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-ixINTRODUCTION

Experim ental studies of systems involvin g relative ly
small numbers of nucleons are of consider a ble interes t in that
they may provide further insight into the nature of nuclear
forces.

A great deal of effort has been directed towards

attempti ng to explain the results of such exp eriments in terms
of the fundame ntally importan t nucleon- nucleon interact iono
Theoret ical studies employin g specific forms of the nucleon nucleon potenti al have been made for systems involvin g up to
six nucleon s, although the calcula tions become increa singly
difficu lt as the number of nucleon s increase s.

Of course, when

systems are too complex for such studies to be made, other useful
informa tion may still be obtained from the experim ents, such as
informa tion on the propert ies of energy levels when they are
observe d.

In this regard, the systema tic classifi cation of the

propert ies of nuclear energy levels in the light nuclei has long
been one of the major fields of research in low energy nuclear
physics , and the interpre tation of these propert ies in terms of
nuclear models has provided conside rable insight into the nature
of nuclear interac tions.
The experim ents describe d in this thesis involve systems
composed of from three to six nucleon s.

The work was undertak en

in an effort to provide data which may be general ly useful in
extracti ng informa tion on nuclear forces and to acquire further

-x.knowledge of the energy level structure of some of the very
light nuclei.

All the experiments were performed with the

Australian National University Tandem Van de Graaff accelera tor.
For the most part, each chapter is self-contain ed, and only a
brief description of the materia l is included here.
In Chapter 1 measuremen ts of the neutron total cross
4
section of He are discussed.

The energy rang e covered includes

5
the excitation energy of the 16.70 MeV level in He , and the
effect of this level on the total cross section is observedo
4
In Chapters 2 and 3 the results o·f a study of the d-He
interaction are presented.

Elastic scattering differentia l

cross sections are given in Chapter 2, whereas Chapter 3 describes a study of the continuous proton spectra from the interaction.

The ela stic scattering cross sections were measured to

an accuracy of about 3%, and the energy range used in the ex6
periment covers several of the excited st a tes of Li • In the
continuous proton spectra a pronounced peak is observed from
the He 4 (d,p)He

5 reaction, and information is obtained on the

5
ground state of He •
3
In Chapter 4 a study of proton spectra from the d-He
interaction reveals a distinct peak near the maximum possible
energy of the proton continua.

This peak is interpreted as

4
resulting from an excited state in He at an excitation energy
of about 20.1 MeV , and the results obta ined here are compared
with studies made at other laboratorie s.

-xiFinally, in Chapter 5 measurement s of the deuteron
tensor pola rization components from p-d el a stic sc attering are
described.

The results indicate the presence of small but

non-zero values for some of the polarizatio n components.

CHAPTER 1
4
THE NEUTRON TOTAL CROSS SECTION OF He

1.1

Introductio n
Background Information
4
Measuremen ts of the neutron total cross section of He are

useful from several points of view.

Firstly, information on ac-

5
cessible levels of the compound nucleus He may be obtained from

the resonances which occur in the total cross section.

With the

application of nuclear resonance theory, many of the parameters
needed to describe a level may be obtained.
Secondly, mea~uremen ts of then-a total cross section
provide part of the data necessary for determining the elastic
scattering phase shifts.

Accurate values of then-a phase shifts

are particularl y important, since helium is frequently used as a
polarizatio n analyzer and the analyzing power can be calculated from the phase shifts (e.g., Ha 63).

The differentia l cross

section for elastic scattering, which is employed in extracting
the phase shifts, is usually determined by normalizing relative
angular distributio n data to the neutron total cross section.
Since total cross section measurement s do not require absolute
determinati on of neutron fluxes, they can be performed quite
accurately and are therefore very useful in this regard.

Direct

normalizati on to then-a total cross section is possible below
4
neutron energies of 22.07 MeV. At this energy the He (n,d)T

-2-

reaction becomes possible, and knowledge of the total reaction
cross section is required for normaliza tion at higher energies.
4
Finally, since He is the simplest spin zero nucleus,
n-a experimen tal studies are of considera ble interest in observing
to what extent the measurem ents may be understoo d in terms of the
nucleon-n ucleon interacti on, or in any case, the nucleon-a lpha
particle interacti on.

Theoretic al studies of this nature are

greatly facilitate d by knowledge of the phase shifts, since the
results of any possible sca ttering experimen t at a given energy
are contained in the pha se shifts.

Reviews on the subject of

nucleon-a lpha scatterin g have been published by Hodgson (Ho 58)
and by Burke (Bu 60).
The present measurem ents of the neutron total cross section
of He 4 cover the neutron energy range of 20 to 29 MeV, correspon d-

5
ing to 15 to 22 . 2 MeV excitatio n in He o

Previous measureme nts

have been made over the neutron energy range of Oto 20 MeV (e.g.,
Da 53, La 59, Va 60, Au 62), and isolated measureme nts have been
made for energies greater than 30 MeV (Hi 54).
The level of principal interest in the present energy

5
range is the 16.70 MeV state in He (see figure 1.1 for an energy
level diagram of He 5 ) .

The strongest evidence for this level has

been obtained through measurem ents of the cross section for the
T(d,n)He 4 reaction (Ar 52, Co 52, Ku 55), which has been observed
to go through a pronounce d maximum at a deuteron energy of about
108 keVo

Similar effects have been observed in the mirror

5
Energy level diagram of He •
5
are referred to the ground state of He •

FIGURE 1.1
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-3He 3 (d,p)He 4 reaction (eog., Bo 52) with a maximum being observed
at about 425 keV.

Single level resonance theory has been employed

to explain the resonance in terms of a J

TT=

3/2+ state, at an

excitation energy of 16070 MeV for the case of Ha5 (La 62).
Howeve.ir, Flowers (Fl 50) and, more recently, Bransden (B~ 60) hava
pointed out that it may also be possible to explain the resonance
on the ba sis of barrier penetration effects, rather than a genuine
level in the compound nucleus.

The suggestion has been made by

Conner et alo (Co 52) that an investigation of n-a scattering may
indicate whether the level does exist, and such a study was made
by Bonner et al. (Bo 59) for neutron energies between 16 and 23.4
MeV, using a helium-filled ionization chamber.

In this study an

anomaly was observed at 22.15 MeV neutron energy which was interpreted as resulting from a level of excitation energy 16.7 MeV
.

in

He.5,•

The possibility of a state in He 5 at an excitation energy
of about 19 MeV has been suggested by Blanchard and Winter (Bl 57).
These authors argue that if H5 exists, its T=3/Z ground state
should be located about 19 MeV above the ground state of He 5•
However, assuming this state does exist, the analog He 5 state will
have only a small effect on then-a cross section if the state has
a high degree of isotopic spin purityo
Measurements of the cross section of the T(d,n)He 4 r~action
have also revealed a broad anomaly between the deuteron bombarding
energies of 4 and 8 MeV (e.g., Ga 56, Ba 57), corresponding to

•

I

-4about 20 MeV excitation in He 5 •

This anomaly is not pronounced,

and there is speculation that a reaction mechanism other than
compound nucleus might explain the observed energy dependence.
Quite good fits have been made to an angular distribution obtained
at 10.5 MeV deuteron energy (Br 51 , Bu 51a) using Butler stripping
theory.

However, attempts to fit an angular distribution at 5 . 79

MeV with stripping curves have been unsuccessful (Ga 56) .
Recent measurements of the asymmetry in the elastic scattering of polari zed neutrons by helium at neutron energies near
20 MeV have emphasized the uncertainty in the n- n phase shifts in
this energy region.

A set of phase shifts based on an extrapola -

tion to 20 MeV of a set consistent with scattering and polarization data below 10 MeV is found to disagree with asymmetry
measurements at 16.4 and 20 .7 MeV (Ma 63 , Tr 62).

A second set

which was deduced from the results of a phase shift analysis of
p- n scattering is found to agree with the asymmetry measurements
at 16 . 4 and 20 . 7 MeV but to disagree with measurements made at
23.7 MeV (Ma 63) .

Thus , if helium is to be used as a polarization

analyzer in this energy region, it is clear that more accurate
knowledge of the phase shifts is needed .

The present measure-

ments should be useful in obtaining this knowledge .
1.1b

Description of the Experiment

Th e n-n total cross section was determined by measuring in
goo d geometry the transmission through helium of monoenergetic
neutrons from the T(d,n)He 4 reaction.

The results of a

I

-5transmission experiment may be related to the total cross section
quite simply by the following considerations.

If a beam of

neutrons of flux I is incident on a thickness dx of a target having
n nuclei per cm 3 , then the change in flux due to the removal of
neutrons from the beam by nuclear processes is:
-dI = nI a;;dx
where

o-t is the total cross section.

The transmission through a

target of thickness t i s then given by:
T = I/I

= e-n ~tt

1o1

0

where I and I are the flux of the neutron beam before and after
0
passing through the target.
For the present measurements, the experimental arrangement
was such that a helium sample could be placed between the neutron
source and a scintillation detector.

The number of neutron counts

detected in the scintillator was recorded with the helium sample
in the beam and with the sample removed from the beam for the same
number of incident neutronso

The transmission was then determined

by the ratio of the "sample in" neutron counts to the "sample out"
countso
Measurements were made at twenty-six neutron energies from
20 to 29 MeVo

A pronounced resonance was observed at 22.15 MeV,

and data were taken over the resonance in steps of 25 keV and
with a total neutron energy spread of about 40 keVo

Elsewhere the

measurements were made with a total energy spread ranging from
130 keV at the lowest neutron energy to 60 keV at the highest

- 6energy.

The statistical error in the total cross sections is 2%

over the resonance and about 1% elsewhere.

The maximum systematic

error is estimated to be 0.9%.

1.2

Apparatus
1.2a

General Arrangement

After energy analysis in a 90° magnet , a deuteron beam from
the tandem accelerator was collimated by a 3.2 mm diameter tantalum aperture before entering a tritium-filled gas target, as is
indicated in figure 1.2.

Neutrons from the d-T reaction passed

through a cylindrical transmission cell which was placed at an
ang le of 0

0

to the incident deuteron beam and which was located

midway between the tritium gas target and a neutron detector.

For

the "sample in" runs, a transmission cell filled with helium at a
pressure of 180 atm was used, while the "sample out" runs were
performed using an identical, cell which was evacuated.

A second

detector was placed at an angle of about 60° to the deuteron beam
and was used to monitor the neutron flux from the d- T reaction.
1.2b

The Tritium Gas Target

The deuteron beam entered the tritium gas target through a
1.2 micron thick nickel foil .

The tritium cell was constructed

from thin-walled stainless steel tubing with a diameter of
0.95 cm .

For the measurements around the 22 .1 5 MeV resonance, a

cell of length 2. 5 cm was used, while the remainder of the
measurements were made with a 5 cm cell.

Tritium ga s pressures

A schematic diagram of the apparatus used in measuring
4
the neutron total cross section of He •

FIGURE 1. 2

t2
DEUTERON

BEAM

\

TRANSMISSION

I

I

••

COLULTOR\. = ~
TRITIUM
ELECTRON

MONITOR

SUPPRESSOR

CELL

CELL

DETECTOR

b

-7of 1/2 to 2/3 atm were used in the cell .

Techniques described by

Johnson and Banta (Jo 56) were used in handling the gas, with the
tritium being stored as uranium tritide when not in use .
A 0 . 5 mm thick tantalum beam stop was located in the end
of the tritium cell, and the beam current and collected charge
were monitored with an Elcor Model A309 Current Integrator .

A

cylindrical brass ring was located between the beam collimator and
tritium cell and was held at - 300 volts to suppress secondary
electrons travelling in the beam direction and produced at the
beam stopo

The current on the beam collimator was monitored to

avoid focussing the beam too tightly on the nickel foilo
The Transmission

1. 2c

ells

The transmission cells were constructed from stainless steel
cylinders .

Each cell had an internal diameter of 2o9 cm, a wall

thickness of 1. 6 mm , and a length of 70 cm .

The ends of the cells

were sealed with stainless steel caps which were hard- soldered to
the cylinders .
1. 588-+ .005 mm .

Each end cap was machined to a thickness of
Filling leads made of stainless steel hypodermic

tubing were hard- soldered into the side of each cell at its centre ,
and a high pressure valve was attached 45 cm from the cell .

To

attain the desired gas pressure , the helium cell was immersed in
a mixture of dry ice and alcohol while being filled.
A steel supporting stand which allowed easy removal and
accurate replacement

(!

0 .05 mm f r om the axis) was used to hold

the transmission cells in pl ace .

With t he aid of a the odolite

the tritium gas target, transmission cell and detector were
aligned to an accuracy of about 0.2 mm and were set at O ~ 005
degrees to the incident beam direction.
The Neutron Detectors
The neutrons were detected with plastic scintillators
mounted on 5 cm diameter, 10 stage E.MoI . photomultiplier tubes.
0
The O detector was 5 cm in length and was located 122 cm from

the tritium cell, while the 60° monitor detector was 3.8 cm in
Both

length and was located about 28 cm from the tritium cell.
detectors were 2.2 cm in diameter.

This diameter was small

enough for the helium sample to completely "shadow" the 0

0

detector.

1.3

Experimental Procedure
Determination of the Number of Helium Nuclei
2
The number of nuclei per cm present in the helium cell

was determined by measuring the length and volume of the cell, and
the weight of the helium contained in the cell .

The length of the

cell was measured before being pressurized and while under pressure to an accuracy of 0.01% with an extension micrometer.

The

average length of the pressurized cell along the neutron path was
determined by correcting for the spherical bulging of the end
caps and is estimated to be accurate to 0o07i%.
To determine the volume , the cell was first weighed when
empty with a precision balance and then weighed when filled with

~From the known density of water, the volume was

distille d water.
compute d.

As a check, the volume of water required to fill the

cell was measured directly and was found to agree with the weight
value to about 0.2%.

Correcti ons to the measured volume were made

for elastic deforma tion of the cell and for the inelasti c bulging
of the end caps when the cell was under pressure .

The total cor-

rection changed the measured volume by about 0.5%, and the total
error in the volume determi nation is estimate d to be about

o.1a%.

Finally , the weight of the helium in the cell was determined by first weighing the cell when pressuri zed and then
weighing the cell after the helium had been released , with one
atmosph ere of gas still present .

Several weight measurem ents of

the cell were made during the experim ent to ensure that the cell
was not leaking.

The uncerta inty in the weight determi nation is

estimate d to be 0.01%.
During the course of the experim ent, a sample of helium
gas was taken from the transmis sion cell, and the composi tion of
the sample was determin ed with a mass spectrom eter .

The results

of the analysis indicate d that a total quantity of impurit ies of
less than 60 parts per million was present .
Data Collecti on
The output pulses from the two detector -photom ultiplier s
were amplifie d with Franklin double- delay-li ne preamp lifier-

amplifi er systems .

Pulses from each amplifie r were fed into

two Cosmic Multiple Coincide nce Units, operatin g as single channel

-10analyzers, and pulses from the Cosmic discriminat ors were counted
with A.N. U. fast scalers.

The upper level discriminat ors were

set above the maximum neutron energyo

The lower level discrimi-

nator of one of the units was biassed at about 90% of the maximum
neutron energy and served as a check on the gain stability of the
photomulti plier and amplifier system.

The second single channel

analyzer was biassed at about 50% of the maximum neutron energy
and wa s used for collecting the transmissio n data.

At all energies

the bias was set sufficientl y high that a negligible number of
3
breakup neutrons from the T(d,np)T and T(d,2n)He reactions were
counted (Pe 60).

Pulse height da ta from each of the detectors

were collected on RIDL 400 channel analyzers.
The data at each energy were obtained in a series of about
twenty runs which were ta.ken in the sequence of helium sample out,
in, in, out, etc., to minimize effects caused by slow drifts in
the neutron flux and in the electronic systems.

Beam currents

which were used were typically about 0 . 75 µa, and runs were terminated when a pre-determi ned amount of charge was collected by
the current integrator.

All runs were subsequentl y norma lized to

the 60° monitor counts .

Besides eliminating errors in the current

integration , this procedure avoided errors caused by changes in
the neutron flux due to beam heating in the gas target and loss of
tritium from the gas target .
0

A pulse height distributio n obtained from the o
for 25 MeV neutrons is shown in figure 1. 30

detector

The arrows indic ate

FIGURE 1.3

A pulse height spectrum from the plastic scintillator

used as the o0 ' detector .
bias discriminato

The arrows indicate the low bias and high

settings used at this energy.
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the low bias and the high bia s discrim inator settings used at this
energy.

The number of low bias counts for the spectrum shown was

about 60,000 which was typical for a sample out run~
The number of sample in counts was about 70% of the sample
out counts .

Tests were made to ensure that this change in

counting rate resulted in no discern ible gain shift in the photomultipl ier tube or any of the associat ed electron ic system .
60
and
These tests were perform ed using two gamma sources (co
cs 137 ), with counts from the detector being recorded for a preset
time and a given geometry from the individu al sources and from
the two sources simultan eously.

The geometry of the sources was

arranged such that the counting rate changed by greater than 30%
No gain shifts were observed when

with the two sources present .

the overall counting rate of the two sources was less than about
~000 counts/ sec.

During the transmis sion measurem ents , the

overall counting rate of the 0

0

detector was therefor e kept well

below this level, with total counting rates of about 3000
counts/s ec being typical .

Higher counting rates were accepted

in the monitor detecto r, since the rate did not change for the
sample in and sample out runs.
A total of four backgrou nd measurem ents were made at each
energy used in the transmi ssion measure ments.

Sample in and

sample out runs were taken with the tritium cell evacuate d, and
runs were taken with a 38 cm long brass shadow bar in the sample
position , both with the tritium cell p ressuriz ed and with the

-12cell evacuated .

These backgroun d measurem ents are discussed

further in the next section.

Correctio ns to the Measurem ents
Backgroun d
In consideri ng the effects of backgroun d on the measurements, it is convenien t to classify the backgroun d neutrons
according to their origin.

The first type originate s in the

source reaction and results from neutrons being scattered into
the detector from the floor, walls, experimen tal apparatus , etc.,
present in the target room.

The second type originate s in the

control slits, collimato r, beam stop , etc., which are in the
path of the deuteron beam as it passes through the machine .

This

type may be further subdivide d into those which are in the beam
direction and enter the detector directly and those which a re
room-sca ttered into the detectoro
The transmiss ion was corrected for both types of backgroun d
with the following relation:
C-C sb -C'+C'sb
T

C

1o2

= C -C -C'+C'
o sb o sb

where C is the counting rate with the helium sample in using the
source reaction, C0 is the counting rate with the sample out
using the source reaction, and Csb is th e counting rate with the
shadow ba r in using the source reaction o

The primes indicate

measurem ents taken without the source reaction, i.e., with the
tritium cell evacuated .

-13In the above relation the correctio n for all room-sca ttered
neutrons is made by subtracti ng Csb' since the shadow bar was
sufficien tly long that a negligibl e number of neutrons travellin g
The subtracti on of

in the beam direction entered the detector.

C' and C'0, eliminate s backgroun d from neutrons in the beam direction not produced in the source reaction.

The a ddition of C'sb

is necessary since the room--sca ttered neutrons not from the source
reaction are subtracte d twice.

It should be noted that backgroun d

a rising from gamma rays produced by the deuteron beam are also
eliminate d by the above procedure .

The maximum backgroun d correc-

tion changed the cross section by about 1o2%.
Inscatter ing
The correct use of equation 1.1 in computing the total
cross section requires that no neutrons scattered in the helium
are detected in the counter.

Since neutrons scattered into small

angles were detected in the experimen t, it was necessary to make
an inscatter ing correctio n.

The formulas for correctio ns of

this nature are well known (Mi 63), and a derivatio n of the
inscatter ing correctio n for the present geometry has been included
in Appendix A.
From Appendix A, the transmiss ion T corrected for background and inscatter ing may be written s

where Tc is the transmiss ion corrected for backgroun d , Dis the

-14-

diameter of the transmissio n cell, t i s the thickness of the
sample, Lis the distance from the tritium cell to the detector,

3
n is the number of helium nuclei per cm , and

cr(o 0 )

is the

laboratory differenti al cross section for elastic scattering at
o

0

•

In the present case an expression for

cr'(O~) based on

diffraction theory (Fe 51) was used,
4
(kR + 1 )

o-•(oo) =
where k is the wave number of the incident neutron and both k
and <T' are in the centre of mass system.

The followin g expres-

sion for the nuclear radius R was used (e.g., Mi 63):

The corrections applied in the worst case changed the
transmissio n by about 0.1%, which resulted in a change in the
total cross section of about 0.5%.

Energy Determinati on
Considerabl e care was exercised in the determinatio n of
the incident neutron energy for the measurement s in the vicinity
of the 22015 MeV resonance .

The thickness of the nickel foil at

the entrance of the tritium gas target was determined by bombarding
a

c13

target with a proton beam and measuring the shift in the

threshold energy for the
out of the beam .

c13 (p,n)N 13

reaction with the foil in and

The observation of the threshold energy with the

nickel foil out also served as a check on the energy calibration

-15of the analyzing magnet.

The measureme nt was made with a detector

placed near the evacuated tritium cell.
The energy losses in the tritium targ et and in the nickel
foil were computed from the dE/dx curves of Fowler and Brolley
The determina tion of neutron energies from the experi-

(Fo 56).

mental deuteron energies was made using tables from the same
The tables were computed with relativis tic formulas,
4
using a Q value of 17.586 MeV for the T(d,n)He reaction.
reference .

The uncertain ty in the neutron energy for the 22015 MeV
resonance measureme nts i s about! 10 keV.

This uncertain ty re-

sults from several sourcess
(i)

Uncertain ty in the energy of the analyzed deuteron beam

(! 5

keV), resulting from hysteresi s in the analyzing

magnet and different fo cussing condition s, as well as
uncertain ty in the energy calibratio n;
(ii)

Uncertain ty in the thickness measureme nt of the nickel
foil(! 2.5 keV);

(iii)

Uncertain ty in the energy loss in the tritium( ! 1 keV);
and,

(iv)

Uncert a inty in the Q va lue of the T(d,n)He

4 reaction

(! 2 keV).
If the above errors are combined linearly, a maximum energy uncertainty of about! 10 keV is obtained .

For the off- resonance

measurem ents, the uncertain ty in the neutron energy wa s about
+
- 20 keV , the increase being caused primarily by the longer

tritium cell and higher tritium pressure which were used .

-16The total energy spread in the incident neutrons for the
This spread resulted

resonance measurem ents was about 40 keVo

primarily from stragglin g of the deuterons in the nickel foil
(28 keV) and in the ~ritium gas (7 keV), the thickness of the
tritium target (28 keV), and the kinematic energy variation of
the neutrons over the detector (2 keV).

The stragglin g energy

spreads were computed from formulas given in Evans (Ev 55a) and
refer to the full width at half maximum of the energy distribution.

The total energy spread was obtained by folding the

distribut ion functions from the various sources of energy spread
and determini ng the full width at half maximum of the resulting
function.

Gaussian shapes were assumed for all distribut ions

except that due to the tritium thickness which was taken as
rectangu lar.

The resulting total energy spread was found to be

very nearly equal to the square root of the sum of the squares
of the various energy spreads, and this result will be used from
time to time in the remainder of this thesis.
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Results of the Experimen t
1.6a

Presentat ion of the Results

The measured total cross sections are given in table 1o1
and are shown in figure 1.4 for the complete energy range coveredo
The measurem ents taken over the 22.15 MeV resonance are shown in
figure 1o5 with an expanded energy scale.

Data obtained at

Los Alamos (Ba 59) are included in figure 1o4 for compariso n.

TABLE

1o1

Results of then-a Total Cross Section Measurement s
Energy
(MeV)

Energy Spread
(keV)

Cross Section

(mb)

Statistical
erro:ir

(mb)

20.00 -+ 002
21·.oo ! .02

130

751

.! 8

12.0

72.1

8

2.1.85, -+ 002
22.00 -+ .01

1110

730

8

40

71.3

15

40

15

40

745
821

15

+
2.2.13 - .01
+
22015 - .01
+
22. 1a - .01

40

863,

15

40

885,

15

40

840

15

+
22.20 - 001
+
22.23 - 001
+
2.2.25 - .01
22.28 -+ .01

40

804

15

40

758

17

40

804-

14

40

743

17

22.30 -+ .01.
+ .01

40

756

16

40

750

16

22.60 -+ .02.

1100

7,11

12

23 .. 00 -+ .02
+ .. 02

90

685

8

24.00 -

80

652

24.50 -+ .02

10
10
10
10
10

659

8
6

636

6

633
616

5
8

612

1

+

22005 - .01
+
22.10 - .01

2.2.35 -

+

24.75 - .02
25.00 -+ .02
25.51 -+ .02
26.00 -+ .02
-+ 002
-+ .02

60

598

8

60

591

8

29.00 -+ .02

60

577

12

21.00
28.00

FIGURE 1. i

The neutron total cross section of He

energy range 18 - 29 MeV .

4

in the neut ro n

The solid points indicate data obtained

in the present experiment, and the crosses represent data obtained
at Los Alamos (Ba 59) .

The error ba rs of the present work indi-

cat e statistical errors only.
data points .

The curve is a fit by eye to the
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The error bars in the figures indicate statistical errors only,
and the solid curves represent a visual fit to the data.
1.6b

Accuracy of the Measurements

The important sources of error and the resulting uncertainties in the total cross sections are listed in table 1o2.
The errors in the weight, length, and volume measurements
of the transmission cell were discussed in Section 1o3a.

The error

in the inscatteri ng correction results primarily from uncertai nty
in q-(o

0

).

The values for cr(o

0

computed from equation 1e4 appear

)

to agree with values extrapolated from the measurements of Austin
et al .

