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"ABSTRACT

The elastic scattering of deuterons by lithium-7 nuclei has been
investigated in the energy region from 0,400 to 1, 800 Mev. Three exci-
tation functions, and twenty angular distributions have been measured
in the energy range studied, The scattering cross sections tend to be
lower than the Rutherford value below about 0,850 Mev and then rise to
values several times the Rutherford value for higher energies. A
prominent anomaly occurs in the scattering cross section near one Mev
where the reaction cross sectionstalso show resonance, while there is
no obvious anomaly corresponding to the reaction resonances near
0.800 Mev.,

The entire energy region investigated shows evidence of many
broad overlapping energy levels in the compound nucleus. It was there-
fore not possible to make a detailed analysis of the elastic scattering
over the entire region, from which level parameters might have been
obtained. An s-wave analysis provides an adequate fitting of the angular
distributions up to about one Mev, and the relatively sharp anomaly near

one Mev appears to be due to p-wave deuterons,
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I. INTRODUCTION

One of the most fruitful techniques for obtaining information
concerning the properties of excited states in nuclei has been that of
elastic scattering. This is due to the interference between the ampli-
tudes for Rutherford and nuclear scattering which, in principle, allows
the phase and magnitude of the m‘lclear amplitude to be determined
since the Coulomb amplitude is known. A large amount of experimental
data has been accumulated concerning the properties of excited levels
from neutron, proton, and alpha-particle scattering.

The scattering of deuterons, however, has mainly been studied
at energies at which optical model parameters could be obtained. In
view of the successful use of proton, neutron, and alpha-particle scatter-
ing at low energies to obtain level parameters, it might be hoped that
deuteron scattering in the low energy region would similarly yield useful
information concerning nuclear levels.

The observation of resonant strﬁcture corresponding to discrete
states would in itself be interesting due to the high excitation energy
of the compound levels formed in deuteron bombardment. These excita-
tion energies range fr'om nine to about twenty Mev for most light nuclei.
At the time the present experiment was begun no previously published
work on the elastic scattering of deuterons of energy below 2 Mev was
available for target nuclei other than the isotopes of hydrogen and
helium.

Reactions produced by deuterons form one of the most interesting

and informative classes of reactions available to the experimenter, and



presented the first case of an observed and recognized direct reaction.
The low binding energy of the deuteron which produces these interesting
reactions might be expected to produce anoemalous features in the elastic
sca.t'tér'mg as well. In addition, the diffuse charge distribution of the
deuteron and its polarizability may cause the scattering to deviate from
that given by the Rutherford cross section (French and Goldberger 1952;
Guth 1960; Morinigo 196la). Further, the fact that deuteron reactions
~are very prolific might be expected to affect the scattering data strongly
due to the unitarity of the collision matrix (Morinigo 1961b).

Since the present experiment was undertaken a paper dealing with
the elastic scattering of deuterons by CI? from 0,500 Mev to 2.00 Mev, has
appeared (Kashy et al. 1960). Relatively sharp resonant structure was
observed, and the data analysis was performed by use of dispersion
theory. The analysis displayed no details resulting from the deuteron

*
structure.

In the present experiment the elastic scattering of deuterons
from lithium-7 was studied to investigate the possible presence of the
above effects, as well as to attempt to obtain information concerning
the excited states formed in the compound nucleus, Be9. Below 2 Mev,
the deuteron bombardment of lithium-7 can proceed through states in
Be’ with excitation energies from 16. 69 to 18. 23 Mev, by means of the

following reactions:

The elastic scattering of deuterons by Be9, under investigation at
this laboratory by James Renken when the present experiment was
conducted, shows no resonant structure below 2 Mev.
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Lil+d—Li’ +4 (1)
Li™+a (2)
Li® + p Q=-0.192  (3)
He* + He®, He® — n + He*  Q =14.163 (4)
Bed + n, Bed — 2 He? Q=15.026  (5)
2He* +n Q =15. 121 (6)
6

Li" +t Q=-0.994. (7)

In the region below 2 Mev, the integrated l(d, p) cross section
indicates resonances near 0.8, 1.0, and 2. 0 Mev (Baggett and Bame 1952;
Bashkin 1954; Kavanagh 1960; Sellschop 1960). The very distinct level
at 1.4 Mev observed by Sellschop (1960) is bnly slightly discernibie in
the data of Baggett and Bame (1952), while no level ia app'arent at this
energy in the measurements of Bashkin (1954) or Kayanagh (1960). The
values of thé integrated cross section A‘as measured by theb various ob~ |
servers are not in good agreement, and neither are the quoted positions
of the resonances.

Angular distributions have been méasured for the (d, p) réaction
by Sellschop (1960). These angular distributions show unexpectedly good
stripping patterns at all energies, including the re'gions of thé 1 0 and
1. 4 Mev resonances. |

The deuteron bombardment of Li7: can produce two alpha-parti-
cles and a neutron by means of the three re.actiobns 4, 5, and 6. Thev
reactions can be distinguished by meaﬁs of the energy distribution of
the reaction products. The Li7(d,a)He5 reaction produces a mono-

energetic alpha-particle group corresponding to the ground state of Hes,
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and a neutron continuum. Reaction 5 results in broad neutron groups
due to the excited states of Be‘8, as' well as an alpha-particl:a continuum.

The angular distribution of the alpha-particles from the
Li7(d, cz,)He5 reaction has been measured by Riviere and Treacy (1957)
at 0.900 Mev, and found to be isotropic fo within 2% indicating forma-
tion by s-wave deuterons. The angular correlation, at the same energy,
of the groﬁnd state alpha-particles with the alpha-particles from the
He5 breakup ‘indicates J=5/2" for >the state of Be9 in question
(Riviere 1956/57). At a bombarding energy .of 0.160 Mev, an angular
correlation measurement between the ground state alpha-particles and
the neutrons from the He> breakup indicates that J = 3/2_ for t‘he
state concerned (Farley and White 1957). At 0.900 Mev reactions 5 a;nd
6 are responsible for less than 10% of the disintegrations (Rivieré
1956/57). ' |

The measured (d, n) excitation functions include the neutron:
yields from the three neutron producing reactions 4, 5, and 6. This
composité (d,n) cross section has been measured at 90° by Baggett
‘and Bame (1952), and in the forward direction by Slattery _é_t_ 3} (1957').
Resonances were observed near 0.7, 1. ‘0, and 1. 8 Mev. Angulé,r 'dis-
tributions of the neutron groups correéponding to the various excitéd
levels in Be® have been also measured (Catala et al. 1958; Trail 1956).
But as the reaction Li7(d, n)Be8 appears to contribute‘ only a‘ small
portion of the neutrons observed below 1 Mev (Riviere 1956/57), the
éontribution of the neutron producing reactions to the total reaction
;ross éection cannot be determined *}efy well from the published data.

The Li7(d, t) cross section rises steeply from the threshold to
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2.4 Mev, and then continues to rise more slowly to at least 4.1 Mev.
It has been suggested that the initial steep ascent may at least partially

9

be due to a level in Be’ corresponding to a deuteron bombarding energy
of about 2 Mev (Macklin and Banta 1955).

Further information concerning the excited states in Be9 in‘
question has been obtained from the scattering of 40 Mev eiectrons
by Be? reported by Barber et al. (1960). A level in Be’ is obser>ved
at an excitation energy of 16. 9 + 0,4 Mev, However, no decision con~
cerning the parameters of this level can be made from the data. An
indication of a level in Be9 at an excitation energy of 17. 5 Mev is also
observed in the inelastic proton scattering from Be9 measured by
Benveniste et al. (1956)..

In summary, therefore, the reaction data indicates resonances
at incident deuteron energies near 0,8, 1.0, and 1. 8 Mev, whose widths
are estimated as 200, 50, and 300 kev, respectively {Ajzenberg-Selove
and Lauritsen 1959). These resonances correspond to excited levels

9

in Be’ at excitation energies of approximately 17.3, 17.5, and 18.1

Mev. There is less .positive evidence of a resonénce at 1.4 Mev deuteron
energy. These levels in Be9, and some of the observed cross sections
are shown in figure 1 (Ajzenberg-Selove and Lauritsen 1959).

‘'The va;lues of the spins and parities of these 1eve1$ are unknown,
except that there is a suggestion that the 038 Mev level may be formed
by s-wave deuterons. Further, insufficient information-is available
even to allow an accurate value of the total reaction cross section to be

determined. ' It was hoped that the present‘ experiment would yield addi-

tional information concerning the existence, resonant energies and other
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parameters of the levels in this energy region, as well as possibly
showing some indications of new effects due to the loosely bound nature

of the deuteron,
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II. EXPERIMENTAL APPARATUS

1. General Discussion

The .Kellogg Radiation Laboratory 1. 8-Mv electrostatic genera-
tor was used to accelerate thé charged particles used in the present
experiment. This machine and its auxiliary analyzing equipment and
scattering chamber have been described previously (Fowler et al, 1947;
Milne 1953; Mozer 1956‘;.Snyd.er et al. 1950; Warters 1953).

After being produced in the high voltage terminal of the machine
by an r-f ion source and accelerated through an adjustable potential
difference, the various mass components of the ion beam are separated
by a cross field magnét. In addition to the H+» and D+ beams usudlly
employed in nuclear iﬁvestigations the HH' and DD' beams were
also used in order to reach the lower energies covered in fﬁe present
work. The desired mass beam then enters, and is deflected by, an
80°-electrostatic analyzer. A horizontal slit system at the exit of the
analyzer not only regulates the generator voltage, but also, in conjunction
with the entrance slits of the analyzer, defines the beam energy to within
about 0. 2 %.

Upon entering the scattering chamber the beam is incident upon
the target, and the total quantity of charge collected is determined by
discharging a capacitor whose voltage is set at a known value by a bank
of mercury cells. When the capacitor is discharged the beam is deflected
off the target by a magnet, and the scalers stopped. In order to insure
-accurate charge collection it is necessary to avoid loss or collection of

secondary electrons produced in the target and slit systems. Therefore,
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the target was raised to a potential of 300 volts above ground, and a
screen 300 volts below ground was piaced at the entrance to the scatter-
ing chamber,

The particles emerging from the target were analyzed by a
high resolution double-focusing magnetic spectrometer. Since the beam
enters 10° above the horizontal and exits 10° below the horizontal, the
laboratory scattering angle can be set at any angle from 0° to 160°.
The present magnet is able to deflect protons of energies up to about
1.8 Mev, or deuterons up to about 0. 9 Mev. The magnetically analyzed
reaction products were then detected at the focal plane of the spectrom-

eter.

2, Particle Detection Equipment

Detection apparatus with good energy resolution was necessary
in order to perform the present experiment. The bombardment of
lithium by deuterons produces a large number of different reaction
products. Since the magnetic spectrometer selects particles with a
given momentum to charge ratio, particles with several different
masses and charges will be passed by the identical magnetic field.
For deuterons of a given energy, E, protons and doubly-charged
alpha-particles of energy, 2E, singly charged alpha-particles of
energy, -12- E, and singly charged tritons and helium-three particles of
energy, -; E, will be detected at the same magnet setting. The alpha-
particle continua from the Li7 reactions, and the (d,p), (d,t), and
d, He3) reactions with Li6, will produce particles, at some depth in

the thick natural lithium target, of the required energy to pass through
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the magnet at nearly all bombarding energies, and these particles must
be distinguished from the elastic deuteron group.

In addition the large neutron background produced ‘in the deuteron
'bombardment of lithium requires a detector which is insensitive to
neutrons and to neutron capture gamma-radiation. The above two prob-
lems are made critical by the low energy of the elastically scattered
‘deuterons due to the large center-of-mass motion resulting from lithiurp
plus deuteron reactions. If the relation between the incident and scattered

- particle energies is written as

E, = o.E1 (1)

2

then for ec m between 902 and 160°, a varies from 0. 6535 to 0.3276,

resulting in scattered particles of only a few hundred kev for incident
energies less than 1 Mev.

The detector in use with the spectrometer when the experiment
was begun was a 0, 008-inch Cesium lodide scintillator which proved to
be unsatisfactory. A 0,002-inch Cesium Iodide c‘rystal improved the
neutron and gamma-~ray backgrounds but failed to resolve the various
particle groups.

The advent of solid state counters with their high resolution,
linearity of response, and low neutron and gammaéray sensitivity pre-
sented a solution to the problem. A gold-germanium surface barrier
counter, constructed in the Kellogg Radi.;ition Laboratory by E. M,

Nordberg, appeared to have sufficient resolution to be applicable. How-

ever, as this counter had to be operated at liquid nitrogen temperatures
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in order to reduce thermal noise, it proved to be a sink for N13 pro-
duced by deuteron bombardment of carbon throughout the accelerator,

The positron decay of the N13

produced & band of irregularly-shaped,
low pulses as the f-particles passed through the counter depletion
region at various angles. Upon turning off the electrostatic genefator
the 10 minute half-life of the N13 could be observed in the decrease

of the counting rate due to these pulses, This problem made the clear
separation of the deuteron pulses impoés‘ible below a bombarding energy
of one Mev.

