oexplis +olsing . exp(io
N A ( ' i > L+ (RN 1_) |- i 14 |
10
1
© 1 X )\
1 14 o, / .2 N . H N .
5! 17y »rmysial - N Dexp{i(w + & '
e L+ 1- 3 L+ -
1=1
he nhase shfres © tor 1 =1 +172 and '\“1_ for 1T = =172 3re  tanctions
1+
) 1
O il TV, The coetficients P () and P () are the Legendre and the
1 1

ansaociat ol Lependre polynomials, respectively.
The scattering asymmetry of the helinm s a fanction ot

cnergy oand 1s ddefined by the relation given by Lepore(leS50):

- hg‘.‘:

T

hh

b

p
P
-+

The rotational parameter - is determined by

lle:‘Fl — hny
CoOsy = L
—m
(n%p ok HH}“/ - pP"
Im(gh=)
S10 =

(po’ + h*h)”’] - Y

Thee eollision density of the neutrons in the helinm seatterer is solved

by the Tonte  Carlo  method. The  intepral equation for the density
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dr,t, Vot o particles emerping from a collision in direction interval
d around 0 is prven by the expression
G{r, F,.) = wlr BT, )T yry B7,0°) G(E7 0 F ¢ o)de’di’do’ + S(r,FE )
whi-re
r - r'
. U .
T(r',r, B 0) = (r,F) expl- Jrff(S’,F.)dS'
0
e . 5. PR
COE % o) = U, K) P(E" 2, EL,r)
T —
L (r, E")
1o P(E", ;E,,r) = probability density that a neutron having energy E’

and direction () just prior to undergoing scattering at ¢ will

N

after scattering have an energy E and a direction

t . - : ;
Y(r ,E7) = macroscopic scattering cross section for neutron of

energy E° at point r,

S(r,E,) = the density at r of the source of neutrons of
eneryy F and direction € no matter whether they come from the

external source or result from the scattering of other neutrons,
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i~
)
S

= distance {rom r’ to arbitrary point alone parh Crom

r’ to r.

At each collision point the probability of a neutron reachineg each ot
the two detectors on subsequent flights is calecultated. The product ot
the weight of the ncutron and its probability of reaching the detector
in the next flight form an estimate of the flux at the detector. This
estimate is referred to as the "uncollided flux estimator”.

The neutvron flux at the point r in the detector

resulting from a collision at r” in the helium is given hy

r - r'
y(r,E) = W(F(E'*R, =00 )AL exp|- (8°,r)ds”’
0
where
l. Wy = the statistical weight of the neutron after the collision at
r’,
2. G605 E, > ©) = the neutron scattering probabilitv per  steradian

for changing the energy and direction L', ' into an encrpgy and

direction E,
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3. 87 = daistance from r’ to arhitrary point along path from r’ to r

0 v = the noncollision probability for the neutron to leak from the

scatterer in one flight,

The solid anpgle AQ subtended by the detector at the collision point in

the scatterer is calculated from the expression

(a/2)(b/2)

A.Q =

-1
4sin = — -
\ [a’2)y2+ d] (b/2)2+ d

This expression assumes the cylindrical surface of the detectors is
recltangular with dimensions a and b located a distance d from the
collision point in the scatterer,

The energy of the neutron scattered to the detector is
determined  from the neutron energy before the collision and the cosine
of the scattering angle. The cosine of the polar scattering angle

is determined trom
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whoere

Vo velocity  of  the neatron before the collision at r’ and

"= the unit vector in the direction from the collision point r

to the detector r.
The cosine of the scattering angle is transformed to center of mass
coordinates  ftor the caleculation of the neutron energy after the
collision, In the center of mass system the cosine of the scattering

angle is

» 3
Wo= [(p - 1) +u@m? -1+ u?)/a

where A is the mass of the scatterer. The energy of the neutron in the

lah svstem after the collision in then given by

. - . 2 N
Eo= 0 1L —{2A/(A + 1) Y(1-1)]
A
The scattering kernel G(E'» E, @ > ) involves both an energy and angle
change. llowever, the two quantities E and £ are not independent
because at  the given energy FE° the selection of the scattering
angle, (to hit the detector), also determines the neutron energy FE

atter the collisione Thus

GIR> £, > ) = B [{1=(2A/(A+1)2 } (1) lg' > ),
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where of » ), the probability ol scattering through the angle O is

the tollowing:

g > = 58 | o976 asde

JE
0 O

3.13  THE RESULTS

The program vields the following results:

1. Number of neutrons detected in each side detector after single,
double and triple scattering in the scatterver along with the

corresponding asvmmetry values and statistical uncertainties.

