fnate b A deiRe e

bl Sl olaall

32072\

Yy {
. National Library  Bibliothdque nationale CANADIAN THESES . THRSES CANADIENNES
of Canada du Canada ON MICROFICHE SUR MICROFICHE

LOAN S0UR U
A TTUDY L OF v (DA :\ et

SONTTEVING N A Duw, 2 ~\\P

v TeEC M e NI ‘

UNIVERSITY UN/VERSITE U o ALToe @ TR 3 LD ANTE N \

DEGREE FOR WHICH THESIS WAS PRESENTED . ’WA ’D ’ \\
GRADE POUR LEQUEL CETTE THESE FUT PRESENTEE ‘

NAMf OF AUTHOR NOM Dt i "AUTEUR

TITLE OF THESIS TITRE DE LA THE S

- 917 S -
YEAR THIS DEGRPE CONFERRED ANNEE D'OBZENT/ON DE CE GRADE Il + f —_—
SOHN KM CAHE QON AND & O NE LS OR

NAME OF SUPERVISOR. 'NOM DU DIREC TEUR DE THESE

Permission is hereby granted to the NATIONAL LIBRARY OF L'autorisation est, par la présente, accordée A /a BIBLIOTHE -

CANADA to microfilm this thesis and to lend or sell copies QUE NATIONALE DU CANADA de microfilmer cette thése eti

‘of the film. de préter ou de vendre des exemplaires du film.

The author reserves other publication rights, and neither the L'auteur se réserve les autres droits de publication: ni la
r)

thesis nor extensive extracts from it may be printed or other- thése ni de longs extraits de celle-ci ne doivent étre imprimés

wise reproduced without the author’s written permission. ou autrement reproduits sans /'autorisation écrite de Iauteur.

DATED DA TE NOV o RTG SIGNED/S/GNE qL tee W{/jéé(/ﬁé

/
,/I‘ / ALY
PERMANENT ADDRESS/RESIDENCE F/xf DevT Qf‘f //PHYSK".% ; UNIJERXI\T Yy OF
CALFORAMA | VDo ANGELES, CALIRDRALIA

-

U A Yoo 2y

NL=91 (3-74)



k .* National Library of Canada

Cataloguing Branch
Canadian Theses Division

. Ottawa, Canada
K1A ON4

NOTICE

The quality of this microfiche 1s heavily dependent upon
the quality of the original thesis submitted for microfiim-
ing. Every etfort has been made to ensure the highest
quahty of reproduction possible

R o

It pages are missing. contact the university which
granted the degree

Some pages may have indistinct print especially if
riginal pages were typed with a poor typewriter
ribbon\or if the university sent us a poor photocopy

Previo sly copyrighted materials (journal articles.
published tdsts, etc ) are not filmed

Repro{uctlon tn full orin part of this film 1s governed
by the Canadian Copyright Act. RS C 1970 ¢ C-30
Please read the authorization forms which accompany
this thesis.

~ THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

NL-339 (3/77)

Bibliotheque nationale du Canada

Direction du catalogage
Division des theses canadiennes

AVIS

La qualite de cette microfiche dépend grandement de la
qualite de ta thése soumise au mictofilmage Nous avons
tout fait pour assurer une qualité superieure de repro-
duction

Sl manque des pages, veuillez communiquer avec

Funiversite qui a confere le grade
. "

La qualité d impressiom® de certaines pages peut
liisser a desirer, surtout si les pages ortginales ont éte
dactylographiees al'arde d un ruban usé ou sil'universite
nous a fait parvenir une photocopie de mauvaise qualité.

Les documents qui font déja l'objet d'un droit d'au-
teur (articles de revue. examens publiés. etc.) nesont pas
microfilmes

Lareproduction. méme partielle. de ce microfilm est

«soumise a la Lol canadienne sur le droit d'auteur, SRC

1970. ¢c. C-30 Veuillez prendre connaissance des for-
mules d autorisation qui accompagnent cette these

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS RECUE



THE UNIVERSITY OF ALBERTA ~

A STUDY OF n-n QUAST-FQEE SCATTERING

IN A D(n,2n)p EXPERIMENT

BY

| @ JAN SOUKUP ¢
oo

A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH’
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE

OF DOCTOR OF PHILOSOPHY

d

DEPARTMENT OF PHYSICS
EDMONTON, ALBERTA

SPRING, 1977



~2

THE UNIVERSATY OF ALBERTA

FACULTY OF GRADUATE STUDIES AND RE%EARCH

The undersigned certi™ that they have read, and

recommend to the Faculty of Graduate Studies and Research,
: #

for &cceptance, a thesis entitled A STUDY OF n-n QUASI-FREE

» SCATTERING IN A D(n,2n)p EXPERIMBAT submitted by

JAN SOUKUP

in partial fulfillment of the requirements

for the degree of Doctor of Philosophy

Date

(@
 ndiarD Bucden.

External Examiner

CNOV. >t 1976



ABSTRACT

An investigation of neutron neutron scattering'
has been made in the framework of a kinematically complete
D(n,2n)p experiment at 21.5 MeV incident enérgy where the
three body breakup Yeaction was observed under»n-n Quasi
Free Scattering geometry. |

To improve the low counting rate pr‘b]em involved
in the neutron induced reaction a cryogenic facility,

7 23 MeV neutrons/sr sec, was

capable of produc}ng 4 x 10
designed and comissioned in this project. A more effective
use of the neutron flux produced was achieved by exposing
to it an array of deutefium.thrgets in the form of NE230
deuterated scinti]]ators.‘ A set of three such scintillators
. provided simultaneously, data at three different scattering
geometries. Datﬁ at a total of nine different quasi-free
scattering angle pairs have been obtained in three
experimehta] runs. _‘

The proton pulse in each target scintillator was
used as a reference timing signal in the double time-of- -
flight spectrometer adding to a total of eight parameters-—-

processed in coincidence by the electronics for each event.

Events from the different NE230 scintillators were sorted

by means of four-way routing and recorded~e{§i:—by—event

on a magnetic tape.

v



~ The experimental results are reproduced reasonably
bwe]l by a separable pbtentia] approximation of the exact
three-body theory in contrast with up to 80% disgrepancies

reported earlier in the p-p quasiéfree scattering experi-

ments at this energy.
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A. THEORY

A.1 THEORY OF NUCLEAR FORCES
A.1.1 Meson Exchange Theory of the Nucleon Nucleon Force
The modern theory of nuclear forces explains the
nucleon-nucleon nuclear or "strong" interaction in terms of .
~xchange of mesons. A simplified illustration of this
pothesis can be given on the basis of Heisenberg's rela-
tions of uncertainty in the Quantum Mechanical micro-
dimensions (He-27). Accordingly, the total energy E of an
isolated nucleon is allowed to fluctuate with an uncertainty

AE related to its time duration 1 by
pE - 1 = h (A-1)
+ ... Planck's constant/2m

AE can be expressed in terms of a rest energy mc
of a particle, meson, which the nucleon can constantly emit |
and reabsorb within time intervals t. The meson is

"allowed" to travel a distance |

\

i T S
R =1 VoEaToe (A-2)

during such interval if v is its speed. Thus the nucleon
could be viewed as a "gallaxy" of mesons, the heavy hadrons

concentrated in its centre core and the lightest mesons



thin‘g' off at the longer ranges ‘R from the center. If two
nucleons move to within the meson emission range of each
other a meson emitted by one nucleon can be absorbed in the
other. The corresponding chénge in the state of each indivi
duai nucleon due to the meson exchaﬁge must then be describe
as their interaction in a two-nucleon system to conserve
energy. f

If v = ¢ in equation (A-2), for orien%ation, one

obtains: @

h
R = m_c— = X (A-3)

The range of nuclear interactfon is thus equal to the Compto
wave-]quth *c of the exchange particle. For R fFry= 1.4F
(the observed range of nuclear forces) the corrésponding“reS‘
‘ . , which is

‘mass of the exchanged meson is m = 270 melectron

the known I meson.

A number of mesons of 8ifferent masses which can
be exchanged. in the nucleon-nucleon interaction are known
today (7, n, p, w, ¢). (see Taple 1)

Depending on the proximity of the two intéracting
nucleons one pion, two pions, n, p, w, ¢ mesons and their
combinations can be exchanged in the i nteraction making its
mathematical expreésion (Pa-70, Lo-68) correspondingly

complex if not impossible.



TABLE 1 7, n, p, w, ¢ MESON PROPERTIES

NAME IG(JP)Cn , Mass (MeV)
m 17(07 )+ 139.%57
mo 134.96
+, -
n , 0T (07 )+ 548.8 + 0.
o 1ta)- 773+ 3
w 07(17)- o 782+ 0.
» 07(17)- 1 ©1019.7 + 0.

J - partic’e spin
£ - orbital angular momentum
I - particle isospin

G - parity G = C (-1)

n
P - particle parity P = —(-1)“
Cn - charge conjugation parity . gew-alue

see (Re-76) for more informatioc



q

The simplest of the exchange forces, the One Pion
Exchange Potential (OPEP), ig based on the derivation of
Yukawa (Yu-35) who first hypothesized the meson exchange

theory of nuclear forces. VYukawa's potential
-Kr .

U(r) = -¢° & (A-4)

(where g is the strong pion-nucleon coupling constant and

WC = % the Compton wavelength of pion), assuming the exchange
of one neutral pion, is applicable only for so called long
range interactibn, i.e., an interaction in which the two
nucleons do not come closer than = 1.5F. At closer rapges
combinations of simultaneous meson exchange modes alter the
interaction drastically. The pseudoscalar or vector
character of mesons in spin-isospin space included in the
more recent theories is able to account for some observed
featurds of nuclear forces, which Yukawa's cehtfa] potential
fails to explain, (e.g., the spin-dependence of nuclear
forces their non-central character, the repulsive core of
the potential, et;.). One of the most sensitive probes into

the details of the meson exchange theory is to test the

charge indépendence and charge symmetry of nuclear forces.

A.1.2 Prihcip]e of Chérge Independence and Charge Symmetry
I't is known that the hadronic part of the nucleon-
nucleon force is not on]y‘charge symmetric but also charge

indépendent (He-69). It is also known that these postulated



o)

symmetries are proper to the strong or hadronic interaction
alone. They are both broken by the electromagnetic and weak
interactions. The strength of electromagnetic interactions
is characterized by the fine strugture constant a = 1/137.
As, on the gfounds of the meson exchange theory, the hadronic
part in the nucleon-nucleon interaction is always accompanied
by long range or short range electromagnetic interactions,

it is expected that, in general, the charge independence and
charge symmetry of the nucleon-nucleon forces will be broken
by a few percent. .

Charge independence applied to the nucleon implies
that once Coulomb and other small electromagnetic effects
are removed, the n-n, n-p and p-p forces are equal in the
same states.

Charge symmetry is weaker implying equality on]yr
of n-n and p-p forcés. /

The breaking of charge independence is primarily
due to the electromagnetic mass differences of the exchanged
mesons (e.g}, n+,’“o’ see TABLE 1). These effects do not
'gfve rise to charge symmetry breaking.

Although there is a clear evidence for the
violation of charge independence (He-69), this is not so
for charge symmetry. On fheor%tical grounds, charge- ‘
symmétry vio]ating'effécts 6:st occur for nuclear forces,

unless there are accidental cancellations. Such symmetry-

breaking effects follow from the theoretically predicted



(e

mixing of isoscalar and isovector mesons (Go-70).

There is indirect evidence for charge symmetry
breaking (0Ok-67, Ne-71) in low-energy nuclear physics. This
comes primarily from the measured binding-energy di fferences

of the mirror nuclei 3He-3H and 4]Sc-‘”

Ca. The theoretical
analyses require an extra attraction of the low energy n-n
system relative to the p-p system of roughly 1/2%.

Attempts to test the validity of charge symmetry

through direct study of the low energy nucleon-nucieon

system are described in the next chapter. .

A.1.3 The Low Energy NN System

The comparison of NN bound states and scattering
cross sections, provides a direct test of charge symmetry
and charge independence. Unfortunately, only the np system
has a bound state, the deuteron, which occurs for an 1=0
spin triplet. At low energies (lab. kinetic g%ergy <10
MeV) only s-state (2=0) NN sca;tering is impdrtant and
contributions from higher partial waves can be neglected.
The corresponding spin-isospin states allowed by the Pauli
principle are the spin singlet 'So—isospin triplet (T=1)
in the nn, np and pp scattering plus the spin triplet 351—
isospin singlet (T7=0) scattering in nr 'stem. The latter
contribution can be easily removed from the np scattering
amplitude with the help of slow-neutron coherent scattering ..

in Hydrogen (Wi-63). Thus at low energies the cross

Al
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sections for the three T=1 members of NN scattering can be
compared in the same space-spin states 150. One advantage
of the low energy scattering is, that the scattering

cross section can be expressed in terms of only 2=0 phase

shift 60 as

d .2
E% = iy sin® 6 (k) (A-5)
k ... C.M. momentum

Further advantage is, that this phase shift can be expressed

at low energies by the expansion

2 3.4
rok (-Prok + ...) (A-6)

~of—

1
KO .k cot 60 * 3 +

The comparison of cross sections is thus reduced at Tow
energies to a comparison of just two-parameters, the
scattering length (a) and the effective range (ro).

It is known experimentally that the nn, pn and pp for&e in
the spin singlet ]SO is attractive and the states are
almost bound making the §catterihg length large and negative.
Under such conditions a slight change AV in the depth-of
nucleon-nucleon potential V reflects strongly magnified

in the corresponding change Aa of the scattering length as

the two variables are re{gffd by

’9&

ha Ay
a V (A-7)

X

-

0
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’

Since the scattering length a is about an order of
magnitude larger than the effective range r_ of the NN &
potential in case of 150 state a large magnification of the
charge dependenybeffects is provided by the comparison of
nn, pp and np scattering lengths.

Unfortuhate]y, two major hards' ips beset the ¢
direct experimental comparison of the three NN scattering
states and‘these are responsible for existing uncertainty
about the charge-symmetry of NN forces to date. These are:
(i) the none;istence of a free-neutron target for direct

n-n scattering, and v
(ii) the presence of the Coulomb force in p-p scattering.
There is no long range electromagnetic force .
present in the n-p interaction. Careful analysis of the
3946;rimenia1 dgta below 5 MeV, inciuding epithermal neutron
kX\cattering, binding energy of the deuteron and coherent

scattering of cold neutrons (No-68) yield

] - 23.7146 + 0.0127 F
P } (A-8)

. 2.76 + 0.0127 F

oY)
1]

-~
1l

np

The p-p scattering experiment, being the easiest
to perform, has been carried out to a great accuracy. The

result (He-67)

=Y
1t

- 7.804 + 0.006 F
pp | s

-
"

2.798 + 0.008 F
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was used és a basis for the phForehiqa] prediction 6f the
charge-dependent nn scattering length an;vwhich incorporated
the effects of p-u and n-n mixing in the meson exchange.
model (He-72). First, however, the presence of the Tong
range ‘electromagnetic interaction in result (A-9) has to be
"turned off", which can only be done theoret* Al1ly. The
result of the theoretical subtraction of Coulomb and vacuum
L

polarization, which.is not model-independent, in the pp

scattering length'by Henley et al. (He-72) is:

u u:"]- -
a bp 7.10 (A-10)

The effective range is insensitive to Henley's correction.
Tpe uncertainty in result (A-10) was quoted by Henley as
+ 0.20 F. However, in his recent study, Sauer (Sa-76)
discloses that, the model dependence of the subtraction of
the electromagnetic effects is, in fact, extremely serious.
He concludes that the value of -17 F for the nuclear pr
scattering length is still most probable, but its model
dependence arising from different parametrization of the
wave function at small relative distances is disappointingly
large.