(Au 62) around 20 MeV, and the error quoted in table 1o2 i s

based on the assumption that the corr ection is accurate to 20%.
TABLE

1.2

Errors in the Measurements
Possible Error
in
(%)

Sourc e of Error

~

4
Weight Measurement of He

0o07

Volume of Transmission Cell

0e17

Length of Transmission Cell

0o07

Inscattering Correction

0o10

Background Correction

0.30

Inscattering by Transmission Cells

0.01

Difference in Thickness of End Caps

o.os

Electronic Gain Shifts
Impurities in He 4

0.10
0.01
Arithmetic Total

0e91

RMS Total

0.40

-19The dominant source of error in the background corrections
was the measurement of the background from room-scatte red neutrons,
i.e., the measurement s taken with the shadow bar.
sults primarily from the finite transmissio n

The error re-

(Oo25%)

of the shadow

bar which was used and, to a much lesser extent, the contributio n
to room-scatte red neutrons from the shadow bar itself.

The quoted

error assumes the correction made to the cross section in the
worst case

(1.2%)

was uncertain by

25%0

The scattering of neutrons by the steel transmissio n cell
into the detector was calculated to contribute about
observed sample out counts.

3%

of the

However, the effects very nearly

cancel in computing the transmissio n from the sample in and sample
out counts, providing the helium cell and the evacuated cell are
identical.

The only remaining error results from the different

path length in helium for neutrons scattered from the walls as
compared to the path length straight through the cell.

Since the

measured weights of the two cells used differed by only

Oo3%,

the quoted error was calculated on the basis of the difference
in path length of the worst case and is seen to be quite small.
The effects due to attenuatio n of the neutron beam by the
steel end caps of the transmissio n cells also cancel for the
sample in and out runs if the end caps of the helium cell and
evacuated cell have the same thickness.

11

The total thickness of

the end c aps used for each of the cells was measured to be iden1r

tical, and the quoted error results from the uncertainty in the
thickness measurement o
I

-20-

The estima ted error due to gain shifts is based on the
count ing rate studie s made using the gamma source s .

The value

o
quoted corres ponds to the statis tical error in the measur ements
In genera l , small amoun ts of heavy impur ities can result
in signif icant errors in transm ission measur ements .

Howev er, in

the presen t case the 60 parts pe r millio n of impur ities, which
was mostly nitrog en, was small enough to be insign ifican t.

The

total
quoted error assume s all the impur ity to be nitrog en with a
cross sectio n six times as large as that of helium o
The arithm etic sum of the quoted errors sugge sts a maximum
possib le system atic error of about 0.9%.

The possi bility of gross

total
errors in the experi ment was invest igated by measu ring the
the
cross sectio n of hydrog en for 20 MeV neutro ns, concu rrent with
20 MeV helium measu remen t.

A value for the n-p total cross

et alo
sectio n which is a ccur ate to 0.5% has been report ed by Day
(Da 59) for 19067 MeV neutro ns.

In the presen t measur ement the

hydr og en sample wa s contai ned in a third transm ission cell,
identi cal t o the two used in the helium measur ements .

The proce-

per
dure follow ed in determ ining the numbe r of hydrog en nuclei
cm

2

was identi cal to that used with helium .

The concu rrent

measu rement s were carrie d out by taking data in the sequen ce

J

hydrog en sample in, sample out, helium sample in, helium sample
in, sample out, hydrog en sample in, etc.

The n-p total cro s s

n
sectio n which was obtain ed is consis tent with an extrap olatio

Ii

of that report ed by Day et al . to within 1%, which was the

l

statis tic a l a ccurac y of the presen t measur emento
!
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1. 7

Discussion
The pronounced resonance observed in the total cross

section peaks at a neutron energy of 22 .1 5 -+ 0 . 01 MeV , about 80
4
keV above the threshold for the He (n,d)T reaction .

The full

width at half maximum of the resonance in the laboratory system
is 105 keV, where a correction for the 40 keV neutron energy spread
has been made .

The correction was made by assuming the observed

width to be given by a quadratic combination of the neutron energy
spread and the actual width of the resonance.

The peak energy

corresponds t o 16.70 MeV excitation in He 5 , and the width (84 keV
in the centre of mass system) is consistent with the width of the
108 keV resonance observed in the T(d,n)He

4 reaction (81 keV in

the c . m. system; Aj 59) .
A further comparison can be made with the reson ance observed
4
in th e T(d ,n) He reaction by considering the chang e in the neutron
From single level resonance

total cross section at the resonance.

theory the maximum change in the total cross section caused by the
resonance may be written (e . g ., Wi 63) :
A Cf: =
m

where

2rra

2 ( 2J + 1)

pn

+

T'n

rd

~ is the reduced wavelength of the neutrons in the centre

of mass system , J is the total angular momentum of the compound
state, and

r n and

the compound state.

~

are the neutron and deuteron widths of

Using the result obtained from studies of

4
the T(d ,n) He r eac ti on t hat

I

~ ~

r:i

(Ar 52) , we obtain

-22-

.6

erm =

rr

A2

1.6

( 2J + 1 ) •

In computing the experimenta l AO-, a correction was made
for the neutron energy spread, which tends to reduce the observed
maximum cross section.

This correction was made by assuming a

rectangular distributio n for the energy spread and a Breit- Wigner
shape for the resonance and yields the following result:

1.7

where

.o<r is the observed change in cross section, A<T is the

actual change in cross section, ~Eis the neutron energy spread,
and

T' is the width of the resonanceo Since the energy spread

was relatively small, the correction amounted to only

5%.

Using equation 1. 7, the experimenta l ACS' is computed to
be 181 mb.

Assuming J = 3/2 and using equation 1.6, a maximum

change in cross section of 184 mb is obtained.

Accordingly , it

is concluded that the resonance observed in the present experiment is consistent with the assumption of a J = 3/2 state at

4
16.70 MeV, made from the T(d,n)He studieso

This conclusion is

in agreement with then-a scattering results of Bonner et al.
(Bo 59).
No evidence for other levels was obtained in the energy
range covered.

However, because of the large energy steps and

energy spreads used, only states having relatively broad widths
could be observed.

If the 19.0 MeV state (neutron energy 25 MeV)

-23exists and bas a width greater than about 100 keV, then the data
in figure 1o4 indicate that this level causes a change of less
than a few percent in the total cross section.
As regards the possible broad state at 20 MeV (neutron
energy 26.2 MeV) , the negative result of the present measurements
is not conclusive since the complete energy range over which this
level may be found was not covered.

In particular, Rosen (Ro 60)

4
states that the T(d,n)He resonance, if it is indeed a resonance,
corresponds to an excitation energy of about 22 MeV.

Since this

was approximately the maximum excitation energy reached in the
present experiment, the possibility still exists that this level
can be observed through then-a total cross sectiono
Since the present measurements were completed, other workers
_I

at this laboratory (Sh 64a) have measured relative angular distributions of neutrons from n-a scattering.
'

The measurements

were made with a high pressure gas scintillation counter and cover

.~

the neutron energy range of 16 to 26 MeV .

I!

The present total cross

s ection values were used to normalize the angular distributions,
and a phase shift analysis of the data is in progress (Sh 64b).

(,

l

CHAPTER 2
DEUTERON- ALPHA ELASTIC SCATTERING

Introduct ion
2 o1a

Deute ron-Alpha Scatterin g

Deuteron- alpha elastic scatterin g has been of interest for
many years as a source of informati on ab out the low- lying T=O
6
levels of Li (see figure 2. 1 for a T=O energy level diagram of
6
Li ) .

6
Previous excitatio n studies have covered the range of Li

excitatio n energy from 1.66 to 4. 55 MeV (Ga 55a; see also Bl 49 ,
La 53); in addition , several angular distribut ion measurem ents
have been made in the present energy range (Gu 47 , Bu 51 , Al 51a,
St 62).

From the excitatio n studies reliable assignmen ts (eogo ,

Ga 55b) have been made of the spins and parities of states at
excitatio n energies of 2.1 84 MeV (J7T = 3+ ) and 4.52 MeV (J;r = 2+).
In addition , a somewhat less certain assignmen t of the pa rameters
of a possible level near 5o5 MeV has be en made .
Deuteron- alpha scatterin g is also of interest in connectio n
with the problem of measur i ng the spin polarizat ion parameter s
4
3
character izing deuteron beams . Although the He (d , p)He reaction
(see Chapter 5) offers perhaps the most convenien t method for
measuring deuteron tensor polarizat ion component s, it does not
provide a measure of the vector polarizat ion component .

However ,

a suitable elastic scatterin g may be sensitive to both vector and
tensor component s and can theref ore be employed to determine

FIGURE 2o1

6

A T=O energy level diagram for Li~

The levels are

shown as given by Lauritsen and Ajzenberg-Selove (La 62) .
6
are in MeV and are referred to the ground state of L~ •

Energies

0.663
4.52

4.603
He 5 + p

3.696
2.184
1.471
He 4 + d

Li 6

-25the vector polarizatio n, provided the tensor components are
known (Sa 60) .

In looking for a suitable scatterer, helium would appear
to be promising for the same reasons that it is useful for nucleon polarizatio n experiments , namely, the relevant phase shifts
are slowly varying, and the phase shift formalism is simplest for
a spin zero target nucleus.

An additional requirement is, of

course, that there exist energies and angles at which the vector
polarizatio n effects are sufficiently large to be useful.

Gammel

et al . (Ga 60) have developed a model for the d-a interaction by
assuming that the nucleons in the deuteron interact with a fundamental alpha particle through the nucleon-alp ha optical model
potential and with each other through the nucleon- nucleon potentia l.

From this model large values are predicted for the deuteron

vector and tensor polarizatio n components resulting from d-a
scattering at certain energies and angles.

Although a portion of

the data on which their predictions are based has been subsequent ly shown to be in error (st 62), it remains likely that
vector polari zation effects large enough to be useful will occur
a t some energies and angles.
2.1b

Description of the Experiment

In the present work d-a elastic scattering cross sections
were measured over the deuteron energy range of 3. 5 to 10 MeV,
6
correspondi ng to 3.7 to 8.1 MeV excitation in Li • The data are
in the form of excitation functions taken at seven centre of mass

-26angles from 30.6

0

0

to 139.1 •

Energy steps of about 50 keV and

an energy resolu tion of 26 keV or less were employ ed.

The dif-

te
feren tial cross sectio ns are a ccurat e to about 3% in absolu
In additi on to the excita tion data, more compl ete

magni tude.

angula r distri bution s were taken at 4.55 and 5. 67 MeV to an
accura cy of about 5%.
The energy rang e covere d in the experi ment includ es three
possib le T=O levels for which there is previo us eviden ce.

The

first of these is the 4.52 MeV state (JiT = 2+) which has been
l
observ ed throug h d-a scatte ring (Ga 55a) , in a dditio n to severa
other reacti ons (Aj 59).

Galons ky and McEll istrem (Ga 55b)

have fitted the sca tterin g dat a using disper sion formal ism.
Howev er, to obtain a reason ab le fit to the data, it was necesMeV,
s ary to assume the exi stence of a second state at about 5.5
having JTr = 1+.

Since the experi ment a l data used in the fit

some
only extend ed to an excita tion energy of 4.55 MeV, there is
for
uncer tainty associ ated with the param et er assign ments made
this state .

The assum ption of this second state appear s reason -

able, espec ially since additi onal eviden ce for a state near
6
7
3
5. 5 MeV has been obt ained throug h the Li (He ,a)Li reacti on
(Al 55).

Howev er, it was felt here that excita tion functi ons

be of
spanni ng the energi es of the 4.52 and 5 . 5 MeV states would
intere st, either in corrob oratin g the result s of Galons ky and
McEll istrem , or in obtain ing

lterna t ive param eter

ssignm ents.

Eviden ce f or a third T=O level in the presen t energy
6
7
3
on
range ha s also been obtain ed throug h the Li (He ,a)Li reacti

-276
7
6
1
i6
(Al 55), as well as throug h the Li (d,d )Li * and Li (d,t)L
reacti ons (So 56)o

This state occurs at an excita tion energy of

about 7.4 MeV, which is outsid e ~he r ange of previo us d-<X
excit a tion datao

It was theref ore hoped that the presen t measu re-

ments would yi eld furthe r inform ation on this state.

2.2

Appar atus
2.2a

Gener al Arrang ement

After energy analy sis by the 90

0

magne t, a deuter on beam

of
from the tandem accele rator was deflec ted throug h an angle
25

0

by a magne t and was requir ed to pass throug h a pair of

"track ing slits. 11

The curren t in the deflec tion magne t was regu-

the
lated by the beam curren t on the tracki ng slits, requir ing
beam to pass throug h the centre of the slitso
The appara tus used in making the measu rement s is illust rated
in figure s 2o2 and 2.3.

fter collim ation, the beam passed

ce
throug h a helium-fille d gas target , equipp ed with nickel entran
and exit foils, and was collec ted in a Farada y cupo

articl es

d
scatte red near the centre of the gas targe t, in region s define
ors
by collim ating system s, were detect ed in solid state detect
after passin g out of the target throug h a Mylar foil.
2 .. 2b

Beam Collim ation

The beam collim ation was accom plishe d by requir ing the
had
beam to pass throug h two 0o5 mm thick tantalu m discs which
1.5 mm diame ter apertu res and which were spaced 20 cm apart.

FIGURE 2o2

Vertical cross section of the scattering chamber .

The numbered parts are (1) collimator tube, (2) gas target,
(3) nickel windows, (4)

suppressor magnet, (5) Faraday cup ,
(6) 0-ring seal, (7) Teflon bearing rings and (8) drive sprocket .

LJ

FIGURE

2.3

Horizontal cross section of the scattering chamber .

The numbered parts are (1) collimator tube, (2) gas target ,
(3) Mylar foil, (4) nickel windows, (5) detector slit assembly ,
(6) solid state counter and (7) Faraday cup assembly .

-28Tantalum anti-sc attering baffles with 2. 2 mm apertures were
placed 10 cm behind each collimator disc.

The discs were located

in a brass tube which was inserted into the entrance port of the
scattering chamber.
2.2c

The Gas Target

The gas target, which was developed for this experiment ,
was similar to that described by Corelli et al. (Co 57).

The

target had an inside diameter of 7 .5 cm and an inside height of
2.5 cm.

The top, bottom, and supporting sides of the gas chamber

were constructed of stainless steel , and the bottom plate was
mounted on a brass support which held the target in place from the
lower lid of the scattering chamber.

Two filling leads made of

1. 5 mm inside diameter copper tubing passed through the brass
support and were connected to an external gas handling system.
Provision was made for inserting a thermometer up through the
support so that it made thermal contact with the bottom of the
gas chamber.
The thicknesses of the nickel entrance and exit foils were
0.6 and 1.2 microns, respectively.

The entrance foil was mounted

on a 4 cm long "snout" which was attached to the gas target.

The

purpose of the snout was to eliminate the component of slit-edge
scattering which arose from the illumination of the front slit of
the detector collimation system by particles scattered in the
nickel foil.
A 1.3 cm high window extending from 12.5° to 167.5° with
respect to the incident beam direction was located in either

- 29side of the gas targ eto

The window was covered with a 6.25

micron thick Mylar foil which was aluminized on both sides .

The

thickness of the foil has been measured to be equivalent to
1. 5 1 mg/cm 2 of aluminium .

The foils were attached to the inner

wall using either a Mylar adhesive (Dupont adhesive 46951) or
with ordinary epoxy resin .

It was found that the Mylar foils

would withstand pressures as high as 1½ atm when new , but that
the bursting pressure decreased with use .

This effect is pre-

sumed to be due to the local heating and radiation damage effects
which are especially pronounced near the beam exit port .

At a

pressure of about¼ atm , which was used for this experiment , the
targets were found t o have an average life of about 72 hours o
2 . 2d

•r

The Scattering Chamber

The aluminium s c attering chamber which contained the gas
target had an inside diameter of 45 cm and an inside heig ht of
29 cmo

Independently rotat ab l e detector systems were mounted

from the upper and lower lids of the chamber and were used simultaneously for the measurements o

The lids rotated on Teflon

bearing surfaces, and the vacuum seal was accomplished with
0-ringso

The ang l es of the detectors c.ould be set to better

than -+ Oo1 degrees.
2.2e

Collimation and Detection of the Scattered
Particles

The particles s c attered into each detector system were
collimated by a rectangular slit ar rang ement which consisted

- 30of two nomina lly identic al slits tog ether with an anti- scatter ing
baffle placed midway betwee n.

0rtec surface barrie r detecto rs,

which had depleti on depths of about 500 micron s at full bias, were
placed immedi ately behind the rear slit in each system and were
used to detect the scatter ed partic les.
The dimens ions charac terizin g the slit systems are defined
and given in table 2 . 1 .

The anti- scatter ing slit had an apertu re

of 5 x 7 . 5 mm for each of the system s.

The slits themse lves were

made from precisi on steel shim stock* withou t modifi cation of
the edges, since micros copic examin ation showed the edges to be
square and free from imperf ections .
TABLE

2o 1

Nomina l Slit Geomet ry

Descri ption

Notatio n

System 1
(mm)

System 2
(mm)

2b't

Front Slit Width

1

}

2b2

Rear Slit Width
Rear Slit Height

1

3

5

5

l

R

Distan ce from Centre
of Target to Rear Slit

185

185

h

Distanc e Betwee n Slits
Slit Thickn ess

132

132

0

Angula r Resolu tion

* L.

s.

0 . 23

0 . 23

0 . 1°

2. 0°

Starr ett Co ., Athol , Massac husetts , U. S. Ao

-31The dimensions R0 and h were determined to within 0.05 mm
by the use of precision machine tools.

The slit aperture dimen-

sions were determined to within 3 microns by means of a microscope
with a micrometer stageo
2o2f

Charge Collection

The Faraday cup used in the experiment had an acceptance
0

half- angle of about 4

which was sufficient to ensure negligible

loss of charge due to multiple scattering in the nickel foils and
helium gas (discussed further in Section 2.5a).

The cup was

equipped with both magnetic and electrostatic suppression to avoid
the collection of electrons produced by the beam passing through
the foils, striking the collimators, etc. , and to reduce the loss
of secondary electrons from the tantalum beam stop in the Faraday
cup .

A test was performed to ensure that the suppressor potential
In

of - 300 volts which was used in the experiment was adequate.
the test the yield from proton-proton scattering was measured

under constant conditions for a number of suppressor voltages from
- 1000 to +500 volts .

The yield remained constant within statistics

until the suppressor voltage was between -100 and 0 volts, with
the effects becoming greater as the voltage became more positive.
2. 2g

The Gas Handling System

Small bore (1.5 mm inside diameter) copper tubing and Hoke
needle valves were used throughout the gas handling system.

Essen-

tial features of the system included provision for pumping on the
system with a roughing pump , provision for linking the gas target

- 32to the va cuum system of the scattering chamber for simultaneous
evacuation, provision for flowing helium from a bottle into the
gas tar g et through an activated cha rcoal trap at liquid air temperature, and provision for measuring the pressure in the target
with a Wallace and Tiernan* FA- 145 aneroid manometer .

The acti-

vated charcoal trap replaced a liquid air cold trap which was used
in the early stages of the experiment .
Provision was also made for calibrating the Wallace and
Tiernan gauge with an oil manometer.

The manometer was construc-

ted from 4 mm outside diameter glass tubing and had a height of
about 300 cm .

The oil used in the manometer was dibutyl phthalate

which has a low vapour pressure and a density of 1.0465 gm/ml at

20°c.

The Wallace and Tiernan gauge was calibrated twice during

the course of the experiment , with no appreciab le calibration
shift being observed .

2. 3

Experimental Procedure
2 . 3a

Alignment of the System

Since the observed yield varied with angle as much as 15~
per degree at small angles, very small alignment errors or deviations of the beam from the axis of the system could result in
signifi cant errors.

To reduce these sources of error, a theodolite

was mounted collinear to the optic a l axis of the beam line and was

* Wallace and Tiernan Inc ., Belleville , New Jersey , U. S. A.

-33used to align the scattering chamber, beam collimators, and
tracking slits to within 0.1 mm.

The alignment of each detector

slit system was checked by setting the slit system at o0 and
observing each slit with the theodolite.

The procedure also

served as a partial check on the accuracy of the angular calibration of the scattering chamber.
Even with the system accurately aligned , small deviations
of the beam from the optical axis could still occur, because of
the finite size of the beam collimators, and could result in
errors up to about 3~ in the measured cross sections .

To reduce

errors from this effect, the quality of the alignment was checked
at the beginning of the experiment by comparing the yield at positive and negative angles (left-right scattering ) for a single
detector system.

Since the measurement indicated that the beam

was slightly off centre (3% difference in left-right yields),
the various electrostatic steerers and slit adjustments were used
to bring the beam to the optical axis.

The experiment was then

performed using the same slit settings .

Finally, after all data

were collected, the alignment was again checked by repeating the
left-right measurements at five deuteron energies between 4 and
10 MeV, taken at the three smallest angles used for the excitation curves.
2.3b

Data Collection

Excitation data were obtained with the detectors at
0

0

0

0

laboratory angles of 20.4, 27.4, 35.1 , 52.6, 63.3

0

and

-34At the three smallest angles the slit system having 0.7°

95020.

angular resolution was used, whereas the 2° resolution slits were
used at the remainder of the angleso
Pulses from the surface barrier detectors were amplified
in Ortec preamplifier-amplifier systems, operating in the
double-delay-line pulse shaping mode.

Windows were set around

the deuteron and recoil alpha groups with the Cosmic single
channel analyzers, and the counts were scaled with A.N.U. fast
Counting rates were kept below 1000 counts per second

s calers.

to make dead time losses negligibleo

During all runs, spectra

from both counters were accumulated on R.I.D.L. 400 channel
analyzers.

On every second datum point of the excitation func-

tions, the analyzers were gated by pulses from the Cosmic discriminators to allow accurate determination of window settings.
The angular distribution data were taken in angular steps
of 2.5

0

from 16
0

to about 110.

0

to 55

0

laboratory angles, and in steps of 4

0

out

In taking the data the angle of the detector

system mounted from the upper lid (Oo7° angular resolution) was
varied, and the lower lid detector remained stationary, acting as
a monitor.

The data from the movable counter were accumulated on

a pulse height analyzer.

To estimate the dead time of the ana-

lyzer, pulses from a mercury relay pulse generator were fed
simultaneously to the analyzer and to a scaler through a discriminator windowo
The beam currents used varied from 0.2 to 0.3 µao

An

Elcor Model A309 current integrator was used to measure the

-35coll ected charge and to terminate the runs when a predetermined
amount of charge was collected.

The integrator was calibrated

about once every two hours during the experiment with a constant
current source, known to about 0.03%.

A Philips electronic timer

accurate to 0.1% was used in the calibrations.

Drift in the inte-

grator between calibration runs was typically about 0.2%.
The procedure followed in filling the gas target with
helium consisted essentially of the following .

While the target

was being evacuated, helium was purified in the activated charcoal trap .

After about an hour of pumping , the gas target was

flushed several times with helium from the trap and was then
filled to a pressure of¼ atm.
The gas leakage rate varied from Oo5 to 2 mm per hour
during the experiment.

Acaordingly, the pressure and temperature

were recorded about once every hour .

Most of the leakage is

thought to have been due to imperfect se a ling of the Mylar foil
rather than to foil permeability ~
The gas purity was continuously monitored via the spectra
accumulated on the analyzers.

Some difficulty was experienced

with the slow buildup of water vapour in the system.
this problem, the heli um was changed periodically .

To minimize
In addition ,

several runs were taken with air in the gas target to provide data
for correcting the pressure readings.
buildup which occurred was about 1 mmo

The maximum pressure

-362o4

Data Reduction
The reduction of the measured yields to absolute cross

sections was performed using the following relation (Si 59):

cr(o) =

2.1

Y sin 0

nNG

where <T(O) is the laboratory cross section, Y is the yield
measured for a total number n of bombarding particles, N is the
number of targ et nuclei per unit volume, and O is the laboratory
sc a ttering angleo

The factor G depends on the geometry of the

detection system and on deriv a tives of t he cross section with
respect to ang le:
G = G

QQ

L''1

+ A

Q

+

A1
.!L'
(J

+

!
V

11

A2 +

•o•]

where
G

00

=

2

8 R
0

with higher order terms being neglected in the present work.
The quantities describing the geometry of the detection systems
have been defined in table 2.10

The neglect of higher order terms

contributes an error less than 0.05% in the worst caseo
In equation 2.1 the number of bomb arding particles n was
determined from the charge collected for each datum point .

The

quantity N was determined from the measure d pressure and temperature of the helium gas, using the ideal gas law.

-37All data reduction was performed with an I.B.M. 1620 computer.

Included in the reduction were computation of the absolute

cross section using equation 2o1, conversion of the laboratory
cross sections and scattering angles to the centre of mass system,
adjustment of the collected charge and pressure measurement s for
calibration errors, correction to the data for effects discussed
below, and computation of the deuteron energy at the centre of the
gas target for each energy usedo
Corrections to the Excitation Data
Corrections to the excitation data were made for ba ckground
and for the partial pressure arising from impurities in the helium.
There was negligible background for the deuteron groups at
all angles.

4
However, protons from the He (d,np)He

4 reaction were

present at all energies used and were not separated from the recoil
alpha group except at small angles.

Accordingly , the only alpha

group data accepted were those taken at laboratory angles 20.4
and 27.4

0

0
o

A pulse height spectrum taken at 27.4° for 6.5 MeV deuter ons is shown in figure 2.4.

The broad peak labeled 5 is due to

the He 4 (d,p)He 5 (ground state) reaction, and the maximum proton
4
4
energy from the He (d,np)He reaction is indicated by the arrow .
The deuteron peak (labeled 2) is seen to be quite clean, but there
is some proton background associated with the recoil alpha peak
(labeled 4).

Corrections were mad e to the alpha data by drawing

smooth curves under the peaks to represent the background.

For

0

FIGURE 2 o4

A pulse height spectrum taken at 27 . 4

for 6 . 5 MeV

deuterons. The arrow indicates the maximum proton energy from
the He 4 (d,np)He 4 reaction . The numbered peaks correspond to
(1) deuterons elastically scattered from oxygen (see Section
4
2 . 4a), (2) deuterons elastically scattered fr om He , (3) r ecoil
protons from d- p scattering, (4) recoil alpha particles from d- a
5
4
scattering and (5) protons from the He (d , p)He ground stat e
reaction .
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-38the 20.4° data background corrections did not exceed 2%, while
for the 27.4° data corrections as large as 6% were requiredo
Also shown in figure 2.4 are two impurity peaks due to
hydrogen and presumably oxygen in the gas targeto
proton peak is labeled 3 and the d-0
1.