2. plot of the spectrum of the energv of the recoil alpha particles in

the polarimeter as a function of the incident neutron energies.

3. same spectrum as above but this time projected onto the x-axise.

4, plot of the two dimensional spectra time of flight hetween target

and polarimeter versus helium recoil energy in the polarimeter.

5. plot of a projection of the same spectrum onto the x-axis

6. plot of a time of flight spectrum between the polarimeter and side

detectors versus helium recoil energy in the polarimeter.
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7. plot of a4 projection of the same spectrum onto the x—-axis

8. plot of time of {light from target to the polarimeter versus time

ot flight from the polarimeter to the side detectors.

Preliminary calculations showed that triple-scattering
events are of nepligible probability therefore only single and double

scattering are considered.

Table 3.3 represents the numher of counts in both detectors when one
and two «collisions are considered. The standard deviation is also

calculated,
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TABLE 3.3
ENERCY NIMBER OF NUMBER OF COUNTS STAN. DRV
Me V! COLLTSTONS jL.DETECTOR R.DETECTOR| L.DET. R4DFT,
1 N.B127E-05 [0J4D55E-05 [9,6716F-08[0.1613E-08
19.40 2 N, 1001E=-06 | N 8255F=-07 |N.2078E-N9 [N, 64A645-09
SUM Ne8227E-05 |0.413RE-05
1 0,4759E=-05 | 0.2586FE-N5 [N.2231E=-08{0,1732K~05
22.85 2 NeSIRAE-NT | ODLAS42E-07 [D,4078E-0910.1650E-09
SUM Ne4813E-05 |0.2A31E-N5
1 0,2516AE-05 [N 1578K=05 [N 1544T-08 |0, 4A571-09
27.31 2 N 19A0E-07 |N.1764E-07 10,19125-09|0.15821-09
SUM N,2936F-05 [N, 1596E-05
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The results of the set of caleulations after the first iteration
presented in table 3.4
TABLE 3.4
Ty e e e —
FNERCY ) NIMBER OF ASYMMETRY ]l
Moy COLLTISTONS|CALCULS | AVERAGE | FRROR EXPERT. | ERROR
=-03
19.40 1 ﬁ.éggéi 64336;NW;6.5;;A— h;;;;7 +0. 0341
2 0.3306
1 N1.2959 |N.2931 [+0.339R8 [0.3404 |+0,.0350
22,85 2 N.29731
1 02291 10,2275 [+0.5124 [0.2317 |+0.0123
2731 2 N.27275

V47

dare
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the 27

the program caleculates a new set of values,

3.5 and

3.5

3.

A

NUMBER OF CONTS

L« PETECTOR

Ne8112E-05

N.9945F-N7

NB212F=-05

N.49091-05

0.5404E-07

NV 4963E-05

0.2506E-05

N.1919E-07

N, 2525E-05

R

R«DETECTOR

0 A04T7E-05

0.8333E~07

0.4130FE-05

D¢ 2401E-N5

0.4430E-07

Na2445FE~05

N.1576E~-05

N, 1720E-07

0« 1593E-05

STAN.
T T T

e DET.

DINY

N
R.DFET,

0.1277E-07

0.6143E-09

N.7333C-08

0.2577E-09

0.5568E-08

N.4366E~1N

Ne6452E-08

0.,8835E-09

N.RO65E~09

N.9203E-10

0.2593F-08

0.3432F-10

N B S SR



CETTTE

TARLE 36

FNERCY | NIMBER OF ASYMMITTRY
Me V COLLTSTONS i CALCHT] AVIRAGE 1LRROR
fo=(1)
17;:74() 1 N.3%4 3 |o.1307 P, 190
2 0.3307 |
| 0. V40 6 {0,3390 [ 107595
22,85 2 e 3399
1 N.2274 10,2263 A0 a0
27.31 2 NW22071
S B - e e