On the basis of result (A-10) Henley (He-72) made
a theoretical prediction of two possible values for the
charge dependent (i.e., such as should be found in experi-

ment) neutron-neutron scattering length, depending on the

sign of the ratio gw/gp of w and p meson strong coupling

Y
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constants, which could not be predicted by SU(3) symmetry,

L

-17.9F if q/g -0

a e - (A-11)

He then uses the evidence of an extra attraction needed in

the n-n system over p-p system, to explain the 3He—3H and

41 —4]Ca binding energy differences, as an argument for his

Sc
final choice of the - 17.9 F value over - 15.0 F for the
predicted a This value has to be verified experimentally

to prove the validity of the meson exchange model used for

the prediction. Henley's value of the nn effective range

SN
~

from-the summary of present knowledge (He-69) is

\
\

r = 3.2+ 1.6F . (A-17
nn - }

_Due to nonexistence of a free-neutron target the
nn scattering parameters can only be obtained indirectly in
mahy body (mainly few-particle breakup) reactions where the
nn subsystem appears in the final state. The results of
sJch anAJ;ses are depend2nt on, more or less Justified,
approximations accounting for the effect of the many body
framework onto the semi-isolated n-n system. The simplest
of the many-body reactions providing the same framework for
the comparison of nn, np and pp interactions in its final
states is the ‘three body nucleon induced breakup of the

deuteron.
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A.2 THREE-NUCLLON BREAK-UP OF THE DEUTERON

In recent years, interest in experimental and
theoretical investigations of three-nucleon systems, expecially
the break-up reactions 2H(p,2p)n and 2H(n,2n)p. has been
continuously increasing. The aim of all the studies on this
subject has been three-fold (S1-70):

(i) A systematic analysis of the most important reaction
mechanisms; that is, final-state interactions in two-
nucleon subsystems (f.s.i.) and quasi-free nucleon-
nucleon scattering (q.f.s.).

(ii)\ﬂ quantitative description of the data by approxiﬁate *
scutions of the exact three-body theory.

(iii)ihe determination of nucleon-nucleon scattering
parameters.

The aedvantage of the nucleon and deuteron three-

body reaction is its ability to provide the comparison of

the th--~ charge states of the nucleon-nucleon ]SO scattering

un r . conditions in the form of n+d » n+n+p or

D+e " brea' -up. The presence of the three particle

framework in the study of the nucleon-nucleon subsystem 1is

not such a disadvantage since the exact three-body theory

(Fa-61) and its solutions (Lo-64, Eb-72) have been developed.

On the contrary, the study of the three-body system can reveal

new information regarding details of the two-particle

interactions, which cannot be readily observed in the study
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of the two-body system. In particular the short range
behaviour of the nuclear force, the off-shell effects and,
in addition, the possible existence of the three-body

force (Br-74) can be studied in the three-body system.

A.?2.1 Kinematics of Three-Particle Reactions and the

Differential Cross Section

We consider reactions of the following form:
0+t »1+2+3

lhe nine scalar momentum components.of the final state
completely specify the kinematics of the system. Four
components can be eliminated by applying conservation
of energy and momentum. Thus the measurement of five
independent scalar variables suffic‘ms.

In coincidence experiments, two of the particles
(by our convention, particles 1 and 2) are detected at fixed
angles. Thus six scalar variables are measured: the beam
energy, two final- ste particle energies, two angles
with respect to the beam axis, and the azimuthal angle between
the two detected particles. This constitutes a kinematic
over specification of the system, which is useful in reducing
background. Conservation of energy and momentum restricts
the ene;gies of the two detected particles to values given

by the following equation:
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Q = (1 + m]/m3)E] + (1 + mz/m3)E2 -

(1 - m /my)E_ - 2cos 8][(m]mo/m§)EoE]]]/]

1/2

2
2cos 02[(m2m0/m3)E0E2]

-+

2cos 6][(m]m2/m§)E]E2]1/2 (A-13)

where cos 0., = cos 0, cos 0, + sin 6, sin 6, cos (w]-wz)

The ei, Vi, m. and Ei are the polar angles, azimuthal angles,

i
mas;es, and energies of particle i; Q is the Q-value of the
reaction. iﬁjs is the equation of a fourth-degree curve

in the E]—E2 experimental space (indicated as dotted and &
solid curves in the two-dimensional plots of Chapter C).
Pértic]e 3 is free to assume various momenta consistent with
each E], E2 solution of Eq. (A-13). Each‘point on the

E2 = f(E]) curve corresﬁonds to a definite relative energy
between each pair of particles. The occurrence of a reso-
nance at a particular relative energy results in an enhance-
ment over the normal phase space or a peak in the three-body
cross section at the appropriate boint on the E2 - f(E])

curve. An experiment at fixed angles and fixed incident
energy may contain several peaks corresponding to resonances
at various internal relative energies (Figs.,C.5.4, C.5.5).

Tie intensity distriﬁution I(s,Q],uz) along the

curve contains the full physical information. The experimen-



14

tal data are optimally analysed in terms of the arc length

s(E],EZ) along this curve. The differential cross section is

expressed by

5
do 2n IT

2
= l
dsdQ]HQ2

, -~ (A-14)

= . o
h v0 fi S

with the projectile velocity Voo the transition amplitude

Tfi and the phase space factor

mzmzv v :
1M2%1 Y2 (A-15)

AL

{

(including the particle masses m m, and velocities—v], v2,

v3).

A.2.2 Transition Amplitude Tfi - The Exact Three Body
Formalism
Exact equations for the three-body transition
) .
amplitude were first given by Faddeev (Fa-61). He expressed

the three-body transition operator formally as a multiple

scattering series

t. + 5 t.Gt. 4+ ¥  t.G t.G

t. + ... (A-17)
j=1 1 i#i J o7 KFj#] k073 o1 )

where GO is the free-particle propagator. Diéﬁrammatica]]y:
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e T

3 terms 6 terms 12 terms

Here t is a two-particle transition operator and the two-
particle transition amplitude from a«state’of two particles
with a relative momentum p to a state with re]ative“momentum
.p' would be <p'|t(e)|p>. Here € is the two-particle relative
energy. If the two-partiq]e bound state or a resonance exist
the transition amplitude éan be divided into a separable

part (ts), which contains the pole at the bound state

energy € = - K2 or a sharp peak a = ='0, and the rest

without any pole behaviour as:

| ' rest
<p't(e)|p> = <p'|t> + ¢"€S | p>

= g(p')r(e)g(p) + rest(p',p,e) | (A<18)

Here g(p) are form factors and t(e) is a function carrying
the pole behaviour in the relative energy of the two partic]es

€. This can be diagrammatically éymbolized as:

. - O + :::I::;' ~ (A-18a)
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For a separable potential of Yamaguchi (Ya-54)
type v(p',p) = Axg(p')g(p), the remainder of Eq. (A-18) is
identically zero. The Yamaguchi‘fofm factors are connected

to the scattering length a and the effective range o by

a(p) = N/(p? + 8%) !
AN = B(B + k)/

. (A-19)
(Kv+ 8)2 (r B -1) - 282 = 0

Solutions of the Faddeev equations (A-17) with local
nucleon-nucleon potentials are not available for the b}eak—
up reaction, whereas a separable potential expansion (Lo-64),
especially in the feformulation of the Faddeev equations by
‘Sandhas et al., (Sa-67) has led to numerical calculations of
the absolute differential cfoss’section; (Ca-7l, 72; Eb-72).

The soJuab]e coupled integra]iéduations for thé
'breakup transitibh amplitude in the Sandhas' rearrangement,

for separable potentials only, can be expressed by the

following diagram:

TS e+ R e

(¢ i)
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where —(r— and pr— are defined by (A-18a)
and symbolizes the breakup transition
ampTitude.

‘ The solution of integral "equation" (A-20) by
Ebenhdh (Eb-72), the theoretical predictions of which were
used in this work, has been obtained with the following
important restr%ctions to the three-particle interaction:
(%) Only two-particle S-wave interactions in triplet
and singlet states of the th-ngc]eon subsystems
are taken into ac@bunt.

(ii) The Coulomb repulsion of the p-p subsystem is
not included (it, howéfér, does not appear in the
d(n,2n)p reactionj.

(iii) Separable ﬁotentia]s of Yamagﬁchi type fitted to
1owjenergy effective range parameters are.used to

solve the coupled integral equations numerically.

A.2.3 ‘Previon Studies of Deuteron Break Up Reactions

So far, experimenta]\studiés of three-nucleon
‘breakup‘reactions have shown enhanced differential cross
Segtions for tertain kinematical situations on]y, namely
for a small relative energy ENN of any two nucleons (Final
Stafe Interaction)‘and for a minimum momentum transfer to
one nucleon bound in the deuteron (Quasi-Free Scattering).

Most of the experimental studies of deuterbn breakup reac-
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tions performed up to date concentrated on these semi two-
body effects under kinematical conditions, where they would

dominate the breakup and give enhanced cross sections.

A.2.3.1 Final state interactions

Under kinematical conditions where two outgoing
nucleons from the breakup have small relative energy while
their energy with respect to the third particle is large, or
if the third particle cannot effect the interaction of the
first two particles in‘the final state, the breakup transition
amplitude is fully dominated by the two-particle interaction.
In the approximation of the watson-Migda] model (Wa-52, Mi-55)
the probability of all but one twojpartic]e final state is
neglected and the transition amplitude is expressed by the

sequence (e.g., inn +d > n + n + p)

(A-21)

‘where the production amplitude To is assumed constant for
fixed angles of detection and Ton-has a pole behaviour at the

pnn?O relative momentum. This reflects ih factorization of

the cross section as
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(A-22)

mhere W T ropt) + 92

is an enhancement factor. As a f.s.i. dominates the breakup
process very strongly under appropriate kinematic conditions
there 15 relatively little deviation befween the values of
the scattering length a, as deduced from experiments by
""exact" calculations and those obtained wVfE the W.M.
approximation (Bo-69). While the experiments reproduce the

ppM b
there existed large discrepancies in the earlier, so called

established value of anp and the Coulomb corrected a,

kinematically, incomplete experiments in the value obtained
for a . (Sh-73 references in there). These experjments did
not collect enough kinematical variables for a complete
definition of the bfeakup. Instead, they detected one
particle, analysing a forward direction peak in its angular
distribution. This corresponded to the case where all
available kinetic energy is transferred to this particle,
leaving the remaining two with zero absolute éﬁd thus also
zero relatfve energy. Approximate solution methods, like
Born Approximation and W.M. model, used in the analysis of
these experiments before the advent of the "exact" calcula-
tions, provéd inadequate to cope with the interference of many
effects involved in such réactions. The ahn values obtained
vary from -13 F to -25 F.
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The results of more recent, kinematically complete,
experiments (Eg., Ze-70, 72) cluster in the range between
dn < - 14.5 F to - 18.0 F. The summary of thesgpexperiments
by Vranic et al. (Vr—74)‘assigns the nn effective range

parameter values to d . p - 16.4 + 0.9 F, rnh = 3.4 + 0.6 F.
The kinematically complete experiment which is best
satisfying the assumptions of‘the W.-M. approximation is the
reaction m +d -+ vy + 2n. This has been studied by
Haddock et al. (Ha-65). The result, corrected by Nygren
(Ny-68), was a.n = - 18.42 + 1.53 F. The analyses o

f.s.i. experiments appear to be rather insensitive to the
effective range L and its value is usually taken as equal

to rpp (2.8 F) in calculations.

A.2.3.é Quasi free scattering in the deuteron break up

At high incident nucleon kinetic enefgies (f 100
MeV), where the Compton wavelength of the bombaﬁding nucleon
is small enough to resolve the two nucleons bound in the T
deuteron, quasi-free scattering can simply be explained as
almost-free scattering of two of the three nucleons involved
in the deuteron break up, under kinematic conditions where
the "spectator” particle is left without any share of the
availab]g kinetic energy. ThiS'exp]anation; however, is not
S0 aph]icab]e at low enérgies (v 10-30 MeV) where the deuteron

binding energy of 2.225 MeV is not negligible. The effect

spreads into a éoherent contribution of a number of coupled
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multiple scattering terms in the three-body transition matrix
which involve interactions of all the three nucleons. In

any case, a broad enhancement peak is observed in the 1ow
energy deuteron breakup at the geometry, whicﬁ corrésponds

to the quasi-free scatter{ng, and the process refains
predominance of ,the on-shell two-body scattering.

[The semi~th~nuc1eon kinematic¢s, perturbed by the
binding of the spectator nucleon in the deuteron, changes
the laboratory angle between the scattered nucleons from
v 90° (which would cdrrespond‘to a free two-nucleon
scattering) to a’slightly sma]lef angle, depending on the
ratio of the C.M. energy to the deuteron binding energy.
Typically, the geometry of the quasi-free scapté}ing'at
N 20 MeV in;ident nucleon energy in the laboratory system
is 6] = 41.5°, 62 = - 41.5° for the two outgoing nucleon
scattering.angles in the laboratory system.

The‘mu]tip1e scattering contributions involved
in the low energy q}f.s. extend the dominance of this effect'
both.onto a large raége of scattering angles around the pure
g.f.s. geometry as well as onFo a large region, along the
kinematical locus E2=f(E1), corresbonding to one particular
q.f.s. geometry.

The study of q.f.s. has mostly been done for the
D(p,2p)n réaction in a broad range of bombarding energies

(4.5 - 60 Mev; Va-71, Du-71, Pe-70). The broad peak due to
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the p-p q.f.s. observed in these experiments is reproduced,
in general, satisfactofi]y by the "exact" theoretical pﬁedic-
tions, unlike the calculations based on the plane-wave
impulse approximation (Ku-61) and the modified simple impulse
approximation (Br-7]} Ma-70, Mc-71) which failed to predict
the amplitude and shape, and the amplitude of the cross
section peak respectively. However, unlike the study of f.s.i.,
many significant discrepancies were observed between the
"exact" theory prediction and the experiment in the p-p q.f.s.
For example, Klein et al., who exapined the D(p,2p)n break up
at 16 kev incident'proton energy and several experimental
geometries where both the f.s.i.vgeaks as well as the q.f.s.
peak appeared on the same locus curve, found a systematic
overprediction up to 307, 5? the q.f.s. peak magnitude by
the Ebenhoh code.

A whole summary of disagreements observed between
the theory and experiments in the D(p,2p)n qg.f.s. is given
in the paper of Anzelton et al. (An-72). It is found, in
their work, that this disagreement (up to 80%) is a function
of incident energy and the C.M. angle. The largest discre-
pancy is found at 23 MeV bombarding energy.

Theoretical studies of Brayshaw (Br-74) and a
thorough analysis of Petersen et al. (Pe-74) find that q.f.s.
shows very little sensitivity to off-shell properties of the

two-nucleon potential. Consequently, speculations were made
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(Br-74, An-72, K1-73, Ma-71) that the existing disagreement
is due to inadequate subtraction of the Coulomb effect in the
P-p interaction and due to the léck of inclusion of higher
partial waves L > 0 (only s wave potentials included) in the
theoretical calculatiouns.

The unanimous conclusion of all these studies is
the call for an accurate D{(n,2n)p q.f.s. experiment where the -
Coulomb effect ambiguities are absent. Suggested are n-n
q.f.s. experiments at energies and geometries he largest
observed p-p q.f.s. disagreements (An-72). Stjzrjg of
assymmetric q.f.s. scattering angles are suggested as
particularly sensitive fo the h;gher partial wave effects
(Ma-7").

Since the q.f.s. was found to be insensitive to off-
shell effects it can be used to determine the on-shell
parameters of the nucleon-nucleon potential, i.e., the
scattering length and the effective range. An interesting
analysis in this direction was made by Vranic et al. (Vr-74)
who found that, while the sensitivity of q.f.s. to the
scattering length is poor, it is very sensitive to the
effective range variations. Since this situation ig reversed
in the f.s.i. éxperiments,,a conclusion could be drawn, that
- value should be deduced from f.s.i. experiments while
the effective range Tan could best be‘obtaiﬁed from gq.f.s.

experiments.

-
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Only two D(n.2n)p kinemstr <11y complete q.f.s.
ze&periments have been made up to « (S1-71, Fo-74). Both

Ry
of these experiments were performed at 14 MeV incident

o]

énergy and 30“, -30° y.f.s. geometry. The latter, (Fo-74)
added a 407, —40“‘scattering geometry. Unfortunately, due

to fhé difficulties involved in the n-n quasi-free scattering
experiments (see Part B), both.studies contain large
uncertaintieé, namely a statist#ca] error of ~ 30%,
disallowing any significant conclusions.

In view of the experience summarized in this
chapter we decided to study neutron meutron quasi-free
scattering in a kinematica]]y éomp]ete D(n,2n)p experiment

t the incident neutron energy close to the "controversial"
23 MeV (the reason fo choosing 21.5 MeV incident energy
fs exﬁ]ained in Chapter B.2.1). To study the effect of the
higher;partia] Qaves,'not included in the "exact" theory,

we pfoposed to obtain an angular distribution of the q.f.s.

cross section with the inclusion of assymmetric angle pairs.