A silicon n-p diffused junction counter was then obtained from
the Hughes Aircraft Corporation* and as it could be used at room tem-
perature, the above difficulty was eliminated. The solid state counter
was approximately 3/16 inches square, and so mounted that it could be
easily exchanged with other counters used with the magnetic spectrom-
eter. The resolution of the counter was sufficient to resolve the various
particle groups detected and was of the order of 7% at 0. 657 Mev
(figure 2), and 20% at 0.171 Mev (fig;zre 3). As the width of the particle
group is mainly due to the counter and electronic noise, the above values
for the resolution correspond to a resolution of the order of 1% for alpha-
particles from the decay of Pozm, an alpha-particle source which is
often used as a test of the resolution of solid state counters. This
counter was used for a period of over two years with satisfactory opera-

tion, Occasionally after being in the vacuum system for a number of

weeks the counter would become noisy; however, after being exposed

*Through the courtesy of Dr, James W. Mayer.
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to air for a day or so its original properties would be restored. The

only noticeable sign of irreversible deterioration of the counter over

the length of the experiment was a steady decrease in the maximum

bias which could be applied before a prohibitive amount of noise was
produced. When the counter was first obtained 45 V, bias cbuld be applied
without a significant contribution to the noise, while at the end of the
experiment only 3 V bias could be used. This effect is probably due |

to the deterioration of the exposed edges of the counter,

In order to detect the deuterons of a few hundred kilovolts
energy or less, produced at many bombarding energies and angles in
the experiment, the noise level of the associated electronics had to
be reduced as much as possible, A charge integrating pre-amplifier
‘was used in which the filament voltages were produced by a d-c power '
supply. This plus the use of noise filters on all power inputs to the
electronics served to reduce the electronic noise level to that corre-
sponding to about 0.1 Mev particles, It was then possible to distinguish
0.126 Mev particles from the electronic noise (figure 3), while 0.170
Mev particles were well resolved from the noise (figure 3).

A conventional amplifier followed the pre-amplifier, aﬁd the
deuteron pulses were then selected from the other particle groups by
means of a differential discriminator and recorded on a scaler. An
RIDL 100-channel pulse height analyzer was used to record many of the
spectra, particularly at low energies, to determine the position and

| number of deuterons relative to the other particle groups, and also aé

a check on the bias settings of the differential discriminator,
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3. The Electrostatic Analyzer Calibration

The voltage across the pla.tevs of an electrostatic apalyzer deter~
mines the energy at which a particle of given charge, Z, follows the
central orbit of the analyzer. By measuring a small fraction oi:' this
voltage with a potentiometer, the particle energy, ElB' can be deter-~
mined. The relation between ElB and the potentiometer reading Ve
in terms of the electrostatic analyzer constant, ke’ is

E

- 1B :
E g = Zkeve(l + )" (1)
Mc .

The second term in this expression is a relativistic correction,

The electrostatic analfzer constant ig usually obtained by ob-
serving some reaction with a resonance or threshold occurring at an
energy which has been accurately determined by an absolute measure-
ment., The Al‘z’z(p,y)SiZ8 resonance at 992,0 * 0,5 Kev (Marion 1961)
was used to calibrate the electrostatic analyzer by means of a thick
aluminum target evaporated onto a clean glass microscope slide.

Further calibrations were made utilizing the Flg(p, a.y)O16

resonance
taken as 8‘71. 7 kev. A thick Can target, as well as thin fluoride targets
were used for the measurements, The gamma-rays were detected by a
sodium iodide crystal and photomultiplier,

Including the correction for the target potential an average

value of 1, 0036 + 0,0006 Mev/decivolt was obtained for the electrostatic

analyzer constant,

4. The Magnetic Spectrometer Calibration '

The magnetic field of the spectror‘netei' was measured, in the
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region adjacent to the accepted particle orbits, by balancing a torque

supplied by a quartz fibre against the torque on a current-carrying

coil (Milne 1953). The field in this region was assumed to be propor-

tional to the field in the region of the particle orbits. This assumption

appears to be justified by the field measurements of Warters (1953), and

by the calibration of the fluxmeter against the electrostatic analyzer.
The current in the coil produces a voltage across a precision

resistor which is measured by a potentiometer. The energy Eso of

a particle of mass M and charge Z which traverses the spectrom-

eter at a setting Vm measured in volts is then,

szmM E,,
E, . ~—"2P (1 - ) . (1)
20— M2 2Mc?

The magnetic spectrometer constant, km’ can be determined by the
elastic scattering of particles from targets of a given composition once
the electrostatic analyzer has been calibrated. The relation between
the energies of the scattered particle immediately before and after

scattering is
E, = aE, (2)
where

M

/2 = W cos 6, [(‘M—H‘) cos’ey + M1+M

1/2
] (3)

for the case of elastic scattering. The laboratory scattering angle is
represented by 6;, and M,; and M2 are the masses of the incident
and target nuclei respectiyely. These relations can be used to obtain

k., interms of the energy of the incident particle and the magnet
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setting, including a correction for the target potential (Mozer 1956),

The elastic scattering of prot;)ns and deuterons from thick copper
targets was used to calibrate the magnet. Profiles, which are defined
as plots of the number of counts as a function of the spectrometer setting,
are shown in figures 4 and 5 for protons scattered from a thick copper *
target. The mid-point of the rise of such a profile is determined by
the energy of the particles scattered from the target surface. At the
beginning of each experimental run a Cu(p,p) profile was taken and this
gave a continual check on the magnet constant and solid angle, Further
checks of km were obtained from the proton and deuteron scattering
from lithium. The value‘of km obtained in a series of runs covering
a period of about three months, and involving a wide range of energies

and angles, had a mean and standard deviation of

km =0,3844 +0,0012 Mev-volt:2 .

5. The Magnetic Spectrometer Solid Angle Calibration

The measurement of a cross section requires that the magnetic
spectrometer solid angle be well determined, It is usual to scatter
particles from a heavy nucleus such as copper and obtain the solid
angle by assuming that the cross section is given accurately by the
Rutherford cross section, However, to obtain accurate values for
either the magnetic épectxjometer constant.or solid angle the scattering
angle must be known., The technique of using a mask with a small aper-
ture to scan the incoming and scattered beams was used to determine

the scattering angle (Bardin 1961; Overley 196la). . The mask with a
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0.040-inch aperture was mounted on a rotatable arm 0.750 inches in
length, By scanning successively the scattering chamber entrance -
aperture and magnetic spectrometer entrance window, and noting the
angular difference between the centroids of the two counting peaks,
the scattering angle was determined at 80° and 160° as measured on
the spectrometer protractor. The uncertainty in the determination of
the position of the centroids was of the order of 15 minutes,

At 0° a second method was used to determine the correct
spectrometer angle, The beam was passed directly into the spectrom;
eter and observed on a quartz plate at the focal point of the magnet.
The size of the beam gpot was measured as the magnet was moved
about the 0° setting on the spectrometer protractor, After inspecting
‘the results of these three mea.surerr;ents, it was decided that a sub-
traction of 40 * 30 minutes from the desired horizontal angle was neces-
sary to obtain the proper setting of the spectrometer protractor corre-
sponding to the required laboratory scattering angle. ¥

The elastic scattering of protoné and deuterons from thick
copper targets evaporated onto microscope slides was used to obtain
‘the magnetic spectrometer solid angle, It was found that great care
had to be taken in the cleaning of these slides, and in the vacuum
evaporation of the copper, to insure that a uniform, clean target surface
was produced. When the data was taken the beam current was kept at

' .
a low value to reduce electronic dead~time corrections, and prevent

The help of James McCray on the first and James Renken in the
second measurement is gratefully acknowledged.
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the formation of blisters due to local heating by the beam. As the solid-
state counter had to be interchanged frequently with a cesium-iodide
crystal used in another experiment, the value of the solid angle was'
checked before most experimental runs, due to the difficulty in pre-
cisely positioning the solid~state counter. The Cu(p,p) profile taken
at the beginning of each days run provided a measurement of the ratio

of the spectrometer solid angle to the spectrometer resolution. An
average value of 5, 4? x 10"'6 steradians was obtained for ‘QSP/R with

a standard deviation of the order of 2% for measurements extending
over the period of a typical series of experimental runs, or one month.

The resolution of the magnet was determined by a slit of width 0,1394

inches located immediately in front of the counter.
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III, THE SCATTERING CROSS SECTION MEASUREMENT

1. Thick Target Calculations

When a beam of particles is incident on a thick target, a con-
tinuum of reaction products is formed extending down in energy from
those energies correspondling to reactions at the surface of the target,
as seen in figure 4., A magnet of high resolution can be used to select
those reaction products produced in a thin lamina whose width is deter-
mined by the resolution of the magnet and the kinematics of the reaction
under study, and which is located at any desired depth in the target.
Thus, many of the undesirable features involved in the use of thin
targets, such as the uncertainty in the target thickness, can be avoided.
However, the interpretation of the yield obtained from a thick target
requires careful consideration of the energy relations involved, es-
pecially when data is taken at a considerable depth within the target.

In addition the energy and angular variations over the magnetic spectro-
meter solid angle may need to be included, particularly if the target
should be non-uniform.

The necessary relations to obtain cross sections from thick
target yields have been discussed in a number of articles (Bardin 1961;
Brown et al. 1951; Mozer 1956; Powers 1962). The following discussion
will follow the notation and procedure of Bardin (1961), and will include
only the salient features of the derivation,

The particles are incident on the target with an energy E

1B’

and due to energy losses in the target have an energy E, at the mid-

1

point of a lamina of thickness ds at a target depth s, measured along
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the no rmél to the surface of the target. The particle produced in the
reaction has an energy EZ’ which is then _reduced by energy loss in

the target to a value of E20 at the surface, The values for these
energies are given in the laboratory system throughout the text, unless
specified otherwise. The relation between these energies as determiqed

by the target depth can be seen in figure 6. The yield from the lamina

ds is then
. CV n
Y = VA O'(El, GL) <555 91 ds | d2 , (1)

where the integration is carried over the solid angle subtended by the
target at the magnet, and over the energy acceptance window of the
magnet. The charge of the incident particle is eZ, and the beam dis-
charges a capacitor C whose initial voltage is V. The term between
the absolute value signs depending on 91, the angle between the incident
- beam and s, and on n, the number of target nuclei pef unit volume, is
a function of the distribution of the elements comprising the target. The
following discussion will assume a uniform target. The stopping power
of the target material is defined by

ek o

8
where Ns is the number of stopping atoms per unit volume. The stopping

relation provides two equations for s,

1 El dE = - s : : (3)
N €(E) cos 0
8 ElB 1

and
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E
1 (P s (4)
N, E, €(E) cos 52

These equations assume that € is not a function of s, or, in other
words, that the target is uniform in composition. As E g is constant

and s = s(E EZO) we have for the yield,

1B’
_Cv n Os
Y‘EZ'E'TIS‘“(El'eL)IB‘EZ_OdEzoldQ' (3) -

By solving equations III:1.3 and III;l.4:for.s, we.canobtaintworelations for

33/8E20 which can be equated. Noting that

8E2 9E, 9E

SE. = 3E. L, * 4 (6)
20 1 %F20 , |

and holding the angular coordinates of the solid angle'-constant, we

obtain
aEl . 1 )
E. E cos 0.
20 (E )[ 1 2, 1 1
€20 ] dEZS 5E1 cos 0, e(ED ,
and '
9 cos 61
% - L@
20

e(E,) O0E cos O
N e(E,.) 1 2 1
8 20 elEz) aEl cos 9,

The yieid is then

. 9

eZ N8 e(El) 8EZ cos 91
e(E,.) +
20 [dEZ) 5E1 cos 62]
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In integrating over the angle and energy acceptance windows of the mag-
net the transmission function of fhe vmagnet must be included. The mag-
net used .in the present experiment was assumed to have a rectangular
energy window, and a parabolic window in angle. In integrating over
‘these windows, the fact that the surface of the target places an upper
limit on the energy of the detected particles must be also remembered,
and it is this condition which produces the shape of the face, or rise,

of the profile.

If the magnet setting is located on the plateau of the profile, and
if o(E;, 0)), e(’El), €(E,), €(E,,), BEZ/&)E1 and cos 6, vary slowly
over the range of anglesv and energies accepted by the magnet, we can
write

¢-CV n o(E;, 8] &, AE,, ' (10)
“eZ N_ ' !

8 dEl, BEZ cos 61
=5t ==L | T
€lk, 1 cos 92 .

where the bars indicate averages over the range of the variables a
A .

determined by the magnet window, The scattering cross section in the

laboratory system was then obtained from the relation,

o (B0 )= oz N.R e(EZo) cos 91 +'€(E1) 9E, . Y.
L\= 1y’ T 2CV nﬂsp E,, Lcos 0, 'e(EZ) 'B'EI '

wherz the magnetic spectrometer energy resolution is defined as

2E,.
20
R= xp— . S . (12)
20 .
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In the above equation the averages have been replaced by the values

of El and E2 at the mid-point of the lamina, and by the values of

EZO and eL at which the magnet is set. |
Equaltion.-I'II-l.'-? can be used to obtain approximate values for E1

and_ EZ'

E, -E
5 20 ~ 2B
E =Ep + o (12)

?(E_;_)[ 1 2 . cos 91 1 ]
20 E‘TZ) ﬁ; cos 92 a’rlr

where the bars now indicate averages of the stopping cross sections
from the energy corresponding to reactions at the surface of the target
to the energy corresponding to reactions occurring in the lamina.

These averages were approximated in the following manner:

Ez - E2B
1 1B (E20+E2B ‘ 1 v cos 91
o(—222 )

1
cos © E +E
‘,2€<1 lB)

(13)

where a is defined in II-4. 2, and equals Z)Ez‘/aE1 for elastic scattering.

The other quantities appearing are defined by the equations

E = aE \ (14)

2B~ **1B

and

E,, = ¢E; . (15)

The energies EIB and EZO are measured by the electrostatic analyzer
and magnetic spectrometer respectively. In the present work the first

approximations for E; and E, to be inserted in the above equation
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were faken to be
10 1B | ' (16)

and
20 2B (17)

'I‘.he target was so positioned that 91, the angle between the normal to
the target and the incident beam, was equal to 62, the angle between
the normal and the scattered beam.

