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ABSTRACT

, A natural lithium target hasv.be'en bombarded by 31.8-Mev protons
Vand the energy spectrum of the emitted particles taken.every 10° from
10° to 120° and at 140° and 160°. Proton peaks corresponding to the
ground state and to the 4.61 Mev, 6.6-Mev, and 9.6-Mev levels of L17
"have been observed. Angular distributions for the 4.61- and 6.6-Mev
- levels of Li7 have been obtained and fitted with the diréct-interaction
‘theory of Austern, Butler, and McManus. ’(‘Deutelrons from the Li

ground state, 2.19--Mév, and 3.57-Mev levels have also been identified.)
The ground-state and 2.19 -Mev deuteron angular distributions have been
fitted with the Butler pickup theory. In addition, lithium has been bom-
barded with 47.1-Mev alpha particles and an angular distribution cobtained
for the inelastically scattered alpha particles leaving Li7 in the 4.61-Mev
state. This distribution has also been fitted with the direct-interaction
‘theory. Possible spins and parities have been assigned the levels for

which angular distributions have been obtained.
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INTRODUCTION

A. Inelastic Scattering

An increasing amount of evidence in recent years has pointed to
the general validity of the proposal that the inelastic scattering procebss
in the 10-to-50-Mev energy range can proceed through a direct type of
interaction. ! These reactions are direct in the sense that the formation
of a compound state is not invélved, and the reaction time is on the order - :
of the transit time:df the incident particle across the nucleus.

Previous descriptions had essentially been in terms of the formation
and decay of a compound nucleus, where one considers the incident par-
ticle as having a shor._t mean free path in nuclear matter and being quickly
absorbed by the nucleus. ;’ 3 The energy of the incident particle is
-shared with the other nucleons and the compound nuclear state formed has
a long lifetime compared with, the transit time of a nucleon across the
nucleus. Decay can takeb place only when enough energy is concentrated
on one of the nucleons or groups of nucleons for it to penetrate through
the nuclear surface. ' l ‘

The direct interaction aé proposed’by Austern, Butler, and-McManus>ﬁ<
is assumed to take place at.the surface of the nucleus between the in-

3

cident particle and one of the surface nucleons, Contributions to the
~direct process from the rest of the nucleus are considered negligible.
The_ validity of these assumptions requires that particles striking the
nuclear core be absorbed into a compound state. |

Although the yield'of particles from the compound state may not be
small compare;:l with the yield from the scattering at the surface of the
nucleus, one would nevertheless expect most of the former fo have low
energies, corresponding to high excitations of the residual nucleus, while

the latter would favor thevlow excitation states of the residual nucleus.

This suggests that the information obtained from the excitation of discrete

low-lying states would best test the validity of the direct-interaction’ thelory, - -

* o
Hereinafter referred to as ABM
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- The differential cross sectio‘n obtained from the direct-inter-
action theory has the f‘erm' of a diffraction pattern. The first maximum
appears as a prominent peak at forward angles. The peak at forward
angles can be considered a consequence of the fact that the center-of -
- mass systefn for the target nucleus and incident particle is not very
different from the laboratory system for the incident particle and the single
<~ nucleon with which it interacts. This would result in a peak in the for-
ward direction, but when angular-momentum restrictions a'tre considered
a peak at forward angles is still predicted although it need not occur at
0°.

' ’hand are not expected to show the same degree of preference for the

" The reaction products from the compound nucleus, on the other

forward direction.
Distributions have been obtained by a number of investigators for
the inelastic scattering of protons and alpha particles .leading to discrete

: states. 1,5,7-14 -The qualitative feature of a prominent forward peak

- has. been obtained in most cases, although the results for the proton

- scattering off light nuclei near 10 Mev exhibit this effect to only a
.smaller extent. 78,12 The fitting of the .forw.ard peak with the ABM
theory leads to the assignment of possible changes in the nucleai‘ spin
and to a determination of whether the parity of the final state is the same
as.or different from that of the initial state. |

) Other more complex models for the direct-interaction process have
been proposed. The Bohr-Mottelson collective model considers the ex-
citation of surface waves by the incident particle. 15 This leads to a
similar type of expression for the angular distribution as obtained by
ABM.

Hayakawa and Yoshida have extended the Bohr-Mottleson calculauons
to include the core effects. 16 The se calculations are considerably more
complicated, and no attempt has been made to carry out such calculations
for the present data.

