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ABSTRACT

●

✎

Cryogenic scattering samples of approximatelyone mole of liquid
tritium and liquid deuterium were used in the measurement of T(~,fi)T
and D(~,~)D scattering. The source of 16.5-MeV, -54% polarized neutrons
and of 22.1-MeV, +40% polarized neutrons was the T(d,~)4He reaction with
an incident deuteron energy of 6.o MeV. The left-right scattering
asymmetries for laboratory angles from 40° to 128.5° were measured with
a two-detector, time-of-flight spectrometer; and after neutron-gamma-rsy
discrimination was applied, the pulse height spectra were routed to an
on-line computer for preliminary data analysis.

The measured asymmetry for T(~,fi)Tat ~ = 22.1 MeV is negative
at angles forward of 95° (lab) and positive at larger angles. The ex-
trema of the n-T polarizations are -60% at 85° (lab) and+98% at 110°
(lab). T(?i,fi)Tpolarizations for ~ = 16.5 MeV are negative at forward
angles. D(fi,fi)Dpolarizations at En = 22.1 MeV are measured to be small
and negative at forward angles and small and positive at back angles.
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CHAFTER I

INTRODUCTION

I. THE PROBLEM

Previous measurements of the neutron polarization from T(~,fi)T

elastic scattering* were limited to one set of data at l.1-MeV incident .

neutron energy (Se 60) and to predictions from phase shift calculations

(To 66) of cross section data (Se 60) at 1.0, 2.o, 3.5, and 6.o 14eV.

Even meas-urementson the %e(~,fi)%e charge-conjugate system are “scarce

above 14 MeV (Ti 68). Part of the reason for this, of course, is the

difficulty of obtaining appropriate scattering samples of %(=T) and %e.

In spite of the difficulty

standing of internucleon forces

interactions. As a consequence,

of the experiments, however, under-

depends upon the analysis of few-nucleon

special efforts to measure scattering

of single nucleons from very light nuclei are well justified. The data

to be obtained from D(~,~)D and T(~,fi)Telastic scattering promised to

be of significance, and it is with these two interactions that the pres-

ent work is concerned.

Differential elastic scattering cross sections for D(n,n)D at

incident neutron energies between 5.6 MeV and 23 MeV and T(n,n)T be-

tween 6 MeV and 23 MeV have been measured by Hopkins, Seagrave, Kerr,

*The notation used here (and throughout the discussion) is borrowed
from P. W. Keaton (Ke 69a). ~ represents a polarized neutron besm. ;
is the measured neutron asymmetry. T(~,6)T and T(n,~)T are equivalent
for elastic scattering if time reversal holds (see Appendix A, Double
Scattering).
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and Sherman at the Los Alamos Scientific Laboratory (LASL) (Se 67, Se

69), and the present polarization measurements for the same interactions

are a valuable supplement to the cross section information.

II. THE METHOD

A cryogenic system built at LASL (Se 67 and Chapter III herein)

provided 23.5-cm3 liquid scattering ssmples of the hydrogen isotopes,

4
and another cryostat provided an identical sample of liquid He. The

4
He was used in the determination of the source polarizations and arti-

ficial asymmetries. An accelerated,bunched beam of deuterons produced

pulses of polarized neutrons from the T(d,~)4He reaction, and these neu-

4
trons were scattered from the hydrogen isotope and He samples.

Detection and energy resolution of the scattered neutrons were

accomplished by two 5-inch diameter liquid-scintillator,photomultiplier

detector packages in a time-of-flight system, and signals remaining

after neutron-gamma-rsy discriminationwere routed to an on-line computer

for preliminary anslysise

III . THE RESULTS

The data show some very striking features, especially the T(~,~)T

asymmetries at 22.1-MeV incident neutron energy. The results are unique

in that the n-T polarizations appear larger in magnitude than the charge-
.

conjugate p-5He polarizations at similar energies (Ti 68). The limited

n-T

the

the

data for 16.5-MeV incident neutrons are valuable for establishing

shape and sign of the polarization curve at forward angles, and

22.1-MeV n-D polarizations confirm previous results (Ma 66). A

●

✎
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phase-shift analysis

unique solution must

-rTr
J.v

was made for n-T scattering

await further experiments.