To transform the differential cross section to the center-of-
mass coordinate system, the laboratory cross section is multiplied
by the ratio of the laboratory to the center-of-mass solid angle which
is

Q
[Y)

L [1 - x%sin?ey]1/2

cm [(1 - Xzsinze 1/2

. (18)

L)

The quantity X appearing in this equation is given by' the relation

MM M E ’
o 3 o 1

where particle 1 incident on particle 0 produces particles 2 and 3.
The relation between the center-of-mass and laboratory é.ngles is

given by
M

1
Ve + cos ecm

o
cot BL = 5 . (20)
cm

The geome\try of the acattering chamber, in which the incoming and
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scattered beams are 10° above and below the horizontal plane, re-
spectively, results in the following relation between the laboratory

angle and the angle in the horizontal plane:
cos 8y =1.031 cos 6;-0,0311. ' (21)

The magnitude of the nuclear scattering occurring can most
easily be seen by taking the ratio of the experimental differential cross
section in the center-of-mass system to the Rutherford differential

cross section,

de ZZ_ MM 2
R 1296[ ( X 1)csc ®em ]x103 barns

steradian
_ 0.01932 barns 7
2..4869 steradian for Li'(d,d), (22)
Esin” cm
1 ——

where F_‘.1 is the reaction energy in Mev in the laboratory system.

2. Experimental Procedure

The experimental procedure was governed by the need to make
a lithium target as free as possible of contaminants, to determine the
nature and extent of any contaminants within it, and to obtain the maxi-~
mum amount of data before the target became unusable due to the de-
terioration caused by oxidation under bombardment by the beam. The
slit systems of the Van de Graaff accelerator were lined up by running
a proton beam in the accelerator. The copper layer to be used as a

backing for the lithium target was bombarded with protons, and the
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Cu(p, p) profile was used as a check on the magnetic spectrometer
- solid angle. and energy calibrations, The lithium target was then pre-
pared as described in the next section. The proton beam was used to
obtain a profile of the target including the carbon and oxygen peaks to
determine the distribution and magnitude of possible contaminants.,
The deuteron beam was then extracted from the accelerator and a
Li’ (4, d) profile taken. This profile was used to determine a 'ffollowing"
peoint in the manner to be described shortly. Either excitation functions,
which give the cross sections as a function of the energy, or angular
distributions, which give the cross sections as a function of the scat-
tering angle, were then taken.

Excitation functions were measured at the zeros of the second,
third, and fourth Legendre Polynomials, at center-of-mass angles

©, 125°16!, and 140°46!, respectively. Data were taken at intervals |

90
of 20 kev from below 0,400 Mev to 1, 800 Mev, except at 90° where the
fact that the magnet could only bend deuterons with energies less than
0.900 Mev required an incident deuteron energy below 1. 400 Mev.
Instead of running a Li7(d, d) profile for each data point, the re-
quired magnet settings were computed for each angle and at 20 kev
intervals in energy. Due to the large value of aEZ/QG in the present
experiment, the variation with angle of the energy of the particles scat-
tered from the target surface results in a Li7(d, d) profile with a slowly
rising edge. The point on the plateau of the profile at which the data

were taken was therefore selected as 2% back in momentum from the

mid-~point of the profile rise, and it was this magnet setting that was
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calculated as the "following" point. The Li7(d, d) profile taken at the
beginning of a particular run was uséd to adjust this "following" point

if such a correction seemed to be necessary. Changes in aEZ/ae as

the angle wé.'s varied, the varying effects of contaminants with energy,
and variations in the magnet constant were among the effects which
required small modifications of the "following" point for a particular

" run. Data were taken at points located the same percentage in momen-

tum from the mid-point of the profile edge, as the incident beam energy

was varied with constant magnet angle, by means of

, E,. 1/2
v ={——%§]/vm. )
EB

If ElB is held constant, while the spectrometer angle is changed, the
"following" points are calculated from the relation

\ 1/2
V. = [—“,—] v, (2)

m

where again E2 = o.El. ElB and Vm represent the beam energy and
spectrometer setting corresponding to the point on the profile used to
obtain the "following" point, while the primes represent these quantities
after the change of energy or scattering angle.’

The yield that is entered in equation III-1.11 for the cross section
is the yield after correction for the background. This background is
primarily due to particles scattered from contaminants within the target

and electronic noise. The background was of the order of one to four

percent of the total number of counts at the angles at which the excitation
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functions were taken. A "following" point was also selected, for each

run, in front of the Li7(d, d) proﬁlé step where the background had a
typical value. The number of counts was then determined, at various
energy intervals as the excitation function or angular distribution
measurement proceeded, at magnet settings located the same percentage

in momentum in front of the profile step by use of equations III-21and 2,: The
‘energy interval selected between such measurements depended on how
rapidly the background seemed to vary, but usually was 100 kev.

Angular distributions were taken at a total of 20 energies rempha.-
sizing the regions of suspected resonances. The angles at which data
were obtained were so chosen as to give even intervals of cos Gcm
The limit on the field obtainable in the magnetic spectrometer placed
an increasingly severe restriction as the bombarding energy was in-
creased, on how far forward in angle data could be taken. The surface
condition of a thick target, particularly one which is so easily contami-
nated, as lithium, also limits how far forward data can be measured.
The angular distribution points were generally determined at intervals
of 0.1 in cos ecm from +0.4 to -0.9, corresponding to spectrometer
angles from 54°1' to 150036'. These distributions contain 13 angles below
1. 200 Mev, 1l angles at 1. 200, 1. 300 and 1. 350 Mev, and 10 angles at
1. 400, 1. 450, and 1. 500 Mev.

As an angular distribution is a measurement of the scattering
cross section at constant El’ as a function of the scattering angle, it
is important that as the angle at which the cross section is measured

is varied, that the bombarding energy or "following" point be also varied
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to insure that the magnet selects a lamina within the target at all angles
which corresponds to the desired ;éaction energy El' It was decided
that, in addition to keeping El constant as the angle was ira.ried, the
location of the "following" point with respect to:the profile edge would
also be held constant. Egquation III-1. 13 written in the following simpli-
fied form can be used to satisfy these conditions,

e(E

€<E 5
1 e(E

-

As the "following" point on the profile was taken 2% back in momentum,

b
R
v

we have for the required bombarding energy at a given Ej

e(E

at (e(E))

Ep = ( e(E 5) - (4)

e(E])

The detected energy EZO’ and ther‘efore the magnetic spectrometer
setting is then determined by équation III-2. 3. The settings of the
electrostatic analyzer and magnetic spectrometer were then varied at
each point on the angular distributions in accordance with the previous
equations.

Most of the data points measured in these angular distributions
include from 5000 to 10, 000 counts, except at the most backward angles
where the total number of counts was usually lower. The background
yield generally varied from 1% to 4% of the total yield over the range
of angles at which measureinents were taken, and was always less than

10% of the yield.
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3. Target Preparation

The preparation of the uncontaminated targets necessary to
obtain accurate cross section measurements was a major source of
difficulty in the present experiment. The problem of contaminants is
a more serious one when deuterons are used as the incident particles
“than when protons are used for a number of reasons. The greater
stopping power of the target for deuterons as compared to protons
means that when the magnet setting is located a certain percentage
back on the target profile the deuterons will be scattered from a layer
of the target located nearer the surface of the target, where the con-
taminants are most likely to be, than for the case of proton scattering.
The change in the target stopping cross section due to contaminants,
which alters the measured yield, will also be larger when deuterons
are used as the projectile. Further, as the center-of-mass motion is
greater, the heavier the bombarding particle, scattered deuterons have
a greater energy variation with angle than do protons. A wider range
of laminae'inthe target can then scatter particles into the spectrometer
when the incident particles are deuterons. Therefore, even when the
magnet is set at a momentum corresponding to a point well back on the
profile, deuterons from laminaecloseto the target surface can often
still be detected. These effects of the contaminants in the targets are
considered in more detail in the next section.

The bottam. of the scattering chamber was fitted with a toroidal
cold trap, through which the target could be dropped into position facing

the furnace located below the cold trap. A diagram of the furnace-cold
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trap apparatus appears in figure 7. With the use of this cold trap,
which was kept filled with liquid niti‘ogen .at all times, the vacuum
attained a value of about 10—63 mm Hg. The evaporating furnace con-
sisted of a block of carbon, into which a hole had been drilled to con-
tain the lithium, wound with a wire heater. As it appeared that the
most contaminant-free targets were produced when no part of the
furnace or wire was heated more than was necessary to evaporate
the lithium, molybdenum wire was used instead of tungsten as it was
more easily wound tightly about the carbon furnace.

The furnace was carefully outgassed for about one hour, with
the carbon heated to a bright orange color, until the pressure dropped
to at least 2 x 10-6 mm Hg. The lithium was then cut under kerosene
so that the bright metal was exposed, placed in the furnace, and the
system was then usually pumped overnight. Natural lithium,. consisting
of 92. 5% lithium-7, was employed as the target material.

The lithium was evaporated onto a section of a glass microscope
slide on which a copper layer had been previously evaporated to help
dissipate the heat caused by the deuteron bombardment. The target
was held in a target holder which could be swung from side to side, to
enable as much of the target to be utilized as possible, by means of a
sliding rod passed into the scattering chamber through an O-ring. The
target mounting was equipped with a protractor to determine the angle
of the target to the beam, and with 14 reproducible vertical positions.
The target holder was dropped into a cup in the bottom of the scattering

chamber which positioned the.target in front of the furnace.
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At the beginning of the evaporation procedure the copper-plated
glass slide was situated above the cold trap so that no lithium could
be deposited upon it. The furnace heater current was slowly increased
until lithium began to appear on the bottom of the scattering chamber.
The target holder was then lowered into position facing the furnace,
and the lithium target made. By evaporating at a low temperature for
about half an hour the pressure could be kept below 2 x 10-6 mm of Hg,
producing a target with a bright mirror surface. The evaporation was
controlled by noting the furnace current applied and the elapsed time,
and by observing the lithium deposited on the bottom of the chamber,
since tﬁe target itself was unobservable during the evaporation. Targets
produced with this procedure had a sufficiently low amount of contamina-
tion to be satisfactory at all bombarding energies except below about
0.4 Mey. The subsequent slow oxidation of the surface while in the
target chamber required that a target not be kept longer than one day.
The rapid buiidup of carbon and oxygen when the target was bombarded

necessitated the frequent change of target spots.

4. Corrections to the Experimental Data

The experimental data usually require a number of corrections
besides the subtraction of the background. These corrections are re-
lated to the sensitivity of the analyzing, detecting, and scaling equip-
ment to the type, energy, and number of particles scattered from the
target. i‘he magnitude of the corrections is: usually small, except
for a few extreme cases.

The dead-time of the electronic circuitry must be considered
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when the magnitude of the beam current is selected. By observing

the number of counts obtained as the beam current was varied, an
electronic dead-time of 10"5 sec was determined. Over the period of
the experiment the beam currents were kept sufficiently low so that

the dead-time correction was < 1%, except for the low energy scatter-
ing at forward angles from copper. The time for each current integra-
‘tion was nevertheless recorded, and the dead-time correction was cal-

culated from the relation

N, = —N | (1)

TronZ
“where 7T 1is the dead-time, t the beam integration time, and N and
NT the observed and corrected yields respectively.

The dead-time of the 100-channel pulse height analyzer is about
4 times that of the decade scaler, so an i_ncreased correction was
necessary when the multichannel analyzer was used to record the data.
These corrections were usually a few percent. However, in obtaining
Cu(d, d) data below 0. 400 Mev corrections as large as 10% were neces-
sary.

Charged particles may gain and lose electrons from the material
through which they are passing. Therefore, when a scattered beam
emerges from the target surface it frequently contains particles in a
number of charge states. Those particles without the correct ratio of
momentum to charge to traverse the magnet will not be detected. The
ratio of the particles in the'various charge states must be known in

order to correct for this loss of particles. Charge equilibrium ratios
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for beams emerging from a variety of solid materials have been investi-
gated by Hall (1950) and Phillips (1955) and summarized by Allison (1958).
Their dataareshown in figure 8 as a function of the emergent deuteron
energy. The original experiments were performed with proton beams,
but as this is presumed to be a velocity-dependent effect, the data have
been plotted at the equivalent deuteron energy. The ratio of the number
of positively charged particles to the total number of particles in the
~emerging beam is shown in the figure. The ratio of the negatively charged
particles to the total number of particles was also measured by Phillips
and found to be less than or equal to ~ 1% for proton energies greater
than 25 kev. Hall obtained the same charge equilibrium ratios for all
materials measured except gold. However, Phillips observed different
ratios for various materials, although identical equilibrium ratios for
all surfaces after a length of time in the vacuum system. The values
given by Phillips for old surfaces or "dirt" were generally used below
deuteron energies of 0.400 Mev, while Hall's figures were used at higher
energies., During the present experiment the charge exchange correction
was often a significant one. A charge equilibrium ratio of 0. 865 is ex-
pected for 0,400 Mev deuterons scattered at 90° in the center-of-mass
system, while corrections as large as 30%‘were used at lower energies.
The scattering of charged particles will be further modified by

the screening effects of the atomic electrons. This correction for a
target of charge Z and incident protons has been given by Wenzel (1952)

as
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dolg . (2.2, (2
do /d§2

where m is the ratio of the observed scattering cross section to
the Rutherford cross section, and E is the incident energy in the center-
of-mass system expressed in ev., In the present experiment this cor-
rection was only of importance in the determination of the solid angle by
means of scattering from copper.

i The magnitude of the charge exchange and atomic screening cor-
rections were checked by scattering deuterons from copper down to an
incident energy of 150 kev. The ratio of the scattering cross section,
after correction, to the Rutherford cross section is seen in figure 9.

The average of the data shown is 1,003 with a standard deviation of about
3%. The dead-time of the 100-channel pulse height analyzer varied from
about 3% to 10% while takingthéselowenergy data., To within the accuracy
of the experimental data, the values of the charge exchange and atomic
screening corxjections ai)plied would seem to be adequate,

The elastic scattering of deuterons may be affected by the struc-
ture of the deuteron itself. The diffuse charge distribution of the deuteron
results in different instantaneous radius vectors to the center-of-mass
of the deuteron and to the proton, The radius vector of the center-of-mass
is usually used in order to obtain the Coulomb scattering formula. A
correction to the Rutherford scattering forrr;ula' is then necessary as the

positions of the center-of-mass and proton are non-coincident. Such a

correction has been given by French et al. (1952). The magnitude of this
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correction to the Rutherford cross section for the case of deuterons
incident on lithium, was calculated. However, although an effect of about
4% near 2 Mev at the backward angles was calculated, the correction

was less than0.1% at 0.400 Mev. Therefore, this correction was not

applied to the data.