u-,;|wr1mu||f.|l aind

Tabhle 3.7 is a comparlson hotween the

the caleulated values of the asymmelrye Prom Lhe table we odn oo it

the consideration of the mult 11)1(‘. geattering and {1t Hl'llllll‘f Y

produce small reduction in the valuce of the experimental acymmet Ty

27431 MoV,

Loss than 17 for 19.40 MeV and 22.85 MeV,and around 2,37 for

The error in the calculations are amaller than the error calenlated In
Lhe experimental case, because of the larpe nuamher of et rons gl tor

e M N
the Monte Carle caleculation (40,000 neat rons),



TABLY 3.7
ENFROY ASYMMETRY ERROR
Me V' CALCUL. EXPERTMEN, | CALCUL*E=D3{ RXPER*E-0 1
19.40) 0.3307 Nn.3337 +0,1930 +0.341A
22,851 1.131399 Ne3404 +0.7525 +0,. 3504
2731 DG272613 0.2317 +N.5996 +0.12139
Figs 3.13 to 3.17, represent all
the program. The different neutrons groups

using kinematic calculations.

The asymmetry has becn
grometry and multiple

dre Necessary.

.l.

MORF., CORRECTIONS

measured and

its wvalue
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the spectra rroduced by

have been identified by

corrected

for

finite

scattering in helinm, howcver, other corrections

For example:

Scattering from helium and xenon.
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Y, Seatteringe Yrom <enon onlw

T.  Scattering tron helinm and the iron eviinder

4. Scattering ‘rom iron flanges, includling the window

Ot all  these corrections, it is not necessary  to
caleulate  the single  scattering  from xenon because the recoil xenon
nuclei do not generate enough light in the scintillator £to he detoected
(tne fluorescence vield produced in n=¥e is negligible),

The contribution of neutrons scattered via the cylinder
to  the glass window or vice versa is negligibhle. These events vequire
triple scattering in the scatterevr in order to he detected and 1in
consequence can be neglected(oriple scattering events are of negligible
probhabilicy).

We still have the contribution of the f(ollowing double
scattering pracessesa

1) He-Xe
2) Xe-tle
3) Fe~lle

4) He-Fe

Yo have estimated the contribution of these double scattering events to
the asymmetry calculated using onlv single scattering cvents. This

contribution is around 47 tor cach of the double scattering events,
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Fig. 3.13 Time of Flight from the target to the Polarimeter.
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THE LIQUID POLARIMETER
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4,1 THE LTQUID POLARIMETER

4.101 INTRODECTTION

Liquid helium has been wused for many vears in  the
measurement  of  neutron polarization (Si6l), (BebS5), (Pih5), (MisbA),
(Lah8f), (BihB). The known advantage of a large analyzing power, which
15 relatively flat over a wide range of angles and energies, makes
heliam particularly suited to this purpose. The high energy of the
first excited state of helium, in addition to the fact that the liquid
scintillates wunder bombardment, completes the evidence for the
desirability of liquid helium as a neutron polarization analyzer.

Scintillations generated by neutron scattering in liquid
helium consist of recombination light following the production of
recoiling alpha-particles by neutron bombardment. These scintillations
have wavelengths 1in the far ultraviolet and are converted to the
visible region by means of a wavelength shifter; a fluorescent
material which is deposited on the inner surface of the vessel
containing the liquid helium.

Since neutron scattering experiments involve a double
scattering (the first in the production of the neutrons and the second
in the actual scattering), they necessarily lead to low count rates and
high backgrounds. The signal to hackground ratio can be improved only
slightly by the wuse of shielding so an alternative means for

imorovement must be .ed.  This is achieved using the time of flight
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technique where the scintillations from the liquid heliom due to (n, @)
interactions  provide the start pulse. The stop pulse for a time to
amplitude converter is provided bv the signal produced by the detection
of the neutron in the side detectors. From this information the
neutron flight time is obtained and hence the neatron energy. This
techunique  reduces considerably the background problem, but is only
teasible if high detection efficiency and good timing resolution from
the scintillations are obtLain~d,

The liquid helium to be used as analyzer is stored in a

cryostat, which must fulfill a number of requirements.