3

at 22.1 MeV, but a

. CONTENT OF FOLLOWING CHAPTERS

Chapter II of this text

scattering, and interactions

Chapter III the experimental

outlines the theo~ of polarization, double

between nucleons and spin % nuclei. In

method is examined in detail, especially

the physical equipment and electronics used in performing the experiment.

The procedures involved in the analysis of the data are described in

Chapter IV, which also includes a section on the determination of errors

and lists the measured asymmetries and errors. In the fifth chapter the

final results of the measurements and phase shift analysis are tabulated

and discussed. Finally at the end of the text are two appendices which

treat the theory and explain the data-analysis computer

detsil than could be done in Chapters II and IV without

continuity.

programs in more

sacrificing

*

.



CHAPTER II

THEORY

Only the important results of a theoretical analysis of polariza-

tion effects are outlined in this chapter in order to avoid breaking

the continuity of the discussion with many pages of mathematical detail.

Because it is important that a

spin % scattering be collected

of this theory can be found in

more canplete

in one place,

Appendix A.

analysis of the spin %$

the detailed development

I. POLARIZATION AND DOUBLE SCATTERING

If~in andk~c are the wave vectors of incident and scattered beams,

and the incident channel spin for collision of particles 1 and 2 is

+
a = %(:1 + :2), then the differential crosssection for scattering

through an angle 13in the presence of spin-orbit and spin-spin interac-

tion potentials is

u(e,$) = [I(e) +1(.9) %) ● ;1 = 1(0)[1+ P(6) COSI#)] , (11-1)

where 1(0) is the spin-independent cross section, 3(9) is

a magnitude less than or equal to unity and .he direction

channel spin, and;= (tin X~sc)/(k2sin6) is the normal.

a vector with

of the incident

to the plane

of the scattering. $ is the angle between the incident channel spin and

the normal to the scattering plane. In the special case of scattering

of nucleons frcm a spinless target

P(8) = (N+ - N+)/(N+ +N+) , (II-2)
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where N* and N+ are the number of particles scattered with spins up and

down with respect to the scattering plane. Hence, F(6) is called the

polarization of the interaction.

For double scattering as shown in Fig. 1, first through angle f31,

then again through an angle (32,the cross section is

de#32,4@ = I(el) I(e2) [1+ P1((31)● P2(02)]

= 1((31)1(02) [1 + Pl(f31)P2(f@ Cos$v] , (II-3)

where $12 is the sngle between the two scattering planes. For the most

common case when both scattering are in the same plane, the asymmetry

e is found by allowing $12 = O and $12 = m in Eq. (II-3), so that

e = PIP* = (L-R)/(L+R) . (II-4)

L and R are the numbers of particles scattered through angle 02 to the

left and right, respectively.

II. SCATTERING

The spin-independent

(V2 + k2 -

AMPLITUDES AND PHASE SHIFTS

Schrbdinger wave equation is written

Uc) $(;) = o , (II+)

where the centrsl potential.Uc = (2m/hz)Vc(r),m = the reduced mass

the two-particle system, and r = 1~, - ~ol. The differential cross

section csn be related

u(6) =

of

A c

to a scattering amplitude f(e) by the equation

f(e)12 , (II-6)



Figure 1. Double Scattering Geometry.
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if the wave function is considered to be a sum of incident and scattered

waves. For an incident plane wave

= exp(ikz) + f(e) exp(ikr)/r

The laat summation over orbital

for large r; and 61

with respect to the

sin(kr-(Lr/2)+dg)PL(cos13).

(II-7)

angulsr momentum states, l.,holds only

represents a shift in

incident plane wave.

phase of the scattered

In this formulation

f(e)
-1

= l~ik
z

(21+1)(1-UJ Pg(cose) ,

R
and

‘k = exp(2i6L) .

If Q is defined

iQg = (up (Ufl+l)-l

then

%
= arctan QE .

wave

(II-8)

(11-9)

If it is assumed that spin-dependentscattering can be approximated

by a potential containing spin-orbit and spin-spin interaction terms,

then the wave equation becomes (Appendix A andWu 62)

(f/2+ k2- W) $(~,~) = O , (11-10)
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where
●
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W = (2m/li2)[V=(r) + (Io?I)V1~(r) + ‘NT(r)] .