5. Target Contamination

After making the corrections discussed in the last section to the
experimental data, it was found that at low energies the measured
scattering cross section was still less than the Rutherford cross section.
At a bombarding energy of 0.400 Mev, the ratio of the scattering cross
section to the Rutherford cross seétion varies from 0. 92 to 0. 69 as the
scattering angle is changed from the most forward to the most backward
angle at which data was taken. The failure of the cross section to ap-
proach the Rutherford value at low energies was extensively investigated.

The low energy scattering of deuterons from copper discussed
previously indicates that this problem is probably not a detection prob-
lem, r'mor due to incorrect values for the charge exchange correction,
Further, the stopping cross section for protons in lithium is known to
within ~ 3% (Bader et al. 1956). The possibility of contaminants within
the target reducing the yield must be considered as lithium is very
chemically active. The Li7(p, p) profiles were used as a check on the
target surface condition and on the amount of contaminants present. A
sharply-rising edge of the profile, Without an excess rounding off as thé
yield approaches the value or; the plateau, was taken as indicating an

acceptable target surface. Such a Li7(p, p) profile taken at an incident
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proton energy of 0.401 Mev is shown in figure 10. The height of the oxygen
and carbon peaks is strongly dependent on the incident energy as indicated
by the profile of figure 11. The Li7(p, p) profiles gave a further check on
the data taking procedufe By allowing the measured cross section to be
compared with previous experiments. Elastic scattering of protons by
lithium-7 has been performed from 0,400 to 1. 400 Mev by Warters (1953),
and from 1. 400 to 3.000 Mev by Malmberg (1956). Data taken during the
present experiment at energies corresponding to the profiles in figures

10 and 11, as well as at the lowest energy reported in the previous work
are shown plotted on the angular distributions, obtained by Warters, in
figure 12, More recent determinations of the stopping cross sections
have necessitated the lowering of Warter's data by 8.7% (Fowler 1960),
and it is the corrected values which are shown in figure. 12, It can be
seen that the points taken in the present experiment appear to lie on the
older angular distributions,

Profiles obtained from the elastic scattering of deuterons from
lithium-7 are shown in figures 13, 14, and 15. The smaller slope of the
rising edge of the profiles, as compared with those for proton scattering,
is due to the larger center-of-mass motion resulting from deuteron bom-
bardment. The larger center-of-mass motion produces a greater vari-
ation with angle of the energy of the scattered particle, For this reason
a greater range of laminae withinthe target, including those nearer the
surface, can scatter particles into the magnet when the incident particles
are deuterons, Howevez", the necessity of selecting a "following"” point

located in front of the Li6 step on the plateau of the profile forces the
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Pfollowing™ point forward toward the Li’ profile edge as the scattering
angle is decreased. In addition the uncertainty as to the target smooth-
ness, and the rapid increase in the size of the oxygen and carbon scatter-

ing peaks, as the scattering angle is reduced, also tend to make the data

taken at very forward angles uncertain, Data were obtained, however,
at 0,400 Mev down to a center-of-mass angle of 60° without any apparent
increase in the ratio of the experimental to the Rutherford cross section,
As the energy was reduced the ratio was observed to reach a maximum
of about 0. 85 somewhat below 0.400 Mev, and then slowly decrease to
around 0.72 at 0. 200 Mev for ang.les forward of 90° in the center-of-
mass system.

In view of these results, the effect of the observed oxygen con-
tamination on the yield of deuterons scattered from the lithium target
was estimated. As the widths of the oxygen peaks measured were usually
comparable to the magnet resolution, and as the oxygen distribution can
be expected to be concentrated near the surface of the target, the sources
of finite resolution of the magnet must be considered in obtaining the
oxygen distribution and its effect., The computed distribution of oxygen
throughout the target is therefore only an approximate one, The method
used for including the sources of finite resolution in the yield calculations
+is given in Appendix I. While the oxygen peak calculated from the assumed
oxygen distribution was about 11% lower than the measured peak in figure
10 used as the basis for the calculation, it was, nevertheless, fairly
representative of measured oxygen peaks at the same energy and angle.

A reduction in the I__.i7 (d, d) yield of only a few percent at 0.400 Mev,
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for a "following® point 4% back in energy, and a center-of-mass angle
of 900, was calculated using this oxygen distribution. However, a re-
duction in yield of about 20% at the same angle, at an incident energy of
0.300 Mev was computed. It is therefore felt that an oxygen contamination
which produces a peak of the magnitude observed in figure 10 is capable
of substantially reducing the Li7(d, d) yield for energies below 0.400 Mev.
In order to reduce the oxygen contamination, an effort was made to
improve the vacuum within the scattering chamber. The chamber was
carefully leak tested, the diffusion pump oil replaced, and various sub-
s'tances tried as getters. As there was evidence that the oxygen contami-
nation was originally very small when the target was prepared, but then
very rapidly built up as the target was bombarded, the effect of continu-
ous evaporation of sodium, barium, and lithium on the walls of the
scattering chamber during the target bombardment was investigated.
However, neither the improvement of the scattering chamber vacuum by
about a factor of five, nor the presence of the getters produced an ap-
preciable change in either the oxygen or lithium yields,
As lithium is one of the lightest elements a thick target formed
by a lithium compound is difficult to use. The profile step from the
heavier element will precede, and be larger than, the step due to lithium,
The possibility of using LiH as a target material was studied. Again,
no appreciable improvement in the contamination problem was seen.
In addition, the partial dissociation of the LiH, and difficulty in handling
it made it an undesirable substance from which to make a large number of

targets,
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Above an incident energy of about 0.5 Mev the experimental data
should be unaffected by target contamination. At lower energies it appears

likely that the contaminants present have reduced the yields of scattered

particles from the lithium below the correct values.

6. Error .Analysis

The various sources of the estimated error in the measured scatter-
ing cross section, are tabulated in Table I. The total error is divided
into two sections. That part of the error rising from fluctuations in the
determination of quantities measured during the course of the experiment,
and from the relative error of the stopping cross sections is given as the
relative error. It is this quantity that is shown on the plots of the excita-
tion functions and angular distributions, The additional error due t§ the
normalization of the data is included with the relative error to obtain the
absolute error., The figure given for all values of the error is the standard
deviation,

A further explanation of the tabulated major errors may make
their origin clearer. .

| Counting Statistics: The background Yb is subtracted from the

total yield Y to obtain the desired corrected yield YC. The error given
as due to counting statistics is, therefore, (Y+Yb)}/Z/YC. The total
yield and background are functions of the incident particle energy and the
scattering angle, but on the average produced an error of about1l - 3%.
E_.: This error arises from the observed de;/ia.tions of 0.3%

20

from the average magnet calibration.
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¢L: The correction due to charge exchange was generally only
significant for the case of Li7 (d,d) scattering., The error in the ratio
of positively charged to total number of particles has been taken as 3%
at energies where ¢ is appreciably different from one, as given by
Phillips (1955), and was assumed to enter the absolute error only.

Target Composition: The effect of unknown quantities of contami-
nants. heavier than lithium on the yield of the elastically scattered deuter-
ons is difficult to estimate. Based on the number of counts appearing at
. the foot of the lithium profile, the number of heavy atoms within the
target was judged to be small, The uncertainty in yield due to con-
taminants was assumed to be of the order of 1% consistent with the effects
calculated due to the oxygen contamination, for energies above 0.5 Mev.

(cos el/cos 62) + a[e(El)/s(EZ) ]: An error in this quantity, which
appears in the equation for the differential cross section, can arise from
uncertainties either in energy or in angle. The various determinations
of the calibration of the magnetic spectrometer protractor, discussed
in the section on the magnetic spectrometer solid angle calibration, had
a spread of # 0,5°, Therefore, all angles may be in error by aszﬁuch
as 0.5°, However, the method of normalizing the data by means of
Cu(p, p) scattering largely eliminates any error due to the angular depen-
dence of (cos el/cos 6,) + a[e(El)/e(Ez)]. The uncertainties arising
from the relative errors in ‘the lithium and copper stopping cross sections
are independent, however. The relative error of both stopping cross

sections was assumed to be 2(70.
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€(E20): The absolute error in ‘;he lithium and copper stopping
cross sections was taken as 3% as determined by Bader et al. (1956).
Rutherford Cross Section for Cu: An error of 0.5° in the mag-
netic spectrometer protractor calibration introduces an error in the copper
Rutherford cross section used to normalize the data, varying from 1% to
3% O\'rer the range of angles used.

‘Dead—time Correction: The correction for the electronic dead-
time was appreciable only when cop?er was used as the target. The
dead-time was assumed known to within 25%, introducing an uncertainty
of 0.5% in the Cu(p,p) yield.

Combining the above sources of error the estimated relative
error is about 3% o;/er the range of energies and angles used in the
present experiment, Over the same range the absolute error is of the

order of 6%.

7. Summary of the Experimental Data

The excitation functions, measured at the zeros of the second,
“third, and fourth Legendre Polynomials, are shown in figure 16. The
differential cross section is plotted as a function of the deuteron labora-
tory energy. There is an obvious anomaly near one Mev, but nothing
conspicuous appears at either 0,800 or 1. 400 Mev where resonances
have been reported in the reaction data. The behavior of the cross sec-
tions near these energies, however, i's consistent with broad levels in
these regions, The indicated error.in figure 16 is the relative error,
while the arrows denote the energies at which angular distributions were

taken.,
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The ratio of the scattering cross section to the Rutherford cross
section is displayed in figure 17. As with the plots of the cross section,
the anomaly near one Mev is the only prominent feature of the data,
altheough at higher energies a great deal of non-Coulomb scattering is
occurring which is consistent with broad levels in this region.

The angular distribution data is presented in Table II. In figure
18 are plotted the angular distributions passing over the region of 0.800
Mev where the first resonance is observed in the reaction data. The
curves shown were obtained from the s-wave fit to the angular distri-
butions discussed in the section on the theoretical analysis of the data,

The shapes of the 20 angular distributions taken are generally
similaf. Therefore, it was felt that plotting the ahgular distribution
data as excitation functions, as in figures 19, 20, 21, and 22, would be
more informative than plotting the separate angular distributions., In’
these figures a progressive modification of the excitation functions can
be éeen as the center-of-mass scattering angle is increased. The points
for the angles at 90°, 125016', and 140046' were obtained from estimated
curves of best fit to the points on figure 17. The entire set of data indicates
significant deviations from the Rutherford cross section over the energy
region investigated, but with a fairly sharp anomaly occurriag only

near one Mev,
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IVv. THEORY

1. General Formulae

Elastic scattering of charged particles from light nuclei in the
low energy region often furnishes information concerning the properties
of the excited levels of the compound nucleus. The analysis of .such
scattering data then attempts to determine a set of parameters of the
compound states which reproduces the experimental cross sections,
and is compatible with the reaction data. The theoretical expressions

“for the cross sections, into which‘ the level parameters are inserted,
have been fully described in the literature (Blatt and Biedenharn 1952;
Christy 1956; Lane and Thomas 1958; Mozer 1956), and therefore only
the relations required for an understanding of the analysis discussed in
Section IV-4 will be included here. The definitions and notations used
will primarily be those of Lane and Thomas (1958).

The incident pafticle and target nucleus can be considered to be
in a state represented by the channel indices (a,{,s). The internal
states of excitation of the two nuclei and their types are given by a,
and { is their relative orbital angular momentum. The channel spin
s 1is obtained by vector addition of the intrinsic spins of the two nuclei,
I and I

1 2’

=L+, . | 1)

—_—
S

The total angular momentum is then given by coupling s and £,

— m—
J = s

+7.. . (2)

r 1
If the reaction products are described by fa, £, st), the conser-
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vation of angular momentum and its z-component give the following

relations:

and (3)

since the z-axis is taken along the incident beain. The angular momen-
tum conservation laws, and the conservation of parity then limit the
complexity of the angular dependence of the cross section at any energy.
If the incident beam and target nuclei are unpolarized, the differential
cross section obtained by averaging over the initial, and summing over

the final spin orientations is

do _ 1 2
a0 T RLAYZI, ) l Aa's'm ' asm : (4)
1 2 s s

The scattering amplitude, Aax , 1is given by

1 3
sm ,asm
5 3

T 1 !
Aa's'm;,asm =-f_ - Z (stm_ 0]IM)(s £ msdmﬁulJM)
IML
Z'mll
™y

7 1
? (9,95) y (5)

aa’ts 'ss! Y

x 1

where

J _ Vo 1/2,..3
ac'ts'ss' T T K 2241 Ta'i's', als *
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The quantity fc, representing the amplitude for Coulomb scattering is,

as defined by Christy (1956),
fC = VR eig R (7)

where R 1is the Rutherford scattering cross section given by equation
II1-1. 22. The phase of the Coulomb amplitude is related to the center-

of-mass scattering éngle,

2
Z Z.,e
172 . . 20
£ = - —Fe— In sin > . (8)

" The matrix T, defined by Lane and Thomas (1958), has the following

components:
2iw 1,1 )
J - al J _
Taty? s',als - 8at's 'Lats® - Ua's'l', asf ’ (9)

and

L leze2

z . (10)

“nhv

The other quantities appearing in the expression for the scattering ampli-
tudes are the Clebsch-Gordan coefficients, and k the wave number of the
relative motion,

From the form ofvequations IV-1.4 and 1. 5 it can be seen that
whiie the different £-values that participate in the reaction can interfere,
there is no interference between channels with different values of the
channel spin or its z-component. Each matrix element of the scattering

amplitude consists of a series of terms which are to be added coherently,
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and which are then added incoherently to the terms of matrix elements
with different initial or final channel spin configurations. For the
case of elastic scattering of deuterons by lithium-7, a 12 x 12 matrix
is obtained.