The investigation of the low.-lying levels of Li7 by the inelastic
scattering of 3'1.,8-Mev<provtons. and 47.1-Mev alpha particles was under-
taken because of the fundamental interest in this relatively simple nucleus
and because little has been definitely established about the properties of

its levels, 17
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'B. The Pickup Process

In addition to the protons inelastically scattered from Li7,
deuteron groups corresponding to,eXCited' states of L16 can be. expected
from the proton bombardments. The production of deuterons at these
energies is expeéted to proceed By.,the Butler pickup process. 118" 5

This process and its inverse, the stripping reaction, are types

of dixjec.t -i,nt.evrac‘tion processes, and yield ahgular distribufio.n,s similar
to those for inelastic scattering.by direct interacition‘._ Considered from
the stsndpoint of the specific reaction (p,a), the incoming proton is
assumed to interact only with a neutron at the surface of the targetvn.ucleils
without being affected by the rest of the nucleus. The proton. and neutron
then continue out of the nuclear surface_ as 'a'deu'te.ron.

- That this simple vpicture is a.gooc.l approximation for the first
maximum is evidenced by the many data that have been fitted with the

19.

pickup ahdvstriplpirig theories. Tobocman and Kalos have extended
these calculations to include' core interactions with the incident particle,

and their results show that these effects can not always be ignored.
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EXPERIMENTAL APPARATUS

A.  Proton Experiment

1. Beam Energy and Definitio_n

The proton bombardments were carried out using-the 31.8-Mev
beam of the Berkeley proton linear accelerator. 21 The beam has an
energy spread of about 100 kev and is approximately 1/4 inch in diameter.
The actual beam energy may vary by as much as 0.5 Mev from day to
'day, although changes of the order of 0.1 Mev are more usual. The ene rgy
was measured by determining the ionization .curve for the tpr'o'toﬁ’s;, using
a variable aluminum absorber in front of an ionization chambeér. The
- range in aluminum ‘was taken as the value at 0.8 of the maximum of the
ionization curve, 22 and the tables bof Aron et al, were used to cbhvert
" to energy. 23 s v
' The beam -defining system is shown in Fig. 1. Here CPCZ‘, and
g C3 are carbon collimators. C1 is a remétely’controlle’d 4 -jaw
collimator whose vertical jaws were set for 1/8 inch and whose horizontal
jaws were used to control the beamvintenéity. ‘The magnet serves as a
swit.ching device to steer the beam into the desired direction. CZ is a
4-jaw adjustable collimator set with a 1/8-inch-square aperture.. C-3
is a 3-foot triple collimator with the first aperture 1/8 inch in diameter
(the main beam -shaping collimator) followed by 5/32-inch and -3/16_inch
apertures 1 foot apart. The latter two apertures act to reduce the number
of slit-scattered protons that enter the scattering chamber.

'~ After collimation, the beam at the target is approximately 3/16 in(;:h'

in diameter and has a maximum time-average intensity of about 4 x 10"

ampere.

2. Scattering Chamber

The scattering chamber is 24 inches in diameter and has a re-
motely operated table that can be positioned in angle to + 0.1°. A target”
changer that can hold up to six targets is attached to the lid. The

- selection of the target and the setting of its angle are also remote operations.

N
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Fig. 1. Proton beam steering and collimation.
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The remote indicator for the target angle was not operating, however,
‘and the target angle was set by using a scale on the target changer.
This could be read to + 0.5°,

. Alignment of the chamber and collimators along the beam line was
done optically. The beam line was determined by the fixed collimator,
C,s and by a spot burned in a glass plate by the beam at the exit end of

the scattering chamber.
3. Targets

The targets used were of the order of 0.005 inch thick. ‘They were
prepared from natural lithium by rolling freshly cut slices of lithium
to the desired thickness in a dry box containing an argon atmosphere.
The térgets were ’placed on a holder and encl’osed' in a plastic envelbpe
while still in the ,di'_y‘box. This p‘érrﬁi'tted removal of the targets to the
scattering chamber-and their attachment to the farget changer without
éprsure to air. After the chamber was evacuated the envelope around
the target was removed mechanically by raising the target holder up
into the target chamber. A gate valve betvszeenvthe target chamber and
scattering chamb'e.r allowed the target to be isolated in thé target-
chamber vacuum whenever it was necessary to open the scattering