16

The d-p recoil

deuteron peak is labeled

The hydrogen was easily identified from kinematic considera-

tions.

At small angles the d-p scattered deuteron was also

visible but is well below the alpha peak in figure 2.4.

The

labeling of the high energy peak as oxyg en is less certain.
However, the relative number of counts in the peaks is co nsistent with the interpretation that the impurity was water vapour.
The pressure measurements were corrected for the partial
pressure of the impurity on the ba sis of yield measurements made
with air in the gas targ et.

Although not extremely accurate,

this procedure was considered a dequate a s the maximum pressure
buildup which occurred was about 1 mm, and t he corrections were
correspondingly sma ll.
2.4b

Corrections to the Angular Distribution Data

Corrections were applied to the angular distribution
measurements for ba ckground and for impurities in the gas , a s
discussed above .

In addition, it was necess ary to make a correc-

tion for the dead time of the analyzer during the measurements.
As discussed in Sectio n 2.3b, counts from a pulser were simultaneously accumulated on the analyzer and scaled during all
measurements.

The dead time correction was computed from the

-39ratio of pulser counts recorded by the analyzer to the pulser
counts recorded by the scaler, and the observed yields were adThis procedure would be quite a ccurate

justed correspon dingly.

if the deuteron beam current remained perfectly constant during
a given measurem ent, or if the pulse rate of the pulser were proportional to the beam current.

However, neither was the ca se in

the present experimen t, and the correctio ns are regarded as having
an uncertain ty of about 20%, which results in a 2'f,, uncertain ty in
the corrected cross sections for the worst caseo
2.4c

Energy Determin ation

The energy losses in the nickel entrance foil and in the
helium gas to the centre of the gas target were computed from
expressio ns of the forms
dE=

dx

i (ln E

+ b)

where Eis the energy of the bomba rdin g pa rticle and a and b
depend on the bomba rding pa rticle and sl owing materia l.

Appro-

pria te va lues for t h e con stants a and b were obtained from the
experime ntal data compiled by Whali ng (Wh 58).

The energy loss

varied from 50 to 25 keV in the nickel entrance foil and from
about 65 to 30 keV in the helium gas for the energy range covered.
The manufact urer's va lue for the thickness of the nickel
foil wa s used in the ca lcula tions and i s regarded as being accurate to about! 5~.

The uncertain ty in the values of dE/dx used i s

thought to be about! 2%.

No special efforts were mads in check-

ing the ca libration of the analyzing magnet, and the uncertain ty

-40is estim ated to be
in the energ y of the analy zed deute ron beam
abou t! 0.1% .

y
The resu lting total unce rtain ty in deute ron energ

+
is there fore abou t - 10 keV.
ed by
The energ y resol ution of the meas urem ents was limit
heliu m gas
strag gling in the nicke l foil (20 keV) and in the
, and the finit e
(1~ keV) , insta bilit y in the 90° magn et (5 keV)

(5 keV i n the
thick ness of heliu m gas viewe d by the detec tors
ratic ally, an
wors t ca se). Comb ining these energ y sprea ds quad
at the lowe st
estim ate of 26 keV is obtai ned for the resol ution
energ ies used.

Accu racy of the Meas ureme nts
exci In this secti on the sourc es of error common to the
discu ssed and
tatio n data and the angu lar distr ibuti on data are
error . The
will be refer red to colle ctive ly as the syste matic
the ba ckgro und
stati stica l error s and the error s assoc iated with
are prese nted
and dead time corre ction s of the alpha group data
with the resu lts in Secti o n 2.6.
Charg e Colle ction and Integ ratio n
to mulThe error in charg e colle ction wa s due prim arily
l entra nce and
tiple scatt ering of the deute ron beam in the nicke
m ga s. The two
exit foils and, to a lesse r exten t, in the heliu
the magne t in
cons tricti ons which limit ed cha rge colle ction were
the centr e of
the Farad ay cup (half -ang le 4.3° with respe ct to
t (half -ang le
the gas targe t) and the exit port of the gas targe
.
201° with respe ct to the nicke l entra nce foil)

-41To estima te the effect of multip le scatter ing, classic al
equatio ns compile d by Marion (Ma 60a) were used to compute the
2
root-m ean-squ ared scatter ing angle (Q ) for particl es passing
through the helium and nickel foils, and these were then compare d
with the half-an gles of the Faraday cup and gas target exit porto
The compar ison was made by assumin g a Gaussia n shape for the
multip ly scatter ed beam and then comput ing the fractio n of beam
partic les exclude d from collec tion by the constri ctionso
The calcul ation indicat ed that the domina nt constr iction
wa s the exit port of the gas target .

For exampl e, at 3o5 MeV

the fractio n of parti cles scatter ed by the entranc e foil into
angles greate r than that afforde d by the exit port was about
Oo17%, wherea s the combine d sc atterin g of the two foils and the
helium gas resulte d in only about 0.05% loss at the Faraday cup.
The effects of multip le scatter ing, which tend to increas e the
measur ed cross section s, fall off rapidly with energy , and it is
estima ted that the error from this effect was comple tely negligible pa st about 5 MeV.
The error in charge integra tion is estima ted to have been
about 0.25%.

This error results from uncert ainty in the ca li-

bration of the integra tor (0.1%) and from drift in the integr ator itself (0.15% ).
Geomet ry of the Detecti on System s
The measure ment of the geome trical consta nts of the
two detecti on system s was discuss ed in Section 2.2e.

The

-42measure ment which limited the accurac y of the geomet ry factor G
was that of the width and height of each of the various slits .
The measur ements a re estima ted to be accura te to 3 micron s, which
results in an error of 0.6% for the 1 mm width slit system and
an error of 0.2% for the 3 mm slit system .
Angle Setting and Beam Alignm ent

2.5c

The a bsolute accurac y of the angle setting is estima ted
to have been better than 0.1°, with a reprod ucibili ty of about
0

0.05.

The combine d effects of error in the angle setting and

deviati on of the beam from the centre of the scatter ing chambe r
are estima ted to result in an error of about 1% in the measur ed
cross section s.

This estima te is made on the basis of the

left-ri ght scatter ing measur ements , discuss ed in Section 2.3a.
It should be noted that the left-ri ght scatter ing measur ements which were made at the conclus ion of the experim ent, also
served as a check on the reprod ucibili ty of the origina l excitation data.

In these measur ements only one point out of twenty

differe d from the origin al data by more than 2% (2.5%), and
eleven of the measur ed values agr eed to better than 1%.
2o5d

Gas Pressu re and Impuri ty Measur ements

The error resulti ng from the measure ment of the helium
gas pressu re is about 0.2%.

This estima te is based on a 0.1%

uncert ainty in the visual reading of the pressu re gauge and a
Oo1% uncert ainty in its c a librati on.

The error resulti ng from

the correc tion to the pressu re for impuri ties in the gas is

-43estimated to be 0.3%, which assumes the correction in the worst
case was accurate to only 50%.
2o5e

Absolute Temperature Measurement and Beam
Heating Effects

The measured tempera ture of the gas targ et was typically
about

1°c

above ambient room temperature.

The principal uncer-

tainty in the measurement, estimated to be 0.3%, resulted from
the relatively poor heat conductivity of the stainless steel
bottom plate of the gas target .
A more serious error resulted from the local heating along
the path of the beam through the gas which had the effect of
maintaining a higher temperature al ong the path than in the rest
of the gas .

An attempt was made to predict the effects of beam

heating in terms of the heat equa tion, and the deriva tion of an
equa tion relating the average temperature along the beam path to
the relevant paramet ers is given in Appendix B.

In the deriva-

tion, the following as sumptions are made:
(i)

The equation of conduction of heat is applicable , i.e.,
conduction is the only process of heat transfer from the
beam path ;

(ii)

The experimental situation may be represented by an
infinitely long cylinder of gas with the heat being conducted radially from the inner surface defined by the
beam to the outer surface.

-44From Append ix B these approx imation s yi eld the f ollowin g
express ion for the average absolu te temper ature

T of

the gas

along the beam paths

(1.90

10- 5 ) I ~
dx

X

K

E+

2 ln b/~

where a is the radius of the inner cylind er swept out by the beam,
bis the radius of the outer cylinde r of gas, dE/dx is the energy
loss in the gas in keV/cm , I is the beam curren t in µa, K is the
therma l conduc tivity of the gas in cal/sec -cm-

0

c,

and Tb is the

temper ature in °Kat the radius b (taken to be the measur ed temperatu re of the gas target ).
To investi gate the validit y of equatio n 2.4, experim ental
studies of beam heating effects were made by bombar ding argon
with deutero ns and helium with proton s.

In each cas e the counter

assemb lies were left in fixed geometr y , and the elastic scatter ing
yield was measure d as a functio n of beam curren t for a given amount
In the case of argon, gas pressu res of 1/4

of collec ted charge.

atm and 1/8 atm were used for the same bombar ding energy , while
for helium only one pressu re was used.
The results of these studies are compare d in figure 2.5 to
calcula ted curves .

The data are plotted in the form Y(O)/Y (I) vs.

I where Y(I) is the yield measure d with a beam curren t I.
lines have been fit visual ly to the data.

Straigh t

Statis tical errors are

indica ted by error bars in the case of helium and by the size of
the points for argon.
followi ng express ion:

The dashed curves were calcula ted from the

FIGURE

2.5

Results of the beam heating study.

The ordinate

represents the ratio of the yield with zero beam current to the
yield with a beam current I . The experimental results are given
by the solid points, and the solid curves are straight lines fit
visually to the points.
statistical errors only .
equation 2.5 of the text.

The error bars on the points indicate
The dashed lines were calculated from
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-45Y(O) /Y(I) = T(I)/ T(O)
(1.90
= 1 + -

X

£!
5
10- )- I d x [ 1 + 2 ln b/a ]

2.5

T(O) K
where it is assum ed that Tb=:: T(O) .

In comp uting the curve s, a

rs (0.75 mm), b
was taken to be the radiu s of the beam colli mato
therm al cond ucwas taken to be 10 mm, and avera ge value s of the
temp eratu re range s
tivit ies of argon and heliu m were used for the
invol ved.
rathe r
From figur e 2.5, it is clear that the theor y fails
the effec t. On
dism ally in pred ictin g the absol ute magn itude of
too larg e, while
the one hand the calcu lated effec ts for a rgon are
A comp a rison of
the pred icted effec ts for heliu m a re too smal l.
that cond uctio n,
the argon data at the two press ures used indic ates
sourc e of heat
which is indep enden t of press ur e, is not the only
trans fer prese nt.

On the basis of cond uctio n only, the obser ved

t at 1/4 atm, due
effec t at 1/8 atm shoul d be just 50% of the effec
in figur e 2.5 the
only to the reduc tion by 50% of dE/dx . Howe ver,
72% of the effec t
meas ured effec t at 1/s atm is seen to be about
at 1/4 atm.
rm the
On the posi tive side the expe rimen tal resu lts confi
the avera ge temlinea r rela tions hip betwe en the beam curre nt and
line ar depen perat ure in the beam path. Altho ugh the pred icted
is also infer red
dence on dE/dx was not studi ed expl icitl y, this
ng eithe r I or
from the linea rity with beam curre nt since varyi
pe r cm along
dE/dx just chang es the rate that heat is supp lied

the beam path.

-46These result s should be useful in experi ment s

rewhere a high degree of accura cy is requir ed, as only one measu
s at
ment of yield vs beam curren t can be used to ~rrec t result
any energy , provid ed the same gas pressu re is used.

On the ba sis of the

In the presen t d- a experi ment, no correc tions were made for
this effec t, since the errors were not g reat .

is
p-a beam heatin g study, the expect ed error from this effect
MeV,
estima ted to be 1.3% at 4 MeV, 0.9% at 6 MeV, and 0.6% at 10

Slit-E dge Scatte ring

ts.
with the measu red cross sectio ns being too low by these amoun

2.5f

Addit ional uncer tainty is introd uced in the mea sured cross

Effect s from this source are manife sted by a

sectio ns by scatte ring from the edges of the slits in the detection system s .

from
contin uous distri bution of low energy deuter ons, result ing

The most seriou s eff ects result from

anythe penet ration at the slit edg es of deuter ons origin ating
where a long the line source .

can
deuter ons scatte red near the centre of the gas targ et which

The effect was minimi zed by carefu lly

prothen be deflec ted into the detect or by multip le sca tterin g
cesses in the slits .

The

slits
checki ng the slit edg es for imper fectio ns and by making the
as thin as was consis tent with stoppi ng 10 MeV deuter ons.

dis estima ted to be a bout 0.5%.

This estima te

red
error con t ribute d from this source tends to incre se the measu
cross sectio ns

with
is ba sed on the observ ed low energy tails and is consis tent
53) .
result s of more detail ed studie s in simila r experi ments (Wo

-47Multip le Sc a tterin g by the Mylar Foil and
Helium Gas
In a manner simila r to the slit-e dge scatte ring, some deuby the
terons from the line source are scatte red into the detect or
Mylar foil and helium gas .

In this case partic les in the primar y

of
flux from the centre of the gas target a re also scatte red out
s
the detect ion system by the foil and gas , and the effect cancel
to some exten t.
to be about

1%.

The error result ing from this source is estima ted
This estima te is ba sed l a r gely on the result s of

the
proton -proto n scatte ring checks which will be discus sed in
follow ing sectio n.
2.5h

Proton -Proto n Scatte ring As an Accura cy Check

The source s of error and the corres pondin g errors are summarize d in table 2o2o

The error quoted for beam heatin g is for a
TABLE

2. 2

Errors in the Measu rement s

%Error

Source of Error
Cha rge Collec tion and Integr ation
Geome try of Detec tion System s
Angle Settin g and Beam Alignm ent

0.3

Gas Pressu re and Impur ity Measu rement s
Absol ute Tempe rature Measu rement

0.5

Beam Heatin g Effec ts
Slit Edge Sc a tterin g
Multip le Scat tering by Mylar Foil and

o.6
1.0

0.3
1.3
0.5
He 4

Arithm etic Total
RMS Total

1o0

5o5
2.2

-48deuteron energy of 4 MeVo

This error and the error due to mul-

tiple scattering in the Mylar and helium should fall off with
increasing energy.

Since some cancellatio n of errors occurs, the

total systematic error is thought to be about 3%.
As an overall check of the accuracy of the d-a measuremen ts,
proton-prot on scattering cross sections were measured at a proton
energy of 4.203 MeV, and the results were compared with the 0.3%
Two sets of measurement s were

data of Worthington et al . (Wo 53).

made, one at the beginning of the experiment and one at the end
after all the d-a measurement s were completed.
The results of these measuremen ts are compared to those of
Worthington et al. in table 2.3.
TABLE

The column labeled

11

Dev. 11 gives

2o3

Comparison of P-P Data with Worthington et al .
Worthington

Run 2

Run 1

O.lab

0.

cm

0-cm
(mb/sr)

CJcm
(mb/sr)

Dev.

Dev.

(%)

<fem
(mb/sr)

15.0°

30.0°

118.82

119095

+0.95

121.58

+2.32

17.5°

3500°

108.35

109.33

+1o00

110 .. 14

+1o75

20.0°

40.0°

106052

105000

-1.43

108.06

+1.45

30.0°

60.0°

111004

110.17

-Oo78

112.66

+1.46

45.0°

90.0°

1140 20

112.68

-1. 33

115098

+1.56

55.0°

110.0°

113.16

110.16

-2.65

----

the percent deviation from Worthington 's values.

(%)

As can be seen

from the table, two points out of eleven deviate by more than 2%.

- 49Therms average deviation of all the points is 1 . 7% , which is
consistent with the quoted error for the d- a experiment .
The p- p data also provide a check on the possible effects
Since

of multiple scattering in the target gas and Mylar foil .

one would expect such an effect to become increasingly serious
as the particle energy is reduced , it would , if sufficiently large,
cause a deviation of the measured p- p differential cross section
There appears to be some trend

which would increase with angle .

in the measured values toward smaller cross sections at the larger
angles, but this effect , if it is indeed real , is certainly small
over the angular range of 15° to 45° (proton energy 3 . 9 MeV to
1.9 MeV) .

Results

2.6

The excitation curves which were taken with the detectors
0

0

0

0

at laboratory angles of 20 . 4 , 27 . 4 , 35 . 1 , 52 . 6 , 63 . 3

0

and

95 . 2° yielded acceptable data at the centre of mass angles 30 . 6°,
0

0

0

0

40o7 , 51 . 9 , 76 . 2 , 90 . 0 , 125 . 3

0

0

and 139 . 1 •

The 30.6

0

and

90 . 0° data extend over the entire rang e of 3 . 4 to 9 . 9 MeV , while
the remaining data extend over a slightly smaller energy rangeo
Because of the background problem, the only alpha group data
accepted were those at laboratory angles 20 . 4° (139 . 1°c . m. ) and
part of those at 27 . 4° (125 . 3° c . m. ) .

Where experimentally pos-

sible , data were obtained at the centre of mass angle 125 . 3° via
the deuteron group (95 . 2° lab) .

- 50The excitatio n data are presented in figure 2060

The

centre of mass cross sections are plotted against laborator y
deuteron energy .

The applicabl e data of Stewart et al . (St 62)

are included in the figure and a re seen to be in good agreement
with the present results .
cally in table 2. 40

The cross sections are given numeri-

The values listed in the table were read

from a visual fit to the da ta points .

The quoted error refers

to the statistic a l error associ a ted with a single datum point .
The points obtained from the recoil alpha group a re indicated
with asterisks , and in these c ases the quoted errors include the
error resulting from the ba ckground correctio n (taken to be 30%
of the correctio n) .

The systemati c error in the measureme nts

is abo ut 3%, as discussed in Section 2. 5 .
The angula r distribut ion data are shown in figure 2 . 7
and are listed in table 2. 5 .
in the same manner as beforeo

The errors are given in the table
In a ddition to the systemati c

error of 3% , an error of about 2% resulting from the analyzer
dead time correctio ns is present in the measurem ents .

The

overall accuracy of the angular distribut ion data is therefore
about

2. 7

5%.
Discussio n
I t was originall y planned to perform a phase shift ana-

lysis of the data , incorpora ting measured values of the
He 4 ( d , np )He 4 reaction cross section (see Chapter 3) and deuteron

Excitation curves obtained at centre of mass angles
FIGURE 2.6
o
Q
a
o
o
o
o
30.6 , 40.7 , 51o9 , 76o2, 90.0 , 125,.3 and 13901 • The cross
sections are given in the centre of mass system . The points
with error bars represent the data of Stewart et al . (St 62).
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FIGURE 2.7

Angular distributions obtained at 4. 55 and 5. 67 MeV .

The results are given in the centre of mass system.

The points

at angles greater than about 110° were obtained from the recoil
alpha particles.
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2. 5

Ang ula r Di s t ribu t ion Data

Eua = 4.55 MeV
BcN

a(8)

(dearecs)

(mb/sr)

£

Statistical
error
(percent)

24.0
26.2
30.6
33.6
37.3
40.8
44.6
48.2
51.9
55.3
58.9
62.4
65.8
69.3
72.7
76.0
79.3
84.5
90.0
94.6
99.4
104.0
108.6

442
406
319
279
239
206
173
149
126
106
90
79

63
68
75

1.6
1.6
1.7
1.7

125.3
130.0
135.0
139. 1
148.0

122
149
180
209
282

3.o•
t.5•
t.5•
1.0•
1.0•

0.3
0.3
0.3
0.3
0.4
0.5
0.5
0.6
0.7
0.8
0.9
1.0

71

I.I

65
59
58
58
57
57

1.2

60

1.3

1.3
1.4
I.S
I.S

= 5.67 MeV

BcN

a(8)

(deerccs)

(mb/sr)

24.0
26.2
30.6
33.6
37.3
40.8
44.6
48.1
51.9
55.3
58.9
62.4
65.8
69.3
72.7
76.0
79.3
84.5
90.0
94.6
99.4
104.1
108.6
109.8
I 13.0
115.0
120.0
125.3
130.0
135.0
139. 1
145.0
148.0

420
358
284
238
199
168
136
109
92
77
65
58
52
48
49
48
54
54
57
62
63
67
70
73
73
76
83
97
11 2
132
157
191
213

Statistical
error
(percent)
0.2
0.3
0.4
0.4
0.5
0.5
0.6
0.8
0.9
1.0
I.I
1.2

t:3
1.4
I.S

1.6
1.6
1.6
1.6
1.6
I. 7
1.7
1.8
4.5•
1.8
3.o•
2.3·
2.3·
t.5•
1.4•
1.2•
1.0•
1.0•

•) Data obtained via the recoil alpha group.
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-53tensor polarization components (Se 64a) in the phase shift extraction.

This analysis necessarily had to await the installation

of faster computing facilities in Canberrao
A preliminary analysis was attempted on the I.B.M. 1620
computer in terms of resonance theory as employed by Galonsky
and McEllistrem (Ga 55b)o

The equations which were used are

listed by Galonsky and McEllistrem, and the same approximations
were em loyed, namely, the effects of the open reaction channel
and of mixing between 1=0 and 1=2 for J" =1+ states were neglected.
However, it quickly became apparent that this analysis would be
much more feasible on a faster machine, and this effort was also
postponed .
Since that time a phase shift analysis has been completed
elsewhere by Senhouse and Tombrello (Se 64b), using d-a scattering data taken over the same energy range as the present experiment .

Mixing between 1=0 and 1=2 for J-rr =1+ states was considered

in the analysis , as was the open reaction channel.

From the

resulting phase shifts, values were computed for the total reaction
cross section and deuteron tensor polarization which agree reasonably well with experimental values.

In addition to this analysis ,

a second analysis is in progress at still another laboratory
(Mc 64) in which experimental values for the deuteron tensor
polarization are being used along with scattering data to extract
phase shifts.

In view of these developments, the analysis at

this laboratory has been further delayed.

The proposed analysis

-54will be considered again when new measurements of the deuteron
tensor polarization components, which are in progress at this
laboratory, are completed and when the results of the most recent study are known.
Some qualitative remarks can be made from the cross
The effects of the 4o52 MeV 2+

sections shown in figure 2.6.

state (laboratory energy 4o58 MeV) are seen in all spectra, with
pronounced maxima being observed at forward and ba ckward angles
and an interference dip at 90° centre of mass angle.

The broad

high energy tails of the peaks suggest the presence of one or
more broad levels at a higher energy, thus lending support to the
conclusion reached by Galonsky and McEllistrem regarding the existence of a second broader level above the 4.52 MeV stateo

In

addition, the slight dip observed in the 90° excitation function
at about 6 MeV deuteron energy suggests that a positive parity
state is involved (Ga 55b).

Although good resonance theory fits

of the data were not obtained in the preliminary work, the cross
sections which were computed using parameters similar to those
given by Galonsky and McEllistrem did agree qualitatively with
the observed energy dependence.
It is clear from the data that nothing definite can be
said about the possible 7.4 MeV level (laboratory energy 8.9 MeV)
without performing a phase shift analysis of the data.

Further-

more, it would appear to be difficult to extract reliable level
parameter assignments at the higher energies from differential

-55cross section data alone, since the observed cross sections are
4
4
slowly varying and the He (d,np)He reaction becomes increasingly
important (Chapter 3)o
The cross sections observed in the present experiment are
in good agre ement with the results of Galonsky et al. (Ga 55a),
Stewart et alo (St 62), and Senhouse and Tombrello (Se 64b).
However, the results disagree by as much as 25% with angular
distribution data taken by Burg e et a l. (Bu 51) at 7.9 MeV.
Finally, the ana l y sis of Senhouse and Tombrello (Se 64b)
fully confirms the existence of the 2+ and 1+ levels which were
postulated by Galonsky and McEllistremo

Furthermore, the analysis

indic a ted the presence of several P-wave resonances at the higher
energies, although there is some uncertainty associa ted with the
position and ordering of these levels.

CHAPTER 3
PROTONS FROM THE DEUTERON BOMBARDMENT OF He4-

Introduction
General Comments
The work described in this chapter consists of a study of
4
the proton spectra resulting from the bombardment of He with
deuterons of energies between 7.7 and 11 MeV.

In this energy

range protons may arise through any of the following reactions
or sequences of reactions:
d + He

4

--+ He 5 +

p + Q

11

He 5 -+ He4- + n + Q
2

d.. + He 4 --+ Li 5 + n + Q t
1

5

Li -+He

4

+ p +

3o2

Q/

4
4
d+ He -+ He + n + p - 2.226, MeV

3.3

where He 5 (or Li 5 ) may be left in its ground state or in an

'

•

excited state, and where Q1 + Q2 = Q1 ~ + Q2 = -2 .. 226 MeV. Since
the formation of the proton in reactions 3.2 and 3o3 occurs with
three particles being left in the final state, it is clear that
protons over a continuous range of energies will be present at a
given bombarding energy and scattering angle.
A study of these reactions is of interest from several
points of view.

Firstly, from reaction 3.1 information may be

obtained about the width and binding energy of the ground state

-57of He 5 •

One may also look for evidence for excited states in

He 5 , although the contributio ns from reactions 3.2 and 3.3 are
likely to obscure such effects in a non-coincid ence exp eriment
such as the present one.

A summary of experiments which bear on

5
the first excited state of He is given by Fessenden and Maxson
(Fe 64).
Secondly, the present range of bombarding energy covers
6
the range of Li excitation from 6.5 to 8.7 MeV. If reaction
3.1 proceeds at least partly via a compound nucleus mechanism, an
excitation function might be expected to yield information abou~
6
the proposed T=O state in Li near 7.4 MeV which is discussed in
Chapter 2.

In particular, Sokolov et al. (so 56) reported that

4
this state decays preferentia lly to He + n + p rather than to
He 4 + d, so the present reaction 3.1 might be expected to be
sensitive to the effects of such a state.
Finally, values of the total reaction cross section for
deuterons on He 4 may be obtained by extrapolatio n and integration
of proton spectra obtained at va rious scattering angles.