B. EXPERIMENTAL SYS1iM

B.1 INTRODDETION

The experimental setup used in the kinematically
complete study of quasi-free scattering i1s shown in
Fig. B.1.1. 21.5 MeV neutrons were used to bombard an array
of three deuterated liquid scintillators (C606) which served
as deuterium targets. The break-up proton from'the D(n,2n)p
reaction was stopped in the scintillator while the two
outgoing neutrons were detected in two NE213 neutron detec-
tors positioned at various angles with respect to the

P\
incident neutron direction.

Each of thé three C6D6 detectors made a different
pair of scattering angles with'respect to the two shared
neutroﬁ dgtectors. Thus three indepen@ent experimental.
geometr{;s were rﬁn simultaneously in each run (utilizing
more eff%ctive]y%%he bombarding neutron flux). Runs were
taken including assymefric QFS geometries (as shown in

©Fig. B.1.1) and later sets of symmetric geometries (see

Fig. B.1.2). | )
A description B? the individual components of the
experimental setup as well as a more detailed description
- of the experimental geometry will be given in the next two

chapters..

25



Figure B.1.1 Schematic diagram of the experimental set-up
in Run #1 with indication of the eight
parameters processed by the electronics in
eight-fold coincidence.
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Figure B.1.2 A photograph of the symmetric quasi-free

scattering geometry set up in Run #2.

Figure B.3.1.2 A photégraph of the three C6D6 detectors

(right center) and the two neutron

detectors (left) mounted in their stands.
(Run #2).
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B.2 THE FAST NEUTRON PRODUCTION FACILITY

A liquid nitrogen cooled tritium gas target
facility, capable of producing 4 x 107/sr. sec fluxes of
23 MeV neﬁtrqns.from fhe 3H(d,n)4He reaction has been
designed and comissioned as part of ﬁhis project. The
design, which will be described here was made to optimize
the berformance, safety, economy and reliability under the |
conditions existing in the Nuclear Physics Laboratory of
the University of Alberta. _

The demand for high energy (23 Mevﬁ polarized
neutrons, raised by proposals for a kinematically comp]ete
study of fast neutron induced break up of the Deuteron,
és well as polarized fast neutron scattering exbériments,
using the University of Alberta 7 MeV Van de Graaff could
" only be met with the 3H(d,n)4He reaction. The high positive
Q-value of this reaction (Q =.+17 MeV) yieids the required
neutron energy (23 MeV with the use of a 6 MeV deuteron
beam). This reactioﬁ,vfurthermore, gives high neutron

polarization (P~ 0.50 at 30° and P = -_O.SO at 90°, see

Wa-70).

3y Target and Cryostat

B.2.1 Description of the
The relatively small thickness of the tritium_

target (abbut 1.5 hg/cmz), dictated by the 10& énergy loss

required for the low energy deuterons (5 to 6 MeV),

L !



Figure B.2.1.1

Cross section of a cryostat designed to
cool a 1.5 mg/cm? tritium gas target to
liquid nitrogen temperature and to provide
safety against tritium gas leakage by
means of a liquid helium cryopump.
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eliminated the possibility of using the tritium target in

3

forms other than as a gas. The physical thickness of “H

solid or liquid corresponding to 1.5 mg/cm2 would be only
about 0.07 mm which would be extremely difficult to maintain.
However, the lower the temperature of the gas the lower its
required pressure and -the smaller the‘%equired length of the
cell. The advantages of such a 51tuat1on are obvhous lower
gas pressure means increased safety against gas cell rupture,
Shorter target brings the target geometry closer to a point
source. The compact size of the target is'particular]y
important in the polarized neutron experiments where fast
neutrons leaving the cell at 30° tolthe deuteron beam
direction are used. The shorter passagé of the slow deu-
terons through the gas also reduces the timing spread in the
pulsed deuteron beam experiments. The 3H target of the

:FNPf consists of a cylindrical gas cell maintained at the
Tiquid nitrogen temperaturé. The Jow temperature reduces the\
dimensions of the cell to 1 5 cm dié. x 1.5 cm length and |
the gas pressure. to Just be]ow 1 ata to produce the required
1.5 mg/cm2 target thickness. To reduce the heat load on the
cell, the deuteron beam is entered and also exited from the
gas cell through 0.00525 mm Mo]ybdenuﬁ windows. The deuter-
ons were stopped on a gold lined beam stop beyond the cell
(see Fig. B.2.1.2) depositing-only ~ 0.7 W of heat in the

target. This arrangement allows a very efficient metal



Figure B.2.1.2 Detail of the tritium gas cell housing.
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connection of the gas cell directly to a liquid nitrogen
bath whi]e_the beam current is collected on an insulated end
cup maintained at room temperature by an air jet on the
outside. The body of the cell, made from 0.25 mm wall
thickness stainless steel tube, consists of two halves
bonded together after the two precisely punched Moly windows
are epoxied into each half-cell from the inside and each half
individually te;ted for leaks. The epoxy used in the con-
struction of the cell is a high conductivity silver loaded
epoxy (EPOTEC E-32). The back ha]% of the cell has a 1.6 mm
0.D. x 0.8 mm I.D. stainless steel capillary welded into the
wall (see Fig. B.2.1.2) providing an uninterrupfed 3H gas
fif]ing tube between the gas cell and the tritium storage
and handling manifold (see ChaptervB.Z.Z.I).

The entire gas cell is enclosed in the vacuum of
a cryostat in which the liquid nitrogen bath, extended as
a heat sink to the gas cell, functions as a radiation shield
around a liquid Helium cryopump (see Fig. B.2.1.1). The
Presence of the cryopump provides a high degree of safety
against tritium gas spreading beyond the volume of tﬁe
Cryostat in case of its leakage from the gas target. The
Cryopump surfaces consist‘of series of conical copper
baffles soldered to the bottom of the liquid Helium reservoir
and are strategically positioned between the gas cell and

the beam entrance to the cryostat. Any tritium, escaping
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from the gas cell, would have to go around these surfaces
before entering the beam line. The combined action of the
baffles, the cryopumping and the large expansion volume of
the cryostat (502) are calculated to shatter, stop and
freeze the shock wave of Tritium resulting from pdssib]e

gas cell window failure. Series of tantalum collimators and
gold Mmasks screen the cryoﬁumping surfaces and all coﬁstric—
tions in the beam passgge, between the entrance of the
cryostat and the target, to avoid unwanted heat loads and
background. The collimators are converging toward the
target in keeping with the 3° horizontal focussing angle of
the Mobley pulse compression system. The epoxiéd/%dges of
the ga2s cell windows are masked with gold collimators, one
being placed inside the cell (see Fig. B.2.1.2).

The cryostat is mounted on an independent structure
which also supported the local, shielding of water, lead and
pa;afin.' Mallory 2000 heavy meta’ '11ihators were placed
around the neutron exit ports. The structure provides
alignment of,the cryostat on the beam 1ine and contains a
self exp]ainingnhontfol panel for the sealed vacuum system,
tritium manifold controls and automatic ]1quid nitrogen
refilling controls. The beamline immediately in front of
the cryostat contains a 400%/sec ion pump and a system of
vacuum baffles providing efficient differential pumping

between the relatively poor vacuum ~ 10—6 Torr in .the beam

-
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line and the high vacuum in the cryostat - 10'8 Torr (see
diagram in Appendix 1). This reduc®s both, the possibility
of spreading the tritium into the beamline, as well as
collection of mercury and hydrocarbons from the beamline

on the cryopumping surfaces. The safety system, monitored
by the interlock panel, and the fast acting valve are
esceribed in Appendix 1.

The cryogenic gas target facility had undergone a
three year period of development and tests with hydéogen
and deuterium gas before the tritium gas was finally
introduced into the system. The tests included simulated
gas cell ruptures and complete gas cell filling cycles. The
functions of the cryopump were found excellent. The liquid
He consumption rate with 1.0 A of beam, i&cident on the
gas cell, is about 0.25%/hr, in good agreement with the
design calculations. The current gas cell has been found
quite rugged. It has been bombarded by 1T WA of 5 MeV
deyteron beam for approximate 2160 hours to date, running
for weeks at a time. The target was subjected to beam
currents of up to 4 wA and pressures up to 2 ata for short
beriods of time. Preliminary runs, to look at the neutron
enery gpéctra as a function of incident deuteron energy,
showed, that up to 5 MeV, most neutrons observed wére due to

d + 3H réactions. However, above Ed - 5 MeV the reactions
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d + "H »p +n+ 7y

d + H +»n + n + He

start to produce copious amounts of low energy neutrons,
in addition to those from d + 3H + 0o+ 4He. This is not
a problem in elastic scattering experiments as detector
biases are usually set well above these low energy neutrons.
In our investigation of n + d » n + n + p quasi-free
scattering, however, it was necessary to have a very low
biés in the C6DG‘”target” scinti]]atorg. Therefore, to
lower the countrate in these detectors, the deuteron beam
energy had to be kept below 5 MeV. With 1 ata of 3H gas in
~the ve]l at 77°K the target thickness is about 1.53 mg/cm2.
This corresponds to‘about 80 keV energy loss for the 5 MeV
deuterons in the gas up to the middle of the cell. With the
inclusion of 300 keV beam energy reduction in the first Moly
f0i1‘of the cell the reaction produced 21.5 MeV neutrons at
zero degrees. A speétrum of 21.5 MeV neutrons obtained at
0° with tHe > MeV deuteron beam is shown in Fig. B.2.1.3.
The yield at zero degrees from the 3H(d,n)AHe
reaction is 4 ]07 neutrons/sr.sec. At a laboratory angle
of 30 degrees the yig]d decreases to about 60% of this value,

and with Ed = 6.5 MeV a polarization of the neutron beam

- P = 0.50 is obtained.

n
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A set of energy slits, built into the cryostat
just in front of the gas cell (Fig. B.2.1.2), with a feed-
back to the accelerator voltage control, proved very efficient

in holding the beam steady on the target.

B.2.2 Tritium Storage and Filling Manifold

A tritium storage and filling manifold was
designed for the purpose of sgfe filling of the target with
tritium gas to phe needed pressure for the experimental run,
and safe\storage of the gas between experiments.

The tritium is normally contained in a storage
furnace, in deoxydized uranium powder, tp which thé tritium
is bound chemically, forming uranium tritide UT3. Tﬁis
compound, stable at room temperature, breaks up completely
at temperatures around 450°C (Ka-51, Ma-71). Thus heating
‘the powder in the furnace do 450°C evolves the available
tritium gas, on cooling therowder, the tritium is re-
absorbed. This simple principle allows a pumpless closed
connection between the,storage furnace and the gas target.

The tritium manifold consists of two such
furnaces (Fig. B.2.2.1). These are the working furnace #1
and the backup furnace #2.(f0r added absorption speed in
case of failure) with jndiviquél seal-off valves #1 and #2
respectively. As the activated uranium cdn react very
violently with oxygen and even nitrogen, and also to enable

purification of the tritium, the two storage furnaces are



Figure B.2.2.1 Cross section of the tritium storage and
handling manifold.
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sepaféted from the rest of tHe manifofd by a palladium

leak which, when heated, lets only hydrogen isotopes diffuse

through.  There is also a provision for the bypass of the
leak by opening valve #3 and the bypass valve #4 (Fig.

B.2.2.1). )

The manifold contains three additional ‘branches

with their valves:
Valve #F - gas target port with a Bourdon combined range
‘ vacuum—pressure gauge.
yVa]ve #6 —'connéct{on to a vacuum pump and a leak detector.
Va]ve #3 - fresh gas %upp]y port ta load the manifold and,

in connection with valve #4, a bypass of the

palladium leak.
i

There are two heater elements; one for the uranium furnace
and a second for the palladium leak. The furnace heater can
be moved from one furnace to the other, as needed. Both
furnaces and the palladium leak have thermocouples to deter-
mine the temperature.

Uranium powder is held in the ends df thevinner
1/4" bores of the stainless steel furnaces by pyrex wool
preventing the particles from travelling beyond the reach of
the furnace heater. - The woo] also efficiently fills the
dead space of the furnace, thu! reducing the amount of
tritium, necessary in the system to fill the gas\cell to the

required pressure. .
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Thé gnfirelinner volume of the manifold was
minimized.to 1imit the necessary amount of tritium. Most
inner passages have 1.6 mm 1nn¢r diameter whi]e the filiing
capillary, connecting the manifold to the gés cell, has
0.8 mm inner bore. THis does not seriously impede the gas
transfer processes as compared to the relatively slow rate
4of absorption and re]eage of the gas. All vessels, which
contain tritium in any stage éf tritium transfer between
the storage furnaces and thé gas cell, including the
connection from the manifold to the gas cell (plastic tube
sheath) are double walled (and ports double closed) with the
intermediate $pace either evacuated or vented and monitored
for tritium leaks. -The entire manifold is enclosed in its
own compact fume hood (its outer stainless steel case).
This is evacuated and tritium leak monitored. The hand
knébs of the.six all stainless steel welded bellows valves
are protrudingloutside the. case (vacuum sealed Fhrough'the
bottom) for ease and simplicity of operation (seé Fig.
B.2.2.2). -

The manifold docks into a holding mechanism at the
bottom of the cryostat (éee'Fig. B.2.2.3) and can be moved
with the cryostat as oﬁe unit off the béam]ine,'without
breaking the filling tube connection, or can be removed

and stored separately for other operations (So0-73).



Figure B.2.2.3

Figure B.2.2.2

Side view of the FNPF cryostat off beam-
Tine with the tritium storage and handling
manifold mounted at the bottom of the
cryostat and connected to the gas cell
inside the cryostat by a continuous stain-
1ess)stee1 capillary (sheathed with plastic
tube). -~

Bottom view of the tritium storage and
handling manifold. '
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The tritium furnaces had been flushed with
hydrogen gas (many times repeated absorption and release
of hydrogen from the uranium powder) before tritium was
loaded into’furnace #1. This process is necessary to clean
the surface of active uranium and improve the gas release
and absorptibn rates. '

The use of the palladium leak had to be terminated
after many cycles due to its gradual contamination and
‘eventual impermeability. This effect is well known and
described in literature (Da-64). Allegedly, it could be
avoided by the use of 23% silver-palladium alloy instead of
pure palladium. The palladium leak bypass (valves #3 and
#4) is presently being used in the tritium transfer

§
processes.

The system has been used for at least 100 fillings
of the target to date and fbund very satisfactory. The
time required to fill the cell to 1 ata is about one hour,

The reabsorption time is only ~ 15 min.



=

49

B.3 DETECTORS AND GEOMETRY

Two kinds of detectors were used in the kinemati-
cally complete study of the D(n,2n)p breakup. @
(1) C6D6 Tiquid scintillators (NE230) were used as deuterium

targéts.
(2) NE213 liquid scintillators wereMRR ‘detect neutrons
following the breakup.  w- ~ .
8.3.1 Study of the c606 Scintif¥a(gKifil5e Shage |
Discrimination Sk

As mentioned earlier, five kinematical variables

fu]ly define a kinematically complete three-body break

evgnt. Thus, knowing the incident neutron energy, the
directions of the two breakup neutrons and the energy of one
of them should be sufficient for a kinematically complete
D(n,2n)p experiment. Howe;er, the count rate in this type
of experiment, being proportional to the prbduct of two
nuclear crosssections (3H(d,n)4He and D(n,2n)p) is very low
and random coincidenceS are a serious problem. Overspeci-
ficiation of the three-body event by collecting additional
parameters then becomes useful in sebaration of true‘event§
from the random backgrouﬁd.

Use of %he deuterated scinillator as the deuterium
target allowed detecting of the recoil protph aﬁd obtaining
1ts recoil energy and a fast fiming signal for the neutron

time-of-flight measurement.
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The two deuterated liquid scintillators avgi]ab]g
today are NE230 on deuterated benzene basis (C6D6) and NE232
on deuterated cyclohexane baﬁﬁs (C6D12). Earlier studies
fepohted excellent pulse shape discrimination properties of
NE230 (Bo-72) and a higher light output than NE232 scinilla-
tor. A]tqough, the latter has a higher ratio of deuterons
to cqrbon atoms in a un‘t volumé, the importance of higher
lTight output and better pulse shape discriminationlresulted
in the choice of NE230 scintillators as targets.