chamber.
4. Detectors

Two separate scintillation counters were used. One was a NaI(T1)
crystal and phdtomultiplier tube, and the other a plastic scintillator and
photomultiplier tube. The photomultipliers were DuMont 6291 tubes
ope rated at reduced voitages (700 to 800v) to prevent saturation in their
outputs. They were selected for loew noise output and good pulse -height
resolution. Both de_tectors were moﬁnted in the scattexing chamber
with a vacuum fitting such that the entire crystal photorriultipl_ier tube
assembly was at atmospheric pressure, thus avoiding the Geissler dis-

charge region while the chamber was being pumped down.

a. The Nal(T1) counter

The NaI(T1) crystal was prepared in a dry box con-
taining a nitrogen atmosphere. The crystal was cleaved and rough

" sanded to 7/8 by 7/8 by 5/16 inch. The 5/16-inch dimension was chosen
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to be more than the range of a 32-Mev proton in order to allow for
subsequent refinishing of the crystal. The crystal was mdunted in a
lucite holder to which a 0.0005-inch aluminum window was attached.
The inner surfaces of the holder were painted with Tirgon white paint
for high reflectivity, except for the polished side in ~c§ntact with the
photomultiplier tube. Dow-Cbrning silicone grease (106 cs) was used
in the interface between the cryétal and lucite and the lucite and photo-
multiplier in order to optimize the optical coupling. .
The energy resolution as determined from the eiastic peak (full
width at one -half maximum) varied from 2.6% at forward angles to
4.5% at backward angles, Computing t_he_contrib.utions, to the resolution
due to the target, the beam width, the angular aperture of the counter,
and the channel widths of the analyzer shows that the resolution of the
~ Nal crystal and photomultiplier tube alone is 2.5% at best. The poor
resolution at backward angles is probably caused by these( angles.
: having been run at the end of the experiment, at which time the crystal

surface gave evidence of being contaminated.

b. The plastic scintillation counter

The plastic scintillator was a 5/8-inch cube of
terphenyl -loaded polyétyrene. The optical path to the photomultiplier
‘tube was through a short light pipe. Silicone grease was used to insure
good optical contact at both ends of the pipe.. To improve the light-
collecting efficiency the scintillator was covered with an aluminum foil
“hood. - .
"~ The counter was used to take data in the angular interval from 10°
to 900, and the energy resolution, taken from the elastic peak, was on

the order of 4.5% for the whole interval:

5. Electronic s

- Figure 2 is a block diagram of the electronics. Separate high- '
voltage supplies were used to maintain independent and continuous operation
of the two counters. The hv supplies were regulated to better than 0.02% .

The signal from each photomultiplier tube was fed into separate cathode
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followers whose input time constants were chosen to give 1.5- usec
output pulses. Data were:taken with only one counter at a.time so that
 the output of either cathode follower was fed into a linear amplifiér and
) then into the.puls'e -height analyzer. _ ' a |
'- The analyzer consisted of a chassis containing a voltage subtractor,
an ampli'fie.r, a pulse stretcher, and a timing-pulse generator,
followed by a bank of scalers whose inputs had been modified. 24 The
modification consisted of a coincidence and anticoincidence network
arranged so that the signal would record only in the scaler representing
‘the proper pulse -height interval. With the resolution attainable from the
NaI(T1) cr‘ystaln it was desiljable to operate the aﬁalyzer with 1-volt
channel widths (0.5 Mev per volt). Stability with such narrow channels
required_ temperature control of the window -arnplifief chassis, the linear
amplifier, and the calibration pulser (used to set the channel widths). The |
proton data were taken with the analyzer extended from its usual 10-

channel operation to 20 channels.

6. Beam Monitor

After passing through the tair'get and an exit window in the scattering
chamber, the beam was collected in a Faraday cup and the resulting
voltag.e across a capacitor (known to 0.1%) was measﬁred by a 100%-feed -
back electrometer. The voltage was recorded on a Leeds and Northrup
recording millivoltmeter. Permanent magnets were used at the entrance
to the cup to prevent the esc‘a‘pe__of secondary emitted electrons. An
ionization chamber in front of the Faraday cup served as the beam monitor

for the linear accelerator -crew.