?, # are the orbital and

T is a spin-spin tensor,

spin angular momenta of the two-particle system,

[

3(:1”;)(:2”;)
T =

r’
-: “:112’

and ;19 :2 are the spin vectors for the incident particle and scatterer,

respectively. !!3nenthe wave function is convenientlywritten

= exp(ikz) Xs +
z

f~s,(e,+) X5’ exp(ikr)/r

s’

(II-u)

> l(’L+l)? )(s,f’where Cc = i~2k- represent spin vectors of incident and

exit channels, respectively, c, c’ represent the incident and exit

angular momentum quantum states (L,m,J,M) and (1’,m’,J’,M’),and

Ic = [ik exp[-i(kr-in/2)] G~g Ylm(e,$) Xs]/r ,

Oc = [izexp[i(kr-LT/2)] G~L Yin(e,+) ~s]/r .

The Gm’ are the Clebsch-Gordon coefficients given in Appendix A in
m
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Table AI, and the Ylm(e,$) are normalized spheric~ h=onics” men

f(e,$,;) =
x

f~~,(e,$) Xs’

s’

+5= ill

k x
(2k+1)%[(&)% G= PL(cos6) f

cc’

U(e,$) =

and

U G=, Yl,m,(e’,$’) Xs’] ,
C’c

f(e,0,i012 ,

P(e) = [u(e,@) - 1(0)]/1(8) ,

where

(II-12)

(II-13)

(II-14)

I(e) = ~ lf.j-J12
i

= the differential cross section in the absence of mixing

of quantum states between incident and exit channels.

In the spin-dependent analysis Uc,c is a matrix relating outgoing

angular momentum states to the incident states. Mixing between states

occurs when allowed by conservation of total angular momentum J and

p=ity (-l)g. U is guaranteed unitary and symmetric by conservation of

probability and time reversal

%
= exp(2idg) when no mixing

such that in matrix notation

properties, and is diagonal with elements

occurs. Thus, if a matrix Q is defined



●

✎

l-l

ifd= (U-l)(U+l)-l , (II-15)

then the phase shifts are defined in analogy with the diagonal case as

Is = arctan
-1 .

>,
lJ

In the present T(~,fi)T

energy, the orbital angular

‘ij “

experiment for neutrons

momentum quantum number

(II-16)

with 22-MeV incident

was limited to

J1 = 3 in which case U ism= a 14 by 14 matrix with 10 non-zero, off-

diagonal.,state-mixing elements. The explicit form of U is given in

Appendix A, Table AII.

The above anslysis points out the relationship between the measur-

able quantities, asymmetry and cross section, and the postulated nuclear

interaction potentials. The connection is achieved via the scattering

amplitude f(e), the phase shifts & the scattering matrix U, the wave
ij‘

function ~(~,~), and finally the Schr?5dingerwave equation itself. For

the description of the present experiment, the importmt concepts are

the polarization P(6) and the asymmetry e defined for double scattering

by Eqs. (II-3) ad (II-4).



CHAPTER III

THE EXPERIMENT

.

.

This chapter describes the method and the equipment involved in the

measurements performed during the present experiment. How the polarized

neutron beam was produced, the geometry of the problem, and the descrip-

tion of the cryogenic scattering samples are treated in Section I.

Section II describes the detectors, collimators, and electronics; and

in the last section the various measurements necessary for obtaining

the desired results are discussed.

I. PRODUCTION AND SCATTERING OF THE NEUTRON BEAM

The Van de Graaff Accelerator and Mobley Buncher

The Los Alamos vertical Van de Graaff accelerator and Mobley buncher

were used to produce a pulsed besm of deuterons with a repetition rate

of 2 MHz and a pulse Length of 1 nsec at the center of a tritium gas

target. The principles of Van de Graaff electrostatic accelerator

operation are described elsewhere (He 59, Va 46); Cranberg et al. have

explained the details of a Mobley buncher system (Cr 61); and the fea-

tures of the Los Alamos pulsed fast neutron research facility are dis-

cussedby Hopkins et al. (Ho 67).

Basically the deuteron beam is swept across an aperture near the

high voltage head of the accelerator to produce a chopped 2-MHz beam

of 10-nsec length pulses.’ The deuteron pulses pass between a pair of



deflector plates located just upstream of a 90° bending, focusing magnet.

An rf voltsge is applied to the deflector plates in phase with the

arrival of the deuteron pulse so

deuterons arriving at the magnet

path along the outer edge of the

to focus all of the deuterons in

same time. Figure 2 illustrates

that the pulse is fanned out, and those

first are forced to travel the longest

magnet. The effect of the magnet is

the 10-nsec pulse on the target at the

this effect. In practice one obtains

a burst of deuterons on target for approximately 1 nsec in each 500-nsec

period.