A thofough'study of the bu]se snape properties of

C6D6 scintillator waszmade kSo-74) prior to the prOposeE
deuteron breakup experiments to investigate the bossibi]ity
of discriminating different neutron induced interactions in
the liquid in addition to the basic neutron-gamma ray
discrimination. | _

Liquid organic scintillators are normally used to
allow the {dentifications of neutrons ana gamma rays. A
charged particle, produced in.the scintillator by the neutron
dr gamma ray causes emission of light quanta by the atoms
along its path by means of excitation anq ionization of their
electron levels., Thé light produced is converted into a
stream of‘e]ectroﬁs on a photocathode, optically coup]eﬁ to
the Scintillaton, and multiplied into an electronic pulse by
a photbmu]tip]ier. The amplitude of the produced 1ight pulse,

in re]ation to the energy of the charged particle, and'its
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time characteristics depends on the history of its production
in the scintillator. A light charged particle, like elec-
trons, mostly ex: ites the electrons bound in the surrounding
molecules and their prompt deexcitation producesvlight with
the'waveleﬁgth in the range of sensitivity of the photo-
cathdde. Heavier nUc]ear partic1es, on the othe# hand,
produce ‘a great deal of compléte fonization of the surround-
"ing molecules and the light conversion on tﬁe bhotocathode
depends correspondingly on the effect of wavelength shifting
addftives in the scintillator. These complex. organic
molecules break up the more energet1c ultrav1o1et quanta,
produced by recombination of 1ons, into severa] softer
("visible to photocathode") quanta through their own
decomposition and recombination. Such light resﬁonse arri&%s
relatively later and its production is less efficient, as
part of the energy is a]wéys lost in the wavelength conver-
ston process. The proportion of the slower and less.
efficiépt component of the light response is thus higher,

the heavier and slower the particle and the higher its
'dénsity of ionization. The charged particles, available

for the cqnvefSion of a neutron or a ggmha’féy interéc%ion
into a 1light pulse in most liquid organic scinti]]ators; aré
given‘by thg chemical composition of the scinti]]ator.
Conststing almost exclusive]y»bf Hydrogen and carboh their -

interaction w1th the gamma ray is by thé Compton effect"

(electron) and the ;neutran interaction is mostly by n-p

‘q
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elastic scattering with only small contributions from n-C
“nuclearvprocesses up to about 20 MeV neutron energy. The
heavily ionizing Carbon is inefficient iniproduction of
light and tne energy of its lighter breakup fragments like

ipartic]es is rqduced by. the Q-value and by the multiple
sharing of the kinetic energy.

The proton is replaced by a deuteron in the

deuterated scintillator and .rus two light producing parti-
‘ cies detect the neutron interaction. In addition to the

recoil deuteron fr n-d elastic scattering it is also

the proton, produced in the inelastic n'd breakup.

The decay1§1me of the fast component of the 1¥ght
’%ﬁtresponse in the 11qu1d organic scintillators is about |
6 nsec while the slow part typically decays in 200-400 nse
For recoil protons orod0ced in the scintillator by neutrons
tne anplitude of the slow component is abouf 2% of the fast
components, whereaSrfor e]ectrons produced by gamma rays

L '~

the slow cdmponqu 1sxohﬁy @ho ¢ 1% as ]aQ§e as the fast

3 HQ‘
component«’ T%e corresﬁﬁndﬁﬁg subtle d1fference in the shape
et il )
of the ghectron1c pdk&ﬁ«derlved from such® superposition of
'i’ ‘@A ~
the fdst ahd slﬁw.quppohents is magnified by a suitable

itpu]se shapeaﬁ1sc§€ninat1££ circuit and used to d1st1ngu1sh

By X &
3“;3tt§,gam@” and neufron induced events in the scintillatér.
T —/ ;,-’ o ,~ o ‘» vl
~“5»U;;[? Sevena1 pulse shape discrimination circuits were

~

{ested unth the C6D6 sc1nt11ﬂator (So-74). The selection

used 1n th1s praject is shown 1n F1g B.4.4. A 5 cm 3.8 cm
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dia. NE230 scintillator was mounted on an RCA8575 photo-
mult1p]1er tube coupled to an ORTEC270 tube‘%aso The zerg-
cross1ng time of the doubly d1fferent1ated ]inear signal,
With respect to the delayed fast timing output of the
detector as the reference time, was converted into an

analog pulse in a fime-to—amp]itude converter (TAC). Its
amplitude is the measure of the rise time of the linear
pulse and is called Pulse Shape sigha] in this work. At the
same time, the singly differentiated linear p%lse, the
amplitude of which is the measure pf,the charged particle
recoil energy in .the scintillator, was collected in cc .-j-
dence with the pulse shape. The. two parameters were dijs -
Played as a 64 x 64 channel two-dimensional histoc: am b?

the Honeywell 516 on-line computer.

The tes w=re performed with a Pu-Be neutron
soeurce and the mé:rnergetic 23 MeV neutrons from the
?H(d,n)4He reéction. The countrate effect on the pulse
shape discrimination was"étudied by adding radiation: sources
close to the detector. Re]1able N-Y pu*se shape d1scr1m1na-
tion was obtained up to 100 KHz. A two dimensional, 64 x 64
channel energy versus pulse shape plot displaying only the
pulse sﬁgbé nlagé*correspond1ng to the neutron 1nteract1onsﬁﬂ
w1th the atoms of the" CGDG sciptillator is d1sp1ayed in A
Fig. B. 1¥¢y?he @hergy of the recoil particle runs fro;
the bias of f%o keV Compton electrons at the top of the plot
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to the maximum neutron energy of 23 MeV from the 3H(d,n)4He
reaction at the bottom of the picturé. By moving the
gamma ridge off scale on the left it wa< als possible to
identify the splf“ing o% the neutron i - ~ion ridge into
~the D(n,2n)p breakup ridge (PROTON) and tne deuteron ridge
(DEUTERON), terminated by the characteristic back scattering
peak. Further on the right is the alpha-particle ridge .
(ALPHA) from the i&e]astic n-C interactions.

?he experience gained Jdn the study of the C6D6
pulse sh;;ewproperties gave confidence in the use of this
detector to obtain two additional parameters useful in the
examination of the ..-d breakup. @bhese are the breakup proton
energy and the pulse shape. The proton enehgy and its ~

direction are defined exactly in the kinematically complete
experiment‘qnd a window can‘thus be set qn the (C6D6 energqy

parametér around the calculated value. "
Y

Although, - ¢ pulse shape was limited to n-y

~discrimination in the. quasi-free scattering region, as the

LN

resolution becomes poor at extremely low energies, it would.
be us¢c ful in e{ﬁminating extraneous events at other n-d
breakup geometries where the proton energy is higher.
For really sensitive pulse shape discriminatioh,
L\sdcw as needed to separate reéoi] brotons and deuterons,
Qone must use two dimensional display of energy versus pulse

shape. Adjusting the walk on the zero-crossing discriminator
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(TSCA) for pulse shape allows one to adjust the particle
ridges parallel with the energy axis. Some residual
curvature in the ridges always remains, however, especially
at the low energy. This curvature smears up the projected
one dimensional pulse shape spectrum and thus reduces the

potential resolution.

[) )

Collecting the data-event by event on tape, and

defining two dimensional curved pulse shape boundaries, as
-~ .

- oo
done” in this experiment, preserves-maximum sensitivity of

the pulse shape discrimination. A periodic recording of -
two-dimensional gpectra for updating the pulse shape windows
is necessar} as a‘ﬁrotection against shifts in electronics.
To reduce this possibility, e]ectronjc delays were rep]acéd
with cable delays wherever possip]e and perjodic «checks -
were made of all parameters susceptible to shifts. Cable
delays also reduced‘the dead time at high counting rates.
The use of three small detectors (3.8 cm dia. x 5 cm height)
was also dictated by the high counting rate problem.

The detectbrs were c]&mped in a universal stand,

during the expériment, allowing their repositioning in all

‘three space dimensions (Fig. B.3.1.2).

B.3:2 Structure of the Double Header Neutron Detectors
NE213 liquid scintillators were used as neutron

detectors because of their good pulse shape discrimination

proper. 2s. Because of the low counting rate problem the
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el
detectors had to be made large. The width and the height

of the detector wefelchosen so that they contributed
equa]]y'to the finite geometry energy spread . in the data.
The detectors were rectanqular, 7.6 cm wide, 16.2 cm high
and 6.35 cm thick. To improve the timing resolution of the
detector two RCA 4522 photomultiplier tubes were mounted,
one on the top, one on the bottom of each detectqt, and the
two fast outputs were added, after passing f;:gagh'match1ng
delays, in a 500 adder. (Fig. B.1.1). The linear signals
from the two ends of each detector were also added at the
preamplifier input.

The neutron detectors were mounted on a m&bi]e

stand allowing changes in angles and neutron flight distances

for each detector 1nd1v1dua11y (see Fig. B.3.1.2).
A

B.3.3 The Geometry of the Experiment

| The angles, at which the neutron detectors were
positioned in the experiment, were selected to depict the
“enhancement of the three body D(n,2n)p break up cross section
due to the Quasi-free scattering mechanism.

A]though in ‘the exact quasi-free. scattering pro-
cess, in which the groton is left with zero kinetic energy,
occurs at 41.5°, —41 §”fneutrod"ang1es for an incident
engrgy of 21.5 MeV, the b{eak Jﬁ 1s,d0ﬂjnated by the effect
- over @ wide range of angles around this geometry. Here the

proton .is left with non-zero share of, ffg total kinetic

-

energy.
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In this work, the angles were 1imjted by the need
to obtain a detectable proton recoil in the C6D6 target
detector. Quasi Free Sbattering‘data from nine different
pairs of neutron angles were collected in three.sepanate
runs. Three angle pairs were co]lggied simultaneously in
each run.

The geometry of the first run is disp]éyed in
Figs. B.1.1 and B.3.3.1. One symmetric (35°, -35°) aﬁd two
assymmetric (43.1°, -28.3°; 52;0°; -2y 2°) angle pairs
were studiedf The neutron detectors were set at unedua]
distances from the D target. Detector #1 was set at 75 cm
to increase the eight fold coincidence COunfrate“ while
detector #2 was set at 150 cm to preserve the neutron time-
of-flight resolution with the intention of later prgiécting
the data onto the neutron #2 energy axis. f;n
In the next two runs a symmetric geometry was ‘used.
. The neutfon detectors were set at eqya] distances (130 cm
aVerage) from the C6D6 detector, symmetrica]]y about the «
deuteron beam axis (Fig. B.3.3.2) with fhe plan of projecting
the data onto the kinematical 1ocus. The‘ang]e‘pairs
studied weré: 23.8°, -23.8°; 25.0°, -25.0°; 26.5°, -26.5° in
the second run and 28.7°, -28.7°; 30.0°, -30Q0°; 31.4°,
Z31.4° in the third run.

" Attempts to keep the ‘conditions as close as

po§$fb1e to the ideal Quasi Free ScattEq&pg-in\the first run



e
A plane view of the three asymmetric

scattering geometries running simultaneously -
Run #1.

°

Figure B.3.3.1
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Figure B.3.3.2 A plane view of the three symmetric -
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resulted in many challenging experimental problems associated
with‘runniné the C6D6 detectors at an extremely low energy

bias. This was set at 1/4 of 24]Am x-ray peak energy (see

Chapter B.4).

As the relative light response bf the proton in
‘the C6D6 scintillator to that of the electron is viftua]ly
unknown and unpublished for these extréme]y low energies it
was discovered only afte; the run, when we made our own
deuteron and proton recoil calibration measurements, that

N
24]Am electrons energy corresponds to ~ 170 keV

the 1/4
proton energy (Fig. B.3.3.3). At the same time, the °
minimum brfeakup proton energy Qn the three geometries
studied in the first run is 173 keV, 114‘kév and 40 keV
respective]y Obv1ous1y, the number of counts in the QFS
peak area, where the proton energy drops to the minimum, is
reduced by the effect of the bias in these three«gebmetry
settings, -An aftempt was made to correct the cross-section
for this effect by multiplying the daté with the ratio of
the @ota] area of the measuréd resolution peak of the proton
"recoil energy in the C6D6 to the part of the area Aboye the
detector bias. The position and the width of the resolution
peaks wére'obtained by fitting a known energy deuteron recoil
peak with’the Gaussian shape. The recoil peaks were obtained
in n-d elastic scattering runs at various scattering angles.

The C6D6 energy. recoil pulse was collected in a

two dimensional histogram with the scattered neutron ‘time-

B
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Figure B.3.3.3
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-

o#~flight (Fig. B.3.3.4). The two dimensional spectrum was
truncated to include only the time-of-flight reg}on corres-
ponding to the n,d elastic scattering peak, background fitted.
subtracted from the data and this . projected onto the reco.]
energy axis.

While the application of this correction can only
be regarded as #easonable in the 35°, -35°,geometfy set
all the three sets of da(a from ®he first run were valuable
in learning abéut the effect of the C6D6 biaS at extréﬁé]y
Tow protoﬁ'recoi1s in the C6D6 scintillator. This experience
was‘hsed in the setting up for the next runs. There the
kinematicai]y.?iri’ed minimum proton energy_v:as 680 keV and
370 keV Fespeci Vejy.' In both cases the entire finite
resolution péak around this minfmum proton energy was above

the C6D6 detector bigs setting.
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B.4 ELECTRONICS
As discussed in Chapter 8.3.1, eight parameters

were collected for each event in the kinematically tomplete
D(n,2n)p experiment. The parameters in excess of the five
var1ab1es, required for the k1nemat1ca11y comp]ete defini-
t1on of ‘the event prov1ded add1t1ona1 constra1nts whjch

W

were useful in the separation of the true events from the

. background. The type and ofigin of these parameters is
sindicated in Fig. B.1.1. They were: p
P (1) Neutron #1 time of flight - TOF 1

(2),Neutron #2 time of flight - TOF 2

©

(3) Neutron detector #1 pulse height

(4) Neutson detector #1 pulse shape ,
(5) C6B6 detector pglse height E
(5) C6D6 detector pulse shape | - 5
(7) Neutron detector #2 pulse heighfdigaﬁ

DN

(8) Neutron detector #2 pulse shape

VA]] these eight parameters were procé%seq b% the electronics

(see diagram B.4.1) in eight-fold coincidence and cdnvertéd‘
into eight digital word; by the eiaht analog-to-digital
converters, P, Q, R, S, T, U and V respectively, of the
Tennelec interface to a Honeywel] 516 computer .The data
were/y/;E?ﬂed on magnet1c tape event by event and display
monitored, at the same time, by the on- 11ne analysis

routine (Chapter B.5).
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A1l three C6D6 detectors were treated as one by

-the ele‘ctronics fanning together Gheir fast and summing

»
their slow signals. The 1£en'§'lty of the C6D6 detector
- - .- .
involved in the event nas@ ihto theg C6D6 pulse height -
parameter by waans of a fou -yay routing (Fig. B.4.3).

The two'*'neutron time-of-flight spectra were

4.

J
co]lected as singles at: the same time in an additional

pair of analog-to-digital converters (ADC A and ADC B).

These spectra, containing the #, d e1ast1c scatter% ,peak
' ,.f\!ﬁ LI |

were used as m’on1tors to QormaHze the breakup cross- s‘&,ctfbn;,
o

us1ng pubHshed va]ues of the n+d differentlal cross secﬁjpn
(Se-72), thus. e11m1nat1ng the need for the exa‘Q‘t knowLedge

(\ &of ta-réetxthwcknes‘s,_ beam/current, 1nc1dent neutron flux, ®

8 o o « s

etc.

Tbe characterist1c parts. of the eight&@ld

‘; .