B. Alpha<Particle Experiment

1. The Beam and Scattering Chamber

The 60-inch Crocker Laboratory cyclotron was used for the alpha.-
particle bombardments. The beam was brought out of the cyclotron by a
procedure described by Ellis, 25 and directed into a 36-inch scattering

chamber ('see Fig. 3). " The scattering chamber has the same features as
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the 24 -inch chamber previously described in this’ pa‘pe‘».r.'. By me:ans

of a quadrupole focusing fnagnet and a carbon collimation system, a
,'1/8v-linch-d.iame'ter beam was passed through the vtarget at the center of

the scattering chamber. The beam-sh-aping aperture of the collimating
system was 1/8 inch in diameter. It was followed by a 3/8 -inch aperture,

6 inches away, to eliminate slit-scattered alpha particles.’. The coll‘imators
~and the scattermg chamber were optically aligried along the beam path

‘The mean beam energy as determined frorn number-range curves

in aluminum was 47 1.+ 0.5 Mev.
2". Targets

The targets, as in the proton experiment, were about 0.005 inch
thick, and were made and transferred to the scattering chamber by the -

same technique as outlined in that section.

3. Detectors and Electronics

The data counter was a NaI(T1) crystal mounted on the face of a
DuMont 6292 photomultiplier tube. A propertlonal counter in front of
the crystal was used to discriminate between alpha particles and less
heavily ionizing particles. This counter has been fully described by
Fischer,. »

The output of the proportional counter, after passing ,through a
preamplifier and a linear amplifier, went into a variable gate unit.
(See Fig. 2.) The variable gate output was then fed into the pulse-
height analyzer where it formed a coincidence with the Nal counter signal.
‘The discriminator of the variable gate was set to count all the elastically
scattered alpha particles at the smallest angle for which data were taken
This sett1ng prevented the recording of particles other than alpha .
particles in the pulse-height intervals 1nvest1gated

The remaining electronics was identical to that used in the proton

experlment except that the analyzer had only 10 channels.
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4, Beam Monitor .

Integration of the beam was by means of a Faraday cup and
electrometer. As an additional beam monitor a NaI(T1) counter was
placed.in a fixed position outside a window of the sg:attering ch‘ambe r.
It counted the particles scattered from the target at about '18'?. The
crystal monitor was calibrated against the Faraday cup“a'n‘d used’' as the
beam integrator for small anglesl (< :110‘) when part of the beam struck
thé shielding of the data counter. It also acted as a monitor for the

cyclotron crew,
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REDUCTION OF DATA

A. Particle Identification

In both experiments it was desirable to use a particle-detection
and analyzer system that pe rmitted the recording at one time of as
large a segment of each energy spectrum as poséihie, In this way the
‘spectra and cross sections obtained from them would not be very
sensitive to shifts in the beam energy. The use of a scintillation counter
and multichannel analyzer appeared to be the logical choice.

With a single scintillation counter some information can be obtained
on the identity of particle groups contributing to the energy spectra.
‘In particular, proton and deuteron groups from a light nucleus show a
strong differential energy shift as the angle of observation is changed;
by this property alone the identities ‘of different groups may be de -
termined. A differential energy shift with changing angle is also observed
for two g‘reups of the same detected particle if the recoil particles are
‘very different in mass. “This technique, of course, requires that the
counter be calibrated in energy, at least approximately, for the various
particles, and that the ‘reactions be known,in order to calculate their
kinématics. ' o ,

This method was employed in both expe riments wherever possible.
It permitted the 1dent1f1cat1on of enough deuteron groups in the proton
experiment to get a good cahbratmn for the p1ast1c scmtﬂlator (see
Cahbratmn of Detectors) In the alpha partlcle expenment it was very
useful in d1st1ngu1sh1ng between the alpha part1cle groups scattered
from _L17 and those s_cattered_from_ the hydrogen contaminant in the.
target. Never.thelese a mor-e_pqsitive_ means of perticle identification

was needed.