Time of Flight

The target upon which the bursts of deuterons impinged in the pres-

ent experiment was a l-cm-diameter, l-cm-long cylindrical cell filled

with tritium gas at %60 psig pressure. The deuterons entered the cell

from the besm tube, which is maintained at %10
-6

Torr, through a9.6-

mg/cm2 molybdenum foil window. The Van de Graaff accelerating ener~

was boosted to compensate for energy losses in the tritium and in the

foil in order to obtain the appropriate deuteron energy at the center

of the target. These energies and energy losses are tabulated in Table

I. The T(dY~)4He neutron energies in the table were obtained from the

reaction

energies

and zero

kinematics analysis of Appendix A, Section II. These particular

and angles were chosen to correspond to the maximum, minimum,

polarization of the neutrons.

An induced “stop” pulse is picked off a cylinder at a point just

before the deuteron”burst enters the target. The stop pulse gives a

“zero time” reference; i.e., the time at which the T(d,~)4He neutrons
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Figure 2. Target-Detector Area Geometry for the

Neutron Polarization Experiment.
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TABLE I

T(d,~)4He Deu’teronand Neutron Energies in MeV, Pi(\) Neutron

Polarizations, and Target-Sample Distances.

PI(01)
d(cm)

‘d
AE AE ‘d tll(lab) E

neutron target
accel- target polari- sample
erator foil gas center deg n zation distance

6.57 0.51 0.06 6.00 29.8 22.1 0.40 10.2

6.57 0.51 0.06 6.00 89.8 16.5 -0.54 7*5

3.10 0.96 0.14 2.00 29.8 17.8 0.0 10.2

were produced. The

distance d from the

multiplier packages

elapsed between the

neutrons were scattered from the sample a short

target and were detectedby the scintillator, photo-

at the end of a 2.55-m flight path, D. The time

stop pulse and the arrival of the neutrons at the

detectors is a measure of the scattered neutron energy. In fact, non-

relativistically,

t(nsec) = %72.3D (meters)/[En(MeV)] ; (III-1)

and the time-of-flight system is an excellent spectrometer which sepa-

rates neutrons according to their energies.

The Monitor .

. In addition to the detectors at 132Land e
2R

shown in Fig. 2, a
.

third detector, the “neutron monitor,” was located above the target at

110° to the incident beam direction. The collimator of this detector
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.

can be seen in Figs. 3 and ~. The monitor effectively counted the

neutrons produced and allowed consecutiveme~urements to be made for

the same numbers of neutrons thus compensating for fluctuations in

deuteron beam intensity.

Double Scatterin&

The polarizations P1(Ol) of the neutrons produced in the T(d,~)4He

reaction are given in Table I. Scattering the polarized neutrons from

the liquid hydrogen isotopes produced a left-right asymmetry from which

the n-D or n-T polarization P2(92) was determinedly applying the double

scattering equation (II-4); thus,

p2(e2) = e/P1(f31)= (L-R)/[(L+R) Pl(el)l.

L and R, the total numbers of elastically scattered neutrons detected

in the left and right detectors, respectively,were determined by scat-

tering the neutrons from the ssmple and then subtracting the “background”

data obtained by scattering the neutrons from an identical empty dummy

cell for an equal number of monitor counts.

.

Cryogenics

Members of the Los Alsmos Scientific Laborato~ cryogenics group,

especially E. C. Kerr and R. H. Shermsn, built cryogenic systems for

4
containing the liquid hydrogen isotopes and liquid He scattering

samples. The so-called chariot with the two cryostats for liquid deu-

terium and tritium can be seen in Figs. 3 and 4. The systen has been

described by Seagrave (Se 67).
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Figure 3. View of the Equipment Used to Measure D(~,fi)D

and T(~,6)T Asymmetries. (~is photograph is

diagrsmmed and labeled in Fig. 4.)
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Figure 4. Outline Drawing of Equipment Used to Measure

D(~,~)D and T(~,fi)TAsymmetries.

.

*
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Basicslly the cells at the tips of the cryostats are two concentric,
.

cylindrical, stainless steel cans; the inner cell with 3-roil-thickwalls

contains the liquid scattering sample, and there is a vacuum jacket

between the inner cell and the outer can which has b-roil-thickwalls.