Know-

ledge of the total reaction cross section is useful for a phase
shift or optical model analysis of the d-a interaction .
Protons from these reactions have been studied previously
by several authors.

Burge et al. (Bu 51) observed reaction 3.1

by a nuclear emulsion technique at 7.9 MeV.

Allred et al.

(Al 51a), also using an emulsion technique, determined the total
reaction cross section at a deuteron energy of 10.3 MeV.

-58Warburton and McGruer (Wa 57) have observed reaction 3.1 together
with a portion of the lower energy proton spectrum using a magnetic
spectrometer.

Artemov and Vlasov (Ar 60) have observed proton

spectra using 20 MeV deuterons , and Erramuspe and Slobodrian
(Er 63) have recently obtained data in the 21-28 MeV energy range.
Neutrons from these reactions have been studied by Henkel
et al. (He 55) for the deuteron energy range 4-7 MeV, by Lefevre
et al. (Le 62) for 8-10 MeV, by Bogdanov et al. (Bo 56) at 13 MeV,
and by Rybakov et al. (Ry 61) at 18 MeV.
Description of the ExPeriment

In the present study angular distri butions of the proton
spectra were obtained at deuteron energies of 8.00, 9.00, 10.00,
and 11.00 MeV.

A pronounced peak is observed in the spectra near

the maximum possible proton energy, corresponding to the
5
He 4 (d,p)He 5 reaction proceeding through the ground state of He •

An excitation function for this reaction was taken in 100 keV
steps from 7.7 to 11 MeV deuteron energy at a laboratory angle
0

of 14.
The angular distribution spectra are presented in the form
of absolute cross sections.

A

theoretic al line shape for the

He 4 (d,p)He 5 ground state reaction is calculated using a stripping
approximation and is compared to a spectrum obtained from the
5
10 MeV data. The binding energy of the He ground state and an
estimate of the width are obtained from the data and are compared
to previously obtained values.

Finally, total reaction cross

-59sections for the d-a interaction are calculated from the 10 and
11 MeV data by making suitable extrapolations.

Experimental Arrangement
With the exception of small modifica tion s , the same appa-

ratus as described in the previous chapter wa s employed for the
mea surements.
The first modific ati-0n provided for the insertion of
aluminium foils into the path of the particles detected with the
upper lid detection assembly.

These foils were used to stop all

alpha particles from reaching the detector, since the proton
spectra were otherwise partially obscured by the elastic recoil
alpha group and by the alpha continua resulting from reactions
3.1, 3o2 and 3.3.

In figure 2.4 of Chapter 2, a spectrum taken

at 6.5 MeV deuteron energy without the use of an alpha stopping
foil is shown.

The recoil alpha group is seen to overlap the

high energy end of the continuous proton spectrum.
The stopping foils were mounted over holes in a support
attached to a rod which passed through the upper lid of the
scattering chamber.

By moving the rod vertic ally, any one of

six foils could be inserted into the detected beam.

The maxi-

mum foil thickness required in the experiment wa s about 15 m.g/cm

2

of aluminiumo
A second foil assembly which was loc ated directly in front
of the entrance slit of the detection system was occasionally

-60-

used as a fine adjustment to the stopping foil thickness.

Only

2
a thin foil (1o7 mg/cm ) wa s us ed with this assembly since, in
effect, the insertion of thick foils at this location results in
serious deterioration of angula r resolution, caused by multiple
scattering in the foil.
With an additional modification, provision was ma de for

storing a drying agent in the gas targ et in order to reduce the
buildup of water vapour.

This provision was desirable in the

present experiment and in the one discussed in Chapter 4, since
at certain energies and angles the scattered deuterons or recoil
protons from d-p scattering could interfere with the continuous
proton spectra.
The drying agent used was granular potassium hydroxide
which was contained in a small dish mounted from the lid of the
gas target.

With this facility the amount of water vapour pre-

sent after a given length of time was reduced by approximately
an order of magnitude, and no serious difficulties were encountered in the experiment from impurity peaks.

Procedure
All data were accumul ated using the counter assembly which
had the alpha stopping foil facility.

Pulses from the Ortec

surface barrier detector were amplified in an Ortec amplifier
system, and data were accumulated on either 100 or 400 channels
of a pulse height analyzer.

The gain stability of the amplifier-

-61analyzer system was monitored with a mercury pulser, and counts
from the pulser were scaled to allow correction for the analyzer
dead time, as discussed in Chapter 2.
The data which were obtained may be divided into three
groups:
(i)

An excitation function taken from 7.7 to 11 MeV deuteron

energy using the slit system having an angular resolution
of 2° and employing an analyzer channel width of 100 keV;
(ii)

Angular distributions taken at 8, 9, 10 and 11 MeV
using the same slit system and channel width as above.
The 10 and 11 MeV data were later used in determining
total reaction cross sections;

(iii)

An angular distribution taken at 10 MeV employing the

0.7° angular resolution slit system and an analyzer
channel width of 25 keV.

These data were later used in

estimating the position and width of the He 5 ground
state.
For most of the spectra a minimum of 5000 counts per
channel was obtained for channels near the peak of the proton
spectrum.

At each energy and angle the minimum thickness of

aluminium foil consistent with stopping all alpha particles was
inserted into the detected beam.

Background data were obtained

for each angula r distribution spectrum by taking runs with the
gas target evacuated.
A helium gas pressure of¼ atm wa s used throughout the
experiment.

The same general procedure as that discussed in

-62-

Chapter 2 was followed regarding gas handling, pressure and temperature measurements, charge collection, and calibration of the
current integrator.

Although the problem of water vapour buildup

was largely eliminated by the drying agent, the gas wa s changed
frequently as a prec aution.
Since accurate knowledge of the energy scale of the proton
spectra was required in the experiment, considerable care wa s
exercised in the energy calibration of the detector-amplifieranalyzer system.

At the beginning of any given experimental

period the system was ca librated with a ThC ' -ThC " alpha source,
employing an analyzer channel width of about 25 keV.

The alpha

particle spectrum from this source consists primarily of two
strong groups of well known energy (Ev 55b) at 8.78 MeV and 6.05
MeV (doublet).

The calibration of the mercury pulser was then

determined, and using the pulser, an energy versus channel number
calibration was obtained with the amplifier and analyzer gains
set for the experiment.

In general, the system was quite linear

with energy except for very low energies.

The calibration curve

was later corrected for gain shifts occurring during the experiment by means of the pulser data accumulated with each spectrum.
The gain shift never exceeded 1~ for any given experimental
period.
To determine the thickness of the va rious slowing foils
and to check the energy calibration directly, proton pulse height
data from p-a elastic scattering were collected under identical

-63conditions of foil pl acement, detector bias , amplifier gai n, etc.,
as were used in collecting the d-a continuous proton spectrao

The

p-a runs were taken during each exp erimental period after the d-a
runs were completed, and the energy and angle were adjus ted to
provide several calib ration check points around the peak in each
d-a proton spectrumo

Data Reduction
Reduction to Absolute Cross Sections
All data reduction was performed wit h the I.B.M. 1620
computer.

Spectra from t h e pulse height analyzer were punched on

paper tape and later converted to cards.

To reduce the da ta at a

given ang le, the p roton spectrum and associated t a rget-empty
background spectrum were read into the computer, and after correction for gain shifts, the ba ckground wa s subtra cted.

Using

the pulser ca libra tion of the ana lyzer and range-energy relationships, the proton spectrum wa s th en corrected point by point for
energy loss in the target gas and stopping foils and converted
into a bsolute units.

Energy losses were computed from curves of

the form

4

ln R =

2

- a (ln E) i ,
1

i=O

which were fit to the range-energy data compiled by Whaling

(Wb 58) .

The values for the foil thicknesses were obtained from

-64the p-a pulse height data.

Corrections for analyzer dead time and

calibration errors in the current integrator and pressure gauge
were made as discussed in Chapter 2.
ally used in the dead time correction.

A second method was occasionFrom the number of counts

recorded in each channel, the dead time of the analyzer was computed, and the correction for a given run was made from the ratio
of the dead time to the actual time required for the runo

This

method suffers from the same difficulty as the pulser method in
that the beam current must remain constant for the correction to
be exact.
The yield in each analyzer channel was reduced to an absolute cross section with the following relation:

3.1
where 0-

i( o1 ) was computed from the yield in channel i

using

1
equation 2.1 of Chapter 2, where L'.lE1 is the energy width of
1
channel i, and where Ei is the energy at the centre of channel i.

Additional information computed in the reduction program
included the centre of mass energy, angle, and cross section for
each datum point, along with the maximum laboratory proton energy
possible in each spectrum.

Various kinematical relationships

relevant to the situation in which three particles occur in the
final state are derived in Appendix C. The formulas which re1
late the observed laboratory energy E and angle Ql to those in
the zero-momentum system (superscript c) are as follows:

-651
= EL - 2a(E )~cos
1

(E )½cos

o1

o1

+ a

2

- a

where

l

The quantities md, ma, and Ed are the deuteron mass, alpha
particle mass, and laboratory deuteron bombarding energy, respectivelyo

The quantity mis the mass of the final particle

being observed, ioeo, the mass of the proton in the present experimento

The Jacobian of the transformation is given by

and the inverse transformation is obtained by replacing a with
-a.

1
Oc with Ep and
A diagram showing the variatio n of Ec
p and p
l
Ed= 10 MeV is presented in figure 3.1.

The maximum and minimum laboratory energies of a particle
for a given bombarding energy and laboratory angle are given by
EL
max =

~]2
. 2~1)2
- a 2sin
cos 01 + (Ec
max

G

El. =
01 - (Ec
[a cos
max
min

3.6

a2sin20l)½J2

C
where Emax is the maximum energy in the centre of mass system of

the particle being observed and is determined by

=

M

-m

t
M-t

I,

LQ

+

ma

E~ /

(md +

:-1

ma)J.

FIGURE
1

and Oc with
Diagram showing the variation of Ee
p
p

for a deuteron bombarding energy of 10.00 MeVo The
and 01.
p
curves were calculated from equations 3.2 - 3o4 of the text,
taking the observed particle to be the proton. The two families

E

p

of curves represent fixed laboratory angles and fixed laboratory
energies as indicated.

E~'°bl= 10.00 MeV.
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-66In equation 3.7 the quantity Mt is the total mass of the particles
in the final state, and Q has the usual meaning.

The above ex-

1
. only holds true if the quantity in square
pression for Emin
brackets is positive; otherwise, Ei. is zero. It should be
min

pointed out that equations 3.2 - 3.7 are also valid when more than
three particles occur in the final state .
A plot of the maximum and minimum laboratory energies of
the proton and alpha continua versus laboratory angle is given
in figure 3.2 for a deuteron energy of 10 MeV.

The minimum proton

energy was zero in all cases for the present experiment.

In

figure 3.2 the energies of the elastically scattered particles are
also included, and at large angles the maximum energy of the
proton continuum is seen to be greater than the elastic deut~on
energy.

Since there was no means of eliminating the deuteron

peak from the proton spectra in the present experiment, data were
not obtained past the angle at which the elastic deuterons began
interfering with the proton continuumo
Adjustment of the Energy Scale
The energy scale of each d-a c ontinuous proton spectrum
near the He 4 (d,p)He 5 peak was checked by means of the p-a pulse
height data, and appropri a te adjustments were made when necessaryo
The adjustment required for the 10 MeV data used in determining

5
the binding energy of the He ground state was 60 keV and was
consistent to -+ 10 keV for all angles.

FIGURE

3. 2

Diagram showing the energy variation with angle

of the elasti c particles and of the edges of the proton and
alpha continua for a deuteron bombarding energy of 10 MeV .
The minimum proton energy is zero at all angles . The curves
were calculated from equations 306 and 3. 7 of the text o
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-67The procedure employed in determining the adjustment was
the following:
(i)

The energy of a given p-a proton group at the centre of
the gas target was computed in the same manner as was
the proton energy in the d-a continuous proton spectra,
i.e., using the calibration curve, foil thickness, etc.:

(ii)

The energy of the p-a group was then calculated directly
from the kinematics of the scattering;

(iii)

The difference in the two energies was taken as the
error in energy calibration, and the adjustment in the
energy scale of a given spectrum was made on the basis
of several of these measurements around the peak in the
cross section.
The energy of the bombarding particles at the centre of

the target was known to within! 10 keV , as was the case in the
experiment discussed in Chapter 2o

The final energy scale of

each proton spectrum is believed to be accurate to! 30 keV,
this error consisting of the -+ 10 keV of the bombarding particles
and! 20 keV from the p-a final ca libration.
The energy resolution of the complete system for the
various stopping foil conditions was determined experimentally
by means of the p-a scattering data.

In each c a se the measured

p-a resolutio n (i.e., the width at half maximum of the observed
group ) was adj u sted for the different kinematic spread associated with the d-u data by assuming a quadratic combination of

-68energy spreadso

Excluding kinematic spread from the finite slit

apertures and straggling spread from the stopping foils, the
energy resolution was found to be about 50 keV.

The stopping

foils increased the energy spread by about 35 keV for the thickest
The total energy sprea d was found to be about 115 keV

foils used.

for the measurements made with the 0.7° resolution slits at 10 MeV
and to range from about 80 to 150 keV for the remainder of the
measurements.

Results
Angular Distributions
The smallest laboratory angle at which data were taken was
14° at each energy, and the l ar gest angle ranged from 80° at
8 MeV to 135

0

at 11 MeV.

Samples of the angular distribution

data taken with the 2° slit system are shown in figures 3.3 - 3.6.
The data are presented in the laboratory system.

The curves shown

in the figures represent smooth fits by eye to the da ta points .
For clarity, some of the data points have been omitted.

The

arrows shown near the energy scale of ea ch figure indicate the
maximum possible proton energy at each angle, as computed from
equation 3.6.

The arrows shown near the peak in some of the

4
5
spectra refer to the proton energy calcula ted from the He (d,p)He
ground state reaction, assuming a Q value of -3.18 MeV.
The use of foils to eliminate alpha particles, together
with the increasing background in lower analyzer channels, placed

FIGURE 3o3

The proton spectra obtained at several laboratory

angles with a deuteron energy of

s.oo

smooth fits by eye to the data points.

MeV o

The curves represent

The arrows shown near

the energy scale indicate the maximum possible proton energy at
The arrows shown near the peak in some of the
5
4
spectra refer to the peak position calculated from a He (d,p)He
each angleo

Q value of -3.18 MeV .
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3.4

The arrows shown near the peak in some of the
5
4
spectra refer to the peak position calculated from a He (d,p)He
each angle.
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The proton spectra obtained at several laboratory

angles with a deuteron energy of 10 . 00 MeV.
smooth fits by eye to the data points.
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The arrows shown near the peak in some of the
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-69a lower limit on the observable proton energy.

Data were re-

jected if the background exceeded 30% of the observed yieldo
Thus , assuming the background correction to have an uncertainty
of about 30%, the error on the points in figures 3o3 - 3.6 increases to 15% for the po i nts at the lowest energy on each curve.
This error decreases rapidly with increasing proton energy and
becomes negligible Oo5 to 1 MeV higher .
Aside from the low energy region of the spectra, the
overall uncertainty in the cross sections is about 6%.

The

largest uncertainty (3%) results from the dead time correction,
and the combined error of all other sources is about 3%, as discussed in Chapter 2.
Excitation Function
4
5
The He (d,p)He (ground state) excitation function taken
at 14° laboratory angle is shown in figure 3.7.

The results,

which were obtained by averaging the cross section at the peak in
each proton spectrum, are given in arbitrary units.

The energy

range covere d corresponds t o th e L·i 6 exci' t a t ion
energy range of
'
6.5 to 8.7 MeV, and the arrow in figure 3.7 indicates 7.4 MeV
excitation energy.
The proton yie ld from the reaction is seen to increase
smoothly over the energy range, and no evidence of structure is
seen.

Thus, the present measurements do not confirm the existence

of the proposed 7.40 MeV level.

However , it should be emphasized

that the angu l ar distributions obtained in the present measurements

FIGURE 3. 7

Excitation function for the He 4 (d,p)He 5 gr ound

state reaction .

The relative yield at each energy was obtaine d

by averaging the cross section over several analyzer channels
at the peak in the spectrum .
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-70indicate that the reaction proceeds l a rgely via a direct rea ction
mechanism.

It is possible, therefore, that the compound nucleus

contribution is too small to obs erve under the present conditionso
Alternatively, the deuteron width of the level may be too small
for effects to be observed through the present reaction .

In

either case, the existence of the 7.40 MeV level cannot be
excluded.

Theoretical Line Shape
In analyzing neutron spectra from the T(d,n)He 4* reaction,
Werntz (We 62) has calculated a theoretic a l line shape for the
observed neutrons by means of p-T scattering phase shifts.

In

this section, a proton line shape for the He 4 (d ,p)He 5 ground sta te
reaction is obtained using methods similar to those employed by
Werntz.

In particular, the reaction is assumed to proceed via

a stripping me chanism (which is indicated by the observed angular
distributions), and the final bound state wave function which
usually occurs in stripping theory is replaced by an-a scatteri ng
state function .

In the ca se considered by Werntz, an S-wave

scattering state function was used; in the present case, a P-wave
sca ttering function is employed, as the g round state of He 5 is
P ;
(Aj 59) .
3 2

The energy dependence of the cross section near

the ground state of He 5 is then calculated from the known n-a

p3/2 phase shift and is comp ared to the experimental results.
The centre of mass differential cross section for observing
protons in the solid angle dJlc and energy increment ~c and
p
p

-71neutrons in the solid angle d.51

I

n

may be written in the form

(We 62; see also We 58, Ha 60, Ba 62)

I

I

where Ec is the energy of the observed protons in the zerop,
momentum system, kc is the deuteron wave number in the zerod
momentum system, µd is the d-a reduced mass,

I

h
I

I

I

!

eis the density

of final states, and M is the matrix element for the reaction.
The density of final states function is obtained in Appendix D
and is given by
2(m mm ) 3/ 2 (m

p n a

p

+ m + m ) 1/2

n

a

X

C.

where E
max is the maximum proton energy in the zero-momentum
system and is given by equa tion 3.7 with m = m.
p

I

3.7

In equation

[Q/ is the energy required for the breakup of the deuteron,

ioe., Q = -2.226 MeV.

Other relations which will be needed are

obtained in Appendix C and are as follows:

E = [ mam+ mn + mp
P
a+ mn
and
E =
n
=

rL~d ma+

m ]

a

J

Ec
P

Edl - 2. 226 - E
P

ECd - 2.226 - E
p

3o11

-72where Ep is the relative energy of the proton in the p-na system,
En is the relative energy in then-a system, and E~ is the centre
of mass deuteron energy.

The associated rel at ive momenta in the

p-na and n-a systems are given by:

(m + m )m
n
a p
n + mp + ma

m

3.12
0

Using the Born approximation, the matrix element for a
(d,p) stripping reaction to a bound fin a l st a te may be writen
(Ge 53 )

~

"'>

-ik

M~Jdr; dr n e
X

(V

I'

+ V)

n

p

~
O

r

p

~*(kn ,;n )
..

X

3.13

-+

't'd(k~,rp.,rn)

where~ is the final bound state wave function,

kn

is the rela-

tive momentum of the neutron in the bound state, V

and V are
n
the potentials acting between the proton and the neutron , resP

pectively, and the centre of force , and
deuteron plane wave.

-+

The vector r

p

'f'd

is the incident

describes the separation of

the proton and the centre of mass of the recoiling neutron~

nucleus system, rn is the separation of the neutron and initial
7

nucleus, and k

p

is the relative wave number of the pr oton.

The procedure us ed in a dapting equation 3.13 to the
present case is described by the following:

(i)

~

We introduce the coordinate system where r is the

--
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I

position vector from the neutron to the proton and, as
before,

7n

is the vector from the centre of mass of the.

He 4 nucleus to the neutron,
i

We treat the He 4 nucleus as a fundamental "lump" and

(ii)
I

represent the potential energy of the neutron in the

(iii)

n-a system by a central potential V (r );
n n
We ignore the contribution to the matrix element from
V ..
p

This assumption is made in Butler stripping theory

(Ge 53), and we justify it here on the grounds that in
the vicinity of the peak cross section, then-a system
is resonating, and the contribution from V should not

I

p

significantly affect the energy dependence of the cross
section;
(iv)

We replace the final bound state wave function¢ by a
n-a scattering state function

w

t

-+

~

Ts (kn,rn)•

Since the

ground state of He 5 is P-wave, we may write (Sc 55):

.....

w
(k ,r) =
T s
n n

- -;

-+

f s (k n ,r)
n

_ _..

P (k O r )
n
1 n

....

where P (k O r ) is the l = 1 Legendre polynomial for
1 n
n

k

(v)

n

0

· r

n

kr.

n n

Finally, we represent the incoming deuteron plane wave
bys

where ¢(1) is the ground state deuteron wave functiono

-74Using the above relations, equation 3.13 for the matrix
element becomes

M CC.

-+

'

Sd;:

e

i(k~ - 4/5 kp)
X

-+

~

~

P (k n O rn) Vn (r n )
1

X

f

die

-i(k

p,

-

3.14
~

- 1/2 k~) • r

,c;)

0

The final integral is just the Fourier transform of the
deuteron ground state wave function and can be replaced by
-,..

~

- 1/2 k~), the deuteron wave function in momentum space

~d(k

'

-+

p.

5 kp and
2 kdo Defining -K = kdC' - 4/-+
evaluated at -kp - 1IC
1
'c
~
K2 = kp - 1/2 kd, equation 3o14 can be written

X

3.15

...,.
Using the K direction as a polar axis , the angular
1
-+
~
integration can be performe d by expanding ei(K1 • rn) in terms
of Legendre polynomials,
~

e

-+

i(K 1 • rn)

00

~

=

L

(21 + 1) i

1.

4

1 1

1

l=O

~

j 1 (K rn) P (K ° rn),

~

and by expanding P (~ • i ) about K with the addition theorem
n
1 n
1
of Legendre polynomials ,
--+

-

~...

~

P1(kn• rn) = P1(rn• K1) P1(kn" K1)
+

1~~

+

1--~

,1

,1

P 1 (rn• K1 ) P 1 (kn• K1 ) cos(p - p )
2
1

-75where jL is a spherical Bessel function, P~ is an associated
Legendre polynomial, and ¢ and
1
-+
~
.....
of rn and kn about the K axis.
1

¢2

are the azimuthal angles

Using the orthogonality pro-

perty of Legendre polynomials, the angular integral can be evaluated and results in

Thus, the angular dependence introduced by the P-wave
~

~

n-« scattering function is just cos X, where cos X = kn• K /knK ,
1
1
and equation 3.15 becomes
3.16
'fs(kn,r n) Vn (rn)

0

Ignoring all but the resonant P-wave, the radial part of

for rn sufficiently large tha t Vn(rn) is negligible.
quantity

J; is then-a P3;

The

phase shift, and F

and G are
1
1
the regular and irregular neutron wave functions for 1=1 (La 58).
2

The only information known about

'f's

in the internal region is

that it ~ust be normalized to equal the asymptotic value, given
by equation 3017, on a surface rn=a where a i s l rge enough that
the neutron is out of the range of nuclear forces.
To estimate the energy dependence of the remaining integral
in equation 3 o 1,6, we now use the approximation made by Werntz.

In
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particular, Werntz argues that since the logarithmic derivative
at the nuclear surface is a constant to lowest order ink near
the threshold for a charged or neutral channel, it may be

I

assumed that the shape of the interior wave function changes
slowly, even though its magnitude is changing rapidlyo

Therefore,

the principal energy dependence of the contribution to the matrix
element from the int erior region (r

n

<a)

over a small energy range

should be determined by the normalization condition at r =a.
n

I

Since the main contribution to the integral comes from the region
r

n

< a,

the energy dependence of the matrix element may be approri-

mated by

cos X

o

The form of this equation is identic al to that obtained by
Werntz with the exception of the cos X factor .

This factor will

be of no consequence in the present ca se, since the neutron was

I

not observed in the experiment.
Using single level theory (La 58) to express the phase

I
I

I
I

I

shift

d;

in terms of resonance parameters, the approximate

matrix element may be written

e.

i

J;s1.n.
k a
n

~

+
1

-77where

cf~ = ¢1, + 3 ~ '
1

¢1

= -tan- '(!'/kna)/G (knaD,

~~

= tan-1 G

T1

= 2 p 1 y2 ' p 1 = kn

1

f1/(E +

,1 -

EnD ,

with

a/ (F 1 2

+ G1 2) ,

and

Using equations 3.s, 3o9, and 3.19, the differential cross
section finally becomes (after integration over the unobserved
angle dSl )
Il:

3.20

where all energy and angle independent factors have been omitted.
The entire angular dependence of this expression is in the deuteron factor.
To compute the theoretical line shape, equation 3.20 an~
the above related expressions were used.
performed using the I.B.M. 1620 computer.

All calculations were
The reduced width

r 2,

the nuclear radius a, and the characteristic energy E of the He 5
ground state were left as adjustable parameters.

The Hulthen

wave function was used for the deuteron and is given by

where ~

1

= 2.316 x 10

12

cm-

1

= 46.03 MeV, and ~

2

= 6.21 ~
1

(Go 58).
In figure 3.8 the observed centre of mass proton spectrum
at 20° ' is shown together with a line shape calculated from equation 3.200

The experimental curve (solid line) was obtained by

interpolation from laboratory spectra obtained at several angles .
The dashed curves were calculated from the parameters E = -4.3 MeV,
r 2 = 6.9 MeV, and a= 2.9 x 10- 11 om with and without the deuteron
factor, as indicated.

The theoretical curves have been normalized

to the experimental data at the p eak in the cross section.

The

parameters used are those given by Dodder and Gammel (Do 52) and
are consistent with n-a scattering datao
Curves were calculated using several different sets of
parameters, and it appears possible to obtain a reasonable fit to
the data by varying the parameters.

However , the approximations

involved in obtaining the theoretical expressions would seem too
crude to allow a reduced width to be confidently extracted.