1. Alpha-Particle Experiment

Protons, deuterons, and tmtons could appear in the alpha -particle
‘spectra either as discrete groups or as part of the contmuum near the
peak corresponding to the 4.61-Mev level of L1 . It was a relatively

easy matter to discriminate against them by means of their dE/dx,
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measured with a proport1ona1 counter placed before the Nal detector. It
was possible to set the dlscr1m1nator of the variable -gate unit at a
single setting for all the data (see Fig. 2 for electronics diagram). This
setting ‘was selected to discriminate against pulses smaller than those
from the elastically scattered alpha particles at the smallest angle of
observation _(60)., This insured that alpha particles from angles equal

to or g‘reat_er,than 6° would produce.puls,es in the proportional counter

large enough to trigger the di‘scrimir\l\ator circuit and gate the analyzer

1R "

on. . .

' Calculations were made to check the effectiveness of this setting
against protons, deuterons, tritons and He3 particles. Protons,
_deute rohs, or tritons with enough energy to record in the. pulse -height
',analyzer would not give a big enough pulse in the proportional counter
~ to gate the analyzer "on." A He3 particle could gate on the analyzer,
but the Qi for the reaction Li (a He3)L1 (Q=-18.5 Mev) fortuitously
restrlcts the p0551b1e energles for the He3 to below the :analyzer
hreshold ‘ )

Runs with and without the proportlonal counter showed a decrease

of 10% to 20% in the continuum under the 4.61-Mev peak, but did not

show the presence of any peaks due to particles lighter than alphas.

2. Proton Experiment

In the proton expe riment, in Wthh it was desued to detect protons,
deute rons and, if possible, trltons and alpha part1cles, the use of the
Tproportlonal counter—sc1nt111at10n counter comb1nat10n w1th a multl-
" channel pulse -height analyzer presented a more difficult: problem The
“use of such a systern with the 20 channels needed to get the data in a
'Areasonable period of time would have made the electronlcs cons1de rably.
more complicated, with a corresponding increase in ma1ntenance problems,
It was felt that the additional information about the detected particles
needed to identify them could be provided more simply by using a second
detection system that responded differently to the particles than did the
- first. A Nal(T1) crystal counter was constructed as the primary detector .
~to take advantage of its better energy resolution as compared with other
scintillating materials. For the second counter a plastic scintillator
was chosen. The response of these materials to protons and deuterons

is shown in Fig. 4.
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Both counters were used to obtain spectra at each angle, with
approximately half of the data being taken with each. Figure 5 shows
portions of such spectra taken at 200(1ab), The dia’gonél lines represent
the pulse -height-—versus —e—nergy calibration of the detectors for protons
and deuterons. ' '

Peaks A coresspond tonthe protons elastically scattered from
Li7° They appear at the same proton energy in both spectra--as they
should, since they were used in the c_:alibration of the detectors for
pfotons.’ The higher and sharper peak in the Nal spectrum, as compared
to the peak in the plastic spectrum, is a result of the better energy
resolution of the Nal. _ ‘ ‘

Peaks B are seen to have the same proton energy, and occur at
the proper positibn for the 4.61-Mev level of Li7, . |

Peaks 4 C, ‘Wl‘len considered as deuterons, have the same energy,
and correspond to Li7(p, d)Li6(ground state). Neither p‘eak has a-
possible proton counterpart in the othe:f spectrum. '

‘Peak D of the Nal spectrum has no proton counterpart in the
plastic spectrum,." and has the correct deuteron enerfgy for the 2.19-Mev
level of Li6., Its deuteron counterpart in the plastic spectrum occurs at
the posi{ﬁon D' . The broken line under D' indicates the general back-
ground level in that region of the. spect‘rum.,vOn the basis of an approximate
calibration (see Calibration of Detectors), the high points to the left of
D may be in part due tb alpha particles or t‘ritoﬁs from the reactions
Li7(p,a)He4 and’ Li7(p, t)LiS(g_round state),' Their positions in the Nal
Spectra%,wodld be at 63 volts and 52 volté, respectively. It should also bé
noted that the general structure on the low-energy side of D appears to
have no proton counterpart in the plastic spectrum, and probably in- \
cludes deuterons corresponding to the. 3057-Mev level of Li .