The inner cell dimensions are 1.3&m radius R and 4.17-cm length; hence,

the cell volume is 23.5 cm3 or, in the case of tritium, approximately

I mole or 60,000 curies. The tritium and deuterium were cooled and

liquified by a liquid hydrogen jacket in the upper dewars.

The tritium half life for 18.6-keV B decay is 12.26 yr. This sub-

stance is extremely dangerous when released to the atmosphere since it

replaces normal hydrogen in water molecules, and is essily ingested and

absorbed into the human body. Thus, especially in the handling of the

%30 liters at STP which were used to produce the 23.5-cm3 liquid tritium

scattering ssmple, it was necesssxy that detsiled standard operating

procedures be strictly followed; and radiation monitoring personnel

from the LASL Health Physics Ditision were required in the building at

all times.

4
A cryostat to contain liquid He was also built

group and mounted on a separate stand. The cell was

by the cryogenics

identical to that

containing the hydrogen isotopes so that measurements of scattering from

the different nuclei couldbe easily compared. Othemise, the cryostat

designs were slightly different since the precautions taken to insure

4
a sealed system for tritium and deuterium were not necessary for He.

In addition, an evacuated dummy cell of identical dimensions and con-

struction was provided to facilitate making background measurements.

.
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Counting Rate
s

Before proceeding with a discussion of the detectors and elec-

. tronics, it will be instructive to examine

in the experiment.

Normally the integrated deuteron besm

target was

.-

the counting rates involved

current on the tritium gas

‘d
= 3 pamp = 1.88 x 10L5 deuterons/sec .

● The number of

‘1
= 30° lab,

22.1-14eVneutrons produced in the T(d,~)4He reaction at

scattered from the tritium sample’,and reaching the detec-

tor per second is

N = I&Il) x fl x fel x f2(62) >

where Il(el) is the intensity of neutrons

incident on the liquid tritium scattering

from the T(d,n)4He interaction

ssmple,

.

fl is the fraction of the incident neutron beam which interacts with

the tritium sample,

‘1 = [1 - exp(-nTt UT)] ;

f represents the fraction of elastic scattering,
el

●

s

f = c@T ; and
el

f2 is the fraction of elastic interactionswhich reach the detector,



Therefore,

N= [idal(el) ~TP,Q][I- fxp(-~t CYT)l[U2(e2)LLJ/UTl, (III-2)

where

Cll(el)=

=

‘T =

=

u2(e2) =

=

t=

T(d,n) differential cross section

12 mb/sr at 61 = 30° lab,

triton density in the target gas

2.3’j x 1020 tritons/cm3 at 60 psig, 30°C,

effective target length = 1 cm,

solid angle subtended by the scattering sample

0.107 sr at d= 10.2 cm,

total n-T cross section

61o mb at E = 22 MeV,
n

T(n,n)T differential cross section

83mb/sr at e2 = 40° lab,

3mb/sr at e2 = 100° lab,

triton density in the liquid ssmple

5.2 x 1022 tritons/cm3,

effective sample thickness = mR/2

2.105 cm,

solid angle subtended by the 4“ x 5“ detector

0.0020 sr.

Thus, -thenumber of elastically scattered neutrons arriving at the

.

●

detector is

N= 100 neutrons/see at e2 = 40° lab

% 4 neutrons/see at 02 = 100° lab.
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However, the neutron counting rate in the detector is

R =cN,

where c is the detector efficiency,

c(E) =

n =

=

=

x=

‘H =

B =

[l-exp(-nuHx)] (1-B/E),

scintillating ion density

(6 x 1023 atoms/mole)(l gm/cm3)/(13 gin/mole)

4.62 x 1022 atoms/cm3,

scintillator thickness = 5.1 cm,

p(n,n)p cross section = 1 barn, and

bias level = 2 MeV for neutrons (see “Slow side electronics,”

this chapter);

so that at energies %10 MeV

E = 0.17 ,

and

R = 17 neutron counts/see at E12= 40° lab

= 1 neutron count/see at
‘2

= 100° lab.