- The sums over magnetic quantum numbers in the cross section
equation can be eliminated by the technique described by Blatt and
Biedenharn (1952). The differential cross section for the elastic scatter-
~ ing of charged particles can then be written in the following form

(Overley 1961b):

' N P.(cos 0)
EEZEEl__;l. }i BIJ;‘LL“"“‘

R 2
1 4k R
E( 6+ g)-——————P‘(COS ’ (11)
+ C.cos £ + D _sin 1
T 1 1 kR

The angle-independent coefficient BL is defined below and contains
contributions from pure nuclear resonant scattering, potential scatter-
ing, and the interference between them. The interference between
these nuclear scattering processes and the Coulomb scattering is given

by the terms with the coefficients C, and D,. The coefficients depend

1 1
on the elements of the T matrix in the following manner:

- s8-8’ 1 .
By = Z (-1) Z Tz 2 (4975580
ss' JJ 244 1 2
Uati4,
1,1,
J J *
' oo 1 2
x Z (437,457 ,38'L) (Tsui,szl)( Ts't'z. szz) » (12)
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_ 2741 J
Cy = (2T 125,71 Im Ty s
Js
_ ‘ 2J+1 J
D,=- Z 2L+ 20, 4T) Re T iy, st
Js

The Z-coefficients appearing in equations IV-1.12are related to the Z-
coefficients defined by Blatt and Biedenharn (1952) by a phase factor,

Ay Ly-L

Z(llJllsz;sL) =i Z(llJll JZ;SL) . (13)

2

The expression for the differential elastic scattering cross
section given in equation IV-1.11 is valid for any non-relativistic scat-
tering mechanism involving two incident and two outgoing particles.
The nature of the scattering force is contained in the collision matrix
U, whose elements appear in equation IV-1.9. With the assumption
that the scattering is produced by discrete levels of the compound
nucleus, the single level approximation to the collision matrix is
usually made. In this case, the elements of the collision matrix have

the following form:

| /2 j1/2
UJ- =el(w£'¢£)el(w£|-¢11) 6 ; I‘S'I'drs,ed (ezlaj—l)'
s'4', 52 s, s ™ )

(14)

This expression holds only when states of the same spin and parity do
not appreciably overlap, although the quantities appearing in the ex-
pression can be so defined as to include the effect of distant levels

of the same spin and parity. The interpretation of the quantity ¢£
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contained in equation IV-1. 14, for the case where the contribution of
distant levels is not included, is the following:

1 Fi(ka)

' qﬁﬂ = tan C—}—I—(—I—{-ET . (15)
Here the potential phase shift ¢£ is obtained by evaluating the Coulomb
wave functions at a radius a, of the order of the nuclear radius. The
resonant phase shift is defined by the relation,

J -1 ind
6" =tan —————MER_E (16)

where I‘J is the level width, and ER = E)\ + A)\, the sum of the
characteristic energy of the level and the Thomas level shift. The

partial width of the state for deuteron emission may be written in

terms of the channel spin ratio,

I, 3 2.3
Toga = (eg) Thyo (17)
where
J 2 _
PG (18)
S .

By means of equation IV-1. 14 for the collision matrix the de-
pendence of the scattering cross section on the level parameters is
explicitly specified. The determination of a set of such parameters
which will duplicate the energy and angular variations of the experi-
mental cross sections is the goal of the analysis in the resonant

region.
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2. Broad Level Analysis

Although the sums over [f-values appearing in equation IV-1.11
in general are from O to infinity, in a practical case only a limited
number of orbital angular momenta will be involved appreciably in

the scattering process. The partial width of a level is related to the

.

penetration factor by the following relation:

J2
I‘J ) 2ka Yld
2d

(1)
Ff(ka) + Gf(ka)

2
where Yid is the reduced width of the compound state. In the low

energy region the ra.pid decrease, with increasing orbital angular

momentum, of the penetration factor,

P = ka (2)

L F;‘(ka) + Gf(ka)

limits the number of ¢ values effectively participating in the scatter-
ing. The summation index L appearing in equation IV-1.1l1 is then
also limited by the requirement that L < Zﬂma.x' Despite this limita-
tion on the number of fg-values which need to be considered, the com-~
plexity of the expressions for the scattering cross section is such that
it is difficult to determine the many level parameters involved from
experiment, unless the reaction channels are energetically closed,

or either or both of the nuclei involved have zero spins so that the
collision matrix is simplified.

In cases where broad overlapping levels seem to be determining

the form of the cross section, the most informative method of analyzing
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the experiméntal data is by analysis of the angular distributions. In
this type of analysis angular distributions are measured over the energy
regions of suspected resonances., The number of angles which need to
be included in such a distribution depends on the complexity of the
scattering. The number of angle-dependent terms corresponding to
pure s-wave scattering is three, to s- and p-wave scattering seven,
and to s-, p- and d-wave scattering eleven. The determination of the
coefficients of these angle-dependent terms in the differential cross
section then requires at least as many angles in the angular distribution,
and it was this fact that determined the number of angles chosen in the
present experiment. The energy variation of these coefficients then
furnishes further information on the level parameters involved.
However, the number of such angle-dependent terms, plus the
difficulty in distinguishing between the terms arising from the inter-
ference with the Coulomb amplitude and those due to purely nuclear
scattering, makes the determination of the coefficients of the angle-
dependent terms generally unreliable except in the case of s-wave
scattering. For this reason many angular distribution analyses of
cross sections involving broad overlapping structure have been limited
to a consideration of s«waves. The equation for pure s-wave scattering

can be written (Christy 1956),

U
Y - — (3)

kVR 4k“R

do/dQ _ [ sin § 1 } cos §
AT B - (X-1) - 22>
R WR  2k°R

The coefficients of the three angle~dependent terms are
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| r |
2J+1 d . 2.7
X = ZW{COB Z¢°[1- Z—I;T—Bln ]
J .
I..J
°q J J
+ Z'T 8in 6" cos 6" sin Z¢° }. (4)
T
Ty
2J+1 . d 2.J
Y :_Z m {81n 2¢0[1- Z-F— sin"'6 ]
J
FJ
°d J J ‘
- Z-F—I- sin & cos 6" cos 2§° }‘, (5)
and
_ 2J+1 J
U= z (T +I)(21,37) (1- Uos, os ,2)
1 2
s
kZ .
= & . (Reaction for s-waves). . (6)

These are related to the coefficients of equation IV-1.1l by the relations,

X=D_+1,
o
Y=-C_,
(7

and

The values that X, Y, and U can assume are limited by the restrictions,

2

1< X <), 1<sY<l Xyls<i-u. (8)

If the s-wave reaction cross section is known, then at each
angle the s-wave scattering differential cross section involves the two
unknowns X and Y, and may be plotted in the (X, Y) plane as a straight

line. The common intersection of the lines corresponding to the various
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angles of the angular distribution furnishes the required solution for X
and Y. An example of such a graphical analysis is shown in figure 24,

If the uncertainty in the common intersection exceeds that deemed permis-
sible by the experimental error, or if the conditions of equations iV— 2.8
are not obeyed, then the data require that additional angular momentum
waves be included in the analysis,

It may be seen from the s-wave form of equation IV-1.14 that the

quantity
J . ‘
-2i¢  I'" Lo d -2i¢
—TJ = e o “osd (6216 1) te °_q, (9)
0s, 0s I..J

may be plotted as a vector in the complex plane. As the energy is in-
creased the vector then describes a clockwise motion if no resonance
is present, while a counter-clockwise circular motion results when p?.ssing
over the region of a resonance, The graph of the intersections (X, Y) as
a function of the energy should then describe these motions, and the radius
of the counter-clockwise motion will be related to the parameters of the
level, while the center of the circular motion will be related to the re-
action width and non-resonant contributions to the scattering (Christy 1956).
It is to be noted, however, that the general s-wave scattering of
particles by nuclei is described by more than three parameters. Proton
scattering requires four parameters in general, a resonant phase shift
and the ratio I"p/l" for each channel, while deuteron scattering requires
six. Therefore, even a successful analysis of an s-wave angular distri-
bution in the above manner may not specify uhiquely all of the parameters

of the compound levels involved.
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3. Narrow Level Analysis

Another case where the scattering analysis is simplified is when
a level is narrow enough so that the only quantity in the cross section
equation varying appreciablir with energy in the region about the resonance
is the phase shift of that level, The equation for the differential cross

section can be written in general as (Christy 1956),
o(0, E) = 0_(6, E) + A(0, E)sin’5 + B(6, E)sin & cos &, (1)

If 6 is the phase shift passing through resonance and is the only strongly
energy-dependent term in the region of the narrow resonance, the energy
variation of thé quantities 00(6, E), A(6,E) and B(6,E) can be neglected.
Thee background due to Coulomb scattering, and scattering in channels
other than the one described by the phase shift, 6 , is contained in

co(e, E).

The analysis of such a narrov& level can often be performed by
measuring the excitation functions at relatively few angles. The phase
shift used to fit the data is determined by the width and resonant energy
of the level. The angle-dependence of the fitting pg.rarneters O A, and
B, which are slowly varying with energy caﬁ be éompared with theoretical
expressions to obtain further information concerning the level and back-
ground contributing to the scattering.,

| When the background is composed of Coulomb and s-wave scattering
only, GO/R is given by equation IV-2.3., Expressions for the coefficients
A and B have been given by Christy (1956) for the case of a single level

formed by orbital angular momentum { only, and with a negligible poten-
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tial phase shift,

A(B)=A_ +A , +A

R? st 12’

B(6) =Bp, + B, ,

2(2J+1) vR Ty

ARy TR kT

sin (Zw §)P (cos 0),

- 2(2J+1) vr T4

Bre =227 & T o0 (20~ 8P lcos ),

r —
_ 2341 1 Ta 2
Aoy T T TEANZ) 2 T [(Z agf,- 1) cos 20,
S
(2)

2
+Z agg,sin Zwl] Pl(cos 0),
8

T
2T+41 1 d[(z 2 \ .
B  =- e af -1)sin 2w
84 (ZI1+1HZTZ+IS 2 Tl - 58 ) .

2. ‘
-Z a_g cos Zle Pl(cos e),

s

. 41:(21+1) \'
A =TT \kr ) Z
1 ss'

My

12 m,, 2
x[<szmSOIJM)(s'zms.m,. PM)J ¥, = (00)]

The subscripts (R{), (51), and (£¢) refer tothe (-wave interference
with the Coulomb scattering, the f-wave interference with s-wave

scattering, and pure f-wave resonant. scattering, respectively. The
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parameters describing the s-wave scattering, fs and gg» are related

to the quantities defined in equations IV-2.4 and 2.5 by the relations,

2J+1 £

X = ,
LML s

o [N

-(3)

and

v = y 2JH
T L RT(ZLH) s -
S

In cases where the background is energy-dependent and its nature
unknown, there may be anbuncertainty in the proper background to be
subtracted from the total experimental cross section to allow a deter-
mination of the coefficients A and B in the above manner, While the
coefficients A and B can no longer be accurately determined from the
experimental data in this case, it is still usually possible to determine
the difference between the maximum and minimum values of the cross sec-

tion minus the background with fair precision. This difference is

e cr:)) = (A2 + BZ)I/Z, (4)

~o) - (o
max (o] mi

(o

?
where o, and o, are the values of the background at the maximum and

minimum values of the cross section. The interpretation of A and B
in terms of theoretical expressions will then usually require some knowl-

edge of the processes contributing to the background.
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4. Application of the Theoretical Expressions to Li7 (d, d) Scattering

(a) General Discussion
The fact that the deuteron is a spin one particle complicates the
analysis by increasing considerably the number of parameters to be deter-
mined over the case of neutron, proton, or alpha-particle scattering.
There are three possible channel spins which can be formed when

deuterons are incident on a target with non-zero spin. Thus, for the case

of deuterons, 11{ = 1+, incident on lithium-7 nuclei, ITZr = % , we can form

the channel spins,

»
It is then possible to form states in Be9 with the above values of the
spin and parity by means of s-wave deuterons, while states with angular
momentum from 7+ to %+ can be formed by p-wave deuterons, In the
case of s-wave deuteron scattering each state which can be formed will
be described by means of a phase shift and reaction amplitude resulting
in six parameters in all, while the s-wave angular distribution contains
only three angle-dependent terms, The number of parameters necessary
to describe higher {-wave interactions is in general larger.

The relation given in equation IV-2,1 for the partial width of a
state can be used to determine for which £ -values individual levels
effectively participate in the scattering, if the reduced width is assumed

to have a maximum value given bythe Wigner Limit (Teichmann and Wigner

1952),

—-2' ’ . (2)
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where u 1is the reduced mass, and the interaction radius, a, 1is usually

assumed to be of the form,

1/3 1/3
a = ro(Al/ + AZ/ Y, (3)
where

ro-’=1.4 xlO-13 cm .