The hump on the high-energy side of B in the Nal spectrum corre -
sponds to p-p scattering from the hydrogen contaminant in the target.
Although the statistics are poor it appears to have a proton counterpart
in the plastic spectrum. The srhall peak between B and C in the plastic

spectrum corresponds to the 6.6-Mev level of Li7,
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B. Calibration of :Detectors

1. Proton Experiment

' The Nal and plastic scintillation detectors we re calibrated for
protons, using the protons elastically scattered from Li7. Their
energy as a funct1on of angle was calculated from the kinematics and
corrected for losses in the target and the.detector foils. The response
in the Nal .was found to be hnear in the region between 15 and 30 Mev
(see Fig. 4). This is in agreement Wlth the published data. 26,217, 28
In addition, the linearity has been shown by Allison and Casson to ex-
tend down to a few kev. 21 ‘Agreement is indicated in the results pre-
sented here by the fact that a 1ine'ar'extrapolation to zero pulse height
passes the line"‘through the origin, within expevrirnenta.l error. The
response of the piastic was elso'found’ to be linear ove‘r approximately
the same en’ergy‘interval, and is in good agreement with the data of
Hecht. 11 This curve, linearly extrapolated to zero pulse height, in-
tercepts the energy axis at about 2.5 Mev.v This is a consequence of the
nonlinear response of plastic scintillators to proton energies below
about 10 Mev, _ | -

The proton cahbratlon of the Nal also served as a calibration for '
deuterons,‘ since the response of Nal is the same for deuterons and protons.,%

As a preli“rni'nar'y’ calibra{ti'on’f“or deuterons in the plastic scintillator,
the published data on the orgamc sc1nt111ators stilbene and anthracene,
Were used. 26 28 As a class the- orgamc sc1nt111ators, wh11e having
different eff1c1enc1es for conversion of. energy to light, ‘have similar
responses to stopplng part1c1es, The response to protons obtained with
the plastic‘ scintillator in this experiment has the same shape as given
for stilbene and anthracene crystals. It is reasonable to assume that
these crystals respond about the same deuterons as do the plastic scin-
tillator. As a check of this assumption the three points obtained by
Hecht for deuterons of 10 to 14 Mev. were put on this plot. Although the

agreement was within statistics, it suggested that the energy separation

between the two curves should be larger.
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‘As the final calibration, additional deuteron points were obtained
from the actual data by the following procedures: \

(a) Peaks corresponding to particles other than protons could often
be iderntified by compari.ng the Nal and plas tic spectra at the same angle.
Such peaks would shift their positions relative to the known proton peaks.
C and D in Fig. 5 are examples of "nonproton' peaks. V

(b) If it is assumed that the ''nonproton'' peaks are deuterons,
their energies can be determined from the Nal calibration and the pre-
‘liminary calibration of the plastic. From the kinematics .the peaks that
correspond to expected deuteron energie:s can then be selected.

(c) Next, the change in energy with angle for each tentatively
" identified deuteron peak can be compared with the kinematics. In this
connection the peaks that would correspond to the ground state of Li6
in the spectra from 60(_) to 90° (lab) were the most useful. This is be-
~cause the kinematics eliminates the possibility of their being tritons;
and alpha-particle peaks could easily be distinguished from deuteron
peaks by their rate of change of energy with angle.

(d) Finally, the corresponding deuteron peaks in each pair of
spectra can be found by comparing energies and cross sections.

Deuteron points in the energy interval from 15.5 to 20 Mev were
obtained in this manner. .'I‘hey were in agreement with Hecht's points,
and required the displacement of the preliminary deuteron curve an
additional 0.5 Mev from the proton curve. The separation between
protons and deuterons was 3 Mev in this energy region.

The final calibration of both detectors is shown in Fig. 4. Proton
and deuteron pbints corresponding to the 4.61-Mev levv‘el of Li7 and the -
2.19-Mev level of Li6, respectively, are also plotted. |

It was also necessary to have some idea where triton and alpha-
part1c1e peaks mlght occur in the spectra. The tritons are produced in
the reaction Li (p, t)Ll? with Q = - 4 27 Mev. The reaction Li (p,a)
He4 with Q = + 17.34 Mev is the source of the alpha partlcles Their
energies are high enough to place them in regions of the spectra being

analyzed for protons and deuterons. For getting an idea of where to expect
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.them ‘the data of Taylor et al. were used to get approx1mate response
curves for alphas in both detectors 26 No data were. avaﬂable on

tritons, therefore a reasonable estlmate of the pos1t1on of the triton curve
was made. No peaks in elther spectra could be estabhshed .as caused

by either tr1tons or alphas Small but detectable peaks may. have been
present, but were not 1dent1f1ed Nevertheless, with the a1d of the
k1nemat1cs, the curves prov1ded 1nformat10n on the reg1ons of the

spectra where tritons and alphas mlght produce trouble in the analysis.