In

addition, no ac count has been taken of the possible effect on the
line shape of the first excited state of He 5 or of the S-wave
interaction which is found necessary to explain n-n scattering
and total cross section data (e.go, Ad 52, Do 52, Ho 58).

Further-

more, there are two competing reactions which may affect the
obs erved line shape, namely, reactions 3.2 and 3.3 of Section 3.1a

'

FIGURE 308

The centre of mass cross section at 10.00 MeV

laboratory deuteron energy and 20° c.m. angle.

Curve (1)

represents the experimental data and is the result of interpolation betwe en spectra at several laboratory angles .

Curve

(2) is obtained from equation 3.20 of the text using the para2
meters E = - 4.3 MeV, Y = 6.9 MeV and a~ 2.9 F. Curve (3) is
the result of equation 3.20 with the same parameters but witho ut
the deuteron factor. Both calculated curves are normalized to
the data .
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( the He ·(d,n)Li 2 (p )He 4· sequence and the direct three-body breakup
reaction, respectively).
In the case of reaction 3.2, the maximum possible proton
energy at a particular angle may be calculated for a given valua
1

of Q

1

•

Using the nominal Li 5 binding energy of -1.97 MeV, this

maximum energy is indicated for the two spectra shown in figure 3.9
by arrows nearest the peakso
below the peaks .

As can be seen, the arrows fall well

However, the Li 5 ground state is very broad , and

it is possible to get a contribution from this reaction well above
the energy calculated from the nominal binding energy.

At lower

bombarding energies the calculated limit moves to still higher
energies with respect to the peak position .

The Binding Energy of He 5
Five laboratory spectra taken at E~ = 10 MeV and at angles
between 14° and 30° were used to calculate the binding energy of
the He 5 ground state.

Using the proton energy at which the yield

is maximum to define the energy of the state , a binding energy of
-0.85 ! 0.05 MeV was obta ined.

The 50 keV error is composed of

the 30 keV energy calibration uncertainty and an estimated 20 keV
error in determining the energy at which the yield is maximumo
Good(! 15 keV) consistency was obta ined at the various angles.
A summary of previously reported values of the binding
energy as determine d from various reactions in which He 5 is a
final state, is presented in table 3.1.

All of the values quoted

FIGURE 3.9

Data obtained at laboratory angles 14~ and 45~ with

10 MeV deuterons.

The curves show the method of extrapolation to

zero energy and the separation of the spectra into two parts as
discussed in the texto The arrow at the higher energy indicates
the maximum possible proton energy from the He 4 (d,n)Li 5 (p)He 4
5
reaction, assuming the Li ground state to be sharp with a bindin&
energy of -1.79 MeV.

The lower energy arrow indicates the most

probable proton energy from this reaction sequence, corresponding
to protons emitted from Li 5 nuclei recoiling at 180° in the
d-a centre of mass system.
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TABLE

3.1,

Summary of He 5' Ground State Parameter Measurements
Reaction

He 3 ( t ,P )He 5'
Oir

T(He 1 ,P )He5J
He 4 (d,p)He 5

He 5 Binding
Energy
(MeV)

Width
(MeV)

Reference

+ 0 .07ai.
-0.90 -0.95 + 0.07b

------------

Al 5}
Mo 53

-

-o.8 -+ o.1b
-0.79 + 0.03c,

-

--0.9a
-0.87

6

Li (t,a)He 5
6
Li (n,d)He 5
6
Li (d,He3,)He.5
7
Li (d,a)He 5

! 0.05c,

--------0.97

C

! 0.04d
+

a

-1.09 - 0.1
--0.88 ! o.09e,
-0.8
-1.7
-0.9

d

d

-+
-1.38 - 0.02c
+
- 0.05c

Yo 60

0.56 - 0.03
_o.32f

Sm 63
Bu 51

-----------

Fr 54a
Wa 57

!

0.03g
0.1 - 0.2 f

0.55

+

1.l
o.69 !. 0.2g

e.

-0.9 + o. ,a
-o.a6 + 0.09C
-1 .o

--------------------+
f

o.25f

0.3

+

Fr 54b
Le 55

Wi 37

------------------! o.,r
o.66 - 0.2

Cr 56

g

---------------------

La 47

Fr 51
Cu 53
Le 55

Kh 55
We 58

-----------------------------------------------------------------Method of Energy Measurement and Procedure in Determining Width
(a) range in emulsion
(b)
(c)
(d)
(e)
(f)
(g)

pulse height in scintillation crystal
magnetic spectrometer
pulse height in proportional counter
range in air
full width at half maximum of experimental curve
full width at half maximum of Gaussian fit

-81in the table are ba sed on the peak yield point, as used above , and
are seen to generally agree with the present val ue.

The method of

energy measurement in each experiment and the procedur e followed
in estimating the width are indicated in the table.
The He 5 binding energy is more reasonably defined as the
energy at which the resonance phase shift

_s;

is 90°.

Using this

criterion, a binding energy about 80 keV more negative was obtained from the present data using equation 3.20.

The exact value

of this displacement, which results almost entirely from the
factor (F 2 + G 2 )/( kna) 2 in equation 3.20, depends on the para11
1
meters used; the value of 80 keV is based on the parameters

r 2 = 6.9 MeV, E = -4.3 MeV, and a= 2.9 x 10- 13 cm (Do 52)o The
displacement does not vary more than! 20 keV around this value
for any reasonable set of parameters.

Accordingly, the best value

for the binding energy from the present experiment is -0.93

!

0.07 MeV, where all sources of error have been combined linearly.
It is of interest to compare this value to the binding
energy obtained directly from then-a interaction.
the He 4 neutron total cross section at 1.15

!

The peak in

0.05 MeV (Hu 58,

Va 60) corresponds to a He 5 binding energy of -0.92

!

0.04 MeVo

For S- and P-waves only, the total cross section crt is related
to the phase shifts by (e.g., Se 53)

•
Thus, the peak in the total cross section should correspond

-82closely to the energy at which

o
r + is 90.
1

O

For the parameters

used in extracting the present va lue of binding energy, the resonance phase shift ~ ; passes through 90° at an energy about
20 keV lower than cf~.

The best estima te for the binding energy

from the total cross section measurements would t herefore be
-0 . 90 -+ 0 . 04 MeV, which is s een to be in good agreement with the
present results.
The full width at half maximum of t he observed peaks
(converted to then-a centre of mass system) is 0.85

!

0.05 MeV,

although this observed width almo s t certa inly includes a contribution from other processes as di s cus sed ea rlier.

For the reso-

nance parameters used in ca lculating the theoretical line shape,
the f.w.h.m. of the resona n ce curve is a bout o.60 MeV without the
deuteron f a ctor.

Inclusion of the deuteron factor increases the

f.w.h.mo by about 80 keV.

Finally, the f.w.h.m. of a Gaussian-

type fit is about 0 . 57! 0.02 MeV, whic h is consistent with
previous measurements using this method for width estima tion
(see table 3.1) .

The Total Reaction Cross Secti on
One of the aims of the present me asuremen t s wa s to obtain
an estima te of the total reaction cross section.

The extra ction

of total cross sections from the data required tha t each sp ectrum
be integrated over the continuous energy range of the protons.
This in turn required tha t each spectrum be extrapola ted to zero

-83proton energy, since the observed spectra only covered approximately the upper 60% of possible proton energies.

Furthermore,

the differential cross sections which were determined covered
only a portion of the angular range, so a further extrapolation
0

to o

and 180° had to be ma de before the integration over solid

angle was performed.

Unfortunately, only for the data at 10 and

11 MeV were the extrapolated contributions small enough to make
this procedure feasible.
To minimize errors in the extrapolations, each spectrum
was somewhat arbitrarily separated into contributions which were
assigned to (1), the proton group resulting from the He 4 (d,p)
striping reaction to the ground state of He 5 and (2), a smoothly
varying contribution of protons resulting from reactions 3.2 and
3o3 of Section 3.1a and from reaction 3o1 if He 5 is left in an
excited state.

This separation aided primarily in the extrapo-

lation to small angles since it was possible to fit stripping
curves to the cross sections resulting from contribution (1)o
The angular dependence of the cross sections corresponding to
contribution (2) was much less severe , and a reasonable angular
extrapolation could be obtained by merely drawing a smooth curve.
Examples of the separation into the contributions (1) and
(2) are shown in figure 3.9.

The curves, which are of the form

of a density of states function
penetrability function

1

(>(E;) multiplied by a P-wave

(E ), were also used for the extrapon

lation to zero proton energy.

Also shown in figure 3.9 are the

-84most probable energy for protons from 11 5 decay (lower arrows)
and the maximum proton energy calcula ted from the binding energy
of 11 5 , as discussed earlier.

The most probable energy was

assumed to be the energy of protons emitted f rom Li 5 nuclei recoiling at 180° in the d-a centre of mass system.

In many cases

the observed region of the spectrum extended below the most probable energy for protons from Li 5 decay, and no evidence for a
significant peak was seen.

Thus, it wa s felt tha t the smooth

extrapolation to zero energy was not unreasonableo
The 10 and 11 MeV differential cross sections of the
He 4 (d,p)He 5 ground state re a ction, as estimated by the above
procedure, are shown in fi gure 3.10.

The experimental points are

indicated along with curves computed using plane wave Born approximation theory (Ma 60b, Lu 57)o

The stripping curves were fit to

the small ang le points, an d the pa rameters which were used are
indicated with each curve.
From the point of view of extracting p lane wave theory
stripping widths from the data , it wo uld have been more desirable
to fit each observed peak with a theoretical line shape of the
type discussed in Section 3.6 and to use the area under these
curves as an estimate of the differential cross section.

In all

cases, the method used gives a lower value for the cross section
than the more elaborate method; the difference rang es from about
15% at small angles to perhap s 100% or more at large ang les.
Since the stripping widths were determined mainly by the small

FIGURE 3. 10

Stripping fits obtained at deuteron bombarding

energies of 10 and 11 MeV. The points represent the differential
5
cross section for the He 4 (d , p)He ground state reaction and
correspond to the area 1 of figure 3. 9 at each angle . The solid
curves were calculated from plane wave Born approximation theory
2
using the indicated values for the stripping reduced width o and
radius R (Ma 60b)o
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-85angle points, it is clear that the widths are about 15 to 20%
lower than would be obtained by the more elaborate method.
The results of the extrapolations and integrations are
indicated in figures 3o11 and 3o12o

The upper curves (solid

points) represent the total yield, given by the sum of the areas
1 and 2 of figure 3.9 at each angle.

The error bars correspond

to an assumed 30% error in the energy extrapolations.

The lower

curves (open rectangles) represent the yield from contribution
(2), given by the area 2 of figure 3o9 at each angle.

The tri-

angles of figure 3o11 represent an approximate integration of the
neutron yield from the d-a interaction, obtained by Lefevre et al.
(Le 62) at 10 MeV deuteron energy.
In figures 3.11 and 3. 12 the extrapolation to large angles
is arbitrary.

However, in the laboratory system even a pure

"phase space" cross section is peaked forward because of the
motion of the centre of mass; for example, at 10 MeV the ratio of
0

the yields at o

and 1so

0

would be about 20 to 1.

Also, the im-

portance of the small and large angle regions is somewhat reduced
by the sin

Q

factor in the integration over solid angle.

The results of the integration of the 10 and 11 MeV data
are given in table 3o2 .

Within the present level of accuracy

t he cross section is the same for these two energies .
9 MeV the cross section appears to be nearly as large .

At 8 and
The

quoted errors represent a 30% uncertainty in both the angular
and ener gy extrapolationso

Differential cross sections obtained at 10 . 00 MeV
FIGURE 3.11
after integration of the proton spectra over energy. The solid
points of the upper curve correspond to the sum of areas 1 and
2

of

figure 3.9 at each angle, while the open squares of the

lower curve correspond to the area 2 at each angle.

The solid

curves are visual fits to the data , and the dashed parts of th e
curves represent the angular extrapolations as discussed in the
text.

The triangles are from the data of Lefevre et al . (Le

62) .
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FIGURE 3.12

Differential cross sections obtained at 11.00 MeV

after integration of the proton spectra over energy .

The s olid

points of the upper curve correspond to the sum of areas 1 and 2
of figure 3.9 at each angle, while the open squares of the lower
curve correspond to the area 2 at each angle . The solid curv es
are visual fits to the data, and the dashed parts of the curves
represent the angular extrapolations as discussed in the text .
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-86TABLE

3.2

Total Reaction Cross Sections
Energy
(MeV)

Contribution (1)
(mb)

Contribution (2)
(mb)

Total Reaction
Cross Section
(mb)

10.00

100

!. 10

360 + 70

460 + 80

11.00

100 + 10

360 + 40

460 + 50

Allred et al. (Al 51a) obtained an estimate of the total
reaction cross section at 10.3 MeV of 300 + 100 mb.

An

approxi-

mate integration of the 10 MeV neutron data of Lefevre et al .
(Le 62) yields a value of about 350

!

iOO mb.

In view of the

rather large errors on the measurements, the present results may
be regarded as in reasonable agreement with the earlier worko

CHAPTER

4

FURTHER EVIDENCE FOR AN EXCITED STATE OF THE ALPHA PARTICLE

4.1

Introduct ion
4
Previous Evidence for Excited States of He
4
Knowledge of the energy level structure of the He nucleus

is of considera ble theoretic al interest since the four-nucl eon
system is simple enough for meaningfu l calculati ons to be made
with specific nucleon-n ucleon potential s.

A large amount of ex-

perimenta l work has been performed in searching for excited states
of the alpha particle, and the possibili ty of such states has been
suggested in connectio n with a number of experimen tso

Investi-

3
gations of the T(p,n)He reaction show that the total cross section
goes through a broad maximum at about 3 MeV proton energy (eog.,
Wi 53, Vl 55), and some authors have interpret ed this effect as
4
resulting from a 2- excited state in He at about 22 MeV (Ba 54,
Vl 55).

The suggestio n of a 1- level at about the same energy

has been made from the electric dipole nature of the angular dis4
tribution of gamma rays from the T(p, y)He reaction (Vl 55). In
4
the bombardment of He with protons of sufficien t energy, a continuum of protons is observed, resulting from reactions leaving
three particles in the final state.

A

broad peak ne ar the maximum

energy of the prot on continuum has been interpret ed as evidence
4
for an excited state in He near 22 MeV (Ty 57).

However, as

several authors have pointed out (Fl 51, Se 56a, Se 56b; see

-88-

also Pe 55), the results of these experiments can be explained
without assuming the existence of an excited state in He 4o
Summaries of the early work are given by Benveniste and Cork
(Be 53) and Eisberg (Ei 56).
A phase shift analysis by Frank and Gammel (Fr

55) of p-T

elastic scattering data, which at that time existed down to

o.8

MeV laboratory triton energy, provided evidence f or a virtual

state below the threshold for the T(p,n)He3 reaction.

In that

1
analysis, a solution was found in which a s 0 resonance occurred

at an energy of about 0.6 MeV in the centre of mass system.
However, no spin-orbit splitting was allowed for the P-wave phase
shifts, and the n-He 3 channel was ignored completely in the analysis.

These assumptions together with the lack of p-T scattering

data in the energy range of interest rendered the results of the
analysis inconclusive.
With the advent of time-of-flight spectrometry, a number
of studies of the neutron spectra from the d-T interaction have
been made.

In this interaction neutrons may occur with two other

particles in the final state through the f ollowing reactions:
<i + T ~T + p + n - 2.2 MeV

d + T ~ He 3 + n + n - 3.0 MeV
d+T---+d+d+n

6.3 MeV ,

Near the maximum neutron energy from reaction 4.2, a slight
peak has been observed for deuteron energies of 18 and 19 MeV, and
this peak has been interpreted by Vlasov et al. (Vl 57)

as due

-89to a group of neutrons leaving He 4 in an excited state at about
22 MeVo
More recently, the continuous neutron spectra from the d-T
interaction have been extensively investigated at the University
of Wisconsin (Le 62, Po 62, Po 63).

In spectra taken at a number

of angles for deuteron energies between 5 and 10 MeV, a distinct
peak was observed between the maximum neutron energies of reactions
4.1 and 4.2.

Werntz (We 62) has interpreted this peak in terms of

a T(d,n)He 4* stripping reaction leading to a broad o+ state in He 4
at an excitation energy of 20.2 MeV.

The peak observed at

Wisconsin is thought to be different from the one observed by
Vlasov et al., since the difference in energies is well outside
experimental errors (Po 63).
Since previous measurements of p-T elastic scattering in
this energy region did not exist, Jarmie et al . (Ja 63) have obtained a p-T excitation function at a centre of mass angle of
120°' over the energy range of interest (0.15 - 0.6 MeV centre of
mass)o

In this study a small peak was observed at an energy of

about 0.3 MeV.

A phase shift analysis of these data has been

performed by Werntz (We 64; also see We 63), and it was shown that
the peak is consistent with a O+ state in He 4 at an excitation
energy of 20.3 MeV.
4o1b

Discussion of the Experiment

The present experiment consists of a study of proton spectra
resulting from the bombardment of He 3 with deuterons.

If the

-90interp retatio n of the peak in the d-T neutron spectra in terms
4
of an excited state of He is correc t, one would expect to observe
3
a simila r peak in the d-He proton spectr a.

Such data have been

taken previou sly at deutero n energie s between 6 and 14 MeV (Al 51b,
St 60) using nuclea r emulsio ns and have yielded no evidenc e for
4
the state in He

&

Howeve r, it was felt here that the publish ed

data on this reactio n were not suffici ently detaile d to determ ine
whethe r or not such structu re existed o

3
In the bombard ment of He with low energy deutero ns, protons may occur with two other partic les in the final state through
the followi ng reactio ns:
3
d + He ~ T + p + p - 1. 46 MeV

3
3
d + He --+ He + n + p - 2. 22 MeV

3
d + He ~ d + d + p - 5.49 MeV •
4
The propose d state in He has an energy above the p +Tres t

3
energy but below then+ He rest energy, as indicat ed by the
4*
3
energy level diagram shown in figure 4.1. Thus, a He (d,p)He
reactio n leading to this state would yield a proton group above
the maximum possib le energy corresp onding to reactio n 4o5 but
below that corresp onding to reactio n 4.4.
Proton spectra were obtaine d in the presen t experim ent at
deutero n energie s of 6 , 7, B, 9 and 10 MeV for laborat ory angles
between 14

0

0

and 30 .

The presenc e of a proton group as discuss ed

above is clearly observe d in the measure ments, and a width and
He 4 excitat ion energy have been extract ed from the data.

FIGURE 4•1

4
Energy level diagram of He •

and are referred to the ground state of He
indicates the proposed broad O+ state o

Energies are in MeV
4

o

The hatched line

H~n 20.578
T +p 19 .813
He¾-d-J8.353
T + d - n 17 · 5 8 8

0
He 4

-914o2

Experim ental Arrange ment and Proced ure
In additio n to reactio ns 4.4, 4.5 and 4.6, the followi ng

two-bod y reactio ns were possib le in the presen t experim ent:
3
3
4. 7
(elasti c)
d + He --+ He + d

3
d + He ~

He 4 + p + 1s.35 MeV.

408

The experim ent al ar rangem ent employe d in the measure ments was
identic al to that discuss ed in the previou s chapte r with the exception that thicker slits (1o59 mm) were require d in the detection system to collima te the high energy proton s from reactio n 4.8.
Data were accumu lated on 200 channe ls of a pulse height
analyz er with the various gains set for a channe l width of about
25 keVo

The slit system used for all the measure ments had an

angula r resolu tion of 2°.

A minimum of about 500 counts per

channe l was accumu lated in the region of intere st in each spectru m.
The same proced ure as discuss ed in the previou s chapte r was
used regardi ng pulse amplif ication , data collec tion, gas handlin g,
dead time correc tions, gain stabili ty monito ring, etc.

As before ,

a prelim inary energy calibra tion of the detecto r-ampl ifier-a nalyze r
system was made with an alpha source, and the final calibra tion was
accomp lished with pulse height data obtaine d from p- a elastic
3
scatter ing , taken under identic al conditi ons as the d-He con-

tinuous proton spectra .
The rejecti on of unwant ed particl es from the proton spectra
was more difficu lt in the presen t experim ent than in the one dis3
cussed in Chapte r 3. The triton and He cont inua from reactio ns

-924o4 and 4o5 have higher maximum energies than the proton continuum

of interest at all energies and angles employed in the measureTo reject these particles and the high energy alpha group
2
from re action 4.8, rather thick (18 - 50 mg/cm ) aluminium foils

mentso

were required.

The use of these foils placed a rather severe

limitation on the range of observable proton energies.

In each

case the minimum foil thickness consistent with stopping both the
tritons from reaction 4.4 and the high energy alphas from reaction
4.8 was used, which automatic a lly eliminated the shorter range
He 3 particles from reactions 4.5 and 4.7.

The deuterons from

reaction 4 .6 presented no problem, as the reaction is only possible above a bombarding energy of 9.15 MeV, and, when present ,
the reaction products were well below the energies of interest.
The elastic deuterons had greater energy than the protons of
interest at all energies and angles used and did not interfere
with the proton spectra.

The surface barrier detector used in the experiment had a
depletion depth of 500 microns at full bias, which was not sufficient to stop the high energy proton group from reaction 4.8.
At the lower bombarding energies the proton group obscured part
of the region of interest in the pulse height spectra.

However,

at bombarding energies above 6 MeV it was possible to place the
high energy proton group below the region of interest by using
the minimum detector depletion depth which would stop the maxi mum energy protons from reaction 4.4.

-93A spectrum taken at a laborator y angle of 15
deuterons is shown in figure 4.2.
was used for this spectrum.

0

for 8 MeV

A stopping foil of 32.4 mg/cm

2

The peaks due to the high energy

3
protons (labeled 3 in the figure), the protons from He (d,p)He

~

(labeled 2) and the elastic deuterons (labeled 1) are indic a ted in
the figure.

No ba ckground correctio n for this spectrum has been

made.
To ensure that the prot ons of interest were stopped in the
detector, proton spectra were collected at each energy and angle
using several values of detector bias.

Spectra for which the

detector depletion depth was insuffici ent were later rejected on
the basis of the p-a elastic scatterin g data.

Failure in stopping

the protons was easily detected from the p-a data, since anomalous
energy shifts and deteriora tion of the monoener getic proton peak
occurred.

As accurate knowledg e of the energy scale was funda-

mental to the experimen t, spectra were rejected if there was any
doubt as to whether the protons of interest were being stopped.

4o3

Results of the Experimen t
The data were reduced exactly as discussed in Section 3.4

of the previous chapter .

After backgroun d and gain shift cor-

rections were applied , the spectra were corrected point by point
f or energy loss in the target gas and stopping foils and were
converted into absolute units .

The final energy scale was deter-

mined from the p- a elastic scatterin g pulse height data .

The

FIGURE

4.2

A pulse height spectrum taken at a laboratory angle

of· 15° for a deuteron bombarding energy of 8 MeV . The stopping
foil which was used in obtaining the sp ectrum eliminated all particles except deuterons and protons.
elastic a lly scattered deuterons, (2)

The numbered peaks are (1)
4
protons from the He 3 (d,p)He *

4
3
re action and (3) high energy protons from the He (d , p)He reaction
(not stopped in the counter). The arrow indic a tes the maximum
3
possible proton energy from the He (d,pp)T reactiono
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-94accuracy of the energy calibration is estimated to be -+ 30 keV,
and the energy resolution, as determined from the p-a data,
varied from 100 to 150 keV for the conditions employed.
The proton spectra observed at a laboratory angle of 14°
for the various energies are shown in figure 4o3o

For graphicai

convenience successive spectra have been displaced by 60 mb/sr-MeV.
The smooth curves are visual fits to the data.

The high and low

energy arrows associ ated with each curve indicate the maximum
possible proton energies from reactions 4.4 and 4o5, respectively.
The lower arrow for the 6 MeV curve i s omitted since it would be
below 3 MeVo

The sharp rise in this curve below 3.3 MeV results

from failure to reject the high energy protons from reaction 4.8o
At all other energies the rejection of these protons was satisfactory.
In fi gures 4.4 - 4.7 are shown the spectra obtained at
several angles for deuteron energies of 7,

a,

9 and 10 MeVo

The

curves again represent visual fits to the data, and the arrows
indicate the maximum possible p roton energies from reactions 4.4
and 4o5o

The lower energy limit for each curve was determined by

the approximate point at which the high energy proton group began
interferingo
As can be seen in the figures, there is a well-defined peak
which decreases in magnitude as the bombarding energy is increased.
The corresponding d-T neutron peak observed in the Wisconsin work
(Po 63) reaches a maximum height when the deuteron energy is about

FIGURE 4.3

The proton spectra obtained at 14

0

laboratory angle

for deuteron bombarding energies of 6 , 7, 8, 9 and 10 MeVo

For

graphical convenience successive spectra have been displaced by
60 mb/sr-MeV.
points .

The smooth curves are visual fits to the data

The high and low energy arrows associated with each

3

curve indicate the maximum possible energies from the He (d , pp)T
and from the He 3 (d,np)He 3 reactions, respectively. The lower
arrow for the 6 MeV curve would be below 3 MeV.

The sharp rise

in this curve below 3.3 MeV results from failure to reject high
4
energy protons f rom the Re 3 (d,p)He reaction.
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The proton spectra obtained at several angles with
FIGURE 4.4
a deuteron bombarding energy of 7.00 MeV. The smooth curves are
visual fits to the data points .

The high and low energy arrows

associated with each curve indicate the maximum possible proton
3
energies from the He 3 (d,pp)T and from the He 3 (d,np)He reactions,
respectively.
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FIGURE

4.5

The proton spectra obtained at several angles with

a deuteron bombarding energy of 8.00 MeV.
visual fits to the data points .

The smooth curves are

The high and low energy arrows

associated with each curve indicate the maximum possible proton
3
3
energies from the He 3 (d,pp)T and from the He (d,np)He reactions,
respectively.
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FIGURE 406

The proton spectra obtained at several angles with

a deuteron bombarding energy of 9 .00 MeV.
visual fits to the data points.