Note, however, that R is only the elastic neutron counting rate and that

the total counting rate per detector includes all the background and was

actually measured to be RA w 200”R counts/see from the detector anodes

and R % 10 R after discrimination.
D

Thus, even without examining the

data in detail one can see that the elastically scattered neutrons are

only a small part of the data; and the time-of-flight system was val-

uable for separating the elastic neutrons, which were concentrated in

%20 channels of t~netime spectr~, fror.the background, which was spread

over the entire 256 channel wide spectru.n.
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II. DETECTING THE NEUTRONS

Detectors and Collimators

The detector packages used in the present experiment consisted of

4“ x !5” x 2“ liquid scintillatorsmounted on the face of 5-in.-dimeter

58-AVP photomultiplier tubes. The scintillator glass envelopes were

blown in the Los Alamos glass shop and ground optically flat by LASL

group GMX-9 personnel. The glass envelopes were then sent to Nuclear

Enterprises Ltd., Winnipeg (now at San Carlos, California), to be filled

with a “CYC1O-SO1”* base liquid scintillatingmaterial, NE218; and all

faces of the scintillator except, of course, the face applied to the

photomultiplier tube, were coated with reflecting paint. The tisible

portion of the scintillators was made bubble free by means of a glass

filling bubble on the f,aceawsy from the photomultiplier tube and hidden

fran the photomultiplier tube by the reflecting paint. With a little

dexterity and considerable patience all air bubbles couldbe transferred

from the visible main envelope to the attached filling bubble, and care

was used throughout the experiment not to tip the detectors in order not

to reintroduce air bubbles into the tisible region. NE218 exhibits a

reasonable pulse height and a marked difference in pulse shape between

light pulses producedby recoil protons, from incident neutrons, and

recoil electrons, from incident g=a rsys (Re 66). The latter property

is important in neutron-ganma-rsy discrimination described later in this

section. The photomultiplier tubes were mounted inside high permeability

metal cylinders to avoid possible changes in amplification character-

*

.

*“CyCIO-sOl” is a product of the Shell Chemical Company.
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istics due to stray magnetic fields.

The detectors were surrounded by massive shields as shown in Figs.

3 and 4. The shields for left and right detectors were essentially

antisymmetric to each other. Two inches of copper and tungsten formed

the inner shield around the detectors, and this shield was in turn

surrounded by %2 feet of polyethylene for attenuating S1OW neutrons.

On the sides of the detectors towards the accelerator beam tube the

copper shielding was incressed to more than l-foot thickness to attenu-

ate the high-energy neutrons originating from this area, and at the

level of the detectors another 1 inch of copper was stacked around the

periphery of the shields.

Cantilevered and supportedby “battleship anchor chains,” the

copper and tungsten collimators extended from the face of the detectors

to within a few centimeters of the scattering sample. The purpose of

these collimators, of course, was to prevent the detector from seeing

the neutron producing target and to insure that only the neutrons scat-

tered from the ssmple actually entered the detectors. The collimators

consisted of copper blocks 4 in. thick on the besm tube side and 2 in.

thick on the opposite side. The last 10 in. of the collimator snouts

nearest the tritium target were tungsten. Tests were made

tiveness of the shielding and collimationby using a crane

ton blocks of concrete were suspended at various positions

of the effec-

on which one-

around the

shielding-detector carts. It was determined from these attempts to

measure the difference in background levels due to added shielding that

the collimators and shieldin~ were sufficiently heavy so that there

would be no advantage in increasing their thicknesses by several feet.
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It should be pointed out that the neutron monitor was also provided with

a rather massive copper collimator which can be seen in the figures.

The detectors with their shielding and collimatorswere mounted upon

carts which in turn rode on rails upon two turntables. The carts were

positioned so that the detectors were at a fixed distance D(= 255 cm)

from the scattering

positioned directly

mater rotated about

of necessity placed

sample. The pivot point of the left turntable was

under the sample, and the lef’tdetector and colli-

this point. The pivot of the right turntable was

some distance from the sample position, snd the

turret base of the cart was utilized to keep the right collimator

pointed at the scattering sample.