. Tt should maintain an adequate level of liquid helium to allow
several hours of continuous running. This is important not only
trom the economic point of view, but also because the 1low count

rites in neutron experiments imply long running periods.

2. To obtain adequate neutron detection efficiency a compromise must
be made Dbetween increasing the size of the liquid scintillation
volume to obtain a higher count rate and decreasing the volume so
as to decrease the spread in light collection times. 1In addition,
some care has to be taken to keep to a minimum the amount of
material surrounding the helium cell, so that there is a relatively
low probability of scattering before the neutron reaches the

scintillator.
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3. The scintillation light shonld he collected in the most efficient
mAnner, This is by far the most important problem. The ideal
situation wonld be to have the photomultiplier close to the liquid
helium, but because of the likelihood of mechanical damage to the
photomultiplier and the fact that there is a decrease 1in pulse
height  with decrease in temperature (Bi66), this is not desirable.
It is necessarv to place the photomultiplier some distance away
{rom the helium and to convey the scintillation to the
photomultiplier by means of a suitable light pipe. Further, the
material of the light pipe must be chosen so that the wavelength

shifted light is conveyed efficiently to the phototube.

An existing liquid polarimeter commissioned originally
bv  J.Birchall(Bi68) fulfills the requirement of having a high light
collection efficiency, however, the helium boil-off rate is too high.
For this reason we decided to redesign the polarimeter to lower the
boil-off rate. Ir was c¢lear that the main design of the polarimeter
should stay the same. However, 1in order to reduce the temperature
gradient of the light-pipe, the light-pipe should be longer and a
thermal clamp Dbetween the light-pipe and the stainless-steel tube
supporting the light-pipe should be made to cool the pipe tn liquid
nitrogen temperature at a reasonable distance from the liquid helium.
This thermal clamp and the addition of a scintillation volume of a
unique design built by Ramsay(RaB80) would make the liquid polarimeter

more efficient.
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The polarimeter is shown (n fig 4.1, In this design the viewing
photomultiplier is «c¢oupled to the upper end of a 5.08cm diameter and
76.2cm long quartz pipe, which stands verticallv with its lower end
immersed  ia the liquid helium. No windows are located between the
liquid and the photomultiplier, and therefore no problems concerning
the matching of refractive indices arisc in this case, except at the
liquid helium—quartz interface. The photomultiplier and liquid helium
are contained within the one vessel, the helium being at 4K while the
photomultiplier remains at around room temperature. The 5.08cm
diameter light pipe is supported at its lower end by a stainless steel
cradle which comes into contact with the quartz over a small area of
the end face. This fractionally reduces the effective diameter of the
cvlinder but avoids the impairment of the optical properties of the
quartz inheren:t in alternative methods of support. At its upper end
the quartz is optically coupled to the photomultiplier by means of
silicone rubber potting compound (RTV-602). Spring loading of the
photomultiplier enables this coupling to be permanently preserved, and
allows for thermal contraction and expansion of the light guide and
support. The lower end of the light pipe is coated with a layer of
30ug/cm2 diphenylstilbene (DPS).

Any light entering the pipe from the helium at an angle
Gi will be totally internally reflected at the side wall at an angle

ec as shown in fig 4.2 if
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FILLING AND BOIL OFF TUBES

- NITROGEN RESERVOIR

HELiUM RESERVOIR

QUARTZ PIPE

ISOANGULAR SCINTILLATION VOLUME

HEAT SHIELDS

Fig. 4.1 Cross-sectional view of the liquid polarimeter.
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Fig 4.2 Total internal reflection in the liglt-pipe
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where n is the refractive index of the light guide. A refractive index
greater  than  or equal tn 1.414 ensures total internal reflection. Tt
is an interesting fact that any light entering the light guide through
the side walls cannot leave through the ends if the total internal
reflection condition (4.1) is satisfied., This light can only leave
through the side walls. This is also valid for the light entering the
quartz pipe from the helium. 1In this case this light must leave the
quartz pipe by the other end if the walls of the light pipe are clean
and not in contact with anything. However, in order to prevent the
helium gas from escaping the light-pipe is sealed with an "0" ring near
the top of the pipe, This total internal reflection condition is also
lost when the light pipe is coated at one end with a wavelength shifter
as is this case.