In the present experiment the maximum allowed width at one Mev due to
d-waves is about 100 kev as determined by the above relations, and the
maximum width due to f-waves is approximately 5 kev. However, the
effect of the stripping reactions on the reaction cross section may be
large, and direct reactions are included in the dispersion theory of
nuclear reactions by summing over distant levels., Therefore, the cumu-
lative effect of high £-values may need to be considered in the analysis
of scattering which is competing with direct reactions,

Not only the magnitude of th.e reaction cross section measure-
ments, but also the structure of the scattering cross sections suggests
the presence of a number of broad levels in the energy region under in-
vestigation. There is evidence from the reaction data that s-wave
deuterons are responsible for the processes below one Mev (see Section I).
The symmetry of the scattering cross section about one Mev, at 90° in
the center-of-mass system, as seen in figure 16 and 17, suggests that
interference terms due to p-wave or other odd angular momenta are
vanishing at this angle. The increase in the interference terms as the
scattering angle is increased can be observed in figures 19 through 22,

At a center-of-mass angle of 140°46" where interference terms due to
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£ = 3 waves would be expected to vanish, no appreciable reduction in the
interference term is visible, This fact, plus the limits imposed on the
possible £ -values by equations IV-4.2 and 4.3, led to the assumption
of a p~wave level near one Mev in the analysis to be discussed., This
analysis can be expected to be difficult in view of the broad overlapping
structure observed, and the lack of knowledge concerning the many

parameters involved.,

{b) Analysis Procedure

As a first step in the data analysis, an attempt was made to fit
the angular distributions with the theoretical expressions for purely s-
wave processes contained in equations IV-2.3 through IV-2,7. The
determination of the quantity U depending on the total s-wave reaction
cross section is uncertain, however. The measured values for the (d,p)
reaction cross section differ appreciably among the various experimen-
ters, and have large uncertainties attributed to each measurement. In
addition the (d,n) cross section, involving detection of all neutrons
emitted, has been measured only at 900 and about 0° (see Section I).
The integrated (d,n) cross section was therefore approximated by
multiplying the experimental cross section measured at 90° by 4mw. The
total reaction cross section then obtained by summing the integrated
cross sections for the various observed reactions was found to exceed
the maximum allowable value for s-waves, v/kz, at a number of
energies., A further difficulty in obtaining a reasonable Qalue for U
was the need to extract from the total reaction cross section that portion

due to s-waves only.
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The procedure adopted to estimate the s-wave contribution to
the total reaction cross section was to remove the penetration factors
from the cross section measurements of Baggett and Bame (1952),
symmetrize the resultant peak near 0,750 Mev to which was added a
constant background to account for the distant s~wave levels, and then
re-introduce the penetration factors to obtain the desired cross section,
The total s-wave reaction cross section computed in this manner is
shown in figure 23,

Plotted in the (X, Y) plane the lines corresponding to the various
angles of the angular distributions then met in a common intersection
within the deviations to be expected from the experimental error, for
energies between 0,400 apd 1,000 Mev. Above one Mev the s-wave fit
abruptly fails, While this is to be expected if the level just above one
Mev is a p-wave state, the s~wave fit remains inadequate up to the
highest energy at which an angular distribution was taken, 1, 500 Mev,

The reaction cross section of figure 23 is large enough, however,
so that the condition on U expressed in equations IV-2,8 is not satisfied
for the graphical intersections obtained at a number of energies. It
was therefore necessary arbitrarily to reduce the assumed value for
0.. The values of X and Y determined by graphical analysis géneral-
ly lay inside the cfrcle (- U)l/z. if the summed reaction cross section
was multiplied by a factor = 0.75. Examples of the analysis of the angu-
lar distributions by the graphical technique are shown in figures 24, 25,
and 26 with the reaction cross section of figure 23 reduced to five-eighths.

The uncertainty in the position of the lines as determined by the experi-
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mental relative error is shown on the diagrams. The presence of the
resonance located just above 1.0 Mev appears to have begun to affect the
diagram at 1, 000 Mev in figure 26, The points of intersecti;)n were
estimated from the (X, Y) plots from 0,400 to 1.000 Mev and were used
to compute the s-wave cross section by means of equation IV-2,3. The
calculated angular distributions in the region of 0,80Q Mev are shown
with the experimental points in figure 18, The error bars,- located at
intervals along the ordinate, represent the estimated absolute error of
6%. Over most of the angular range the experimental data lie well
within the estimated error, The energy variation of the s-wave param-
eters determined in the above case is displayed in figure 27, While a
general counterclockwise motion of the points is observed over the
region of the state reported near 0.8 Mev in the reaction data, the vari-
ation of the intersections (X, Y) is at least partially determined by the
magnituae of the total reaction cross section itself as required by the
condition expressed in IV-2,8. The s-wave fit of the angular distribu-~
tions in this energy region then appears to be consistent with a level
at 0,8 Mev, but does not require such a level.

The inclusion of p- or d-waves improves the fit of the angular
distributions abéve 1 Mev, but the accuracy with which the coefficients
of the angle-dependent terms can be determined is not high enough to
furnish any reliable information as to which angular momenta are in-
volved.

Once a set of intersections (X, Y) was obtained, the possible

determination of level parameters which would reproduce the values of
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X and Y was investigated. The values of X and Y, obtained from
the s-wave analysis by using 5/8 and 3 /4 of the total reaction cross sec-
tion in figure 23, were used in the computations. The magnitude of the
reaction cross section makes it unlikely that only one channel is con-
tributing to the s-wave processes, and it was indeed not possible to fit
the values of X and Y by using reasonable values for the phase shift
and ratio of the deuteron width to full width for only one channel in
equations IV-2,4 and 2, 5. Each channel involves two parameters, the
phase shift and the ratio of the deuteron width to the full width for the
state formed by that channel, and, therefore, the number of unknown
parameters is at least four if more than one channel is assumed to be ‘
participating in the scattering., With the inclusion of more than one
channel, therefore, it is possible to duplicate X and Y. However, a
unique set of channel parameters could not be extracted,

As the total reaction cross section is so poorly known, the values
of X and Y obtained are likewise somewhat uncertain, Further, as
the deuteron s-wave scattering may depend on six nuclear parameters,
the analysis of the angular distributions does not furnish sufficient infor-
mation to allow a unique description of ihe scattering in terms of level
paramzters. More accurate reaction data is necessary to clarify the
situation in this energy region,

The prominent anomaly located near one Mev appears to be Vsuper-
imposed upon a background principally due to non-Coulomb scattering.
As a description of the region below one Mev in terms of level parameters

was not possible, the complete analysis of the interval near the one-Mev
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state was not feasible. However, the fact that the width of this level
has been estimated at 50 kev from the reaction data, (Ajzenberg-Selove
and Lauritsen 1959), suggests the possibility of subtracting the back-
ground and performing a narrow level analysis in the manner described
in Section IV-3, thus partially overcoming the difficulties caused by the
lack of knowledge concerning the background. The plots of the ratio of
the differential cross section to the Rutherford cross section shown in
fiqure 17 were used to perform the background subtractions., Straight
lines were drawn as the estimated background subtraction from about
0.840 or 0,880 Mev, depending on the angle, on one side of the anomaly
to about 1,100 or 1. 200 Mev on the other side., The'difference was then
analyzed by means of the equations, contained in Section IV-3 assuming
the level was formed by p-wave deuterons,

The present situation is sufficiently confused as to the proper‘
background to be subtracted, that the values of A and B in equation
IV-3.1 cannot be determined with accuracy., Therefore, although for the
subtraction used, the data at the three angles in figure 17 could be fitted
by the same phase shift, it was felt that only the quantity appearing in
equation IV-3.4 could be determined with acceptable precision, The
uncertainties in A and B due to the experimental error and background
subtraction were then sufficient to allow the parameters in equations
IV-3.2 to vary adequately to reproduce, for all the various J-values

possible with p-wave deuterons, the value of (A2+ Bz)l/2

obtained from
the difference of the maximum and minimum values of the experimental

cross section after making the background subtraction. A further error
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in handling the background subtraction in this fashion might be due to the
assumption that only s-waves are contributing to the background, as the
angular distributions could not be fitted with s-waves at any energy above
one Mev. The determination of the parameters of the one-Mev level
would, therefore, seem to require further knowledge of the background
processes than was available,

Further attempts to fit the data were made using calculations
performed by an electronic computer, programmed for equation IV-1.11
by Dr, Jack C, Overley, in this laboratory. The parameters of up to
four levels being formed by channels with orbital angular momentum
less than or equal to two can be inserted into the program, whereupon
the computer evaluates the differential cross section. Calculations were
performed on the assumption that either an s-wave state at 0,800 Mev,
or a p~wave state at 1. 020 Mev, or both contributed to the scattering.

All possible values for the spin of the s-wave level were tfied, while

the parameter I‘d/l" was varied from 0,1 to 0.5 assuming I' equaled
0,200 Mev, As computing the cross section for all possible combinations
of the parameters for the assumed s- and p-wave levels was unmanage-
able, the width of the p-wave state was taken as 50 kev with Pd/r

+
equal to 1/3, and the spin was assumed to be z since this spin value can

2
be formed in only one channel and so involves the least number’ of param-
eters. While the possible choices and combinations of parameters. for
the two levels were, therefore, by no means exhausted, the values tried

were not capable of fitting the data,

The assumption of an s-wave level at 0.8 Mev and a p-wave level
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at 1 Mev does not seem to permit a fit of the scattering data. The magni-
tude of the reaction cross section and its possible ‘non-resonant form due
to stripping suggest that more than the above limited number of levels
are contributing to the collision matrix in this energy region, The scat~
tering angular distributions, and the ratio of the experimental to the
Rutherford cross section above one Mev also support this view, The
addition of broad higher-energy levels, or non-resonant contributions
therefore seems to be necessary to adequately describe the observed

scattering,

(c) Conclusions

Although it was not clear at the commencement of this, work that
deuteron elastic scattering would show resonant-type anomalies, the
data of the present experiment show clearly that large variations of the
scattering cross section, from that expected from purely Rutherford
scattering, do occur. These strong deviations from Coulomb scattering
preclude the possibility of searching for small effects to be associated
with the loose structure of the deuteron,

The scattering analysis performed appears to support the impres-
sion obtained from the reaction data (see Section I) that any level below
one Mev is an s-wave state, The form of the scattering cross section
at 90° and 140046: indicates that the level near one Mev is formed by
odd orbital angular momentum, and most likely by p-waves. The value
of the penetration factor which limits an f-wave width to around 5 kev,
also supports the view that this is a p-wave level. This assignment is

in agreement with the narrow level analysis performed. No evidence of
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a level near 1.4 Mev is observed although the data do not exclude such
a level,

Due tc the many parameters involved, a more complete descrip-
tion of the nuclear parameters in the energy region investigated will
require much more accurate measurements of the competing reactions
than have been carried out up to the present, In particular the measure-
ments of the (d,a) excitation function, and the angular distribution of the
first alpha particle as a function of energy would be desirable. As it is

9

~difficult to investigate this energy region in Be’ by means of reactions
initiated by alpha-particles, protons, or neutrons, the analysis of experi-
ments involving these levels will be complicated, Although, the inter-
pretétion of (He3,p) reactions is at present somewhat uncertain, a more
complete understanding of the reaction mechanism involved may make
this process a significant tool for the spectroscopic analysis of the
residual nucleus formed. If this should become the case, the Li7 (He3,p)

" reaction would be useful as an alternate method of determining the param-

9

eters of the levels in this region of Be”’,
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APPENDIX I

Thick Target Yield for a Non-Uniform Target

The previous derivation for a thick target yield assumed a
uniform target composition, and must be modified if the composition is
a function of the depth in the target at which the scattering occurs.
Equation III-1.10 was obtained by also assuming that the quantities
which determine the yield do not vary appreciably over the angle and
energy acceptance windows of the magnetic spectrometer. However,
thla kinematics resulting from a large center-of-mass motion may be
such that the yield contains contributions from a considerable range
at depths in the target. In this case, as the spectrometer window has
finite resolution in angle and energy the angle and energy variations
over the spectrometer window of the quantities appearing in the yield
equation may be appreciable, and need to be included in the yield
calculation. These modifications to the yield calculation of Section
III-1 need to be included in order to determine the effect of an oxygen
contamination on the yield of deuterons scattered from lithium,

The yield obtained from a non-uniform target has been derived
by Powers (1962). The rate of energy loss is now a function of both

energy and depth within the target:

dE
a= (E, x)

I

np(x)e p(E) + ng (E)

r € (E)

H]

(Al)

where nT(x) and nI(x) denote the number of target and impurity atoms
per unit volume respectively; and ET(E) and EI(E) denote the stopping

cross sections for the target material and impurity, respectively,
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The variables in this relation can be separated if €I(E)/€ (E)

is assumed to be independent of energy. In this case we have

s/cos 6 € {E) -~ E
1l V1 e = 1 4E
§O LnT(X) + nl(x;?i—r—l:-(—E—) Jid}“ = - SE e i) (A2)
’ 1B
and y
s/cos O, € (E) E
2 I _ 20 dE

2
where E, and E, are againthe energies at the lamina at depth s.
Proceeding as with a uniform target by taking the partial derivative of

s with respect to EZO we obtain

np(s) dsg .
cos 61 }
€ p(ER)dE,,
r nI(s—) 1 cos 61 3 nI(s) :
VﬂEz&{“T[GTWHHnTh)EﬂEﬂJ+cosez[“ﬂEanT@)eﬁEﬂW
(A4)
The Li7(d, d) vyield per incident particle can then be written as
n. .7
Li Y/
E+(AE, /2) 6 +(50/2) 595m O, W(E, ) dE,
Y=
€ AES)
E.-(AE,./2) Y6 _-(66/2) [ 2o fo'*2 J
£ 20 o €. (E. )| 14—
Liv™ 20 ng. ELiiEZ)
w(8)o(E,, 6) sin 6 df
x (A5)

cos Gl

1
QLi(e)BE T Tos (17—6—91)

where the subscripts refer to the element or isotope in question. The
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quantity ;31 is given by

o)
By = €;.(E)+ s € olE;) (A6)

and similarly for B,. The nominal values of the spectrometer window
are Ef and 60, while AEZO and 60 are the width_s of 1.;he windows.
The transmission functions of the magnet in energy and angle are given
by W(EZO) and w(06). In the present calculations a square window

was adopted for the energy, while w(0) was taken as parabolic. The

parabolic window was nor malized so that

. 0°+(69/2)

w(0)de =1, (A7)
58 0_-(86/2) I

where 66 is 3°, the full width of the angular window. The assumed
shapes of both the energy and angular windows are probably only
approximately correct, but are reasonable choices in view of the
entrance and exit slits used with the magnet. The ratios of the stopping
cross sections EO(EZ)/E Li(EZ) and ﬁl/ﬁz are not strongly energy
dependent and were assumed to be constant during the calculations. The
cross section was assumed to be given by the Rutherford for mula for
both the O and Li’ yield determinations, which should be a good
assumption at low energies.