Angles (32of the detectors with respect to the neutron besm line

were found to be most easily and accurately measured with a transit,

mirror system suggested by B. Brixner at LASL. A front-surfacedmirror

on a small calibrated turntable was placed at the scattering sample

position and a transit was positioned some 20 feet awsy on the target-

ssmple line. The zero degree mirror

through the transit and rotating the

transit was in line with the transit

position was

mirror until

cross hairs.

determined by looking

the image of the

Then the mirror was

turned to half of the desired detector position angle O., the colli-
C

mater turntable was rotated until the transit operator was observing

the center of a scale placed

02 was marked on the floor.

of other ways found f32to be

.

at the detector position, and the angle

Checks of these measurements in a variety

accurate and reproducible to within 0.05°.
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Neutron-Gamma-Ray (n-y) Discrimination

The 58-AvP photomultiplier tubes were powered through modified

NE5553A* pulse shape discriminator (PSD) bases. The serial.numbers on

these tube bases, 66 and 60, were used throughout the experiment to iden-

ti~ the detectors. In the scintillation counters a single pulse from

the photcmniltipliertube can be described as the sum of two exponential

decays; the fast part of the pulse has a decay time of about 6 nsec and

the slow part typically decays in 200-hoo nsec. For recoil protons pro-

duced in the scintillator by”neutrons the amplitude of the slow component

is about 2% of the fast component, whereas for electrons produced in

the scintillator by gamma rays the slow component is only about 1% as

large as the fast component. The Daehnick and Sherr pulse shape dis-

criminator circuit (Da 61) incorporated into the NE5553A tube base uses

this difference in smplitude of the slow decsy to produce positive

output signals for neutrons and negative signals

Normally the output signals of the Daehnick

are smplified and routed through a discriminator

for gamma rays.

and Sherr circuit

in the tube base.

However, D. R. Dixon (Di 68) modified the units somewhat by routing

the output of the PSD circuit through an smplifier and line-driver

designed by himself and LASL group P-1; the smplified PSD signals

were routed outside the tube base without discrimination in order to

allow external monitoring of and discrimination on the signals. The

PSD circuits were carefully adjusted so that they were about 99.8%

*NE5553A pulse shape discriminator units are built by Nuclear
Enterprises, San Carlos, California. .
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effective in rejection of all gamma r~s encountered in the experi-

ment.

Electronics

Figures 5 and 6 are block disgrams of the “slow” and “fast” elec-

tronics used in the experiment. Basically the problem to he solved by

the electronics is to take three signals from each detector, discriminate

against gsmma rsys and low energy neutrons, correct for electronic dead

time, mix the signals, provide pulses to the on-line SDS 930 computer

which separate the

and store the time

from the detectors

1. a linesr

incident

particles according to

spectra in the on-line

were:

the detectors they entered,

computer. The signals taken

signal with MI to 0.1 volt amplitude, dependent upon

particle energy, and with about a 20-psec decsy time

constant;

2. the n-y signal

w to 0.5 volt

from the

positive

Dixon smplifier, line-driver with

amplitude for neutron produced recoil

protons and a comparable negative amplitude for gamma-ray

produced recoil electrons; and

3. a fsst anode signal.

It will be convenient to consider the “slow” side first.

Slow side electronics. On the slow side (Fig. 5) the linear signal

was first smplified and then routed through an “energy level” discrimi-

nator into a coincidence unit. The energy discrimination level was

set to reject very low energy particles and was calibrated periodically
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Figure 5. Block Diagram of “S1OW Side” Electronics.
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Figure 6. Block Diagram of “Fast Side” Electronics.
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by connecting the linear input signal of the discriminator to a pulse

height analyzer (PHA, not shown in the diagram). !l.’he=dyZer w=

137gated by the output of the energy discriminator. A Cs gamma-rsy

emitter placed in the collimators allowed the discrimination level (PHA

gate) to be set at the 0.662-MeV gsmma-rsy energy, which corresponds to

%2-MeV neutron energy in the scintillator pulse heights (CZ 64).

The n-y signal was routed into a modified gate unit which, when

a complete conversion signal was obtained from the time to amplitude

converter (see the description of the fast electronics below), added a

0.5-volt pedestal to the signal. It was necessary to add 0.5 volt so

that the positive level of the differential discriminator could be set

to reject gsmma rays before the neutron signal entered the coincidence

circuit. The neutron discriminatorwas set in the same manner as the

energy discriminator except that a PuBe neutron-gamma source was used

and the discrimination level (PHA gate) was set in the valley between

neutrons and gsmmas in the PuBe spectrum. The neutron-energy coinci-

dence signals from the two detectors were mixed and used to gate the

analog-to-digital converter (ADC) at the on-line computer.