The liquid helinm reservoir is contained in a vacuum
chamber, and 1is surrounded by two highly polished copper heat shields
maintained at liquid nitrogen temperature (77K) to cut down thermal

radiation into the helium reservoir., The tubes c¢ntering the cryostat
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are “or helinm and nitrogen filting and  boil-off. They are 1.6cm
diameter to availd the high boil=-off produced hy thermal oscillations,

The scintillatinn volume is bolted to the liquid helium
rvsersoic and 2 helium=-vacuum scal between the helium reservoir and the
scintillation volume is provided with a special "0" ring made from
1ndinm wire.

A narrow rod passes through a rubber "0" ring in the top
flange of the ciryostat and into the helium reservoir. On tne end of
the rod is fitted a 21ﬂPo alpha source. The source can be positioned
below the light guide or be moved away from the guide, allowing a
direct calibration of the scintillation spectra. Two carbon resistors
are  used to measure the temperature. One of them is located almost at
the top ot the helium tank and the other on the lower part of the
heliom  reservoir, When these two resistors are immersed in liquid
helium the resistance increases from 200 and 300 to around 2K  and
3K'Y respectively, The change in the value of the resistance provides
information about the liquid level, acting as a level indicatnr rather

than as o temperature gauge.
4.2 HEAT LEAKS

In general heat may be transferred by conduction, convection and
radiation. In most low-temperature applications, thermal isolation is
assisted by partial evacuation of gas from the interior of the cryostat
so that convection is e¢liminated. Then the effective heat transfer

takes place by conduction through the residual low-pressure gas,
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conduction through the solids that interconnect the various parts of
the crvostat and by radiation. 0f these three major processes
responsihle  tor  heat  conduction at  low temperatures, that due to
conduction by solids can be estimaced generally with a fair degree of
accuracy; low pressure gas coaduction and radiation transfer may be
estimated with rather less accuracy, the uncertainty depending on our
lack  of xnowledge of the accommodation coefficient and emissivity
respectivelys.

The main sources of heat-leaks in the polarimeter are

the followinyg

la Conduction down the light guide

2. Conduction down the helium gas around the light guide

3. Conduction down the filling and boil-off tubes

4. Conduction down the central :tube

5. Thermal Radiation

In the present design the heat leaks have been reduced considerably by

1. doubling the length of the light-pipe (76.2cm)

2. placing a liquid nitrogen thermal clamp 10cm from the top of the

light-pipe to ensure a low temperature gradient below the clamp
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3. increasing the length of the heliam filling and boil-off tubes

(R0, 7cm)

N reducing the number of helium filling and boil-off tubes from three

Lo two

4.3 JEAT TRANSFER BY CONDUCTION

The heat transfer by conduction 1is calculated wusing the following
considerations.

The heat flow Q through a solid of cross-section A cm
under a temperature gradient :;? is given by

P

& = MDA

x

Y(T) is the temperature—-dependent thermal conductivity of the solid.

Thus, if the ends of a solid bar of uniform cross—-section are at

temperature T1 and T2 and there is no heat gain or loss through the

sides of the bar,

L2 T2
1dg dx = A@A(T)dT
;dt J

L J T

1 1
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To calculate expression 4.1 one should know the thermal conductivity
i (ry which depends on the material. Fig 4.3 is a plot of the integral
of thermal conductivity from 4K to temperature T as a function of T for
stainless steel and fused silica. It 1is clear that there are two
quantities which can be varied in order to achieve a low temperature
gradient along the quartz pipe, the length of the light-pipe and the
limits on the integral of A(T)dT. The idea is to make a thermal clamp
somewhere along the quartz pipe to produce a small region of the
quartz-pipe readily at 1liquid nitrogen temperature(77K). In this
tashion a low temperature gradient between liquid nitrogeun and liquid
helium(4.2K) will be produced. 1If one can ensure the thermal clamp
will effectively produce such a temperature gradient then one can bhe
sure the boil-off rate of liquid helium will be considerably reduced.
However, from the point ot view of light transmission it is not simple
to make a mechanical thermal clamp. We already know that anything 1in
contact with the walls of the light-pipe will reduce light transmission
of the pipe. Taking into iccount all these considerations we concluded
that a thermal clamp of the form depicted in fig 4.4 will be suitable.
This thermal clamp is a cooled helium gas clamp in a region of 2.5%cm
along the quartz-pipe. The distance between the quartz pipe and the