_ coincidence circuit (F'tg 8. 4 J) are furthera

“x‘9’

9 IV A J}f\‘z’) &
‘!ndividua]]y with the d1agrams of the correspondmg parts
of the entire?jrcuit diagram B.4.1. The f_ast timing- %4

5 signals and the slow logic signals in all of 'these di'agrams
are displayed as thin lines while the slow linear signa]s

are indicated by thick lines.

|

B.4.1 Neutron Time of Flight

3

The fast anode outputs. from the two headers on
\

each neutron detector were time matched by- nanosscond

delays and added in a simple 50R adder.  These 'signals then
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were fed to an QRTEC 45§‘Censtdnt Fraction Timing piscrfmina-
tér (CFTD) with the fraction se® to 0.5 and the oLtput used
to start ORTEC 437A Time—to-Amglitude.Converters (TAC).
De]ayed discriminator outputs trdm the OQRTEC 2703tube bases
of the C6D6 detectors were uSed aS'the stop pu]se on each TAC.
- The three C606 detector tim1gg s1gnals were fanned
together by a fast EG&G 1og1c OR module and 1ater unfolded

pu]s‘s\g&mght

e qf'fast

outputs from two d1fferent C6D6 dEtectors w1th1nu500 nsec

(,‘(

Sn the analysis by ‘the routing bit of the Cg,

word. P11e up events, definedyby the occu

13

'reso1v1ng time,,were ef?m1nated by an ant%co&§c1dence 1nput

L

~into the e1ght foldgmaster gate (Fig. B.4.5). A D

B.4.2 C6D6 Detector Pulse He1gﬁ£ Proton Recoil Energy}yz%d
. the qur way Routing §}~ R

-

yThe 11near outputs of tﬁe ORfEC 270 ‘tube bases were

~ ) ‘
fed ginto ORTEC 460 Delay.line ampr1ers Tﬂgw
d1f erent1ated uuipolariﬂitput s1gna]s were summ 'by é'

svmming amp11f1er and converted 1n ADCT, which set the
r

'routing bit of 'the digital word according to'the'combinationm_'
of two logic signals on its routing inputs- A and B. There
\\qfe fopr such cembinations,'which wds §uijcient to distin-
guish the three C6D6 detectorsj The'fourth routing channel

was used for a CEH6 (normal benzene) detector in later

experiments.
4

- The routing logic signals were derived from }he

r
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fJ6606 fast signals converted into slow ngic-signa]s by .a
CFTD. The high rate of t ¢ routing signals due to extremely

high countind rate (v & kHz in each of the -Msgftectors)f

was reduced by a coin ° nce requirement of a iecst one
simultaneous®neutron etec?o} output.
Four routipg,signals 1, 2, 3, 4 Were converted into
a combiﬁation of two reuting bit A and B signals by a four-
way routing module built in our.laboratory.
The energy bias on the C6D6 detectors Was set at

Am source energy in the first and the third runs aed
241

1/4 28

o o

to 1/3 Am energy 1nwthe second run. Ihe bgae ge‘§1n¢ in

60

» i
tﬁe neutron detectdrs was 1 x Co in the first run and

“
) K2

7"f1;; z%fi.tomptqn electron energy in the second agd”thifd runs.
'B.4. 3;ﬂPulse Shape D1scr1m1n¥t1on Circuits

The pdﬂSe shape discrimitation c1rou1t useg with
the C6D6 detectors was of the type dvscussed in Chapter B.3. 1.
The doubly d1fferent1ated (b1po1ar) output of the same
QRTEC 460 De]ay J1ne amplifier, as used in the C6D6 pulse .
height, produced a fast t1mt)g signal in an ORTEC 450 T1m1ng
S1ng]e Channel Aq;]yzer (TSCA). This was‘derived ftom its
\zeto crosying t1me th1s‘signa1 wae ueed as the start tf a °
t1me—to-ampl1tu;L converter apc the deﬂayed C6D6 fast putput
used as the stop of the TAC. \To cope w1th the high counting
‘rate in the C6D6 detectors only cab]e delays (m 1 us) were o

used on the fast C6D6 signal. -
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Further.possible dead time due to a busy TAC was
avoided by gating the TAC with the neutron detector eveént
(dashed line). The DDL amplifiers were set to their
shortest integration time :0.004 setting). The three pulse
shape signa1s were summed by a summing amplifier and
converted on ADCU. ot ‘

The neutroﬂ@detector pulse shape circuit was
1dent1cal to that of the C6D6 detectors except for the use
of a Gaté#%nd Delay Generator (G&DG) in place of the cable

~delay, as the counting rate in these detectors was low.

~ .

B.4.4 'ﬁﬂlérFo1d Master Gate

“" Tw . A
Dxa@Tam B.4.5 1nd1cates qpe loqa; used to define "

'0 R

the eight fold co1nc1dence gate. In addition tg ¢he double

coincidence of the two time of flight signals ‘the presence

of the pulse height and pulse shape parameters from both

neutron detectors was demanded. These two 1og1c signa]s

¢ were obtained by app]1cation of a fully open sing]e channel

h 4

«uAanalyzer w1ndow on the neutron detector-pu]se shape TAC

\ A I -
e

out uts. : : -
P \

,r,

P \ It shou d be noticed, that onﬁy'the presenéé of the\
.C6D6 fast signal was demanded via~the'r3qu1rement:bf the :
time-of-flight TAC outputs, whi]e"the CGDG pu]se shape and
pu]se‘he1ght requjpemauts were. reJaxed ;IhiséaLipyed us to
record on tape even the events here the proton recoi]

energy signal in th% C6D6 scintillator was below the s]ow
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bias, but still aheve the fast bias (as the fast bias was
always set slightly below the slow one) and thus save the
events where the C§b6 pulse shape signal was missing.; This
also saved even}s which would be otheﬁéﬁserlost due to .the
Cob6 pulse shape TAC being busy. Such events, classified as
“zero data" by the data acquisition program (see Chabter
B.5) were distinguished from the regu}ar eight parameter
events by a negative number in place of theATissing:werd.

As mentioned above, events having C6g§ detectorJ
outputs within 0.5 u seg .were §5nce]1ed by an- ant1c01nc1dente
input over]app1ng the three co1nc1dencefnnpyts in the main

vtrip]e co1nc1dence This s1gna1 was,eerivedwfrom the doubTe

‘coincidence of two valid outputs»frf"%hy two C6D6 detectors.
. 0 “n :
i

The monitor circuit is shown in Fig. 3.4.6. The

B.i.s The Monitors

two Time of flight signals, converted into two singles TOF

spectra via ADCA and ADCB, were obtained in ‘the same e]ec;/

tronics circuit‘aéxthe eight-pqrameter events without the *

,\\

eight fold coincidence requirement. Two features were

different from the ariginal circuit. Anﬂanalog window was

-

"~ set on n-y pulse shape d%schﬁminat1on using a s1ng]e thapne]
\““m.]yze‘ on each neut—ron and C6D6 #1 pu]se shape TAC output.

These 1ogic 1als were used to open gates on the ADC‘s

-

& -

Seconly, the C&D6 pu]se*shape d1scr1m1nat10n g*rcuii was

duplicated for the monitors as the dynamic range of the DDA -

‘- -
“ -

™y,
"ﬁ

~n

=
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amplifier, set for the low energy proton v uils, would not

. cover the elastic deuteron recoil energ. th: ~itrst run

geometry. . The two different‘dynbmic ran;es were not
necessary in the next two runs, where the proton energy was

higher and the deuteron recoil 16Qer at the spaljer

" qcattering angles. g@nly one C6D6 detector “was uséd in the

monitor cirguit.

) 4



Figure B.4.1

Eight-parameter electronics diagram& Fast

.

and logic signals indicated by thin lines,
linear signals indicatg® by hequ lines.
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Figure B.4.2 Time-of-flight circuit diagram.
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Figure B.4.4 Pulse shape discrimination circuits.
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Figure B.4.5 Eight-fold coincidence gate.
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B.S THE DATA ACQUISITION PROGRAM | “

The General Purpose Kick Sorter software system
(GPKS)(ref. Da-70 ), available at the Universfity of Alberta
Nuclear Rééearch Centre for generdl on line<dat; acquisition
with the Honeywell 516 computer, was gxtended for eight- ‘
pérameter event-by-event recording on a magnetic tape and
modified to adapt "user" Fortran subroufines. The compiled -
program for the on line D(n,2n)p data vau1s1t1on "OLINA"
consisted of se]ected GPKS routines and fortran subroutines
for data collecting initialization and for a simple on-line
data analysis.

The block diagram of the program f; shown in Fig.
B.5.1. The teletype GPKS control- dispatched the access to
various GPKS funttions. '¥he important ones were: KSGO,
EVIN, EVND, TAPE and DISK. EVIN opened a new event recor-
ding file oﬁ the tape. EVND términated the event recorded
file by a tape mark. TAPE and DISK allowed writing of whole
spectra hegions on magnetic tape or disk as well as reenter-
ing data fromethese pgnifera]s intd'the memory core. KSGO
readied the ADC's waiting for an event interrupt ana started
the digp]ay of‘daia with the data region selected by a
letter switch. The continuous display "DO" loop was only
exited by a dﬁsp]ay interrupt or by an event interrupt from
the ADC's. The display interrupts, controlled by a light
pen and disp]ay switches included a number of functions,

such as cropping and expandihg of the display, summing of



Figdre B.5.1 A block diagram of the data acquisition
program.
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peaks, etc. The displayed image could also be rotated and
tilted‘i a feature particularly convenient when displaying
two dimensional histograms.

. Two kinds &f event }nterrupts existed. The eight-
fold coincidence interrupt occurred when the eight-fold
coincidence master gate logic pulse arrived at the Tennelec
event inpht. A singles interrupt occurred when a monitor
singles time-of-flight signal qrrived-af ADCA or ADCB. The
eight-fold coincidence interrupt had priority over the sin-
gles interrupt. | |

Storing of events in a buffer for the event
recording on tape was part of the eight fold coincidence
interrupt routine and thus it had priority over‘the computer
background routines, whicn included the on line analysis.
Two 512 word buffers, enabled by a flip-flop.- switch, assured
fast recovery of the computer to accept the next event after
writing on tape. 59 events, together with their delimiter
words, filled one buffer. |

The on Tline analysis of an event, unfinished due

to the interrupt, was completed when the computer background

-
r

was again available.

B.5.1 The On-Line Analysis Subroutine (ANALYZ)
The eight fold coincidence events were accumulated

in 32 x 32 channel two dimensional histograms of TOFAZ

versus TOF 1 by the ANALYZ subroutine. Events were sorted



Figure B.5.2 A logic tree diagram of the Fortran subrouting
"ANALYZ' contained in the data acquisition -

program as the on-line analysis of the eight- .
fold coincidence data.
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into eight-such spectry, two fo> eadh C6D6 geomEtry. (The
fourth C6D6 routing channel was unused.) The two regions
for e;Eh C6D6 detec@or were separating into those cé]led
mTRUE" which satisfied a set of'eight parameter-windows and
tho;e, which did not, in rebions called "éANDOM“. -
The eight parameter windows ygreldeg?ned by light
pen in a sqyaraté program called JSSET and then they were

_ punched on<a paper tape $h1s tape was then read in OLINA

in its 1n1tia]1zation MODE, subroutine (Fig. B.5.1). ‘
The spectra, accumuIated periodically in the ‘
program JSSET, for the definition of the windows and their
updating, were also~written as~intermitt;nt files on the
#

-event recording tape. They were 1ater used, in a more
sophisticated way, for chronologwca] updating of w1ndows

dur1ng the p]ayback of events 1n the off-1line ana1y51s
!

program. S
' \

\ The OLINA and JSSET programs are described in
Y N
detail in (So-76). The C6D6 pulse shdbe\g1scr1m1nat1on
windows for'the‘on-1%ne analysts were defined, using light

pen, as curved boundaries, intensified in the two dlmenSIOnal

‘f
pulse he1ght vS. pu]sevshape/d1splay (as suggested in .

Chagﬁgr/gtaﬁ}).
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B.6 %DMA ANALYSITS PROGRAM
A General bff—Line'Deuteron breakup Package of
ANS]ysi% (GOLDPAN) was written in Fortran lanquage as part
of this project for the off-line D(n,2n)p data reduction on
an SDS 940 computer.
The package consists of twelve different callable
programs, each new prfﬁram overlaying the formér program
in the.memory by means of Fortran Linking procedure included
in the MONARCH software system of the SDS 940 computer. The
pfoqrams, linked in the GOLDPAN package, contain all rou-
thnes encountereﬁ in the process of the D(n,2n)p data reduc-
tion. These include: definition of the eight parameter
windows; ‘calibration of the neut-on ime-of-flight and its
convefsion 16to neutron encrqy; calculation and display of
the kinematical locus and the kinematically allowed broaden-
ingygahd around it; playback of the event recorded data from
a nine-track médﬁetic tape with forming and display of two-
dimMensional histograms; projections of histograms subject to
two-dimfnsiona] cuts; storing and recall of analyzed data
seis; p]ott{nb of the dna]yzed data as one-dimensional or
tug;dimgnsiowal hi%TvUrams and scatter plots by a Houston
>Omnigraphic Plotter. The main interactive user control of
the program is accomplised by a light pen and an RCT
d¥spltay. A teletype is used as an [1/0 device kPr tape fiie
labels ;nd changé of va;iab1e values only. An "AUTOMATIC

PILOT" featwre is included in the package, which allows tne

X
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user to switch the command input to a card reader, where
the sequence of commands for the entire analysis can be
accumulated in a deck of punched cards. This was found
very useful, since the analysis is usually reéeated many
time, changing only the window set and C6D6 detector number
There are seven principal links in the package, which have
direct mutual access via the "JOB JUNCTION" (Fig. B.6.1).
The remaining five are mere extension segments of the
principal links, where these became too large to be con-
tainea in the directly addressable memory. They always
return to the link from which they were called with the
exception of link 11. This returns céntrol to Tink 1. The
interactive control in the principal links and link 11 is
based on a system of display pages branching into a "tree"
from the first page in each link. Some examples of the
display pagés are shown in Figs. B.6.2 and B.6.3. Each
display page consists o an alphanumeric message at the top
and an eventual data disy ., The alphanumeric message
contains a heading in the firs line and function branch
labels in the Zfllowing r . A light pen hit in the
message brings another dispia, page acchding to the label
hit. A hit in the heading line returns to the previous page.
A Tight pen hit in the data display executes functions of
the current page. These involve intensification of channel

points or intervals of the data display in most cases. The



Figure B.6.1 The link structure of the off-line data
reduction program. Arrows indicate the access

between individual links.

v
-



96

34V OV (LA NY,
VUL-L ™o | [INUNOTRS
| SU3S Vavg
QAQIZAYNY RANIME Y
4SS0 LAY, NQUY TNV
anvg
QQv ,QNId, DN YUY
(ladiNm way TWO3IN A3ANVYH
34w vivg NOUNWTIVD
pouvavd3ad QLS oVal-$ SMmMoN .4
CIsANM | [Ol= NN 6= AN 8= MNIM
1_ T3
‘ATA3NS 4 OV TOvAL-/
LR\ Oty : TNOMINIAZQ | |'NOUINIg3q Wor L /No
- 30-3WHIL 3404 40 | | NOuiNns3g S135 MOQNIM
%20 SWYad NO'SITIANOS h MO aNIw Sl1iuim S 1M AY3a,/ 34am
Nl wivQ Hawm Yiwg 3 ANV aal
SERYTo sy Q3IQeNHI> | AD3INI ONY | [1ow3anNa any SIONVID
T3NLNACOY -dN3A3 40 — AN3A3 DNIWWNG CNOILY 31 D
2M110d SISATVNY | |40 sisSATWNY MN3d ADy3aAN3 3dVhs ISy 34YNS FFVY | SMOQNIM N340
aduo313qQ ¥O1D31 3Q © QNYH
BYOVWNH || tdQi/Ta0) '3/73 SBOLINON| | SOILVIASNIN 2Qa9> <17 3N 135 MOQNIM
HeHANIT L» AN O % HANIN S* HANNM e AN T s ANIM C*=NNIT | #HNIT

NOWDNNr Qor




.

Figure B.6.2 E;amples of the computer display "pages"
included in the data reduction program.
First row: calibration of the singles
time-of-flight spectrum and definition of
TOF and En-limits.

Second rdw: definition of the neutron detec-
tor pulse shape windows.
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Figure B.6.3

Examples of the computer display "“pages"
included in the data reduction program.

First row: TOF2/TOF1 histogram of "TRUE"
events with an intensified lTocus (center) and
an intensified broadening band around locus
(right).

Second row: TOF2/TOF1 "RANDOM" events (left),
projection of the "RANDOM" events onto TOFI
axis (center) and projection of "TRUE" events
onto TOF1 axis (rightg. 4 K

«
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system is described in detail in (So-76a) (Nuclear Research
Center). Only the basic operations will be described here.
The main functions of the principal links are the following.
LINK 1 - Window Set Handler: This allows initial opening

of the eight parameter windows by setting the Tower timits
to channel zero and the upper limits to 1023, which was the
maximum span in all eight parameter values. Ihe link
facilitates wrfting or reading of the defined window sets
together with-all other variables of the "common" space onto
or from a seven-track magnetie tape (unit #3). (The window
vector isvg part of the common space of each link which
stays undisturbed in the memory on 1link chanéing.)