There was also a second coincidence unit in the slow side elec-

tronics which utilized the ssme neutron and energy signals as the ADC

gate

from

from

signal. However, in addition this unit required a coincidence

the anode of the opposite detector; thus, an output signal resulted

this coincidence only if there were simultaneous events in both

detectors. This “veto” signal

amplitudes of the simultaneous

right detector memory location

wss routed to the ADC to avoid adding

pulses and sending a large signal to a

in the computer. Fortunately, these



veto events were not frequent. For example, the ttie-integrated

rates for n-T scattering at 02 = 40° lab were:

‘A

‘E

%

For a double

(T = 1/500),

‘d

= pulse rate from the

= 3.4 x 103/see,

= pulse rate from the

=R
D

= 170/see, and

= pulse rate from the

= ~ = 170/sec.

coincidence of pulses

detector anode

36

pulse

energy discriminator

neutron discriminator

in l-nsec bursts at 500-nsec intervals

the coincidence rate is

= T {[(R1/T) t1](R2/~) +[(R2/~)t2](R1/~)}

= 2 R1R2 t/~ ,

-6where t
1
=t2= t=lo sec is the pulse length. The veto coincidences

were obtained from a triple coincidence for which the rate is

‘t
= ~[(Ru td)(RA/~) + (Rti td)(RE/~) + (Rd3 td)(~/T)] ,

where t
d

=tis

sent the double

the double coincidence pulse length, and

coincidence rates (,RU = 2R&Nt/~, Rd2 =

‘d3 ‘2R#At/~). Then

Rt = 6RAR#N t2/~ ,

the Rti repre-

2R#At/~,

.

*

so that the mixed veto coincidence rate from both detectors was

2Rt = (l2)(3.4x 103)(1.7 X 102)2(10-6)2/(1/500)

= 0.6 veto p~ses/sec.
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A third signal was sent to

coincidence unit. This was the

event had occurred in the right

the ADC from the right detector N,E

routing signal which indicated when an

detector.

more

Fast side electronics.

complicated. The anode

The fast side electronics were somewhat

signal.of each detector was amplified,

routed through a

the start signal

of pulses N from

fast discriminator with l-nsec dead time, and used as

for a time to amplitude converter (TAC). The number

the fast discriminator were counted on a scaler:

The 2-MHz stop pulses were routed

The stop pulses were counted in scaler

when neither TAC was dead were counted

through a trigger-fan out unit.

c~, and those pulses which arrived

in scaler C
2“

It may appear at

this point that the circuit is backwards. The “stop” pulse as explained

in Section I of this chapter was a zero-time indicator; i.e., it was the

pulse picked up at the tcurgetwhen neutrons were produced. It would

have been logical to start the TAC with this signal and to stop the

converter with the anode signal from the detector indicating the arrival

of a neutron. However, here again the counting rate was important. Note

that the anode pulses arrive at a rate of ‘w3.4x 103/sec so that starting

the TAC by every beam pulse would result in w600 more starts and 600

times more dead time than would result from starting the TAC by an

event in the detector. To avoid this excessive dead time and, since

the beam pickup was a (2000.OtO.2)-kHzpulse, the TAC’S were started

by a detector event and stopped by the succeeding “stop” pulse, so that

the TAC output voltage decreased with increasing time of flight. Hence,
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in the typical data spectrum (see Figs. 7-10 in Chapter IV) time in-

creases from right to left and the energy scale runs from left to right.

The outputs of the TAC’S were mixed and routed through an ADC,

which had been properly gated by the slow side electronics, to an on-

line SDS 930 computer for pulse height analysis. The computer and its

associated software have been described by Levin et al. (Le 69, Ga 66).

The computer time scale was calibratedby sending pulses frcina pulser

into both start and stop sides of the TAC and delaying the start pulse

input with respect to the stop pulse in 10-nsec steps. In this manner

it was determined that the computer output/input signal ratio was con-

stant over the entire running period at 2.3 channels/nsec.

The monitor electronics are also shown on the fast side. Essen-

tially the monitor time-of-flight system

other detectors except that differential

on the monitor time spectrum rather than

Monitor gates, M, were scaled.

was identical to that of the

discriminationwas perfoxmed

on energy and n-y spectra.

The overall time resolution in the detectors and associated elec-

tronics was much less than 1 nsec.

Normalization and Dead Time Corrections

The purpose of scaling the quantities M, Cl, C2, and N was for the

normalization and dead time correction of the data. To calculate these

effects, assume the following:

n’ is the number of counts detected during a run of M’ monitor

counts;