supporting stainless steel tube is 0,5mm. The next «question to be
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Fig 4.4 View of the thermal clamp used in the liquid polarimecter
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angswered is how far from the liquid helium this clamp should be located
(or how far from the top of the quartz pipe). Calculations done using
the above formulation are summarized in table 4.1 (these calculations
take into account only the quartz pipe whese 1length 1is 76em). Two
different wvalues of the boil-off rate are presented in the table, one
for the liquid helium vreservoir full and another for the helium
reservoir empty. This 1is so because of the particular design of the
polarimeter, part of the quartz pipe is immersed in liquid helium when
the helium resexrvoir is full. It is clear from the table that a clamp

located 10cm from the top of the quartz-pipe is preferable,
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TABLE 4.1 Heat leak for different clamps

T CLAMP AT 20cm FROM THE TOP
Liquid Helium Heat leak L* Boil~off
Reservoir (mw) (em) Rate(cc/h)
R e ———— — ]
Full 94 44 123
Empty 74 56 98

Cu.AMP AT L0cm FROM THE TOP

S Full 77 54 101
Empty 63 66 83
I

% L- Length of the pipe from the clamp to the top of the liquid helium

Table 4.2 shows the results of calculation of heat conduction through
the tubes to the liquid helium for the old polarimeter. Table 4.3 are
the same calculations for the new polarimeter. In these calculations

three cases have been considered.

l. No clamp at all
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Clar~ located 20cm below top of pipe
Clamp located 10cm below top of pipe
TABLE 4.2 Heat Leak to liquid helium(mw)
Duartz Helium 2 Filling| Centre Total
pipe gas tubes tube with without Kk
quartz pipe

1230 153 119 356 1705 628 NC

A80 101 82 246 1008 429 Cl, RF

2249 34 28 83 340 145 Cl, RE

258 38 31 93 382 162 C2, RF

148 22 18 53 219 93 C2, RE

>
o

NG

O

C2

RF

RE

i

No Clamp
Clamp

Clamp 2,

1, located 20cm from

located 10cm from

Reservoir of liquid helium

Reservoir of liquid helium

top of the quartz pipe

top of the quartz pipe

full

empty
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TABLE 4.3 Heat leak to liquid helium(mw)

Ouartz Helium 2 Tilling| Centre Total

[ipe gas tubes tube |with without | **¥

quartz pipe

H15 77 60 188 853 314 NC

94 14 11 34 139 59 Cl, RT
74 11 9 27 110 47 Cl, RE
77 11 9 28 113 48 C2, RF
63 9 8 22 93 39 C2, RE

4.4 HEAT TRANSFER BY RADIATTON

A perfect black body may be defined as one which absorbs all radiation
",

falling wupon 1it. For such a body the absorptivity "a" and emissivity

v are unity, and so its reflectivity is zero.

For a black body at a temperature T the total radiant energy emitted

per second per unit area is given by

oT

=1
It}
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and emissivities and at respective temperat ires T1 and TZ’
1 2

the heat transfer by radiation per unit time is.

Q = OA(T?—Tg) —————
This expression has been used to calculate the thermal radiation.
Because of the design of this polarimeter, the boil-off
of liquid helium 1in the system will depend on whether the helium
reservoir is full or empty. The minimum boil-off is obtained when the
helinm  reservoir 1is empty and the helium is contained only in the
scintillation volume. The total heat leak is the sum of the heat leaks
due to thermal conduction and the heat leak due to radiation (32.7 mw).
The hoil=-off rate calculated taking in account these two components is
193cc¢ per hour(when the liquid helium reservoir is full) and 165cc per

hour when the reservoir is empty this boil-off rate will allow the

polarimeter to run around 6 hours whithout being refilled.