The window tape routine automatically checks the
current position of the tape and moves the tape in the right
direction for reading of the requested window set. It
éutomatica11y moves the tape to its recorded end and
assigns a new file label (winddw set number) when writing
a new window set. The routines of Link 1;also include
changing of the individual window values from the te]étype.
The last three routines always end by printing the values
of the current window set on a line printer, including the
window set number, for'easy checks and keeping of referénce.
Link 1 does not iﬁé]ude any data display.

LINK 2 - This allows definition of the lower and the upper

limits of the neutron deteckor pulse height and pulse



102

shape. The user branches to different display pages,

which contain one-dimensional NE213 pulse height spectra or

two-dimensional 32 x 64 channel pulse height (energy) versus

» ~Pulse shape spectra (see Fig. B.6.2, second row). All of thes

d

spectra‘are read (within the link) from a nine track data
tape, where they were recorded as intermittent files in a
chronological sequence with the event-by-event recorded files
during the experiment. The definition of a circuit is accom-
plished by penning labels "LOWER" or "UPPER" and a subsequent
channel hit. Both, the NE213 and C6D6 pulse shape windows
are pulse he}ght dependent (curved boundaries) in the off-
line analysis, unlike the on-line analysis, where the NE213
pulse shape 1imitstere defined as a single window for all
pulse heiths. The current values of the Jimits are

displayed as a ‘ine of intensified points during the proce-

‘dure. The whple area of the data disp]ay’currently enclosed

v

between the "LOWER" and the "UPPER" boundaries is intensified

following a light pen hit of labe] "TOTAL". A typical "TOTAL"

" NE213 pulse shape window is shown?in Fig. B.6.2 and as the

crosshatched area in Fig. C.1.2. .

Link 3 is the exact analogy of link 2 for the C6D6 Hetectors.

<

Link 4 "involves both two-body and three body kinematics

calculations to enable calibration of the time-of-flights
spectra and its conVe(??on into energy. These were also
used to define the windows on the neutron time-of-flight

and/or on the neutron energy.
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The program accepts input of kinematical variables
like incident deuteron beam energy, bombardihg neutron and
the scattered neutron angles, neutron flight distances, etc.
as well as the nsec/channel time-of-flight calibration
obtained with a time calibrator during the experiment. The
program facilitates comparison of calculated values with
the shape of the singles time-of-flight spectra from ADCP
and Q. These were recorded as intermittent files on the
data tape during the experimgnt'and read from the tape
within link 4. There were five more or less pronounced peaks
in each of these spectra, corresponding to the npﬁg;k and
the elastic n-d and n-c scabtering peaks, each for two
different neutron eﬁergies, 21.5 MeV and 7.9 MeV. The 7.9
MeV group of neutrons (see Fig. B.2.1.3) resulted from the
.D(d,n)3He reaction on deuterium impurity in the tritium
target and on deuterium imbedded ingthe collimators and
beam stop. |

Penning a certain peak of the spectrum with its
subsequent identjf{cation by penning the corresponding
label (gamma, Del 22 MeV, Cel 22 MeV, Del 7.9 MeV, Cel
7.9 MeV - see Fig. B.6.2, first row) caused intensification
of channels corresponding to the calculated position of the
remaiﬁing four peaks. This .ave a very sensitive check‘of
the correct calculation of the zero time-of-flight channel
and. its cbrrect conversion into energy. This routine is

followed by the definition of the time-of-flight and energy
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"windows in a way similar to that of links 2 and 3.

Finally, a calculation of the three-body kinemati-
cal locus points and its allowed limits in terms of TOF or
energy is made, with respect to the time-of-flight or energy
display cropping windows and stored in the "common" vector.

Link 5 contains routines for the processing of the monitor

spectra recorded on the 9 track data tape after each event
recorded run. Routines include reading of the spectra from
tape, light pen definition of the beginning and end channels
of the n-d elastic peak with additional points to define
the‘average background on the left and on the righﬁ of the
peak. The channel contents within the defined peak interval
are summed up and the background 1is interpolated under the
peak area. The raw sﬁm of the peak, the net sum (raw sum
minus background) and the sum of background inside the peak
area are printed out, together w{th the statistical errors
of fhe sums. At the same time a peak centroid f; calculated
and the monitor A and monitor B spectra from the individual
yuns are being added into éorresponding monitor‘spectra_for
the whole experiment at one geometry. The centroids of the
n-d peaks are 1inéd up into one channel for the adding.
Final pracessing of the monitor peaks was done in these
added spectra as the statistical error there was very small.
Links #6 and #7 differ on]y'in the eQent playback
analysis. Spectra in link 7 are formed in terms of neutron

time-of-flight while in link 6 the time of flight is con-
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verted into neutron energy and the spectra formed in terms of

neutron 1 energy (E1) and neutron 2 energy (E2).

Eight histograms are found during the playback
analysis in gach of these two links. These are:

(1) 64 x 64 channe] two-dimensional display of E2 versus E]
for events which satisfied the eight parameter windows
("TRUE").

(2) 64 x 64 channel E2 versus E1 display of background
events, which failed the window tests ("RANDOM").

(3’ Spectrum of C6D6 recoil energy (pulse height) corres-
ponding to the "TRUE" events within the allowed
broadening band around the calculated kinematical locus.

(4) Spectrum of C6D6 pulse heights for all the "RANDOM"
events and for "TRUE" events lying outside the band
agound_thé Tocus.

(5) and (7) Projectjons of "TRUE" events within the'band
onto the E1l and E2 axeS respectively.

(6) and (8) Projections of the "RANDOM" events and of "TRUE"
events outside the band onto E1 and E2 axes R
respectively.

Items (1), (2) and (5) to (8) would read TOF in place of E

in Link 7.

These data histograms are stored in the upper
memory of the computer (indirectly accessible 16K memory
core) and thus they are undisturbed by changing the links

and even when other 1nd€pendent programs (not using upper



Figure B.6.4 A logic tree of a subroutine 'ANALYZ'
contained in link 9 of the off-line

data reduction program.
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memory) are executed. A data hiutoqram is selected by a
Tight pen hit in the list of histograms on the first display
page ot 1ink 6 or link /7. This transfers the selected data
reqgion into the display buffer from the upper memory.

Light pen hits can also intensify the calculated
locus over the data display in histograms #1 and #2 of
links 6 or 7 as well as intensify or change the band
around the locus (tiqg. B.6.3, first row). The locus and the
band are calculated in terms of energy in link 6 and in terms
of tine-of-flight in link 7.

The whole sets of eight histograms can be stored
on a seven track magnetic tape. Individual histogr;ms
from this tape can be added (or subtracted) with arbitrary
multiplication coefficients to the corresponding histograms
in the memory core acccerding to the scheme: CORE = C*CORE +
T*TAPE. The C and T are teletype input values. |

The 1ight pen control routines also include
projection of the "TRUE" E2 versus E]l data within the locus
and onto the locus Tine and groupinmg of the projected data.
in;o - ns of 1 MeV or other size. All data sets displayed
in links 6/7 can also be dumped in a matrix form bn a line
printer. The "AUTOMATIC PILOT" option i§ selected in these
two links.
Link 11 contains a "HAGAR" (An-76) plotting routine modi-

fied for plotting of the kinematical locus and/or the

broadening band around it. The plotter offers options of
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plotting the two-dimensional data histograms ‘as three-

.dimensional isowmetric plots or as scatter plots with optional
characters corresponding to various count number levels (see
Chapter C - rgéults). It also plots one-dimensional spectra

as step-like histograms, line plots, dotted line or character

plots,



C. EXPERIMENTAL RESULTS

C.1 DEFINITION OF 8-PARAMETER WINDOWS

As mentioned earlier, different C606 and neutron
detector biases were set in the three different experimental
geometry runs. The (6D6 detector biases were set at 1/4 of
the 24]Am x-ray energy in the first run (assymrc:ric geometry
ang]é pairs 35.6°-34.3°; 43.1°, -28.3°; 52.0°-21.2°) and
in the third run (symmetric angles 28.6°,-28.6°; 30.0°,
~30.0°; 31.4°, -31.4°) while in the second run (symmetric
pairs '23.8°-23.8°; 25.0°, -25.0°; 26.2°, -26.2°) the C6D6
bias was set at 1/3 24]Am energy. The 1/4 24]Am energy d,s
equivalent to a light amplitude produced.by about a 170 keV
proton (Fig. B.3.3.3), whereas the 1/3 °*'am bias is
equivalent to about 220 keV proton energy. The neutron
detector bias was set at 1 x.GOCo Compton edge, which is
equivalent to 3.5 MeV neutron energy, in the first run and
at 1/3 Na22 annihilation g&mma ray Compton edge corresponding
to about 1 MeV neutron energy in the second and third runs.

The lower C6D6 and NE213 pulse height window limits
were defined (by light pen in the GOLDPAN program) at the
electronics cut-off channe1§ corresponding to the abo&e
biases. Fig. C.1.1 shows a typical neutron detector pu];é
height versus pulse shape spectrum at the 60Co bias in the

first run. Fig. C.1.2 displays such spectrum at the 1/3 Na22

110
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Figure C.1.1 A two-dimensional plot of pulse height versus

pulse shape of an NE213 detector at the lower
bias of 1 x ®°Co in Run #1.
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Figure C.1.2 A two-dimensional plot of pulse height versus
pulse shape of an NE213 detector at the lower
bias of 1/2 ??Na in Runs #2 and #3 (top).

The crosshatched area indicates a typical
pulse shape window. A corresponding pulse
height spectrum of a 22Na source (bottom).
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Figure C.1.3

A two-dimensional plot of pulse height versus
pulse shape of a C6D6 (NE230) detector at the
lower bias of 1/4 ?“'Am (inset). Routed 2“'Am
source - pulse height spectra in the three
C6D6 detectors used simultaneously (under
inset).
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bias setting, the cross hatched area in the energy versus
pulse shape spectrum indicating a typical neutron detector
pulse shape window. In addition, it shows the oné dimensional
22Na pulse height spectrum in the lower part of the picture.
Fig. €.1.3 shows a typical C6D6 pulse height versus pulse
shape spectrum together with the 3-detector routed 24]Am k)
source pulse height calibration spectra at 1/4 x‘ZA]Am bias
setting.

The time-of-flight windows re defined to crop out
the region of interest extending from 2 MeV neutron energy in
fhe first run and 1 MeV neutron energy in Ehe second run Qp
to beyond the gamma ray peak. Th1s corresponded to approx1—
mate]y a 400 channel region in each time-of- f11ght spectrum
which was grouped into 64 channels. N

In the ‘conversion of *ime' of fiight into energy the -
neutron energy {fmits were defined to cover'a 16 MeV range
from 2 to 18 MeV in the first run and from 1 to 17 MeV in
the second and third rﬁns. Thus 4 channels corresponded to a -
1 MeV bin in the E2 versus El histograms and in their
El,z—axes projections.

The neutron detector pu]sevsmape restrictions
together with the three detector bias settings were found
sufficient in the fejection of background, while no apprecia-

ble effect has Reen observed due to the C6D6 detector pulse

shape restrictions.;RThGE these were left wide open.
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C.?2 SOURCES OF BACKGROUND IN THE EXPERIMENT _

In addition to the "TRUE" D(n,2n)p break up events
onfined to a kimematical locus in the TOF2 versus TOFI

plot, indicated as curve 41 in Figs. C.2.1 and C.2.2, a

number of background processes produce random coincidence

bands and areas in the TOFf# versus TOF1 or E2 versus EI
plots. Appreciable ones are the followipg:

(a) A random coincidence5Uf*tﬁ~e+ﬁst+ta++y~seﬁ%%e¥ed—neutron
from a Deuteron or Carbon nucleus, in the C6D6 detector
(b(n,n)D or C(n,n)C), detected in one neutron detector,
with a generally unéorre]ated gamma ray (mostly) or a
neutron from the target room background in the other
neutron detector. wh11e the energy or time of flight of
the elastically scattered neutron are confined to one
value, given by the incident energy and fhe scattering
angle of the detector, the time—of-f]igﬁt corresponding
to an uncorrelated pulse in the other neutron detector
can have any value. The result are two crossing straight
band§ paka]]e] to the TOF or energy axes at the energy.or
TOF vaiue corresponding to the n-D elastic scattering. o,

~They are indicated as lines #2, #3 in Fig. C.2.1 and C.2.2.

(b) A similar pair of crossing bands is»caused by the random
co1nc1dence of a gamma ray, originating 1n the C6D6
detector and detected in one.neutron detector, with a

generally uncorrelated pulse in the other neutron detec-
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Figure C.2.1 Various true and background coincidence loci
(explained in Chapter C.2) as they appear in
~a TOF2 verus TOF1 plot.

Figure C.2.2 Various true and background coincidence loci
(explained in Chapter C.2) as they appear in
an E2 versus E] plot.
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tor. Such bands (#4, #5 in Fig. C.2.1) intersect the

TOF axes at the TOF values corresponding to the gamma

ray peak.

A coincidence caused by the sequence of a neutron scatter-
ing in the C6D6 detector and its C(n,n'-y) or C(n,3a-y)
inelastic interactions in one of the neutron detectors
with the gamma ray produced hifting the other neug}on
detector. The same can-occur with a gamma ray originating
in the C6D6 detector and subsequently Compton scattering
from one neutron detector to the other. As the time-of-
flight of the gamme ray from one neutron detector to

the other is negliqgible, effectively a coincidence event
with equal time-of-flight values from both neutron
detectors is created. In case of a symmetric}neutron
detector geometry these events will Tie on a diagonal

line TOF2=TOF1 or\E2=E1, respectively (#6 in Fig. C.2.1
and C.2.2). More precisely, these should be two parallel
diagonal lines separated by the gammd ray fiﬁe—of—f]ight_
bétween the two neutron detectors.

The background coincidence probability is higher

where the bands described intersect each other causing a

background enhancement at such locations (see Fig. C.3.2.4).

One of these peaks was used in the analysis-as an added check

»

of the correct energy calibration. The calculated crossing

-

position of the two n-D elastic scat' ~ing bands (#7 in Fig.
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C 1, €C.2.?2) was intbnsifivd a5 a three channel corner
t ther with the calcu  od D(n,2n)p locus in the 1012-1011
/

or t2/01 display spectr 1g. B.6.3, first row, center).

- Background sources a, b and ¢ were somewhat

suppressed inlthe first run c¢s compared to runs #J and 43,

@ - because éf the C6D6 dynamic range excluding the eldstic}

'udeuteron recoil, b and ¢ - because the higher neutron detec-
tor bias in this run wiped out lower energy secondary -
events and the assymmetric geometry dissolved whatever was
left to create the diagonal band.

(d) The above discussed bands can also occur for other
incident neutron enerqgy groups if present in the bom-
barding neutron spectrum. This include~ the correspond-

' \igq additiondf d(n.Z2n)p loci parallel to the main breakup
ér:ergy locus (#8 in Fiq. €.2.1, C.2.2). In our case the
bombard ..q neutron spectrum contained a small impurity
of 7.9 MeV disufete’enorgy and a low enerqy continuyum
groups (see Fig. B.2.1.3).

While the background sources a, b, ¢ can be rejected very

efficiently by the neutron detector pulse shape restrictions

(these evénts mostly involve at least one y-ray) the addition-

ij breakup background source d can not be easily rejected

by the cight-parameter windows as these events are pure

d(n,2n)p events, at different incident energj. .Howéver, the

‘i’impufity of other neutron groups was a]moét negligible and,

more over, the additional bands were wel] separated kinema-
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tically in the t2/E1 spectrum. They were excluded in the
projection of the data by defining a kinematically allowed

broadening band around the main - cakup locus and projecting

the data only from this band. The corresponding projection

band is displayed as the ¢ross hatched area in the isometric

plots of the data in the following chapters.
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C.3 PLAYBACK OF THE tVENT RECORDED DATA WITH ANALYSIS IN
TERMS OF THL NEUTRON TIME-0F-FLIGHT

Typical 64 x 6+ channel TOf2 versus TOF] two-
dimensional data histograms are presented 1n two forms:
a - as three-dimensional isometric plots
b - as two-dimensional scatter plots.
Both the histograms 6f events accepted by the eight parameter
window sets, named "TRUE" or "ACCEPTED", as well as the
rejected events ("RANDOM" of "REJECTED") are disp]ayed for
one geometry representing cach of the three QIS runs.