The smooth curves are

The high and low energy arrows

associated with each curve indicate the maximum possible proton
energies from the He 3 (d,pp)T and from the He 3 (d,np)He 3 reactions,
respectively.
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FIGURE 4.7

The proton spectra obtained at several angles with

a deuteron bombarding energy of 10.00 MeV.
visual fits to the data points .

The smooth curves are

The high and low energy arrows

associa ted with each curve indicate the maximum possible proton
energies from the He 3 (d,pp)T and from the He 3 (d,np)He 3 reactions,
respectively.
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-956 MeVo

If a direct interaction mechanism i s assumed, one might

expect from the relevant mass differences a maximum peak height
to occur at about 4.8 MeV in the present case.

However, the

necessity of using thick stopping foils together with the interference of the high energy proton group limited the present
measurements to the region above 6 MeVo
In al l spectra a fairly l a r g e background due to slit-edge
scattering is present, as is evidenced by the fact that the
spectra do not go to zero at the maximum possible energyo

This

effect is severe partly becaus e of the thick slits which were
required to stop the high energy protons from reaction 4.8 and
partly because the elastic deuteron group is very intense and
only¾ to 1½ MeV above the region of interest.

The effect of the

slit-edge scattering may be observed more clearly in the spectrum
shown in figure 4.2 where the proton continuum is seen to be
resting on a low energy tail from the deuteron groupo

The back-

ground is seen in figures 4.4 - 4o7 to become more severe with
increasing energy, and the absolute values of the cross sections
given at 10 MeV are about 40% too high.

Discussion
Energy and Width of the State
A Q value and width have been extracted from the data using
a relatively simple procedure.

This analysis was made not only to

obtain an estimate of the width and resonance energy, but al3o to

-96verify that parameters could be obtained which were consistent
for the various energies and angles used and therefore consistent
with the assumption of an excited state.

A better estimate of the

resonance energy and width can be obtained using, for example, a
formalism similar to that employed in the previous chapter.

Such

an analysis of the present data has been made elsewhere (Me 65a)
and will be discussed presently.
As can be seen in figures 4.3 - 4.7, the observed peaks
are not symmetrical.

Assuming that the main part of the peak

arises from a He 3 (d,p)He 4* reaction, it is very likely that the
peak shape for the reaction is intrinsically asymmetric , as was
demonstrated for the He 4 (d,p)He 5 reaction in the preceding chapter
and by Werntz (We 62) in analyzing d-T neutron spectra.

However,

part of the observed asymmetry may possibly be accounted for by a
contribution from a direct three-body disintegration, as given by
reaction 4.4, or by a contribution from protons which arise from
the decay of a He 4 intermediate system.
The proce dure used with each spectrum in the present extraction of parameters was as follows:
(i)

An appropriate constant background was subtracted to
remove the contribution from slit-edge scattering.
This background was approximated by the observed cross
section just above the maximum proton energy from
reaction 4o4J

(ii)

A second subtraction was made to take into accoun t

-97possible contributions from the competing processes
mentioned above .

Two different shapes were a ssumed

for this contribution, namely , a straight line and a
smooth concave function.

An example of the contribu-

tions assumed in a pa rticula r spectrum is given in
figure 4.8.

As is illustrated, each of the curves

joins the cross section jus t below the maximum proton
energy from reaction 4o5 (low energy a rrow) and just
above the maximum proton energy from reaction 4o4
(high energy arrow).

In the spectrum shown, the

slit edge background has not been subtracted;
(iii)

A Q

value and width were then obtained from the spec-

trum after subtraction of each of the two assumed
competing process contributions; in a ddition, a t h ird

Q value and width were obtained from each spectrum by
omitting the subtraction of a competing process contribution.

In each c a se the Q value was calculated

from the energy at which the cross section re a ches its
peak value.

The laboratory width was taken to be twice

the difference between the peak en ergy and the energy
on the high energy edge at which the cross section
reaches half its maximum value .
A total of 18 spectra were analyzed in t his manner, and
the results are given in table 4o1o

The widths, which have been

corrected for the resolution of the system, are given in the p-T

FIGURE

4.8

Example of the forms assumed for possible contribu-

tions from competing processes.

The dashed curves show the two

forms assumed for the contribution.

The solid curve is a fit by

The high and low energy arrows indicate
the maximum proton energies from the He 3 (d,pp)T and He 3 (d,np)He 3
eye to the data points .

reactions, respectively.
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TABLE
Q

4o1

Values and Widths Resulting from the Various
Competing Process Assumptions
Zero Contribution

Ed
(MeV)

7o0

01.

(deg)

(MeV)

14

-1.76

15
18

-1078
-1.76
-1079

21
8.0

Q

-1.75

14
15
17
19
21.5

-1. 74
-1.75
-1.76
-1.79

14
16

-1.76
-1076

19
20 .. 5
22

-1 .77
-1076

14
15.5
17

-1.74
-1.75
-1.78

18.5
Average Value

9.0

10.0

-1.77

Concave Curve
Q

rc.m.

rc.m.
(MeV)

(MeV)

.32
.36

-1.73
-1.76

0

030
.36

-1.73
-1.75

.23
.24

• 31
.32

-1.72

022
020

.35
• 37
.36
.35
• 29
.35
030
.37

-1.71
-1.73
-1.73
-1.78
-1.73
-1076
-1.76
-1.74
-1. 73

Straight Line
Q

(MeV)

(MeV)

.. 25
26

-1.71
-1.74
-1.70
-1. 72

(MeV)

.23
022
021
.21
019
016

.33

-1070
-1.69
-1072
-1.71
-1.75

.20
.28

024
025
.32
025
025

-1.71
-1.75
-1.74
-1.72
-1.70

.20
.22
.30
.20
.22

023
.22
.28

022
.20
.26

.27
.22

.27
.24

-1.79

• 37
.37

-1 .. 71
-1.74
-1.76
-1.78

• 31

-1.71
-1.73
-1.75
-1.76

-1. 76

.. 33

-1.74

.26

-1.72

.31
.27

rc.m.

024

-99centre of mass system.

The resolution correction was made by

assuming that the experimental energy sprea d and the actual width
of the peak combine quadratically.

The variation of the centre of

mass angle with laboratory energy was of the order of 1° across
the peak and was neg lected.

As can be seen in the table, the Q

values and widths show no systematic va ri atio n with energy or
angle.
The average values of Q which resulted from the various
assumptions ranged from -1076 MeV (zero competing process contribution) to -1.72 MeV (straight line competing process contribution).

For a given form of the assumed contribution, the 18

measurements of Q were distributed with a standard deviation of
about 20 keV.

Taking into account an energy calibration un-

certainty of+ 30 keV and an uncertainty due to possible competing
processes of+ 20 keV, an estimate for Q of -1.74
obtained from the analysis.

!

0.05 MeV is

This value of Q corresponds to an

excitation energy in He 4 of 20.09

!

0.05 MeV.

The values obtained for the width va ried from 0.22 MeV
(straight line competing process contribution) to 0.33 MeV (zero
competing process contribution).

For a given form of the assumed

contribution, the standard deviation of the width va lues obtained
is about 30 keV.

Thus, the value of the width obtained in this

analysis is 0.27 + 0.06 MeV, where the + 60 keV spans the widths
possible under the various assumptions for competing processeso
A Q

value was calculated in a similar manner by Poppe et al.

(Po 63) for the peak observed in d-T neutron spectra and was

-100found to correspond to an excitation energy of 20.1 MeV in He 4 •
The width determined by Poppe et al. is given as between 300 and
400 keV in the centre of mass system but was determined somewhat
differently than in the present case.

In particular, after sub-

traction of a smooth background curve, Poppe et al. assumed the
remaining peak to be Gaussian shaped.
In the present case the proton peaks show a low energy tail
even after subtraction of the assumed competing process contributions.

The asymmetry is such that the centroid of each peak is

about 100 keV lower than the energy at which the peak cross
section occurs.

If each of the present peaks is replaced by a

Gaussian function which has the same mean value and second moment
about the mean as the original peak, a width approximately 100 keV
broader is obtained.

Thus, the present results are in good agree-

ment with those of Poppe et al.
4o4b

Results of an Analysis Performed Elsewhere

An experiment has been performed recently by Donovan et al .
(Do 64) in which protons from reaction 4.4 were observed in coincidence with the tritons, and vice versa.

In this experiment an

anomaly was observed which was interpreted as resulting from an
excited state in He 4 at an excitation energy of 19.99

!

0.02 MeVo

An analysis of the data obtained in the present experiment
and those obtained by Donovan et al. has been made recently by
Meyerhof (Me 65a) employing the stripping theory formulated by
Werntz (We 62) for analyzing d-T neutron spectra.

In the analysis

-101-

S- and P-wave singlet and triplet phase shifts, derived from the
T(p,p)T, T(p,n)He 3 and He 3 (n,n)He 3 reactions (Me 65b), were used
with the stripping theory to obtain fits to the present data and
to those of Donovan et al.

Meyerhof shows that the peak observed

in the present experiment, the peak observed by Donovan et al.,
and the peak observed by Jarmie et al. (Ja 63) in the p-T excitation function are all co nsistent with the assumption of a
J Tf = O+ state at a p-T centre of mass energy of 0.6 MeV, derined
as the energy at which the S-wave singlet phase shift goes through

90°.

This energy corresponds to an excit ation energy of 20.4 MeV

in He 4 and is in good agreement with the results obta ined by
Werntz in analyzing the p-T excitation function (20o3 MeV; We 64,
Ja 63) and the d-T neutron spectra (20.2 MeV; We 62, Le 62).

It

should be noted th at the va lue obta ined for the excitation energy
by Meyerhof (20o4 MeV) differs from the va lue quoted here (20.09
MeV) because the energy at which the d-He 3 proton cross section
peaks does not coincide with the energy at which the 1s

0

phase

shift goes through 90°.
In the experiment performed by Donovan et al., a second
anomaly was observed corresponding to a He 4 excitation energy
of 21.2 -+ 0.2 MeV.

Meyerhof attri butes the observed ef fect to a

P-wave fina l state intera ction in which neith er of t he P-wave
phase shifts goes through 90°.

In the present experiment pos-

sible effects from this interaction wo uld occur a t a l aboratory
energy about 0.8 MeV below the maximum proton energy fro m re action

-102-

405 (low energy arrows in figures 4.3 - 4. 7) .

However, in the

present case the situation is more complex than for Donovan et al.,
since protons from both reactions 4. 4 and 4.5 were observed.

In

any case the energy limitations were such that the spectra observed at 10 MeV deuteron energy (and possibly 9 MeV) only just
extended to this region .

Consequently, nothing definite can be

said about this effect from the present data, although it is
possible that the fairly rapid rise of the cross sections in
figures 4.6 and 4.7 below the maximum proton energy from reaction

4.5 is caused by this interactiono

CHAPTER 5
THE TENSOR POLARIZATION OF DEUTERONS FROM P-D ELASTIC SCATTERING

Introduction
Nucleon-Deuteron Elastic Scattering
The elastic scattering of nucleons by deuterons provides
a useful method for studying the fundamentally important three
nucleon system.

Although the nucleon-nucleon interaction is not

yet fully understood, one would hope to be able to predict the
results of nucleon-deuteron scattering in terms of measured
nucleon-nucleon scattering paramet ers, and to determine whether
any specifically three-body interaction is required to explain
the results.

In addition, the three-body system is the simplest

one from which information might be extracted on the neutronneutron force law, and p-d and n-d scattering provides one approach
to this problem.

Unfortunately, the difficulties involved in

treating the three-body problem together with the uncertainty in
the nucleon-nucleon force law make the theoretical interpretation
of nucleon-deuteron scattering very complex, and the results of
such studies are usually subject to a good deal of uncertainty.
Nucleon-deuteron scattering has been the subject of a
large number of experimental and theoretical studies.

Satisfactory

fits to n-d and p-d angular distribution data (e.g., Ca 55, Se 57),
based on the resonating group structure method, have been obtained
by using velocity-independent central forces only and by assuming

-104that the deutero n is not distort ed in the interac tion (Bu 41,
Bu 52, Ma 53, Ch 53, Bo 55, Ha 59).

These forces , howeve r, result

in predic tions of zero polariz ation for both the scatter ed nucleon
and the recoil deutero n, wherea s publish ed data appear to indica te
the presenc e of small but non-ze ro values of the nucleon polarization at energie s below 10 MeV and increas ingly larger values at
higher energi es.
For the n-d case, neutron polariz ations of from 5 to 10%
have been observe d for neutron energie s around 1 or 2 MeV (Da 60,
El 62, Fe 62), while at slightl y higher energie s the polariz ation falls off to at most a few percen t (Br 58a, Cr 59).

At

neutron energie s of 10.0, 16o4 and 23o7 MeV, definit e indica tions of polariz ation are again found (Wa 63).

In the case of p-d

scatter ing, no strong evidenc e of proton polariz ation is found at
energie s of 1 - 3 MeV (Sh 60, Ch 63); howeve r, as compare d to some
of the n-d work, the data are rather limited both in quantit y and
accurac y, and certain ly one would expect simila r effects in the
two cases.

Some indicat ion of polariz ation is found in measur e-

ments at 10 MeV (Ro 61) and 17o7 MeV (Br 58b), but again the
results are not extrem ely accura te.

A very good measure ment is

reporte d for E = 22 MeV (Co 64a), and the angula r distrib ution
p
of the polariz ation takes on a distinc t form, with polariz ations
as large as -0.16 and +0.27 being observe d at back angles.

These

data are in excelle nt agreem ent with the n-d measure ments at
23 o7 MeV (Wa 63).

Even larger effects are observe d in similar

experim ents perform ed at E = 29 MeV (Ha 65) and 40 MeV (Co 64b)o
p

-105Since either a spin-orbit or a tensor term in the nucleonnucleon potential can lead to nucleon and deuteron polarizatio n,
it would be desirable if numerical calculation s were performed in
which both these terms were included.

A resonating group formalism

in which tensor (but not spin-orbit) forces are included has been
published but numerical results have not yet appeared in the
literature (Br 58c).

In this regard it would be of interest to

see if the tensor components alone of the nucleon-nuc leon interaction are sufficient to produce the observed polarizatio n effects
(Ma 60c).

The problem has also been formulated with a spin-orbit

(but not tensor) force but again no numerical results have
appeared (Bo 61).
A more approximate calculation , in which the exchange of
two like nucleons is not taken into account, has been published
(De 59; see De 62 for a sign correction) .

This calculation does

take into account, to some extent, th e distortion of the deuteron
in the scattering and includes a tensor force.

Rather large

values are predicted for some of the deutero n polarizatio n tensors;
however, the model is a simple one and is expected to give only
qualitative results (De 65).

The calculated values of the neutron

polarizatio n do appea r to agree with measuremen ts at low energies
(Fe 62, De 62).
Description of the Experiment
In the experiment discussed here, the second rank tensor
polariz ation moments of deuterons from p-d elastic scattering

-106were determined at two angles for several bomba rding energies.
To make the measurements, a deutera ted polyethylene target was
bombarded with a proton beam, and the He 3 (d,p)He~ reaction wa s
used to determine the tensor polarization of the recoil deuterons.
Measurements were made for proton energies of 4006, 5. 06 and

5. 84 MeV at a laboratory scattering angle of 30°, and for proton
energies of 6.10, 7.59 and 8. 69 MeV at a laboratory scattering
angle of 45

o,
o

The measurements indic ate the p resence of some

small but non-zero values of the deuteron polarization tensors.

5.2

Measurement of the Spin Orientation of Deuterons
5.2a

Description of the Spin State

In general, to completely describe the average spin state
of a beam of particles, (2i + 1) 2 quantities must be specified,
where i is the spin of the particles in question.

These quantities

may be the elements of the density matrix or the va lues of a set of
irreducible spin ten s or moments Tqk (Si 53), where q is the rank of
the tensor and

Ikl

$

q ~ 2i.

The latter representation is espe-

cially convenient since the low-ranking ten sors relate naturally to
the differential cross section and polarization and sinc e they tran sform under spacial rota tion like spherical harmonics (Si 53, La 55).
Following Lakin (La 55), the parameters used here to describe the average spin state of a beam of deuterons a re the expectation values of a set of irreducibl e spin tensor moments Tqk,
defined by :

-107-

Too= 1 ,
T 10 = (3/2i Sz. ,

T11!.1 =

+ (3/ 4)½

(sx ! iSY) '

5.1

2

T20 = (1/2)~ (3s'Zl. - 2) ,
T2+ :
- 1
T2~

=

+ (3/4)½· [(s X
(3I 4)½. (Sx

!

+ .

iS )S

- l.S y)

y

2

Z.

+ S (S

z·

I

+ iS,,.)~ ,

.,j

,

where the (T k> are in general complex. The quantities S. are
4
l.
the components of the spin operator for a spin one particle and
are listed in Appendix E along with the explicit values of the
tensor operators.
The expectation value of the operator T
is related to
00
the intensity of the deuteron beam, which reduces the number of
quantities involved in the description of the spin state to eighto
If any of the (T k} are non-zero, the beam is referred to as
1
having vector polarization; if any of the (T k> are non-zero, the
2
beam is referred to as having tensor polarization (Se 64a). If
the spins of the deuterons are randomly oriented, then all the
<Tqk) will be zero except

<T00).

The tensors have the conjugation property (Sa 60)

5.2
which reduces the real numbers involved in the description to

eight.

If, as is the present case, the pola rized deuteron beam

results from a scattering (or a reaction), then the following
selection rules apply (Si 53)s

-108(Tqkl = real if q = even
= imagina ry if q = odd,

5.3

and
(Tq 0 ) = o if q = odd.
The (Tqk) in equations 5.3 and 5.4 are referred to a coordinate

- -

system having the y-axis in the direction k
-+

-,.

x k and the z-axis
2
1
is in the direction of the inci-

-

in the direction k , where k
2
1
dent particle in the scattering and k

2

is in the direction of the

outgoing deuteron.
Using equation s 5.2, 5.3 and 5.4, the number of independent
real quantities needed to describe the spin state of a scattered
deuteron beam can be shown to reduce to four, namely, i (T ),
11
(T 20),(T } and(T 2
In the pre s ent experiment, the last three
21

t•

of these quantities were determined.

5o2b

Methods of Determining Deuteron Polarization

Information on t he sp i n ori entation of a beam of scattered
(or rea ction-produced) deuterons may be obtained by scattering the
beam a second time and measuring th e angular distribution of the
second scattering.

In this manner the comp onents (T

20 ) and (T 22 )
can be determined uniquely, a s well as a known function of (T )
11

and (T

)(Sa 60). However, to separate (T ) and(T ), an
21
21
11
additiona l experiment must be performed involving the use of
magnetic fields (Bu 60a).
A second method for obtaining information on the average
spin st ate of a beam of deuterons involves using the deuterons

-109to initiate a reaction and performing measurements on one of the
reaction products.

The results of such experi ments are unam-

biguous only in cert a in simple cases.

In particular, Galonsky

et alo (Ga 59) and Goldfarb (Go 59) have suggested tha t the
He 3 (d,p)He 4 reaction proceeding through its 425 keV resonance
or the mirror T(d,n)He 4 reaction proceeding through its corresponding 108 keV r~sonance may serve as convenient analyzers of
deuteron polarization (also see Wi 61).

The favour able feature

of these reactions is that they proceed through a single reaction
channel.

When this is the case, the tensor moments of the incoming

deuteron beam are related in a simple manner to the angular distribution and polarization of the outgoing nucleon, and by
measuring both these quantities, the first and second rank tensor
moments of the incoming deuteron beam can be uniquely det ermined.
The He 3 (d,p)He 4 reaction

(Q

= +18035 MeV) has been used previously

to determine the tensor polarization of deuterons elastically
scattered from He 4 (Po 61, Se 64a).
5.2c

Analysis with the He 3 (d 1 p)He

4

Reaction

In measurements of the cross section for the He 3 (d,p)He

4

reaction, a pronounced resonance is observed at a laboratory
energy of about 425 keV (Bo 52, Ya 53, Ku 55, Po 58).

The angular

distribution of the pro tons is isotropic in the vicinity of the
resonance, and resonance parameter fits to the cross section
indicate that the resonance occurs with J lT = 3/2+, formed by
S-wave deuterons and emitting D-wave protons.

The full width at
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half maximum of the resonance is about 500 keV in the laborator y
system, and the proton angular distribut ion is isotropic up to
about 800 keV, indic ating tha t the single channel approxima tion
is valid up to this energy.
Assuming only one matrix element is involved, the foll owing
comments can be made for a reaction induced by an arbitrari ly
polarized particle striking an unpolariz ed target (Si 53, particularly Section IV on selection rules):
(i)

The even rank tensor moments of th e outgoing beams
depend only on the even rank moments of the incoming
beam;

(ii)

The odd rank tensor moments of the outgoing beams
depend only on the odd rank moments of the incoming
beamo

3
Thus, in the c a se of the He (d,p)He

4 reaction, measureme nt of the

angular distribut ion of the out going protons provides informati on
on the second rank tensor moments (tensor polarizat ion ) of the
incoming deuteron beam, whereas measureme nt of the proton polarization is required to determine the first r ank moments (vector
polarizat ion)of the incoming deuterons .
In the present experimen t the recoiling de ut erons from
p-d scattering , after being slowed with a ppropri a te foils to
3
about 800 keV, were sto pped in a small He cell, and by measuring
4
3
the proton angular distribut ion from the He (d, p)He reaction,
the second rank tenso r moments of the deuterons were determine do
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Assuming that only the one matrix element contributes to
the He 3 (d,p)He 4 reaction, the differentia l cross section in the
cent re of mass system can be written (Po 61):

5.5

J

2

- (3)~ (T 21 ) sinO.~ cosO.~ cos¢ 2 - (3/4)~ <T 22 ) sin o~ cos~2
where

(f""~

is the cross section for deuterons having randomly

oriented spins.

The (T2k) of the incoming deuterons are referred

k x -k
to a coordinate system having a y-axis in the direction -+
2
1
~

~

and a z-axis in the direction k , where k is in the direction of
2
1
~
the proton bombarding beam and k is in the direction of the
2
recoiling deuterons. The angle Q~ is the centre of mass reaction
angle for the He 3 (d,p)He 4 reaction, and

¢2

is the azimuthal angle
-+
-+
between the y-axis of the tensor moments and the direction k 2 x k

3

~

is in the direction of the outgoing protons produced in
3
the reaction. The theoretical limits for the {T k} of equation
2

where k

5.5 are (Sa 60):

-(2)½ ~ (T20>

.J..

<

( 1/2) 2

(3/ 4i

-(3/4)~

~

<T2? ~

-(3/4)~

~

(T221

<

(3/4)½ •

The use of equation 5.5 in determining the deuteron tensor
polarization is strongly dependent on the assumption that only
the one channel is involved in the He 3 (d,p)He 4 reaction.

However,

other possibilities exist, and since these have not been thoroughly

-112discussed in the literature, it is appropriate that some further
comments be made hereo
States which lead to isotropic angular distributions are
those with either J = 1/2 or 1 =

o.

For the He 3 (d,p)He 4

reaction the spin of the bombarding particle is 1 and the spin of
the target nucleus is 1/2.

Therefore, the initial states must be

either doublets (channel spin 1/2) or quartets (channel spin 3/2):

-s, 4s, 2P, L'F, etc.

2'_

The final states of the system involve a

spin O particle and a spin 1/2 particle, so they will be doublets:
2s, 2P, 2n, etc.

The allowed single transitions which result in

an isotropic angular distribution can be divided into two types
according to the channel spin of the initial state.

For initial

channel spin 3/2, the transitions yielding isotropy are
2_
4
2
4.
24
S3/2~ -n3/2' ·n 1/2~ -s1/2' and P1/2~-P1/2 , while for
initial channel spin 1/2, the transitions are
~

; ~
1 2

2
P ;
1 2

o

2

s 1; 2~

2

s 1;

2

and

Only two values of the total angular momentum

are possible in these transitions, namely , J = 3/2 and J = 1/20
Since mixing between two or more of the above transitions
involving the same channel spins will in general destroy the
isotropy (Bl 52, in particular Section

3),

we can limit the dis-

cussion to three general possibilities :
(i)
(ii)

Only one of the above transitions is involved;
A single transition with initial channel spin 3/2
and a single transition with initial channel spin
1/2 are involved;

-

-

-

-113Some chance combination of transitions (not limited

(iii)

to the above) is involved which results in isotropy.
The last possibility can be immediately rejected on the
grounds that isotropy in the angular distribution is observed
over an energy range of about 800 keV, and it is unreasonable to
imagine a chance combination being effective over this large a
range.
Regarding possibilities (i) and (ii), good fits to the
resonance in the He 3 (d,p)He 4 total cross section have been ob-

5
tained by assuming that a single J = 3/2 level in Li is involved
(Bo 52, Ya 53, Ku 55, Po 58), and the value of the maximum cross
section at the resonance is inconsistent with an assignment of

J = 1/20

Similar conclusions are reached for the 108 keV reso-

nance in the T(d,n)He 4 cross section (Ar 52, Co 52 , Ku 55) .

In

addition, angular distribution measurements for n-a scattering in
the vicinity of the corresponding resonance indic at e that an 1=2

wave is involved (Sh 64a), and the chang e in then-a cross section
at the resonance is consistent with the assumption of J = 3/2,
using width parameters from the T(d,n)He 4 reaction (Chapter 1).
Thus, it appears reasonably certa in that only a single J = 3/2
4
state is responsible for the observed peak in the He 3 (d , p)He
cro ss section.

Accordingly, it is concluded that the major con-

-+2n 3; 2 tran-

4
tribution to the cros s section is due to a s ; 2
3
2
2
s ition. A contri bution from either a s / ~ s ;
or a

2P ; ~
1 2

1

1 2

transition

2P ; transition (but not both) is not excluded by
1 2
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the above discussion; however, the resonance is quite isolated,
and a contribution from either of these transitions will certainly be small.

Experimental Arrangement
The geometrical arrangement employed for the measurements
is shown in figure 5.10

After energy analysis and collimation,

a proton beam from the tandem accelerator was allowed to strike a
106 mg/cm

2 deuterated polyethylene target foil which was contained

in a small scattering chamber.