4.5 THE SCINTILLATION VOLUME

The scintillation volume in which the liquid helium is
contained is traditionally either spherical or cylindrical in shape. A
conscquence of this is that the scintillation intensity as seen by the
phototube for a constant energy deposition in the helium is dependent
on the point at which the scintillation originates. This can be
appreciated by considering that the visible light is produced by a film

of wavelength shifter deposited on the walls of the scintillation
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volume and on the end of the light guide. The amount of visihle light
which is transported to the phototube then depends on the solid angle
subtended by the end of the light guide at the point on the film of
wavelength shifter producing the light. As this solid angle varies
with position on the wall of the scintillation volume, the light
transmission to the phototube can be expected to be position dependent.
Scintillation vo lumes are wusually coated with a diffuse white
reflector, on top of which the wavelength shifter is deposited, to both
decrease  this position-dependence and increase light yield at the
phototube. We have tested a so-called '"isoangular'" scintillation
volume (Vi82) designed by Ramsay(Ra80), in which the solid angle
subtended by the end of the light pipe at all points on the inner
surface of the volume 1is a constant in order to decrease the
position-depenlence further. The prescription of Gardner and
Carncsale(Ga69) was wused by Ramsay(RaB80) to calculate the solid angle
subtended by the end of the light guide.

The isoangular volume was tested with a 210?0
alpha-source (E =5.3 MeV) immersed in liquid argon. The technique used
in the preparation of liquid argon is the one given by Ramsay(Ral0).
Argon is condensed by passing it through 2m of 1.27 cm OD copper tubing
arranged in a coil and immersed in liquid nitrogen. A flow rate of two
STP gascous litres per second (estimated from the rate of pressure drop
in the argon cylinder) is found to be adequate to prevent freeze-up (at
one atmosphere the boiling point of argon is 87.4K and the freezing

point 83.8 K, so that in liquid nitrogen at 77K the condensing coil can
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easily freeze wup) but not so high as to result in feed-through of
uncondensed gas. The 1liquid argon flows directly into the
scintillating volume of the polarimeter.

The wavelength shifter used was diphenylstilbene(DPS),
100 Ug/cm2 on the surface of the scintillation volume and 35 ng/Cm2
on the end of the light-pipe (this amount of DPS 1is estimated to be
around the optimum quartity to be evaporated in the scintillation
volume as well at the end of the light-pipe), evaporated onto ¢ja layer
of Ti02 diffuse reflecting paint. The alpha source was attached to a
wire which could be moved in a vertical plane across the scintillation
volume as 1indicated in fig 4.5. A pulse heignt spectrum of the
scintillation produced by the alpha source inside the isoangular volume
is depicted in fig 4.6, The peak centroid of the scintillation
intensity is plotted as a function of alpha source position in fig 4.7
for both a spherical and an isoangular scintillation volume., It is

seen that the pulse-height response of

the 1isoangular volume is
practically 1independent of the alpha source positions From these
results one can see that the isoangular volume is distinctly superior

to a spherical one, improving the pulse height resolution of the

polarimeter.,
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CONCLUSTONS

A high pressure helium gas polarimeter with remote controlled filling
and venting sytems has been built, tested and wused during the
experiment and is now readily available to be used on a routine basis.
The biggest advantage of the gas pol..rimeter over the liquid helium
polarimeter is the fact that it can be filled with gas and stored for a
long period of time.

A liquid helium polarimeter has been redesigned and at
the time of writing these <conclusions 1is already built and being
tested.

It is important to have the liquid helium as a second
alternative in order to complete the study of the (p,n) reaction in the
range of 20 to 50 MeV. At higher energies around 50 MeV there 1is a
decrease 1in n~He scattering cross section and an increase of He-recoil
range, and that calls for a maximum target density, and the density of
liquid-helium is roughly 5.5 times that of gaseous helium at 150 atm.
In the case of the elastic scattering at 50 MeV the range of a maximum
energy He-recoil would be 0.55 cm in liquid helium but 3.0 cm in the
high~pressure gas cell. Edge effects arising from the finite target
cell size could be excessive with a high-pressure gas cell.

A very reliable Superconducting solenoid (max field 7
tesla) has been tested and used during the experiment.

The asymmetry in the reaction AHe(n,n)AHe has been

measured at 1200 for three different energies. The value of the
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asymmetry has been corrected for finite geometry and multiple

scattering in the target. This is the first set of asymmetry

measurements and more experiments are necessary in the range from 20 to

S5MMeV. However, the aim of the project has been fulfilled, and the

initial objective attained. The polarization of neutrons produced 1in
13 13 4

the C(p,n) "N reaction has been measured by scattering from He

(
at 120).
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