The crosshatched band in the three-dimensional
isometric plots indicates the broadening band around the
kinematical locus and the dotted line indicateg the locus

curve in the crattor nlate
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Run # 1.
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Figure C.3.1.1
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" Run # 2.
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J
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Fiqure C.3.3.3 TOF2 % TOF1 isometric plot of background
coincidences ‘in 30.0°, -30.0° g.f.s. Run ¥3.
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C.o4 Ot LINE ANALYSTS OF IHE LVINT RECORDED DATA

hdix 64 channel 17 versus (1 data histograms of
the "TRME" events are presentéd as three-dimensional isome-
tric plots and also as two-dimensional scatter plots. One
channel on each enerqy axis corresponds to 1/4 MeV interval,
the scaloe covering the ranges from 2 MeV to 18 MéV in Run #1
and from 1 MeV to 17 Mév in Runs #2 and 3.

The crosshatched area in the isometric plots
indicates the broadening band around the kinematical locus
from which the data were projected onto either of the energy
dxes or onto a 45" straight line tangent to the locus ét the
QFS peak position. The solid curve in the isometric plots
and a dotted Tine in the scatter plot indicate the kinematical
locus of the mean scattering geometry. Only one representa-

tive QFS qgeometry is presented for each of the three runs.

‘ | MARKs o o()é/m
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C.a.1_ Run # 1.

GFS 108 ACCEPTED 35. -35.

186 EVENTS 3 MAX
€
»
Fiqure (. t?2 x ' disometric plot of "TRUE" events in
357, 557 g.f.s. Run #1.

‘ ] F S
MARKS ON ORI161/8L -
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C.5 PROJECTION OF THE TWO-DIMENSIONAL DATA AND CALCULATION
OF THE ABSOLUTE CROSS SECTION '

C.5.1 Data Projection

The spectra of the "TRUE" events projected onto
the neutron energy axes from the band around the kinematical
locus were formed automatically during tHe playback analysis
of data events from the magnetic tape.

One cou]d,‘in addition, 6r0jecf the datq within the
band onto a 45° line, tangent to the locus curve at the QFS
peak positioh, after the two—dimensioﬁaf data histograms
hfd been formed. The program GOLDPAN further allowed binﬁing
of the projected spectra channels into variable width (1 MeV

in our case) bins together with their display and their

print-out.
C.5.2 The Differential Cross Section 5
‘ d o
. . B
:The differential cross section 3?35;35; for the

~d(n,2n)p breakup reaction is related to the intensity -

. . s o
distribution I(s,u],uz) by the target thickness Nt(cm 2) and

1

the number of projectiles Np

‘ d5()B
I(s,ty,0,) = NN f [ [ e dE, d,dQ
) 1272 tp AE] A“] Nz, dETHh{H@Z 1771772

t

(C-1)

The integration is to be extended over a neutron energy -

~interval AE](E2 = EZ(El)) along the kinematical locus) and

)
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the experimental solid angles An], Anz
. Thus the number of experimental counts nB-in the
five-variable space interval AE]AH]AQZ obtained in a run of

duration t will be

ff 'dsoB
np(E sey.0,) = NNt [ TEdo o
Bro1T2 tp AEL Ay a2 O iy ity

dE, d$2, dQ

iy di, A(C'Z)

where n](E), ”Z(E) are the neutron detector #1 and #2
efficiencies for a neutron of energy E. We assume the
efficiency of the C6D6 detector for a charged particle recoil

is 1.0 (not so in run #1 - see corrections).

Similarly, the number Ni,of monitor counts, obtained

in neutron detector 1 as singles due to “the n-d elastic
' : do _(Q)
scattering of differential cross section ~—%§——, over. the

same time t is

do (@) -
Ny = NNt "-ﬁzr“ ny(E(2))de (c-3)

AS
4

-

This equation is valid for both neutron detectotrs (Ni, NZ)‘

5
do
Replacing now, dEdu d? , n](E), nz(E) by step-

constant ‘values’ g s Ny s Ny obta1ned by averaging these
i i i
varlables over intervals AQ] X AQz X AE., where AEi is -an

interval around El = Ei’ in equation (C-2), the number of

counts Ng in such energy interval AE becomes
i

.
. N



Similarly, the'number of monitor counts N] obtained when

do_(%,) .

: SQ 1 and n](E(u)) in equation (C-3) are replaced by their
1

averaged values Og. s g over the solid angle AQ] is
] ] : ’

N, = N, N to n /\82] (C-5)

substituting for Nt Nb t A, from equation (C-5), into (C-4)
We can express the average cross section in a AEi = 1 MeV

bin around the neutron energy Ei by rewriting equation (C-4)

as
0 n N
e e e
o 1 2 1
a = n AT AT et (C-6)
B] 81 N] /\&2 r]] Mo r]ez
5 a
The energy binnfng of AE. =1 MeV seemed to be a reasonable

lcomprom1se between the variation of the differential cross
sect1on and- f1n1te geometry broaden1ng on one side and the

statistical error on the other.

C.5.3 ﬁonitor Peak Summing

The individual monitor spectra files in each run
at one geometty setting were added together lining up the
calculated centroids of the n-d elastic Scattering peak int6

the same channel. - Two such summed monitor spectra corres-

ponding to the left and the right neutron detectors were

{
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obtained in each ruh (#J,#Z.#B) as displayed in Fig. C.5.3.1.
These were further analyzed using the GOLDPAN routine which
produced the net number of counts in the peak. The monitor

peaks in runs #1 and #3 were free of any n-C elastic

scattering contribution for all practical purposes. This
L . » 137 &7
contribution was elimina e 1/4 €7 C606 detector
bias of the duplicated 9 Mbxcuit in run #1 and by the
L R he. AN

h'.recof 1 energy and 17324

g

A 23% n-C elastic E&htribdtion was observed in run

combination of teo sj Am

wre

C6D6 bias in run #2. = ; L,['U

#3. The Superpoﬁition 0' the two peaks was reconstructed
geometrically (see inset in Fig; C.5.3.1) on a large scale
computer plot and the percentage of the total peak area
chrespbﬁding to the n-d elastic scattering peak alone
determined. Only one monitorysum is necessary in each run
but the calculations were performed for both monitors to
check the consistency of the results. The numbers of counts
from the two monitqrs in each of the symmetric geomgtry runs
were equal to within a few percent and the average value was
used in the calculation of the cross section.

The monitor spectra were taken with respect to one

C6D6 detector only in each run (C6b6 #1 in run #2 and C6D6 #2 -

center in runs #2 and #3). The other two sets of data in each

run were normalized to the monitor C6D6 data set by the ratio

of the n-d elastic peak-sums in the three singles TOF spectra



Figure C.5.3.1 The left and right monitor spectra
: corresponding to the entire Runs #1, #2,
and #3.  The inset is showing the contribu-
tion of n-C elastic scattering into the
n-D elastic monitor peak and the
reconstruction of their superposition.
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obtained simultaneously in periodic intervals through ut each

run.

C.5.4 Neutron Detector Lfficiency

The neutron detector efficiency curves applied in
the calculation of the absolute cross section; for the two“
neutron detector bias settings of 1 x ®0ca and 0.3 x']37Cs
used in this work. are showh in Figu‘C.5.4.l.

A As no experimentally measured efficiency‘wac,yet
available for the neutron detectors used in this xperiment,
experimc.tally measured and fitted efficiency‘curves of Drosg
(Dr-??) were used and checked by a Monte Carlo simulation
program 681;67). The Drosg data were obtain;d for the same
NE213 detector thickness with the other dimensions similar
to our Aetectbrs.‘ The calculated efficiency c.ive agreédntd
withjn v 5% with the Urosgqg data up to the neutron'éﬁergies

where n-Carbon interactjons start contributinmg into the light

pulse prﬁduced in the scintil]ator The computer prbgram
i Q

used &Kéé ﬁ@t cdﬁtaln the n-C cross sections. The upper part

ﬁéﬁfﬁas (F1q C.5.4.1) can be seen in Figs. C.1.1 and C.1.2

f:“ I . . »),1_‘ ,"
“':as:the extension of the neutron pulse shape ridge to the

S - : . Y
1eftsat the low energy in Fig. C.1.2. The diagonal background

Sy
S



ABSOLUTE EFFICENCY (%)
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. ngdre‘t.s.ﬁ{l' The neutron detector eff1c1ency curves
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band (e.g., in Figs. €.3.2.3, €.3.2.4), dis ussed fn Chapter
C.1.1, can be caused solely by the n-Carbon inelastic )
interactions in the neutron ‘detector, because n-p interac-

' tions in the scintillator can not produce the vy-ray ‘nvolved
in thrs type of background Thus- the diagonal band -
;yrther ev1dence for ‘the 1mportance of n-C 1nt§;act1ons in a

¢ sCintillator at the: 1ower bfas
C.5.5 Célcd];t‘iqn;“%fud Resultd

Thg“n;d gjéstiéfscattering data of Segrave et al.
(Se-72) were use@ffor.the n-d elastic differential cross
section. vThe values obtained at 20.5 MeV and 23 Mev
incident neutron energy were averaged to be used as the
differential cross section at 21.5 MeV in this calculation
since no préctical difference between the two values appears
within their error ranges.

A1l data presen-: s tables and graphs in this
Ghapter were corrected for a dead time of about,. 10% caused

by the anticoincidence rejection of two simultaneous events

rccurring in two different C6D6 detectors.. .
LI -
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Figure C.5.5.1 Comparison of experimental and theoretical v

: differential cross sections for the reactiap
n +d » n,+n_+p in the projection onto E -
o} 172 ny v
axis in Run #1. The dashed line indicates ’
the proton energy (right scale).
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TABLE 3 ABSOLUTE CROSS SECTION
N IN RUN #2 5 0,=0,23.8° ; ¢,:0. ¢2=l80
(E =21.5"Mev ' ‘—E"w_m_829Mev o at Ey=9.26MeV
no pmin
Ee =Ee =19.8MeV N “Ng 7 .199 OE:IOO mb/sr
] 2 1 %2
NMON 3. 4x10 C6D62/C6D61 neutron flux ratio f=0.56
2,= 7.3x10°3 Dead t1me correctmn d = 1.1
P T —
o = Je ‘ °1 i n = C. n
Bi  Nugn'T-Soen. . " i " 5o~ B. i
i MON 2 & ]. 21. i
Average Average [ F/ﬁ;
energy energy i og . , AG
S . ——— i
E E . n .
. . B. b b
li n 2, Ny, c. | Mg i r2n =) g‘ )
(MeV) i (MeV) i i il (%) sr-MeV sr-MeV
1.6 1.336 16.4 1881.078 1 11 100 .08 .08
2.7 |.368] 15.6 184 |N72 | 6| a1 i} .43 .18
3.7 [.336{ 14.6 1811.081 ] 5 45 4o .40 .18
4.8 |[.301] 13.7 1791.091 | 51 45 |¥* 46 .20
5.8 [.271] 12.7 1791.101 {10 32 1.01 .32
6.8 |.244} 11.7 181 ;111113 28 1.44 .40
7.8 1.222110.37 185(.119| 8] 35 V.96 .34
8.8 1.205| 9.7 194 (123117 ] 24 2.10 .51
9.8 [.193] 8.7 }.206].123[ 11| 30 1.36 .41
10.8 f.185( 7.7 l.223].119] 71| 38 | .83 .31
1.8 |.181( 6.7 |.247].110] 4| s0 44 .22
12.8  1.179| 5.7 |.275[|.100| 8| 35 . 80 .28
13.7 |.179] 4.7 |.3051(.09 3| 58 .27 .16
1477 1.181] 3.7 |.338].08 51 45 | .40 18
15.6 184 2.7 .368 .07 41 50 ' .29 .14 .
o R S R
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TABLE 4 ABSOLUTL DIFFERENTIAL CROSS SECTION
IN RUN #2 ;»0]=02=25.O° ; ¢]:O, ¢2n180°
En*:21.5Mev' " tpff“¥fiséhév'* at £,79 3Mey
0 ! Mmin
Ee]:E( 19.6MeV rlel’uez'~ 196 Oa” ]QO mb/sr
Nyoy=3-4x10° C6D62/C6D61 neutron flux ratio f=1.g
92=7.3x]0—3 Dead time correction d = I.]
: J n
i MON 2" e, ”1i '2i i
Average | Averagel ] [T i
energy energy 1198 Ao
ET? , EE? , Hgfﬂ ;b mb
ol RPN IR S LT O A B (G o 7 —)
(MeV) i (Me V) i i 1543'(%) sr-MeV sr-MeV
1.6 1.336] 16.4 |.187[.141] 4| 50 .56 .28
2.7 {.368]15.5 |.184(.131| 6| a1 .79 .32
3.7 |.336| 14.6  |.181|.146 | 3| s8 .44 .25
4.8 (7301 13.7 |179].16a | 3| sg .49 .29
5.8 |.271112.7 {ani 91| 7| 38 1.34 .51
6.8 |.244|11.8 |.181].201| 51 45 1.00 .45
7.8 1.222110.8 |.185].216 | 7 | 38 1.51 .57
8.8 205 79,7 |94 223 |11 | 30 | 2.45 .74
9.8 1.193| 8.8 |.205(.224 | 8| 35 1.79 .63
10.8 185 | 7.8 |2211.217{ 7| 38 1.52 .57
11.8 [.181| 6.8 |.246].199 | 8| 35 | 1. 59 567"
12.8 |.179| 5.7 .273(.182 | 3| 58 .54 .31
13.7 (179 4.7 | 303164 | 2| 7 .33 .23
14.7 1181 3.7 |338[145 | 5| 45 | .73 .32
15.6 1184 | 2.6 |368 131 | 61 41 | .79 32
g R
! o

S



[ad 157

TABLE 5 ABSOLUTE DIFFERENTIAL CROSS SECTION
IN RUN #2 ;‘01302:26.3° ) ¢]=0, ¢2"18O°

£ =.678MeV | at E.= 9. 34MeV |
Pmin -
ne]=ne2:.199 Ug™ 100 mb/sr
Nyon= 3- 3.ax105 C6062/C6D61 neutron flux ratio f= 1.4
Q,° 7.3x10°3 Dead tlme correctwn d = B
e
o Oe d ___?_]_ -e2 - N = C. N
By . MON T, M M By 11
Average Average 1 : ./n:;j
energy energy 1108 Ao
e N T N I S B —_ 3 .
£ E n , b
Tl S TR B LY AR o e R ? o)
(MeV) i (MeV) i L i il (%) sr-MeV | sr MeV
J 1.6 [.336] 16.2 - |.187{.195[ 1 /100 .20 20
2.7 |.368] 15.5 |.183|.182| 4| 50 .73 36
3.7 |.336| 14.7 |.181}.202] O} - - -
4.8 |.301( 13.7 [.179(.228 | 4| 50 .90 46
5.8 |.271|12.8 |.179].253| 8| 35 | 2.01 71
6.8 |.244)11.9 |.181].278| 4| 50 1.10 56
7.8 |.222}10.9 [.1841.299| 7| 38 2.09 79
8.8 ].205| 9.9 [.1921].317{ 3| 58 93 54
9.8 193] 8.9: }|;204(.310] 4| 50 .24 62
10.8 185] 7.9 |.220[.301| 7| 38 2.1 80
11.8 181 6.9 [.242|.279 | 5| 45 1.40 62
12.8 179 | 5.8 27 |.254| 2| 71 51 36
13.7 179 4.8 [.303(.226 | 1 ]100 .23 .23
14.7 181 3.6 [.339].200 | 3| 58- .60 35
15.6 184 2.4 37 [.180 | 5 | 45 .90 .40




Figure C.5.5.2

Comparison of experimental and theoretical
differential cross sections (solid line) for
the reaction n0+d.> n]+n2+p in projection

onto the kinematical locus length S for the
three angle pairs of Run #2.
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CTABLE 6 ABSOLUTE DIFFERENTTIAL CROSS SECTION