The target was positioned such

that the normal to its surface wa s at an angle of 30° with respect
to the proton beamo

To permit the use of beams of sufficiently

high intensity, it was necessary to rotate the target during
bombard.men to
The recoil deuterons left the scattering chamber through
a 6 micron Havar foil.

After penetrating about 8 mm of air and

the required slowing foils (Mylar), the deuterons entered a He
cell through a second 6 micron Havar foil.

3

The cell consisted of

a 2.5 cm diameter hemisphere which was pressed fr om 100 micron
thick aluminium foil,

At the operating pressure of 5.5 atm , the
Rectangu-

cell was sufficiently large to stop 900 keV deuterons.
lar slits having an angular acceptance of either! 2o7.

0

or

3
-+ 1o40, were located immediately in front of the He cell.

The

larger slits were used for all measurements except the two higher
energy points taken at 45°.

FIGURE

5.1

ment .

The vectors

A schematic diagram showing the experimental arrange-

k

1

and

it2

indicate the directions of the inci-

dent proton beam and the recoiling deuterons, respectively.

¢

3

4

The

is the azimuthal angle for the He (d,p)He reaction.
0
2
The three square detectors are at a polar angle of 52.55 • The
parts of the apparatus beyond and including the slowing foil are

angle

not in vacuum.
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ki

ROTATING
I TARGET

ABSORBERSLIT/

4'2=-180°

ANNULAR
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3
Proton s from the He (d,p)He reactio n, after penetr ating
3
the alumini um wall of the He cell, passed through about 9 cm of
air and were detecte d with four CsI scinti lla tion crysta ls.

An

annula r detecto r having a mean polar angle of 16.9° was centred
about the ~ 2 =

o0 , ¢2

=

o0 '

positio n, and three square detecto rs

were loc a ted in the positio ns

o2 = 52.55° , ¢2

-180°, as indic ated in figure 5.1.

=

o~, -90°,

and

The annula r geomet ry was used

3
to avoid detecti ng direct proton s coming through the He cell

from the CD 2 target . Each square counter subtend ed an angle of
.
0
+
0
and the annulus subtend ed a polar angle of - 1.5 with
-+ 5o5,
3
respec t to the effecti ve centre of the He cell.
The four counte rs were used simulta neously in making the
measur ements .

To elimin ate as many uncert ainties as possib le,

the proton angula r distrib ution was determ ined from ratios of
the yield measur ed in each counte r from (1) proton bombardment
of the deutera ted polyeth ylene target and (2) Coulomb scatter ing
2
of deutero ns from a 4.5 mg/cm gold target . The scatter ed deuterons in the latter case are unorien ted, and the resulti ng
He 3 (d,p)He

4 proton angula r distrib ution is isotrop ic.

Thus,

taking the ratio of the proton yields for the two cases cancel s,
to first order, effects such as detecto r geomet ry, detecto r
efficie ncy, etc., which may be differe nt for the various counte rs.

Detail s of the Appara tus
A horizo ntal cross-s ection al view of the experim ental
assemb ly is given in figure 5.2.

Details of the counter array

A hor izontal cross section of the apparatus. Detaiis
FIGURE 5.2
of the counter support have been omitted. The numbered parts are
(1) collimator and anti-scattering baffle, (2) CD 2 target foil,
(3) Faraday cup, (4) Havar foil, ( 5) shield, (6) defining slit in
front of the He 3 cell, (7) He 3 cell, and (8) annular counter and
0

rectangular counters at¢= o and¢= 180°.
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are omitted in this figure.

A vertic al cross-se ctional view

showing the annular counter and the
in fi gure 5.3.

¢2

= -90° counter is given

The main items in both figures are labeled .

The scatteri ng chamber wa s mounted on the lower table
3
shown in fi gure 5.30 The counter support and the He gas target
support were rigidly attached to the upper table, which wa s free
to rotate about the scatteri ng chamber .

Thus, the geometry of

3
the counter s with respect to the He cell remained fixed for any
first sc a ttering angle.

This was a desirab le feature since the

techniqu e of using runs with gold as a first sc atterer to canc el
geometr ical effects is meaning less if the geometry is not constant for the p-d and d-Au runso
Beam Collima tion
Collima tion of the p roton (or deuteron ) beam was accomplish ed by requirin g the beam to pass through at 2.4 mm diameter
aperture in a 0.5 mm thick tantalum disc which was located 42 cm
from the centre of the scatteri ng chamber .

A similar disc having

a 3o2 mm diamete r aperture was located 32 cm past the collima tor
and acted as an anti-sca ttering baffle.

The tube which held the

collima tor and anti-sca ttering baf fle was rigidly supporte d and
was attached to the scatteri ng chamber with a flexible bellows
connect ion.

This allowed the scatteri ng chamber to be removed

without disturbi ng the alignme nt of the collima tion system.
The scatteri ng chamber itself could be accurate ly repositi oned
with alignme nt pins.

A bypass pumping line was provided around

FIGURE

5.3

A

vertical cross section of the apparatus.

The

numbered parts are (1) scattering chamber, (2) CD 2 target foil,
(3) assembly used in rotating the CD 2 target, (4) Au target foil,
(5) He 3 cell, (6) square CsI crystal, (7) annular CsI crystal,
(8) Lucite light pipes, and (9) photomultiplier tubes.

-117the collim ation system to ensure that the scatter ing chambe r was
held at diffusi on pump pressu re.
The Scatte ring Chamber
The scatter ing chambe r was constru cted from mild steel
and had an inside diamet er of 10.5 cm and an interna l height of

21 cm.

A 2 cm high window was machine d into either side of the

chambe r from o1 = 21° to 159°. The large windows were divided
into a series of smalle r ones by placing steel posts at interva ls
of 15~ around the perime ter of the large windows (see figure 5.2)o
0

0
The small windows were centred about the angles 30, 45 , etc.,
0

and each window had an angula r accepta nce of about 8.6.

The

6 micron Havar foil * which covered the windows was attache d to
the outer surface of the chambe r with epoxy resin.

It was

origin ally hoped that the chambe r could be used withou t the posts;
howeve r, severe wrinkl ing of the foil occurre d when the chambe r
was evacua ted, an d the posts had to be added to elimin ate this
effect .

During the measur ements , all windows except the one in

use were covered with a thin lead shield to elimina te backgro und
15 reactio ns in air.
14
from N (d,p)N
A small Faraday cup equippe d with electro static suppre ssion
(-300 volts) and a tantalu m beam stop was mounted in the rear port
of the scatter ing chambe r.

By operat ing the four counte rs simul-

taneou sly, the actual polariz ation measur ements were indepen dent

*Hamilto n

Watch Co., Lancas ter, Pennsy lvania, U.S.A.
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of current integration.

However, a relative accuracy in the

current integration of a few percent was required for determining
the bombarding energy at which each measurement was made (discussed
in Secti on 5.5b)o
The shield indicated in fi gure 5.2 was suspended from the
lid of th e scattering chamber.

The purpose of this piece was to

prevent deuterons scattered off the Faraday cup during the d-Au
3
runs from rea ching the He cell.

The shield was aligned with the

He 3 cell by means of an a rm which extended over the top of the
support for the cell (see figure 5.3).

The need for this piece

was never established, and it was used merely as a precaution.
5o4c

The First Target

The assembly used in rot ating the deuterated polyethylene
targ et* is shown in figure 5.3.

The main drive shaft of the

assembly (vertical shaft in figure 5.3) was coupled to an external
motor by means of an 0-ring drive belt.

To avoid slippage, the

0-ring had to be fairly taut, and it was necessary to support the
drive shaft with a ball race where it emerged from the chambero
The vacuum seal of the shaft was accomplished with 0-rings.
targ et foil was clamped into a brass piece which
2
rotated on a Teflon bearing surface . The perimeter of the piece
The CD

was geared, and it was driven by a matching gear on the horizontal shaft shown in figure 5.3.

*U.S.

The diameter of the circle

Nuclear Corporation, Burbank, California, U.S.A.

-119described by the beam striking the targ et could be adjusted
externally by moving the whole assembly verticallyo

The gold

target was also brought into position in this manner .
During the experiment , the CD

2

target was rotated at

about 100 rop.m. with a rotation diameter of 1.9 cm.

Under these

conditions it wa s found that no serious deterioration of the
target occurred with beam currents below about 0.25 µa at proton
energies above 4 MeV.

For the two higher energy points taken at

Q

45, the allowable beam current was further increased to about

o.s

µa by evaporating a thin film of aluminium on each side of

the foil.

Without the aluminium coating the foils became some-

what distorted after prolonged exposure to the beam .

The addition

of the aluminium coating almost completely eliminated this effect
and greatly improved the performance of the targets.

It should

be noted that, aside from increasing the energy spread slightly,
the a luminium had no effect on the measurements as the
A1 27 (p,d)A1
5o4d

26

reaction has a large negative Q valueo
The He 3 Cell

The details of the He 3 gas target assembly a re given in
figure 5.4.

Aside from the aluminium hemisphere , all parts were

constructed from stainless steel .
The hemisphere was pressed from 100 micron aluminium foil,
and the outer edge was flared as indic ated in the figure.

To avoid

weak spots, a series of five presses was required in attaining the
hemispherical shape, and the aluminium had to be anneale d before
each presso

FIGURE 5.4

Details of the He 3 gas target.

The numbered parts

are (1) centre supporting piece to which the aluminium hemisphere
and Havar foil were bonded, (2) aluminium hemisphere, and (3)
filling lead.

The two outer pieces were used to clamp the hemi-

sphere and the Havar foil to part (1)0

-120In assembling the gas t a rget, the a luminium cell was
attached with a Dupont adhesive (46951) to the piece labeled 1
in figure 5.4.

The 6 micron Havar foil wa s similarly attached

to the opposite side of the piece, and both the hemisphere and
the foil were securely clamped by means of the parts shown at
either end of the assembly.

The whole a ssembly wa s then heated

in an oven to cure the adhesive.
Stainless steel hypodermic tubing was used for t he filling
lead and was hard soldered into pla ce.

The lead wa s temporarily

attached to a ga s handling system while the cell was being pressurized and wa s disconnected after filli ng to permit free rotation
of the upper t a ble.

A pressure gaug e was mounted on the table and

was left open to the He 3 cell at all times.
The aluminium hemispheres were quite ha rdy and would stand
a negative pressure differenti a l of 1 atm as well as 4.5 atm or
grea ter positive pressure.

The component of the gas targets most

likely to fail was the 6 micron Havar foil, and at positive pressure differentials gre a ter than 4.5 atm and at negative pressures
of 1 atm, some failures did occur.

Under pos itive pressure the

Havar was constrained by an opening of area 2.30 cm 2 and under
2
negative pressure the opening was 4.10 cm.

These openings could

have been r e duced slightly; however, the failures were infrequent
enough as to not merit the effort.

And, more importantly, no

failure ever occurred after the cell had been successfully
pressurized.

-121The Detectors
4
3
Protons are formed i n the He (d,p)He reaction with a
laborato ry energy of approximately 17 MeV for a deuteron energy
of 800 keV.

In penetrating the aluminium hemisphere and the 9 cm

of air before reaching the detectors, the protons lost about 1 MeV
of energy.

To keep the neutron ba ckground to a minimum, the CsI

crystals were polished down to a thickness of 1.6 mm which is
ap proximately that required to stop 16 MeV protons.
The crystals used for the three o2 = 52055

2.5

x

0

detectors were

2.5 cm s quare and were bonded with epoxy resin to 7 mm long

Lucite light pipes.

The light pipes were similarly attache d to

5 cm diameter Dumont photomultiplie r tubeso

To permit accurate

positioning of the counters, small alU.lilinium ca ps with 2.5 co
square openings (covered by a thin light-tight foil) were fitted
over the crystals.

Tantalum collimators with 1.9 cm square holes

in the centre were mounted on the caps directly over the crystals,
and the accurate positioning was achieved by fitting small alignment pins into mat ching holes in the aluminium caps and in the
counter support.
The a nnula r crystal had an inside diameter of 5 o1 cm and
an outside diameter of 604 cm.

It was mounted on a 2.5 cm l ong

light pipe, and the light pipe was attached to a 7.5 cm diameter
photomultiplie r.

Collimation and a ccurate positioning were

achieved in a mann er similar to tha t discussed above.

An alumin-

ium. disc which fitted into the inner region of the annulus was

-122bonded to the light pipe.

A tanta lum di s c wa s centrall y located

on th e aluminiu m piece and served a s the i nner edg e of the colli matoro

For the outer edg e of the collima tor, a thi n a nnula r

shaped tantalum piece was a ttac hed to an aluminiu m cap which
fitted against the outer edg e of the cry s tal and which was equipp ed
with a lignment pins.

The opening allowed by the collima tor was

about 5 mm at a mean diamete r of 5.6 cm.

The resoluti o n of each of

the four counters under experim ental conditio ns was about
5.4f

a%.

Alignme nt of the System

The alignme nt of the beam collima tors and scatteri ng
chamber was perform ed by viewing the various parts with a theodolite mounted collinea r to the optical axis of the beam line.

The

relative alignme nt of the counter support and the slit in front of
the He 3 cell was checked by viewing ea ch with the upper t a ble in
the

o

1

=

o0 position .

The angula r calibra tion for the first

scatteri ng angle was a lso determin ed in t his manner.
The alignme nt holes in the counter support were loca ted
using precisio n machine tools, and th e accuracy of the angular
+
setting s of the counter s is estimate d to be - 0.2.
0

In determin ing

3
the g eometry of the counter s, the effectiv e centre of the He cell
was taken as the point at which an inciden t deuteron of energy

3
800 keV was slowed by the He to an energy of about 425 keV.
this energy the laborato ry reaction angle of 52.55
0

to a centre of mass angle of 54.74.

0

At

correspo nds
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5.5

Procedure in the Experiment

5o5a

The Use of Slowing Foils

In order to make me as urements at each angle for several
proton bomba rding energies and still keep the deuteron energy

3
around 800 keV at the entrance of the He cell, Mylar slowing
foils of various thicknesses were pl ac ed in the scattered deuteron
The foils were attached over the slit directly in front of
2
the He 3 cell. The maximum foil thickness used was 8.2 mg/cm •

beam.

Wolfenstein (Wo 49) has c alculated tha t when 7 MeV protons are
stopped in a foil, the slowing down process can only chang e the
5
proton polarization by about one part in 10 •

It is therefore

safe to assume tha t the slowing foils used here did not appreciably chang e the deuteron polarization .

It should also be men-

tioned that the l a r g e angular spread introduced in the deuteron
3
beam by multi ple scattering in the various foils and He gas has
4
3
no effect on the proton angular distribution from the He (d ,p) He

reaction, since in a reaction induced by S-waves, the a ngular
distribution of the rea ction products is independent of the incident beam direction.

Stated differently, the only directions

4
defined for the He 3 (d,p)He reaction with S-wave deuterons are
the direction of the outgoing protons and the direction of the
polarization tensor.
The deuteron energy variation with scattering ang l e is
quite severe f or p-d scattering and is enhanced by the use of
slowing foils.

Besides resulting in lower proton yields, this
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energy spread introdu ces a spuriou s asymme try in the yields ,
3
since the effecti ve centre of the He cell is shifted toward the
To partia lly compen sate for this

small angle side of the cell.

effect , an additio nal Mylar slowing foil of approp riate thickne ss
was placed over the small angle half of the slit at the entranc e

3
to the He cello
A diagram is g iven in figure 5.5 showing the deutero n
3
energy variati on with angle across the entranc e of the He cell
for the measure ments made at

Q

1

= 30 0

and Ep

= 5.84

MeV.

The

solid curve on the high energy (small ang le) side of the diagram
and the dashed extensi on indicat e the energy va riation with a
2
single 8.2 mg/cm of Mylar foil coverin g the whole entr ance of
the cell.

The two solid curves indic a te the energy variati on with

8.2 mg/cm

2 of foil coverin g the small angle half of the cell and

7.0 mg/cm

2 coverin g the large angle half, as was used for the

measur ement.

The curves shown in the figure were calcula ted from

range-e nergy relatio ns hips and include the effects of the Havar
3
foils and the air gap between the He cell and the scatter ing
chambe r.
CD

2

The deutero n energy spread due to the thickne ss of the

target was i gnored in c a lculati ng the curves.

3
The energy va riation across the He cell become s, of

course , more serious with increa sing bombar ding energy .

Rather

than risk the introdu ction of possib ly signifi cant spuriou s
asymm etries, the smalle r slit system (! 104°) was used for the
two higher energy points taken at

Q

0

1

= 45.

Thus, the energy

FIGURE

5.5

Deuteron energy variation with angle across the

The two solid curves indicate the calculated recoil
He 3 cell.
3
deuteron energy variation across the entrance of the He cell
for the measurement made at o1 = 30° and Ep = 5.84 MeV. For
this point the slits having an angular acceptance of~ 2.7° were
2
used. A Mylar foil of thickness 7o0 mg/cm covered the entrance
2
of the cell, and an additional thickness of 1.2 mg/cm was
placed over the small angle half of the entrance. The dashed
extension of the solid curve indicates what the energy variation
2
would have been if a foil of thickness 8.2 mg/cm had covered the
whole entranceo
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of view
sprea d depic ted in figur e 5o5 repre sents , from the point
e encou ntered .
of possi b le error s in the measu remen ts, the worst cas
5o5b

Deter minat ion of the Bomb arding Energ y

izaEquat ion 5.5 can be corre ctly used to determ ine polar
tions only if the incid ent deute rons are S-wav e.

From measu re-

3 (d , p)He
ments of the proto n angul ar distri butio n from the He

4

r to be a
react ion with unori ented deute rons, this would appea
good appro ximat ion up to at least 800 keV.

Howe ver, becau se of

was not
the rapid va ri a tion of deute ron energ y with angle , it
ut allow ing
possi ble to maint ain accep table count ing rates witho
the crisome of the deute ron energ ies to excee d 800 keV, and
deute ron
terio n follow ed durin g the exper iment was to adjus t the
yield arose
energ y so that not more than about 10% of the proto n
from deute rons havin g energ y great er than 800 keVo
ering
In setti ng the deute ron energy for a given first scatt
bomba rding
angle and slowi ng foil arrang emen t, the energ y of the
satis fied.
proto n beam was adjus ted until the 10% crite rion was
energ y
The proce dure used in determ ining the corre ct bomba rding
was as follow s,
(i)

3
A theor etica l yield curve for the He (d,p)H e

4

react ion was ca lcula ted as a funct ion of p-d
proto n bomba rding energ y for the exper iment al
arrang ement of the parti cular measu remen t.
Includ ed in the calcu lation was the f ractio n of
the total yield due to incid ent deute rons of
energ y le ss than 800 keV;
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(ii)

4
3
The yield from the He (d, p )He reaction was
measure d as a function of proton bombard ing
energy;

(iii)

The proton bombard ing energy was set at the
energy correspon ding to a measured yield of
y

where

_ (y90% ;ymax) ymax
meas '
calc calc
mea s -

y9cao%1~c

is the calcul ated yield at the

energy where 90% of the yield results from
deuteron s of energy less than 800 keV,
ymaxl is the yield at the maximum in the calca c
is the yield at
culated yield curve, and yfilax
meas
the maximum in the measure d yield curveo
In order to increase the counting rate, a counter was

3
placed ri ght against the He cell for the yield measure ments.
A lithium -drifted solid state detecto r was used for this pur2
pos e, and the area of the sensitiv e region (200 mm ) was sufficient to incr ea se the countin g rate by about a factor of 4
over the combined counting rate of the four CsI detecto rs.

The

depletio n depth of the counter (5 mm at full bia s) was sufficie nt
to stop the high energy protons .
The theoret ical yield curves were obtained by numeric ally
3
ea of the
integra ting over the volume of the He cell and the
detecto r, taking into account the variatio n of the deuteron
energy with scatteri ng angle, variatio n of the p-d cros s s ection
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4
3
with angle, variatio n of the He (d,p)He cross section with energy
and angle , enerey spread from the CD 2 target thickne ss, the exact
3
shape of the He cell, the increase d energy spreads from all
slowing foils, and centre of mass to laborato ry convers ion.

This

calcula tion is discusse d in more detail in Section 5.6.
The above procedu re resulted in the bombard ing energy being
set at a point where from 50% to 60% of the maximum yield was
obtained .

In general , the larger the deuteron energy spread

across the cell, the lower down on the yield curve the energy
had to be set .
The shapes calculat ed for the yield curves agreed reasonably well with the measured curves .

In figure 5.6 the experi-

mental and calcula ted yield curves used in determin ing the
bombardi ng energy for the measurem ent made at

Q

1

=

45 0 and

E = 6 010 MeV are shown. The c a lculated total yield curve has
p
been normaliz ed to the experim ental points at the peak , and the
energy scale of the curve ha s been displace d slightly to match
the experim ental curve.

This displace ment is necessar y as the

foil thickne sses, et c., used in computin g the curve are not
accurate enough to place it at exactly the right energy.

The

arrow in the figure indicate s the proton bomba rding energy used
in the polariz ati on measurem ento
The same gene ral procedu re was followed in setting the
deuteron bombard ing energy f or the d- Au runs .

Howeve r, since

the energy variatio n with angle is negligib le in this case , the

g
Yield curve s used in deter minin g the bomb ardin
0
= 6.10 MeV.
energ y for the measu remen t made at g1 = 45 and Ep
from the
The expe rimen tal poin ts repre sent the proto n yield
4
p-d scatt ering
He 3 (d,p) He react ion initi ated by deute rons from
y. The error
meas ured as a funct ion of proto n bomb ardin g energ
only. The shape s
bars on the poin ts repre sent stati stica l error s
discu ssed in the
of the solid and dashe d curve s were comp uted as
actua lly used in
text. The arrow indic ates the bomb ardin g energ y

FIGURE 2•6

the pola rizat ion meas urem ent.
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-128Instead, the bombarding energy was

10% criterion was not used.

adjusted so that all deuterons had an energy of about 800 keV
3
at the entrance to the He cell.
For the d-Au runs, a slowing foil of thickness 17.5 mg/cm
and a scattering ang le of 30

0

were used.

2

These resulted in the

bombarding energy being set at about 5. 35 MeV.

Since differen-

tial cross section measurements ford-Au scattering at Ed= 11.e
MeV (Ig 61) indicate that the cross section is Rutherford out to
0
an angle of 50 , the assumption of unoriented scattered deuterons

at 5o35 MeV and o = 30° is quite safe.
1
5.5c

Electronics

A block diagram of the electronics used in the polarization
measurements is shown in figure 5.7.

Pulses from each detector-

photomultiplie r were amplified with a Franklin double-delay-li ne
preamplifier-am plifier system, and were fed into a Cosmic single
channel analyzer.

The amplified signals from the various counters

were mix ed by means of a simple diode circuit and were introduced
into an R.I.D.L. 400 channel analyzer , opera ting as four 100
channel analyzers .

Command pulses from the Cosmic discriminators

were used to route the signal pulses into the proper 100 channel
quadrant of the analyzer.

Pulses from the discriminators were

also used to generate gate pulses for the analyzer .

The gating

of the analyzer was necessary to prevent the accumulation of low
energy signals below the discriminator windows, since these
signals were not accompanied by routing pulses .

The puls es from

FIGURE 5.7

Block diagram of the electronics.
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-129each discrim inator we re scaled to provide a precise check on the
reliabi lity of the routing system and analyze r memory.
Data Collecti on
After the proton bombard ing energy had been determin ed for
a given scatteri ng angle and foil arrangem ent, the followin g
procedu re was g enerally used in the polariza tion measurem ent:
(i)

The proton yield in the various counters was measured
ford-Au scatteri ng, using a deuteron bombard ing
energy of 5.35 MeV and first scatteri ng angle of
30°.

These data were obtained in a series of four

runs with a minimum total of about 25 ,000 counts
being collecte d with each detecto r;
The proton yield was measured for p-d scatteri ng .

(ii)

These data were taken in a series of about ten runs
with a minimum total of 1000 counts being obtained
with each detecto r;
Step (i) was repeated ;

(iii)

Backgrou nd runs were taken.

(iv)

The counting rate for the p-d runs varied from about 100
to 300 counts per hour, while the rate for the d-Au runs wa s
about 1000 counts per minute with the! 2.1° slits.

No signi-

ficant discrepa ncies between differen t d-Au runs wer e ever
obs erve d.
3
In the early stages of the experim ent, the He in the
4
hemisph erical cell was replaced by He for the backgrou nd runs.

-130The background was found to be negligible (1 or 2 counts per
hour being the worst case) and was the same with the proton bombarding beam on or off.

Accordingly , in the latter stages of

the experiment, the background was measured simply by turning the
beam off.

The practice of taking background runs was continued

to ensure that spurious pulses were not being generated in the
photomulti pliers or in the electronic systems.
Pulse height spectra from the various counters are shown
in figure 5.8 for a p-d run and for ad-Au run.

Channels lower

than 30 have been omitted from each 100 channel quadrant.

The

p-d spectra shown in the figure were obtained at the highest bombarding energy used, and as can be seen, the peaks are quite clean
with no evidence of background .

The low energy neutron background

extended out to approximate ly channel 30 in each quadrant .

The

general ba ckground level in th e lower analyzer channels was
higher, of course, during the d-Au runs ; however , it was completely negligible in the vicinity of the peaks.

A very small

peak can be seen at about channel 40 in the spectra from the
annular counter .

This peak is real and is due to protons from

15 reaction
the N14 (d,p)N

(Q

= +8.6 MeV) , which were formed in

3
the air gap between the He cell and the scattering chamber.