Relations similar to III-1. 7 and 1. 8 can be obtained and used

to give approximate solutions for El and s,

.co8 91 (ElB- El)

5 o - B (A8)

and



E, ~ , (A9)

where m = cés el/cos 82, and where averaging must be performed in
the manner described in Section ITI-1.

The profile shown in figure 10 was used to estimate the oxygen
distribution. Equation A5, rewritten so as to trcat the oxygen as the
target nucleus, was used to determine nO/nLi at a number of points
on the low energy side of the oxygen peak. As the oxygen distribution
was unknown the variation of the integrand over the spectrometer
window was neglected. The distribution obtained was extrapolated to
a value of 1/2, corresponding to LiZO, at the target surface. KEquations

A8 and A9 can then be used to determine no/n as a function of s,

Li’
the depth within the target. - The calculated oxyger'l distribution was
then used to recompute the oxygen peak. The integration over the
spectrometer windows was done numerically, first over angle giving
a series of encrgy~dependent terms, and then over energy for each
term. The computed peak was 11% lower than the one obtained experi-
mentally, which is taken as reasonable agreement considering the
approximations which have been made above.

The equations A8 and A9 can be used to determine nO/nLi as
a function of the energy EZO of deuterons scattered from lithium, and
the numerical integration repeated as before to obtain:the Li7(d, d)

yield. As expected the range of depths in the target from which the

magnet accepts particles is greater for deuterons incident on lithium,
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than for the case of protons incident on oxygen used to estimate the
oxygen distribution. The results of the Li7(d, d) yield calculations
were discussed in Section III-5, and indicated that the yields measured
below a bombarding energy of about 0. 4 Mev were likely to have been
substantially reduced fromn their correct values. These calculations
illustrate that great care must be exerciscd in the preparation of
easily contaminated targets. Even, if a contaminant-free target has
been successfully prepared, deterioration under bombardment by the

beam may limit the extent to which the target may be used.



-70 -

APPENDIX II

Sample Calculation of the Elastic Scattering Differential Cross Section
From Experimental Thick Target Data

The differential cross section for the elastic scattering of deuterons
from lithium-7 can be determined from the profiles of figures 5 and 14.
The Cu(p,p) profile of figure 5 and the Li7{d, d) profile of figure 14
were taken on the same run.

The equation for the differential cross section in the laboratory
system is

el s
01 (Ep9) = 5% oy
sp

Y. III-1.11

The yield at the fluxmeter setting of V_ =0, 67C volts, on the plateau of
the Cu(p,p) profile, is 60, 235 counts, which, corrected for the electronic
dead-time, gives a total of 60,589 counts. The magnetic spectrometer
constant obtained from this profile is 0.3829 1\/Iev—volts2 corresponding

to particles with an energy EZO = 0.8526 Mev traversing the magnetic
spectrometer at the fluxmeter setting Vm = 0, 670 volts. From Whaling
(1958) the stopping cross section at this energy is found to be E(EZO) =

13.8 x 103 Mev-barns. Given the bombarding energy of ElB = 0.9032
Mev, the energy of the particle at scattering is found from equation
II1-1.13 to be E. = 0.8964 Mev. The other stopping cross sections enter-

1

ing equation III-1.1l are estimated to be

c{E,)=13.4 x 103 Mev-barns,

X
S(EZ) = 13,7 x 103 Mev-barns.

As the given profile corresponds to scattering angles in the laboratory
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and center-of-mass systems of

o, !
OL = 109734

and
t
o  =110%26,
cm
we have {rom equation II-4.3

8E2

Therefore, the expression involving the stopping cross sections is

- Ccos 91 €(E1) 0E, T 3
ZO> _cos 62 + e(EZ) aEl _’ = 26,73 x 1,0 Mev-barns.

e(E

The transformation from the laboratory system to the center-of-mass

system, given by equation III-1,18, is

2y

= 1,0109 .,
em

The Rutherford cross section, given by equation III-1. 22, is

do 5
d&ZR = L. 1'5;9 z = 3.0768 barns/steradian .
(0.8964)7(0, 8213)
Therefore, as Ns/n =1, we have
eZ R _ (3.0768)(0.8526)

= 1,602 x 10_9/steradian.

ZCV M, (26,73 x 10°) (L. 0109)(60, 589)

Referring now to the Li7(d, d) profile of figure 14 and selecting the

ffollowing® point at Vm = 0.7006, the total yield is 1045 counts, and sub-
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tracting the background of 25 counts gives a corrected yield of 1020
counts., The stopping cross section, €(EZO), evaluated at the energy of

the detected deuterons, E = 00,3901 Mev, is 7.08 x 10:)J Mev-barns. The

20

reaction energy is then E, = 0. 8936 Mev, and

G(El) = 4,50 x lO3 Mev-barns
3
G(EZ) = 7,00 x 107 Mev-barns.

The Li7 (d, d) profile of figure 14, measured at the same laboratory scat-
tering angle as the previous copper profile corresponds, however, to a
different center-of-mass angle, and the values for the scattering angles

in the two systems are now

fe) ?
GL = 109734
and
6 =125°16
cm
giving
a = 0.4533
and
&
L _
VAR 1, 2817.
cm

Therefore, we have

cos 61 | e(El) SEZ

r
!
lEy0) | w53 5, " €(E,) BE,

J = 9,143 x 103 Mev-barns.

The difierential cross section in the center-of-mass system is then

¥
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do _ (1. 602 x 10~ 7)(9. 143 x 10°)(1020)(1. 2817) (L. 0813)
S dR T {0 9517(0. 3501)

= 0.0558 barns/steradian,

as Ns/n = 1,0813 for a natural lithium target, and the charge exchange
correction is taken from figure 9 as 0. 951,

The Rutherford cross section is now

dog 0.01932

T S > = 0.0389 barns/steradian .
(0.8936) (0, 8881)

4

The ratio of the scattering cross section to the Rutherford cross section

is then

QOIS 1,434,

A computer program was written for the calculation of the scat~
tering cross section from the experimental data., The input data to the
Burroughs 220 digital computer consisted primarily of the fundamental
constants appearing in the cross section equation, the calibration con-
stants of the electrostatic analyzer, and magnetic spectrometer, and the
raw data obtained during the experiment such as the yield, electrostatic
analyzer and magnetic spectrometer settings. The computer was pro-
grammed to calculate the necessary values of the stopping cross sections
and charge exchange correction from a polynomial fit of the published
measurements of these quantities in energy regions where semi-empirical

formulae were not already available.



-T74-
REFERENCES

S. K. Allison, 1958, Revs. Modern Phys. 30, 1137.
F. Ajzenberg-Selove and T. Lauritsen, 1959, Nuclear Physics 11, 1.

M. Bader, R, E, Pixley, F. S. Mozer, and W. Whaling, 1956, Phys.
Rev, 103, 32.

L. M. Baggett and S. J. Bame, Jr., 1952, Phys. Rev. 85, 434,

W. C. Barber, F. Berthold, G. Fricke, and F. E. Gudden, 1960, Phys.
Rev. 120, 208l1.

R. K. Bardin, 1961, Ph. D. Thesis, California Institute of Technology.

J. Benveniste, R. G, Finke, and E, A, Martinelli, 1956, Phys. Rev. 101,
655, . T

S. Bashkin, 1954, Phys. Rev. 95, 1012.
J. M. Blatt, and L. C. Biedenharn, 1952, Revs. Modern Phys., 24, 258.

A. B. Brown, C. W. Snyder, W. A. Fowler, and C. C. Lauritsen, 1951,
Phys. Rev. 82, 159.

J. Catala, R. Font, ¥, Senent, J. A, y M de la Cuadra, 1958, Nuovo
Cimento 9 Supplement No. 2, 377,

R. F. Christy, 1956, Physica 22, 1009,

. J. M. Farley, and R. E. White, 1957, Nuclear Physics 3, 56l.
W. A. Fowler, 1960, Private Communication,

W. A, Fowler, C., C. Lauritsen, and T. Lauritsen, 1947, Rev, Sci.

Instr., ﬁ, 818,

o

B. French and M. L. Goldberger, 1952, Phys. Rev. 87, 899,

t

. Guth, 1960, Private Communication,

b}
J

. Hall, 1950, Phys. Rev. Z_‘z, 504,

. Kashy, R. R. Perry, and J. R. Risser, 1960, Phys. Rev. 117, 1289.

I

W. Kavanagh, 1960, Nuclear Physics 15, 411.



Womomow SR b

°

~

°

O

°

£ £ =

-75-

M. Lane and R. G, Thomas, 1958, Revs, Modern Phys. 30, 257.
L. Macklin and H, E. Banta, 1955, Phys. Rev. 97, 753,
Malmberg, 1956, Phys. Rev, 101, 114,

B. Marion, 1961, Revs. Modern Phys. 33, 139.

A. Milne, 1953, Ph,D. Thesis, California Institute of Technology.
B. Morinigo, 196la, Private Communication.

B. Morinigo, 196lb, To be published,

S. Mozer, 1956, Ph.D. Thesis, California Institute of Technology.

O

Overley, 196la, Ph.D. Thesis, California Institute of Technology,

O

Overley, 196lb, Private Communication.

>

Phillips, 1955, Phys. Rev. 97, 404.

Powers, 1962, Ph.D. Thesis, California Institute of Technology.

Riviere, 1956/57, Nuclear Physics 2, 8l.

0o o ¢

Riviere and P. B. Treacy, 1957, Australian J. Phys. 10, 209,

F. Sellschop, 1960, Phys. Rev, 119, 251,

O 49

Slattery, R. A, Chapman, and T. W, Bonner, 1957, Phys, Rev.
108, 809,

W. Snyder, S. Rubin, W. A, Fowler, and C, C, Lauritsen, 1950,
Rev. Sci, Instr. 21, 852, '

Teichmann and E. P. Wigner, 1952, Phys, Rev. 87, 123,

C. Trail, 1956, Ph.D. Thesis, A., and M. College of Texas.

D. Warters, 1953, Ph.D, Thesis, California Institute of Technology.
A, Wenzel, 1952, Ph.D., Thesis, California Institute of Technology.

Whaling, 1958, The Energy Loss of Charged Particles in Matter; in

Handbuch der Physik, S. Flugge, ed., Bd. XXXIV, pp. 193 if.,
Springer Verlag, Berlin,




-76-

TABLE I

Sources of Error in the Scattering Cross Section

% Error
1. RELATIVE ERROR
A, Errorsin Cu Yield
1. Counting Statistics 0.4
2. Firing Voltage Fluctuations 6.5

B. Errors in Li Yield

1. Counting Statistics

Forward Angles 1.0-2,0
Back Angles 1,0-3.0

2, TFiring Voltage Fluctuations _ 0.5

3. Target Composition 1.0

C., Errors in Energy Dependent Terms

1. Determination of E3n for Cu _ ' 0.3

2. Determination of E)g for Li 0.3

3. Uncertainty in Cu Rutherford Cross Section
due to 0, 2% error in E; 0.4

D, Errors in Angle and Stopping Cross Section

Dependent Terms

1. Uncertainty in (cos 61/cos 6,) + a[e(El)/€(E2)]
for Cu due to a 2,0% relative error in €cu 1.0

2. Uncertainty in {cos 6, /cos 6,) + a[e(El)/e(Ez)]
for Li due to a 2.0% relative error in €14 1.0

3. Uncertainty in Cu Rutherford Cross Section
due to 0.5° error in angle {Angular Distributions
Only) '
Minimum Forward Angle 3.0
Maximum Back Angle 1.0
Combined Relative Error 2.0-3,5
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TABLE I (Continued)

2. ADDITIONAL SOURCES OF ERROR CONTRIBUTING
TO THE ABSOLUTE ERROR

A,
Bo

CQ

D.