IN RUN #3 0]“02728.7‘ 3 ¢l=0, ¢2

~180°

£ =21.5MeV L = 528MeV | at”?{?bfﬁb“MéV*“““""
no f pmin
Ee :Eé =19, 1MeV e ”ue .'199 Ue: 82.2 mb/sr
1 %2 1 2
NMQN=2.979x105 C6D62/C6DBT neutron flux ratio f= .40
&),,“6.65x10—3 Dead tihe correction d = 1.1
e e R -
O'B = NV-‘ :%I; SR . _W(_‘ ] e;?_ . nB = ,C . on. /
i MON 2 ”e? Ny, Ny, i !
e DNV
Average *l Average g
energy energy i Ug
El. | E2. nB. i
i " o . nB i (*~~Z- -
(Mev) | (MeV)q‘ 1 1 il (%) | sréiMev
1.6 1.334) 16.0 [.186[.053| 4] 50 .23 12
2.7 |.368] 15.4 [.183].053| 4| 50 21 RE
3:8 |.332| 146 [181(.159| 6| 41 .35 14
4.9 1.298| 13.7 [.179].067] 2 7¢ 13 .10
5.9 [.267] 12.8 1791.075 | 8 35 .60 .20
7.0 [.240) 17.8 "].181(.083| 4| s0 .33 17
8.0 |.219}.10.8 [.185).089| 7| 33 62 23
9.0 |i202f 9.8 (.193].092] 7| 38 .64 .24
10.0 .191 8.8 .2051.092°| 8 35 .73 .26
1.0 {184 7.8 .|.223].087( 6 a 52 .21
12.0 {.181] 6.7 |.246 081 5 45 .40 .18
12.9  |.179] 5.7 .2731.073 1 5| a5 .37 .16 -
13.8 1,179} 4.7 |.303/.066 | 3!.58 .20 10
14.7 181 3.6  [.339].059| 4. 50 l .23 12
15.5  1.184| 2.6 |.370(.052| & 4] f .32 .13
| J
S
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TABLE 7 ABSOLUTE DIFFLRUNTTAL CROSS SECTION

y 0,0

©30.0° ; ¢,=0, ¢,=180°

IN RUN #3 10,
E. = 21.5MeV [ E. =, 4a5MevV | at £,=9.45Mev
0 . Pmin
Ee =Ee =18.8Mev N N =.199 ge:82.2 mb/sr
1 %2 1 %2
Nyoy= 2-979x10° C6D62/C6D61 neutron flux ratio f=1.0
92=6.65x10-3. Dead time correction d = 1.1
] e o T -
O B T _N.,,_;., -,(:.%:Ngdzb-:;-_ _._el » ,..Emz, - n B = C i n "
i MON 2 Vez L L Py
—t e 1 1
T s O 2SO
Average Average [/nB
energy energy i 9B A
E, - n, i
! i "y 2 n, c Ny B _gb ) ( -~*2m—b~-— )
(MeV) i (MeV) i i il (%) sr-Mev sr-MeV
1.6 |.334] 15.9 [.185/.145| 3| 58 - 44 .25
2.7 |.368]| 15.3 1.183[.133| 6. 41 . 80 .33
3.8 |.332] 14.5 |.181 .149 3! 58 .45 .26
4.9 [.298| 13.6 [.179].168{ 1| 100 17 17
5.9 |.267| 12.8 |.179|.188 4| 50 .75 .38
7.0 [.240f 11.8 [.181].207| 4| 50 .83 4]
8.0 $.219]| 10.9 [.185].221 | 12| 29 | 2.66 77
9.0 [.202| 9.9 {.192(.231| 7| 38 1.62 .61
0.0 |.191| 8.9 |.204{.230| 9| 33 2.07 .69
1.0 (.184| 7.9 [.221].220] 2| 71 44 .31
12.0 |.181| 6.8 |.244|.203| 4| se—TT8) .41
12.9  |%179) “5.8 [.272]|.184| 3| 58 .55 .32
13.8 |.179] 4.7 |.303[.165] 6| 41 | .99 .41
14.7 |.181] 3.8 |.335(.148| 4, 50 . .59 . 30
15.5 [.184] 2.5 |.370/|.132 5/ 45 . .66 .29
' ' l -
. {
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TABLE 8 ABSOLUTE DIFFERENTIAL CROSS SECTION
IN RUN #3 ; 0]=02:31.4° H ¢]:0,:¢2*180°

- g
NMON-2.979§10

£ o= 21.5Mev  TE. TTET38%MeV TGt R r 9.5MevV
L min : .

E =E_ =18.58MeV n n_. = .198 a = 42,2 nn/e
€1 €2 1 % €

CoDb62/C6D61,

neutron flux utio f=1,2§

«

sz 6.65x]0_4 Dead time correcfion d = 1.1 \ -
‘ n n
P
i MON 2 ]ez nli ‘Zi L

\Averége Average i /EET_ '~ww“qui“m*~ﬁ

engigy eniigy i oBi AG
E]""vp]: Ezi ap c. | s nBi (—-%Eﬂw) (“_%@M_
(M&. i (MeV) i i il (%) sr-MeV sr-MeV
1.6 |.334{ 15.7 |.185].183] 2| 7 .37 .26
2.7 |.38| 15.2 |.183|.167] 6| 41 | 1.00 4
3.8 [.332] 14.5. [.181).187] 2| 37 7 .26
4.9 |.298] 13.7 179f.211 | 2] 7 .42 .30
5.9 |.267] 12.8 179(.235| 3| 58 .71 4
7.0 |.2400-11.9 |.181].260| ‘3| s8 .78 45
8.0 (.219} 11.0 7785!.278| 7| 38 1.94 i3
9.0 |.202| 10.0 //.191 .292 1 10| 32 2.92 .92
0.0 }.191f 9.0 ., 203|.290| 7| 38 2.03 .77
11.0 |.184] 8.0 190.279 ] 6| 41 1.68 .68
12.0 |.181] 6.9 |.243].256| 2| 71 .51 . 36
12.9 |.179] 5.9 |.268].235| 3| =58 .70 41
13.8 |.179] 4.8 |.303].207| 3| s8 62 . 36
4.7 [.181( 3.6 [.341]|.182( 2| 71 .36 .26
15.6 |.184 2.3 [.370].165| 4| 50 | .66 337

| | |
|




7

Figure C.5.5.3

T

Comparison of experimental and heoret1ca1
differential cross sections é]ld line) -
for the reaction n0+d‘» n]+n2+p in projec-

tion onto ti. kinematical locus length S
for the three angle pairs of Run #3.
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Figure €.5.5.4
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Fye

2]
" right scale). , e }
A

‘1..

a ¥
& . N ‘Y
, SRS 'v"!

Comparison o&f rel B "?gs and. both
experimental and 0o -icai differential
cross sections for the reaction h, td > nohe,tp

‘at E, —2los MeV with ¢] 0°, ¢2-18&° ca
01-92-25° R g , o

* (Upper) Absoldte experimengal d¥ta (step

“1ine) and theorétical cury e
(Lower) Relat1ve energ1es E ]p éﬁh

E"}"? fg{ f.s.i. ,_proton energy Ep add ¢
the product1on/ang]e ) -~ "(dashéd line, =«

n,n,c.m,
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TABLE 10 RUN #3 CROSS SECTION AVERAGED AROUND
30.0°, -30.0° GEOMETRY
e Y g e
» average Tot /—“
al n T
g %,,, 0 o a R no. of B; ¢ o
— 30! 31.4 30.0 counts | = 30.0
1. mb mb mb ¢ B, mb
1 ( - ) ( 2 ( 2 P )-l‘,u nB. . (
#eV) . Sr-MeV sr-MeV sr-MeV "t i (%) sr-MeV
W3 .56 .44 .37 'y 5. 45 .18
. .80 1:00 90 gt 12 o 29 .26
245 .37 PER IS SO B 45 .18
17, | . .42 #P» Al . N A TR T R R Y
- ; 3 I
75 o 73 SIVARN BT 28
.83 .78 .81 7 38 .30
8.0 2.66 1.94 2.3 19 | 23 .53
9.0 1.62 2.92 2.27 .|, 17 24 .55
10.0 | 2.07 2.03 2.05 16 25 .51
o B} i . ’ o
11.0 4% |- 1.68 1.06 | 4 .8 35 .37
12.0, sk g 7,66 6. F 41 | .27
12.94 .55 .70 .63 6. | 47 .26
13.81 .99 .62 A 9 ' 33 |, .27
14.69 .59 .36 .48 6 41 - 1973
546 | EE T 66 | vss ket | 33 .22
A =
v /" ®



L

.
3,
'

- . > e K
Figure C.5.5.5 Equivalent of ng 4C.5.5:4 for
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C.6 DISCUSSION OF RESULi& - CONCLUSIONS

The averaged experimental cross sectiqns were
compared directly w1th theoretical values: witﬁout taking
into account the finite experimental reso]ugﬁﬁn since this
would have required a Monte Carlo program and an enormous
amount of addi;iona] computer time, eSpqcial]y for the arc
_prdjection The theoretical vaues (solid line) were
Jgta1ned with the computer cgde of Ebenhoh (Eb 72), which
is a separable potential approx1matlon of the exact three-
body theory. The theoretlcal Cross sec&1on is projected
onto.the kinematic arc lqusgfjexcep§ for 35“; -35° data

projected onto E2 axis), éhbe experimental cross

sections are projected onto 5° line. Deviations between

the exper1menta1 and theoretical f distribu-
t1ons ‘caused by th1s approximation should be very small in
the QFS peak area sinée the Jlocus curve closely COincides
qwith the 45° 11ne, except for the wings of the distribution
where the locus _has a sharp curvature,ww1h1s resu]ts in‘a
pileup of ‘the projected experimenfal coumts rough]y :n the
areas where the }hebretical curve pred1cts the minima be-

roa -
AL

tween tﬁe QFS'beak in the center and‘the two nyp and nzp‘
Final State Interaction'peaké on either end of the locus.
-Unfoning=thi$ effect would pOt'be possible wifhout a ‘Monte
Carlo pfpgram in the case of finite geometry Qf u;ed in
ﬁhis‘experiment, The important point however is, that the

QFS peak region remaihs uneffected.
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Comparison between the experimental data obtained

in the individual scattering angle pair geometries ahd the
-,

theoretical calculation using 2= - 16.4 Fand r  =2.86 F

nn
for the n-n scattering length and the[“fective range"show
- \ .

general agreement in the shape and ampiitude of the QFS

-peak with the exception of the 35° - 35° and 28.7° ~ 28.7°

sets.

.

The discrepancy observed in the 35°, -359% set v
(Fig. €.5.5.1) could be attributed to the electronics,

ﬁroubTes in the early stages of .run #1 and to the uncertain-

i
, %
ty in the correction for the C6D6 bias interference with the

-

minimum proton energy in the QFS peak (see dashed ]ine in

%

~Fig. C.5.5.1). Electronics malfunction is also a possible

cause of the 28.7°-28.7° discrepancy. ¥ '
| The proximity of the scattering angles corres-

ponding fo‘thg three C6D6 detectors in rung #2 (23.8°, 25.0°,

’326r2°) and run #3 (28.7°, 25.0°, 31.4°) made it pOssjP]e.

to calculate the average cross Septfo&s46f the adjacent

"sets and assign them to 25.0“..-25;q° and 30.0° - 30.0°

quasi-free'scattering apgﬂgrmespect1Vely. Only 30.0°,

-30.0° and 31.4°, -31.4° yalues were used for the average

in run #3 : ; .JFL

* ~ The stati§t1ca1:error, requcgd up to 18% in this

way (see Fi. €.5.5.5 and‘CJS.S.S),vmade it meaniﬁgfhl to

include other values of the scattering parameters in the

| -

 MARKS oN OfténL. | -
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compar{!ﬁh w%th the theoretical predlction5q‘£?e various
linesfifine cop parts of Fig. C.5.5.4 and C.5.5.5).
Although the slight tendency of the 25°, -25° set te favour

a shorter scagtering tength and a longer effective range

is not convincingly supported by fhe '30.0°, -30.0° set,

a general conclusion can be drawn, that the séparable
potenti® approximation of the exact three body theory fits
the data of the present experiment very well. An overall
agreement to within about 30% both in the shape and in the
amplitude of the data Qith the predictions can be

acknowledged.

The contr1but10ns of ot r possib sources of

é
errors to the experimental cross. gﬁon aremstly smal]er
&

o . <
tq;n“the‘statistical error (see T .

. o 4
The statistical Uncertainty is lower than that

of the only two previously existing nn quasi-free
¢
scattering measurements, i.e., the data of Slaus et al.

(S1-71) and Bovet et al. (Fo-74) obtained;at the incident
neutroﬁ energy of ]4 MeV. The Slaus measure ents o$%30n
-30° quasi-free scattering was repeated in the work of

Bovet‘et al. with additiopgal measurements at 41°, -41° d f.s.

-t

gaometry wh1le the cross section at 30°- agreed wlth the »

Slaus data, the cross sec%xnn at 41" was found lower than
. &~
the 30° cross section by a factor of 2. tdo 3’ To check this

sdiscrepancy a QfS experiment is being prepared for fhe

7/

/
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1 SUMMARY OF POSSIBLE ERROR CONTRIBUTIONS IN

THE EXPERIMENTAL "CROSS SECTION

Contribution
Statistical error

&

Statistical error in
monitor sums

Uncertainty in the
background subtrac-

o tion in monitor

peaks

. Error in n-d elastic

scattering cross
sectipn data

Energy spread due to
the finite geometry

-

¥

Uncertainty in the

. neutron detector

absolute efficiency

Its Effect on Cross’section

18% and higher as displayed by
error bars inqFigs. C.5.1,
€c.5.2, €.5.3, C.5.4, C.5. 5 and
as~1isted in Tables No: 2, 3,

4, 5, 6, 7, 8, 9 and 10

negligible

less than Si

'ﬁ .
LR 8 ’ r

‘I“b |

e

v 8% as quoted Wmu(Se 71)

ﬁﬁﬁ'-“

cross section data points i
as indicated by the step- \

-solid line in F\gs C.5.1

to C.5.5
Variations of up to n 20%‘
found p0551b1e a
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41.5° - 41.5° geohetry at 21.5lMeV~incident neutron energy.
A pulsed deuteron beam will be used for the prodquction ot
the 21.5 MeV neutrons and heavy water (020) will be used as
the deuterium target. | ,

| In the meantime2, QFS data hare been obtained (in
the way described in this_work) also at ang]es (18.8°, .
-18.8°%, 20.0°, -20.0°; 21.2°, —21.é°) and more data have
been taken at (28.7°, -28.7°; 30.0°, -30. 0°:731.4°, -31.4°) .
The latter will hopefully allow rep]acing of the previous
contradictory resultts at 28.7°, -28.7° geometrérnnd/tﬁﬁs
gi've the possibility of obtaining a chaip of cross section

values for 30.0°, 28.7°, 26.2°, 25.0°, 23.8° #@1.2° and .

i« 20.0°, each an “average over three adjacent sets. A teas '
square fit to such a broad span of ~ 20% statistical error »
. b ’ , . .

. data cou1djhe albe to distinguish a certain combination of

%pn and Fpn values best fitting the data. ' @

As our preseht results do not seem'to~supportuthe

~

(up to'80%) discrepanc1es reported in the pp q.f.s.

- experiments around 23 Mev 1nc1dent energy (see Chapterv'

-~

A.2.3. ZL they could confirm the speculatIOns ‘made in these
14

reports that such d1sagreements are 'due to the lack of
q

adequate Coqumb effect inclusion in the theor€t1ca]
.!-
calcu]at1oqs. ‘ e -

-~
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APPENDIX 1. -TRAE SAFETY SYSTEM

In addition to the internal safety features of the
FNPF cryostat des-rited in Chapter B2. an externa]ﬂsafety
system existed (see Figure AP.1) 1nc1ud1n; Fast acting
valve (3) triggered by a Veeco ionization vacuum gauge (2),
system of vacuum baffles (4) and a 400 2/sec ion pump (5)
providing efficient differential pumping, sealed vacuum

system, vented into a duct (9) with s:haust fan at the

roof level (10) and monitored for tritium contamination

by a tritium monitor (11). ‘Dur1ngran experimental run

*

all vacuum pumps on the beam 1ine between the cryostat and
the fast acting valve were out]ef into a sealed storage
tank (7), which was evacuéted into the duct again after
each run unless an accident occured.

The following features were included in the interlock

system:

J . Vacuum gauge (2)

Fast acting valve () cocked
Mobley rotary pump i\*;et closed
Fast acting valve (3)Narmed
Storage tank pressure < 1 atm. (8)
Outer case of T, manifold evacuated (16)
T, monitor in stack (11) -
T, monitor of target position (12)
Liquid He present
Liquid N, present (1
Cryostat vacuum (17)
Duct extract on.

}

8)

N—=0OWOVDNN N HWRN

— ot —
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