Data Reduction
The yield from any of the counters used in the experiment
may be expressed bys

FIGURE 5.8

4
3
Pulse height spectra from the He (d,p)ae reaction

and with Au as first targets. Every second datum point
2
is omitted in regions away from the peaks. Channel numbers lower
than 30 have been omitted from each spectrum. This was approxi-

with CD

mately the channel at which the low energy neutron background
began to rise.
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-131y = n N t 1N2D
1

f

dt 2 (r(0 1 )df2 1 J(Ed,O~) (rc(Ed,0~,¢ 2 )d51 2

5.6
where the subscripts 1 and 2 ref er to the first sca ttering and
the He 3 (d,p)He 4 reaction, respectively, n is the number of bombarding pa rticles, N. is the number of targ et nuclei per unit
:4.

volume, tL is the thickness of the t ar get, Dis t he detection
efficiency of the counter,

c,(o 1 )

is the labora tory cross sect ion

for the first scattering , J(Ed,o~) is the centre of mass to
laboratory Jacobian, dS1.i is the laboratory solid angle, and

crc(Ed,o~,~ 2) is the centre of mass cross sect i on for the
He 3 (d,p)He 4 reaction, given by equa tion 5.5 wi th
function of deuteron energy.

Cfc0

being a

The integral is over the volume of

the He 3 cell defined by the slit and over the a rea of the detector.
To first order, the va ria t i on with energy and angl e of the
int egrand over the fi nite geometries involved may be ignored and
the integral sign dro pped.

Within this approximatio n , the ratio

of the yields from p-d and d-Au scattering measured in one of the
square counters can be written:
R(0~,:~ ) = K
2

- (3)

[ 1 - ( 1/s)~ <T 20 )

(3cos

2

o~ -

5. 7

1)

( T ) sinO~ cosO~ cos~ 2 - (3/4)½ ( T22 ) sin
21

2

o~

cos2~2] ,

where K is constant for all counters and merely involves n,N 1 ,
t , and cr(o ) for the p-d and d-Au measurements. In the case
1
1
of the annular counter, the integration over ¢2 in equation 5.6
must be performed which merely elimina tes the last two terms

-132of equation 5. 7.

For the angles used, the (T 2k) are then

given by

<T20)

= 10643

<T21)

:::

2.449

[1
[ R~ - RJ'
4R 1

- R2 + 2R

3

]

,

+ R

4
5.8

R2

R2 + 2R

3

+

where the subscr~pts 1, 2, 3, and 4 refer to the annular counter
tJ

and the p

O

2

O
= 0, -90 , and -180

0

counters, respectively .

An iterative procedure was emp loyed to determine the <T 2k)
from the experimental data.

Usin g initial values of the

<T k)
2

obtained from equati ons 5.8, the relative yield from p-d scattering was c alcula ted by numerically evaluating the integral of
equation 5.6 for the experimenta l geometry of each counter.

The

relative yield from d-Au sca ttering was simila rly computed, and
the ratios of the two were obta ined for each counter.

The

values of (T2k )' for p-d sca ttering were then varied until the
c alculated ratios (appropriately normalized) agreed with the
experimental results.
The numerical integrations were performed with a CDC-3600
computer, taking into account the indicated va riation with energy
and angle of the va riou s quantities in the integrand .

This

program was also used in computing the theoretical yield curves

-133discussed in Section 5. 5b.

To perform the integration, the

appropriate region of the He 3 cell was divided into 216 volume
increments, while the square detectors were divided into 4 area
increments each and the annulus into 16 increments.

Three

different bombarding energies were used for each yield calculation
to take into account the finite thickness of the first target .
The mean bombarding energy was determined by the point on the
theoretical yield curve corresponding to the energy actually
used in the particular measurement.

For p-d scattering

cr(o 1 )

was represented by a power series in coso , while ford-Au the
1
angular dependence of the Rutherford scattering cross section
was used.

The coordina te system of the (T 2k) was rotated

appropriately for scattering into any volume increment of the
He 3 cell, and 0~ and

¢2

were determin ed accordingly .

The

deuteron energy at the centre of the volume increment was determined from the kinematics of the scattering and from the

3
range-energy relationships of Havar, Mylar, and He , taking into
account the compensating foil over t h e small angle half of the
He 3 cell.

Range-energy values given by Whaling ( Wh 58) for

nickel, aluminium, and helium were u s ed, assuming the relations
for Havar to be the same as for ni ckel (the average Z of Havar
is 27.9), and assuming the range of a deuteron in My lar to be

Oo783 times the rang e in aluminium for a given energy (Sc 60) .
The data of Bonner et al. (Bo 52) were used to obt a in the energy
4
dependence of the He 3 (d,p)He cross section.
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5o7

Results
The final results are shown in figure 5o9 and are listed
The

in tables 5o1 and 5.2 along with the st a tistical errors.

tensor polarizatio ns shown in the figure and given in table 5 1
0

are quoted in the coordinate system with its z-axis in the

...

direction of the recoil deuterons (k 2 in figure 5o1).

In table

5. 2 the tensors are referred to a coordinate system having its
z- axis in the direction of the bombarding proton beam

(i1,

in

figure 5.1).

This latter representat ion is accomplishe d by

rotating the

( T k)
2

through the Euler angle~= -0 1 (Sa 60).

For both coordinate systems the y- axis is in the direction
-+

k

1

-+
x k

2

o

In the following pages all references to the

(T k)
2

will be understood to refer to those given in the figure and
in table 5.1.

5.8

Discussion
Since some of the tensor moments s ho wn in figure 5. 9

appear to be signific a ntly different from zero, it is of interest
to consider the following questions : (1) assuming that the incident deuterons from p- d scattering have zero polarizatio n , are
there any sources of spurious asymmetry in the measurement s which
are significant enough to account for the results; and ( 2) assuming the deuterons are pola rized, how accurate are the

<T2k )

as determined with equation 5.5, i . e ., using the single channel
approximati on?

FIGURE

5.9

Summary of the experimental data.

The tensors

are measured in a coordinate system ~hose z axis is parallel
to the laboratory deuteron direction.
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TABLE

5.1

Measure d Values of the Tensor Polariz ation of Deuteron s from
P-D Elastic Scatteri ng in a Coordin ate System with Z-Axis
~

Paralle l to k 2

Ep.,

<T20

Q.d

>

<T21)

<T22)

(MeV)
4.06

30°

+.018

5.06

30°

-.001

5.84

30°

6.10

45°

7.59

45°

8.69

45°

-++ .043

-+ 004-6
+.044 - .046
+
-.115 - .04-9
+
-.135 - .049
+
-.069

- .049
TABLE

+.029

-++ .021

-+ .029
+.050 - .029
+
-.004 - .028
+
.028
-.008
+
+.009 - .029

+.001

-.063

-++ .033

-+ .034
-0055 - .035
+
-.101

-.014 - .034
+
.035
-.029
+
.035
-.043

-

-

5.2

Measure d Values of the Tensor Polariz ation of Deuteron s from
P-D Elastic Scatteri ng in a Coordin ate System with Z-Axis
-+

Paralle l to k 1
E

p

Qd

< T20 >

(.T21)

(T22)

(MeV)
4.06

30()J

5.06

30°

5.84

30°

+
+0023 - .041
+
-.030 - .043
+
+.064 - .043

6.10

45°

+
-.042 - .042

1.59

45°

8.69

45°

-

+ .042
-.061
+
-.033 - .043

+
-.02 2 +
-.043 +
-.022
+
+.063 +
+.068 +
+.021 -

-

-+ .032

.030

-.065

.032
.032

-.089 - .033
+
.034
-.063

.034

-.044 - .033
+
-.059 - .033
-.058 -+ .034

.035
.035

+

-+
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5.8a

Sources of Spurious Asymmetry

In considering the possibl e sources of spurious asymmetry,
it must be kept in mind that the technique of determining the
<T 2k) from the ratios of p-d and d-Au yields eliminates ma ny
potentia l sources of f a l s e asymmetry, and the only effect s which
can cause such a symmetry are t hos e which a re different for the
p-d and d-Au runs.

For example, assuming the tensor moments for

the p-d deuterons to be zero, then the effect of possible intrin3
sic anisotropy in the He (d,p)He

4 angular distributio n for

unoriented deuterons is elimina ted by using the ratio met hod.
There are two general possibiliti e s regarding sources of
spurious a symmetry:

(1) rela tive displa cement of the effective

centre of the He 3 cell between the p-d and d-Au runs caused by
the different energy and intensity distributio ns of deuterons i n
the two cases; and (2) displacemen t of the effective centre of
the cell caused by a difference in the point of origination of
deuterons for the p-d and d-Au runs.
Considering possibility (1), the deuteron energy distri3
bution in the He cell differed for the p-d and d-Au runs in
several ways.

Firstly, the deuteron energy va riation with angle

is quite severe for p-d scattering (see Section 5.5a), whereas it
is negligible ford-Au scattering .

The effect of this difference

3
is a shift of the effective centre of the He cell in the
x-direction for the p-d runs.

Secondly, the mean deuteron energy

3
at the entrance of the He cell was gener ally not quite the same

-137for the p-d and d-Au run s , which shifts th e eff ective centre in
the z-direction.

Thirdly, the energy spread due to the f ir s t

target t h ickness wa s much more severe for the p-d r uns than for
the d-Au runs, which can shift the effec t ive centre in t h e xor z-directionso
The above three effects and the angula r dependence of the
p-d and d-Au cross sections were fully taken into account in
the iterative procedure used to determine the <T 2k
final values of the

<T2k)

>.

The

differed from the first order va lues

by an amount not exceeding 50~ of the sta tistic a l errors quoted
in table 5.1.

The maximum differences between the f irst order

and final values were 0.020, 0.006, and 0.002" for <T 20 ) , <T 21 ),
and

(T

22

>, respectively.

If we a ssume that t he correction of

the f irst order values is accurate to only 50%, then a maximum
error of

!

<T21 > and

00010 is obtained for

<T 22 )

( T

20

) , with the errors i n

being negligible.

Consi dering possibility (2) given above, there a re two
ways in whi ch a rela tive displ a cement of the point of origi nation
of the deuterons could occur between the p- d and d-Au runs.

The

first of these results fro m distortion of the CD 2 targ et foil
during bomba rdment, a nd th e s econd possibility is due to the fact
th at the proton and deuteron bombarding beams may not ha ve fol l owed
exactly the same pa th through the scattering chamber, due to different focussin g conditions, etc .

Th e result in either c a se is

3
a shift in the effective centre of the He cell .

The maximum

-13811

amplitude 11 of a distortion wrinkle in the foil is estimated to

have been about 1 mm; however, the foil was distorted by approximately equal amounts on either side of the true plane of the
target which, to a large extent, cancels the effects.

Assuming

a maximum displacement of the beam spot of about 1.5 mm to
account for both of the above possibilities, an estimated error
of about 0.025 is obtained for
being somewhat smaller for

<'.T

<T
20

21

> and (T 22)

with the error

)' •

Combining the errors given above linearly, an estimate of
about 00030 is obtained for the possible contribution to the
< T k) from spurious asymmetries. It is therefore concluded that
2
the non-zero values of ( T22 ) at 30° and < T20 } at 45° are due

to real effects.
5.8b

Possible Errors Resulting from the Single Channel
Assumption

As stated previously , the correct use of equation 5. 5 in
determining the tensor moments requires tha t only the matrix
2
4
element for the s ; 2 ~ n ; 2 transition is involved in the
3
3
4
3
He (d,p)He reaction . In Section 5.2c it was argued that either
2
2s ;
P ; 2 transitions (but not both)
or the2P ; 2 ~
the 2s ; ~
1
1
1 2
1 2
can also be involved in the reaction without destroying the
isotropy of the angular distribution for unoriented deuterons;
however , from considerations of the resonance parameter fits made
to the total cross section, etc ., it appears that any contribution fr om either of these transitions must certainly be small .

-139Regarding the

2

s 1;

~
2

2

s 1;

2

transition, it is interesting to note

that since it only involves S waves, it can only add a constant
amount to the differential cross section for the He 3 (d,p)He 4
reaction, independent of the <T k) of the incident deuterons.
2
Therefore, the only possible effect of such a contribution would
be to make the measured values of the tensors too small.

Although

it has not been done here, an estimate of the effect on the measurements from a possible

2
P ; ~~ ;
1 2
1 2

contribution could be simi-

larly made by writing the expression for the angular distribution,
assuming that the matrix element for this transition and for the
4s ; -----+ 2n ;
transition are both involved. However, it is
3 2
3 2
resulting from
reasonably certain tha t any errors in the <T 2~
either of these possibilities will only be of the order of a few
percent.
The evidence is strong that other matrix elements do contribute to the He 3 (d,p)He 4 reaction, at least to a small extent,
at deuteron energies above about 700 keV.

Using unoriented

deuterons of energy 980 keV, Yarnell et al. (Ya 53) observed an
0

asymmetry of about 5% between the cross section at o and 90°
centre of mass angles, while Bonner .et al. (Bo 52) observed a 4%
asymmetry at 1140 keV.

Recent data on the He 3 (d,p)He 4 reaction

has been obtained at the Carnegie Institute of Washington using
polarized deuterons (quoted as private communication by Se 64a).
0

These data indicate that the o

-

90° proton anisotropy decreases

by 3% between 300 and 700 keV deuteron energy, using deuterons of
the same polarization.

-140Employing the Carnegie Institute work as a guide, a rough
estimate has been made regarding the possible error introduced by
the single channel approximati on.

For the present discussion, let

us assume that the contributio n from other matrix elements in the
He 3 (d,p)He 4 reaction results in an error of 10% for the average
asymmetry observed between the annulus and the 0~ = 54.7

0

counterso

From the Carnegie Institute work, this appears to be quite an
extreme assumption since in the experiment the deuterons were
3
stopped in the He and had a mean energy of about 450 keV;
however, the error is purposely chosen large to take into account
2
2
s 1; 2 or 2i> 1; 2~ ~ 1; 2 transitions ,
possible effects from s 1; 2 ~
as discussed earlier. Using this assumption, the resulting error
for the 45

0

measuremen ts is only about 0.010.

It

therefore appears unlikely that contributio ns from matrix elements
4
; transition
other than the one associated with the s 3; 2
3 2
and while this
could lead to significant errors in the <T 2k
has not been proved beyond question , it would be surprising if

~2n

>,

errors of this nature exceeded about 10% of the measured tensorso
Combining the errors assumed for spurious asymmetries and uncertainty due to the single cha nnel approximati on , an estimate of
0.040 is obtained for the overall error in the

< T2k )

, aside

from statisticso
5.Bc

Conclusions

From the non-zero values of ( T22

> at

30° and ( T20 )

at 45°, it is clear that the present data lead to the same
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qualitative conclusion as do the nucleon polarizatio n data,
namely, the inclusion of spin-orbit or tensor forces is necessary to describe low energy nucleon-deu teron scattering, but
the effects of such forces are relatively small.
At a neutron energy of 3.25 MeV the simple model employed
by Delves and Brown (De 59) for n-d scattering predicts a rather
large value for

(T

20

)

(-0o3) at a deuteron centre of mass

scattering angle of 90° (laboratory angle 45°), with the value
falling to about zero at a c.m. angle of 120° (lab angle 30°).
The value of ( T22 )

is predicted to be about zero at both these

angles, but ( T21 )

takes on rather large positive values ( +0.15).
is seen to agree at least

The predicted behaviour of ( T20 )

qualitative ly with the present data, although little or no agreement is found for ( T21

> and

(T

22

>•

However, since different

bomba rding energies are involved, it would be hazardous to attach
much significanc e to a comparison of the present data with the
predictions of Delves and Brown.

APPENDIX A
DERIVATION OF THE INSCATTERING CORRECTION

In the neutron total cross section measurements discussed
in Chapter 1, neutrons scattered into small forward angles are
In this appendix

detected as if no interaction had occurred.

an expression is derived which takes into account the detection
of singly scattered neutrons.
The geometry used in the experiment is described below.

,~
I

D

l
SOURCE

L
X

~1

1/2

I~

_y

II

I

dx

D
~

)I

t

DETECTOR

SAMPLE

If Q is the number of neutrons per unit time per unit
solid angle incident on the sample, cr- (o

0

)

is the laboratory
0

differential cross section for elastic scattering at O, and
A is the cross-sectiona l area of the detector, then the number
of neutrons per unit time scattered in the sample between x
and x + dx which strike the detector is given by:
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<T(o 0 )A
(L/2 - t/2 +

-[.-n

crt ( t-x)

J

+ t/2 - x)

2

ndx] ,

is the total cross section and n is the number of

~

where

[ (L/2

x/

sample nuclei per unit volume.
Integra ting from x

=0

=t

to x

and dividing by the

detecto r area gives the flux 1 1 at the detecto r re sulting from
neutron s singly scattere d in the sample :

t

dx.

f

(t/2 - x)

27 2

•

J

Perform ing the int egration and letting f3 = t/L, we obtain :

I

1

= 2tQ

-n
UD 2 CT'(O o )ne

er t t /L 4

1

[

1 - f3

2

-1 ~
1
+ - tanh f3

o

f3

2
Since the flux with the sample out is simply I 0 = Q/L
we may write

r/ro =

n{f/ q-(o")nte-n crt

t [

\2 !
+

tanh-1~

= ae -n Q"t t

t
t ) correcte d for inscatte ring and

-n <T

The transmi ssion (T = e

for backgrou nd is then obtained from the measurem ents by

T = TC/(1 + a )
where T

C

is the measured transmis sion after correcti on for

ba ckgroun d.

Finally , since a<< 1, we may write

0

•

APPENDIX B
DERIVATION OF AN EXPRESSION FOR THE AVERAGE TEMPERATURE
ALONG THE BEAM PATH I N A GAS

To describ e the experim ental situati on of Chapte r 2 where
a beam of charged partic les is travers ing a gas, we assume that
From Carslaw

the equatio n of conduc tion of heat is applic able.

and Jaeger (Ca 50), the heat equatio n is given in cylind rical
coordi nat es

1-L
r
where

dr

(r,O,z) by:

(r-;}T)+

Jr

L

Bl
2

J T +
2
Jo 2
r

~2

+ A ( r,O,z, t ) =

z.

1

.:;)T

k

Jt

A(r,o, z,t) is the rate at which heat is genera ted per unit

time pe r unit volume , T(r,o, z,t) is the tempera ture, k is the
diffus ivity of the substan ce and t represe nts time.

If we now

assume th at heat is supplie d to an infinit ely long cylind er of
radius a (define d by the beam) at a consta nt rate F per unit
length and that the heat flows radiall y from the inner cylinde r
to an outer cylinde r of r a dius b, then the tempera ture is a
functio n of r only, and after steady state conditi ons a re reached
equatio n B1 becomes
a<r<b
B2

r1

d (, dT) + A = O

dr ,r~

r< a

These equatio ns are easily solved , and from Carslaw and
Jaeger we may expre s s the solutio ns by:
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rb
T(r) = Tb+ 21tK ln ;-

a <r< b

B3
Fr

T( r ) = T0

2

r<a

2

a K

4n

where K is the thermal conduct ivity of the gas and T 0 is the
tempera ture on the axis of the cylinde r.

By matching the above

equation s at r = a, we can elimina te T0 from the second of
equation s B3.

The followin g expressi on is then obtained for the

tempera ture in the inner cylinder :
T(r) = Tb + 4FTiK

[1

+ 2 ln

~~

J•

(!.) 21
a

B4

Since we are really interest ed in the average number of
nuclei along the beam path , we obtain an expressi on for the
average temper ature, in the inner cylinder as follows :

1
T

=

-½
TTa

J
0

J
1

a

2 TTrdr = 2
T( r)

0

sds = 2
T( s )

1

1

sdst3_
s __
+___
_a___
2

0

wher e r = as , t3 = - F/4 TT K, and a = Tb + 4 .;K [1 + 2 ln (b/a )]o
Evaluat ing the integ ral , we find

1/'i'

= (1h)

ln (1 + ~/a)

= ( 1/a)

B5

L1 - H + 3"

<i/ ¼(~)\ ,,j •

Putting in numbers , we find that the heat input Fis
given in cal/sec- cm by :

-146where dE/dx is the energy loss of the beam in keV/cm and i is
the beam current in µa.

For the beam heating studies of

Chapter 2, the maximum calculat ed va lue (using b/a ::=-13) of

~/a

wa s about 0.04.

equation for

T

1/T
= Tb

We therefore neglect these terms in the

and T becomes simp ly a, or:

+ F/4TT K [1 + 21n (b/a)]
B6

APPENDIX C
MISCELLANEOUS KINEMATICAL RELATIONS FOR SYSTEMS
WITH THREE FINAL STATE PARTICLES

In this append ix kinem atical relati ons are derive d which
in
are releva nt to Chapte rs 4 and 5 where three partic les occur
the final state .

The follow ing notati on will be used.

The

les,
subsc ripts p and t refer to the proje ctile and target partic
respec tively .

The subsc ripts 1, 2 and 3 refer to the three final

be
partic les, and the observ ed partic le will be unders tood to
partic le 1o

The super script l will indica te the labora tory

system of refere nce and the supers cript c will refer to the

...

centre of mass system .
The energy and angle of partic le 1 in the centre of mass
tory
system may be relate d to the energy and angle in the labora
system by consid ering the veloc ity triang le in figure C1a.

The

veloc ity V of the centre of mass is given bys
m
pi__
V = _ ....._
mp + m"t

01

We now conve rt the veloci ty triang le into an "energ y
triang le " by multip lying each veloc ity by (m/2)½ .

The energy

triang le is given in figure C1b where
C2
From the energy triang le we may now write:
2
l
( l½
EC = E1 - 2a 1 E1 ) coso 1 + a 1 ,
1
1

G3

FIGURE C1

(a)

Velocity diagram for particle 1,

(b)

Energy diagram for particle 1.

I
I
o0-1
(I) I

I

0

>
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cos0

C

1

=
[E~

( E1)½coso l - a
1
1
1
1
l l.
2
2a (E ) cos0 +
1
1 1

a '
a2r·
1

El = E1C + 2a (E~ lcosO~ + a 21
1
1
( Ecy~ coso C + a
1
1
1

l

cos01 =

[E~

+ 2a/E

¢1
1

C

1

½
) cos0

C

1 +

'

a~]½ '

= ~c •
1

C4

C5

C6

C7

The cros s sections in the land c systems are rel a ted by:

cs

where

(:!J
1

is obtained from equations C3, C4 and C7.
The particle 1 receives a maximum amount of energy when
the particles 2 and 3 recoil together in the opposite direction
in the o system.

In this case the energy of particle 1 is:
EC

1max

=

m2 + m3 C
Etot
M

C9

C
where M = m1 + m2 + m3 and wh ere Etot is the tot al energy
available in the C system, given by :

E~ot

=Q

+ mtE!/(mp + mt)

0

C10

-149From the energy triangle it is clear that the maximum
and minimum laborator y energ ie s at a giv en laborator y angle
C
occur when E1 is maximum.

Using equation C3 we find thats

=

C11

=
El
1min

C12

and

1
if the quantity in square brackets is positive and E1min = 0
otherwise .
If, instead of equa tion C9, we represent Ec1max by
Ec
1max =

M - m1 c
Etot '
M

C

13

where M is the tota l mass of the particles in the final state,
then the above equations also hold when more than three particles
occur in the final state.
In fi gure C2 a third coordinat e system, the o

'

system, is

-+

connects the
The vector s 1_
23
centre of mass of particles 2 and 3 with particle 1. From the

shown along with the c system.

fi gure we obtains

5

-

2- 3

-+

C

= r2

....

.....
s

1-23,

=

-+

-

-t,,

C14

C

C

m2r2 + m2r2
r 1, m2 + m3

'

~

C

C.

1- 23

C

C

C
and since m1r 1 + m2r2 + m3r 3

-+3

-- '

r3

=

=0

t

M
m2 + m;,

~

C

r1

C15

FIGURE C2

Diagram showing the c and c

t

coordinate systemso

The

origin of the c system is the centre of mass of particles 1,2 and
3G The origin of the vector s _
is the centre of mass of par1 23
ticles 2 and 3 .

-

2

2

--

r
s2-3 /
-----='---.• I
/
_,.

s,_g~

)-

3

3
c

system

1

c system

.. ,

-150By analogy with the two-body case, we define the reduced masses:

C16

- m1(m2 + m3)
,
M.
µ1-23 ;.,c

_.

_.,

in terms of Pi=
and express the momenta P 2_ and P _
1 23
3
as follows,
~

p2-3 =
C17

= µ2-3 [ ;~/m2 - ~/m3] '
--+

d

P1-23 = µ1-23

dt'

7

(s1-23)
C18

The total energy ava ilable in the c system is given by:
(Pc)2
(Pc)2
(Pc)2
2
1
3
EC
+ 2m
+ 2m
= 2m
tot
2
1
3

0

C19

It is easily shown by use of equations C17, C18 an d C19 and the
fact that the total momentum in the c system is zero that:

C20
is the relative energy of the 1-23 system and E2_ 3
where E _
1 23
is the energy associated with the 2-3 system. From equation C18,

-151is simply related to Ec1 by:
the quantity E _
1 23
E1-23

= m2

M

+ m3

Ec
1

C21

•

Finally, using equations C10 and C20 we obt ai n:
E2-3

= mtE~(mp

+mt)+ Q - E1-23

•

C22

APPENDIX D
THE DENSITY OF FINAL STATES FUNCTIO N

In this appendix an expression for the density of states
function

e (E~) used in Chapter 3 is obtained. The number of

states dn available to three final particles in the c system of
figure C2 is given by (Fe

D1

It is easily shown using the equations of Appendix C
that,

D2

Using equations C18, C20 , and C21 of the previous appendix,
the Jacobian J for the transformation

can be evaluated, resulting in:

•

D3

-153Equation D2 then becomes:

X

D4
where equations C1B, C20, and C21 have been again employedo

The

~ (E~) as used in Chapter 3 is given by:

and is obtained from equation D4, namely,

•

D5

APPENDIX E
EXPLICIT VALUES OF THE TENSOR OPERATORS

In this appendix the tensor operators used in describing
the spin state of the deuteron are given explicitly.

The compo-

nents of the spin operator for a spin one particle are as
follows (Sc 55):
0
(

sz

=

(

1

D.

1

0

0

1

1

0

0

0

0

0 -1

0 O O)
-i

(0

-i

i

i

;

0

:) .

The tensor operators T qk are then obtained from
equations 5.1 of Chapter 5s

T

00

=

(

1

0

0

1

0

0

(

0-1 0)
(
0

0

0

0

0

0

0

0 -1

0

0 0)

1

0 -1 ;
(

0)0

1

0

0

0

0

1

0

;
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