Uncertainty in Cu Stopping Cross Section
Uncertainty in Li Stopping Cross Section

Uncertainty in Charge Exchange Correction qSL

for EZO = 0., 200 Mev

Uncertainty in Dead-time

Combined Absolute Error

% Error

5.5-6.3



-78-

080°0 %L0'0 190°0 0S0°0 8%0°0 S¥0°0 LFO'0 8%0°0 005 1
180°0 9L0°0 €90°0 $S0°0 I1S0°0 0S0°0 0S0°0 250°0 0S¥ °1
€80°0 T180°0 %90'0 950°0 €50°0 1S0°0 ¥S0°0 950°0 00% "1
$80°0 180°0 690°0 8S0°'0 LS0°0 SS0'0 950°0 650°0 05€ "1
060'0 S80°0 I.0°0 290°0 8S0°0 8S0°0 650°0 190°0 00€°1
160°0 LLO°0 090°0 290°0 190°0 290°0 890°0 980°0 002 °1
901°0 800 €90°0 €90°0 190°0- ¥90°0 9.0°0 <260°0 0ZI‘0 8GI‘0  00T°T
LIT°0  6L0°0 850°0 090°0 090°0 %90°0 S80°0 HOI'0 9ETI‘0 €81°0 0S0°T
TLO'0  290°0 950°0 6S0°0  ¥90°0 690°0 060°0 8IT'0 8FI°0 261‘0 0Z0'l
950°0  150°0 $S0°0  090'0 ¥90°0 1L0°0 160°0 FII°0 TIPI°0 H81°0 000°T
250°0  150°0 G50°0 850°0 §90°0 0L0'0 880°0 8OT'0 ZEI'0 9LI"O 086°0
150°0  8%0°0 950°0 6S0°0 €90°0 890°0 980°0 SOI'0 €E€I°0 LLI'0 0S6°0
$50°0  250°0 950°0 8S0°0 190°0 990°0 880°0 LOT0 6ET‘0 T61°0 006°0
150°0  €50°0 2S0°0 LS00 190°0 L90°0 860°0 LIT'0 ISI'0 122°0 0S8°0
8¥0°0 6%0°0 150°0  250°0 290°0 €L0°0 901°0 HEI'0 9LI'0 $52°0 008°0
Zr0°0 %00 Z50°0 850°0 §90°0 LL0°0 €TI0 LPI'O L6TI'0 ¥8ZT'0 0SL°O
8€0°0 Z¥0'0 €50°0 650°0 L90°0 Z80°0 €2I°0 9G1°0 ¥IZ°0 9IE°0 00L°O
GE0°0  LEO°O 650°0 290°0 280°0 660°0 OLI'0 LZZ°0 9I€‘0 SLF'0  009°0
6¥0°0  £L0°0 00T°0 Z€T'0 9ST°0 261°0 86Z°0 96£'0 ¥¥S°0 16L°0  005°0
STT'0  €S1°0 TLI'O0 €€2°0 952°0 62€°0 8LF'0 099°0 €18°0 9€2°'T 00%°0
WWYOEIT 46oFST 392,FET 10,021 4SELEM L2 L0T (ZELI0T #7596 9T P8 182,8L €552 152599 x
EOG vnb

suoynqriysiqg ren3uy (p .3%4 /Yy,

II @14¢eL



~78a-

.Table II

The Li7(d, d) Angular Distributions

The Li7 (d, d) differential cross sections in barns per
steradian obtained during the angular distribution measurements
are shown for the energies in Mev given in the first column, The
center-of-mass angles at which the data were taken are listed at

the heads of the columns. See text pp. 4l.
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Figure 1

Energy Levels of Be’

9

The energy levels of the compound nucleus Be’ formed in the
bombardment of lithium-7 by deuterons are shown in the energy level
diagram on the opposite page. The excited levels above the binding
energy of 16.693 Mev of the deuteron in the Be9 nucleus are the
states investigated in the present experiment. A number of measured

excitation functions for the competing reactions are also shown. See

text p. 5.
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Figure 2
The Pulse Height Spectrum Resulting

from Bombardment of Lithium by Deuterons

A pulse height spectrum as recorded on a RIDL 4100-channel
pulse height analyzer, displaying the particle groups emitted from a
thick target of natural lithium bombarded by 1.525 Mev deuterons.
The singly-charged alpha-particle, triton, and deuteron peaks may
be seen, while the doubly charged alpha-particle, and proton peaks
occur at twice the energy of the deuteron peak and so were not re-

corded by the multichannel analyzer. See text p. 10.
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Figure 3

Low Energy Deuterons Scattered from Li7

The large center-of-mass motion resulting from the bombard-
ment of lithium by deuterons produces scattered deuterons of low
energy. The spectra displayed in figure 3(a) and (b), corresponding
to scattered deuterons with energies of 0.41741 Mev and 0.126 Mev re-
spectively, illustrate the limitation imposed by the electronic noise
on the particle energy which could be detected. These spectra were
recorded on a RIDL 4100-channel pulse height analyzer. See text

pp. 10, 41,
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Figure 4

Cu(p,p) Profile at 0.4041 Mev

The momentum distribution of protons elastically scattered
from a thick copper target. The abscissa represents the fluxmeter
setting of the high-resolution ciouble-focus sing magnetic spectrom-
cter used to analyze the reaction products formed within the thick
target. The energy scale, therefore, increases to the left. The
mid-point of the proﬁl‘e rise corresponds to the energy of the par-~
ticles scattered from the target surface., It was profiles such as
this that were used to determine the magnetic spectrometer cali-

bration constant, and solid angle. See text pp. 14, 17.
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Figure 5
Cu(p,p) Profile at 0.903 Mev
Anothe1: copper profile measured at the identical angle as the
one in figure 4, but at a higher incident proton energy. This profile
is used as the basis for the sample calculations contained in Appex;-

dix II. Sce text pp. 14, 70.
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Figure 6
Scattering of Particles

from a Thick Target

The various energies at different depths within the thick
target are illustrated in the accompanying diagram. The incident
beam with energy EiB may be scattered at a laboratory angle 8
from the target surface résuiting in particles with energy EZB given

by the relation

E,p=aE

B*
The particles also penetrate the target and are subsequently de-
graded in energy to a value Ei before reaction, resulting in scat-
tered particles of energy EZ’ which are further reduced in energy
by the target material to the value E?_O as measured by the mag-
netic spectrometer. The magnetic spectrometer selects particles
from a lamina of width ds at the depth s. The angles 0, and 62 are

measured between the incoming and outgoing beams, and the nor-

mal to the target surface. See text p. 18.
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Figure 7

The Furnace - Cold Trap Apparatus

The furnace - cold trap apparatus consists of a cylindrical
cold trap with a ring shaped cross section as viewed from above.
A cross sectional view is shown of the left portion of the apparatus
to illustrate its construction. The cold trap was constructed of
stainless steel, and could be filled and emptied by means of the two
tubes seen in the diagram. The binding posts for the furnace used
in the lithium evaporation can be seen below the cold trap, and
consist of two water cooled brass terminals insulated from the
brass body of the apparatus by means of lucite spacers. The cool-
ing water passed from one terminal to the other by means of a
horizontal hole drilled through the brass body. The target holder
was lowered through the cold trap into a cup in the bottom of the
apparatus to position the copper target blank in front of the furnace.
When bombarded by the incident beam the target was situated just

above the cold trap. See text p. 29.
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Figure 8

Charge Exchange Correction for Deuterons

The charge equilibrium ratios measured by Hall (4950), and
Phillips (1955) are plotted as a function of the outgoing deuteron
energy EZO' The quantity ¢)1 represents the ratio of positively
charged particles to the total number of particles in the exit beam.
The data shown for Phillips is that measured for old surfaces or

''dirt''. See text p. 32.
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Figure 9
Elastic Scattering of Deuterons

from Copper at I.ow Energies

The ratio of the measured cross section, after correction
for atomic screening and charge exchange, to the Rutherford cross
section is shown for scattered deuterons with energies less than
0.600 Mev. The average and standard deviation of the data is 1.003
and 3% The values used for the charge exchange ratios were those

of Phillips (1955) shown in figure 8. See text pp. 33, 34, 73.
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Figure 10

The Profile of Protons Scattered

from a Lithium Target

This profile taken by scattering protons from a thick target
of natural lithium at an incident energy of 0.404 Mev is typical of
the profiles measured during the course of each experimental run
to determine the condition of the lithium target. The position of the
particle groups scattered from the lithium-6 and -7, as well as from
the oxygen-16, and carbon-12 nuclei within the target can be seen.
Again, as the abscissa represents the magnet fluxmeter setting,
the energy of the scattered particles increases to the left, The
oxygen peak of this profile was used to estimate the distribution
of oxygen throughout the target, as described in Appendix I. See

text pp. 34, 35, 36, 37, 68.
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Figure 11
The Profile of Protons Scattered from

a Lithium Target

Here a profile similar to the one presented in figure 10, but
at a higher incident proton energy is shown. The strong energy de-
pendence of the height of the 016 and Ciz peaks is seen. The lith-

ium-6 step is not shown, but appears at a higher fluxmeter setting

than the lithium-7 step. See text p. 35.
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Figure 12

Li7(p, p) Angular Distributions

The cross sections obtained from the profiles of figures 410
and 44, as well as at E1 = 0,355 Mev are shown plotted on the angu-
lar distributions measured by Warters (1953). The errors indi-
cated are the relative errors of 5% for Warters' data, and 3% for
the present experimental data. The cross sections of Warters
have been reduced by 8.7% due to the remeasurement of the stop-
ping cross sections involved. Note the suppressed zero. See text

p. 35.
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Figure 13

Li’(d,d) Profile

The momentum profile of deuterons elastically scattered

from lithium-7 nuclei as measured at an incident deuteron energy

of 0.404 Mev. The various symbols on the plot represent differ-

ent target spots. The lithium-6 step occurs at a higher fluxmeter

setting than plotted in the figure. See text p. 35.
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Figure 15

Li’(d,d) Profile

This Li7(d,d) Profile was measured at the highest bombard-
ing energy at which data was obtained during the present experiment.
Care had to be taken in the production of targets at the higher ener-

gies to insure that they were sufficiently thick. See text p. 35.
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Figure 16

The Li7(d,d) Excitation Functions

The excitation functions were measured as a function of fhe
deuteron energ;r in the laboratory system at the angles correspond-
ing to the zeros of the second, third, and fourth Legendre Polyno-
mials. The relative error shown is of the order of 3%. The sym-
metric nature of the cross section near one Mev at 90° is to be

noted. The arrows indicate the energies at which the angular dis-

tributions were taken. See text pp. 40, 56, - -

'
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Figure 17

The Ratio of the Excitation Functions

to the Rutherford Cross Section

The ra;:ios of the differential scattering cross sections to
the Rutherford cross sections illustrate the large magnitude of the
non-Coulomb scattering occurring above one Mev. The error in-
dicated is again the relative error. As with figure 16 nothing
conspicuous appears at 0.8 or 4.4 Mev, although there is a strong

anomaly near one Mev. Note the suppressed zero. See text pp.

41, 56, 64.
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Figure 18
The Angular Distributions

in the Region of 0. 800 Mev

The angular distributions passing over the region where the
first resonance is observed in the reaction cross sections are pre-
sented in figure 18. The points repz.'esent the experimental data,
while the curves were calculated using the parameters obtained
from the s-wave fit discussed in Section IV-4-(b). The error bars
;epresent the estimated absolute error of 6%, and are located at
convenient points along the ordinate. The increase in the ratio of

the measured cross section to the Rutherford cross section as the

energy is increased is to be noted. See text pp. 41, 59.
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Figure 19

The Angular Distribution Data

The Li7(d,d) cros;s sections which were measured as angu-
lar distributior;s are presented for convenience as excitation func-
tions in figures 19, 20, 241, and 22. The errors indicated in these
figures are the relative errors. The progressive modification of
the form of the excitation functionsv as the scattering angle is in-
creased can be observed. In figure 19 the angular distribution data
taken over the angles 66° 25! in the center-of-mass system to 90°
are shown. The points plotted for the angles 900, 125° 16', and

140° 46' were obtained from the estimated curve of best fit to the

excitation function data of figure 17. See text pp. 41, 57.
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Figure 20

The Angular Distribution Data

The data obtained during the angular distribution measure-

ments over the angles 95° 44! to 113° 35' in the center-of-mass

system are presented in figure 20. See figure 19, and text pp. 41,

57.
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Figure 21

The Angular Distribution Data

The data obtained during the angular distribution measure-
ments over the angles 125° 16' to 140° 46' in the center-of-mass

system are presented in figure 24. See figure 19, and text pp. 41,

57.
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Figure 22
The Angular Distribution Data
The data obtained during the angular distribution measure-

ments at the an'gle 154° 9' in the center-of-mass system are pre-

sented in figure 22. See figure 19, and text pp. 41, 57.
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Figure 23
Assumed Total S-Wave

Reaction Cross Section

The total s-wave reaction cross section for deuterons inci-
dent on lithium-7 shown in figure 23 was estimated from the reac-
tion data of Baggett and Bame (1952). This estimate was obtained
by removing the penetration factors from the measured cross
sections about the 0.8 Mev resonance, and symmetrizing the re-
sult as explained in Section IV-4-(b). It was necessary to reduce
the cross section of figure 23 to obtain a satisfactory s-wave analy-

sis. See text pp. 58, 60,
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Figure 24
(X,Y) Plot of the Scattering

Data at E'l = 0.400 Mev

The v.a.lue of U used in the s-wave analysis, of the Li7(d,d)
scattering data, demonstrated in figures 24, 25, 26, and 27 wa.s ob-
‘tained by multiplying the cross section of figure 23 by five-eighths.
In this figure the lines corresponding to the angles comprising the
lowest energy angular distribution measured are plotted. The com-
mon intersection of the lines was taken as X = 0.91, Y = 0,24. This
{ntersection must lie within the inner circle determined by VicU .
The error bars are due to the experimental relative error. See

text pp. 51, 58.
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Figure 25
(X,Y) Plot of the Scattering

Data at E1 = 0,750 Mev

The diagram seen here corresponds to an energy approxi-
mately that of the first resonance observed in the reaction data.
The common intersection was taken as X = 0,57, Y = 0.414, and
lies within the inner circle determined by vi-U . See figure 24

and text p. 58.
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Figure 26
(X,Y) Plot of the Scattering

Data at E1== 1.000 Mev

The highest energy at which an adequate common intersec-
tion of the straight lines determined from the angular distribu-
tions could be found,was 1.000 Mev. The pattern formed by the
lines suggests that the presence of the anomaly just above one Mev
is being felt at this energy. Above one Mev the s-wave {fit to the
a{ngu‘lar distribution data abruptly fails. The intersection of the
1.000 Mev diagram was taken as X = 0.50, Y = -0,09. S'ee figure

24, and text pp. 58, 59.
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Figure 27
The Energy Variation of the

S-Wave Fitting Parameters

The energy variation in the (X, Y) plane of the points of
common intersection is seen in figure 27, for the choice of the
total s-wave reaction cross section discussed in figure 24. The
energy at which each angular distribution was measured is shown
next to the point (X,Y) in the diagram. The points at the energies
0,400, 0.750, and 4.000 Mev were taken from figures 24, 25, and
26. The intersections at 0.550 and 0.650 Mev were obtained
from the data of the excitation functions of figure 16 only. Al-
though the plot describes a general counter-clockwise motion
in the region of 0.8 Mev where the first resonance is observed
in the reaction data, the energy variation is at least partly de-
termined by the form of the total reaction cross section itself,

ds seen from equation IV-2.8. See figure 24, and text p. 59.