2. Alpha-Particle Experiment

It was necessary to calibrate the Nal detector only for alpha
particles, because the proportional counter was used to prevent the
recording of other particles in the analyzer.'v In addition, an accurate
calibration was not requizf"ed becaus'e: the peak corresponding to the
4.61-Mev level of Li' was readily identiﬁaldie at most angles. An
adequate cahbratlon was obtained by usmg the pulse helghts of the
‘elastic and 4.61-Mev peaks and the scattered a1pha-part1c1e energy
calculated from theKinematics without correction for losses in the

target and the detector foils.

%

C. Target Thickﬁess and Contaminanfi

A sirtgle target was used for all the proton bomba';rdments exbept
for the data taken at 150, 450, ‘and 7_59., These data were normalized
to the principal target data by means of the elastic cross sections.

Three different targets were used in the alpha-particle bombard-
ments. The thickness of only the first was measured, and data taken at
13° were used to normalize the remaining data. _

A target angle of 45° was used for all the data in both the proton
and the alpha-particle experiments. Data were taken in the quadrants

containing the normal to the target surface.
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1. Thickness Measurements

In the alpha-particle experiment the target thickness was measured
by taking number-vs-range curves for the incidént alphav-particlé" beam,"
" with and without the target in place. The difference in the mean ranges
- gave the target thickness in ‘aluminum-eqﬁivalent.' This method measured
t/cos Gt, for which the ‘value 5.86+0,2'9‘mg'/crn2 was obtained.
The same technique was tried in the proton expe riment but the
results were not satisfactory because of beam -intensity fluctuations. The
" target was therefore removed from the scatteéring chamber with a minimum
of exposure to air and returned to the dry box. ‘A triangular section was
~cut from the center of the target.” This was transported in a container
with an argon atmosphere to an accurate balance. The w‘eigh‘t of* the
triangle was recorded over a sufficiently long period of time to establish
the rate of change in its weight when exposed to air. It was a linear
function of time for the interval considered (approximately thirty minutes. ).
Then an extrapolation was made to obtain the weight at the time of re-
moval from the chamber. The dimensions of the triangle were measured
and the target thickness calculated. The thickness was 6.32+0.25 mg_/cm2

This includes the oxygen contamination present during the bombardments.

2. Contaminants

During the preparation of the targets some darkening of the sur-
faces occurred, but no further deterioration was noticeable once the
target was placed in the vacuum of the scattering chamber.

In the proton experiment a check was made for contaminants by
extending the energy spectra obtained at 60° and 70° to include protons
with energies greater than that of the Li7 elastic peak. These spectra
showed the presence of oxygen as the main contaminant, with smaller
amounts of carbon and sodium. Care was taken in analyzing the data to
avoid cohfusinvg the levels of oxygen with a level in Li7 having a small
cross section. The amounts of sodium and carbon present were not
large enough to require special precautions in the data analysis.

The amount of oxygen present was determined by nsing the differen-

tial elastic cross-section values of Kinsey and Stone for proton scattering
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from oxygen at this energy. 29 The target' was found ‘to contain 5% of
oxygen by weight,‘ - The target thickness corrected for the oxygen was
_5.9‘;5:!:(.)‘.26 mg/cm;. _ S

Another contaminant was hydrogen, .indieating that the darkening
of the §urfa¢é was due to lithium hydroxide. This peak was small and
.}ﬁredict.able. 1n po‘siti‘on so that it could be located when the dafa were
analyzed. ’ | o | _

An _alph_a %particle group cor;equnding._to elastic scattering from
-_hydrbgen alsé appeared in the energy spectra from the alpha-particle
'b_ombafdmer;ts.' No attefnpt was made to determine the other con-
| taminants in these targets,. al_though oxygen was.very likely another

contaminant.
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D, Klnematms
For the calibration of the counters and ass1gnrnent of excitation
energles to the res1dua1 nuclei the kinematics for the react1ons in-

vestlgated in this experlment had to be known.

The two -body reaction in the laboratory system can be represented

by .
-El + M +MZ._—>M3.+M4 + € +Ef )
where
M1 is the incident particle,
MZA is the target nucleus,
4 M3 is the detected particle,
_ M4 is -the residual nucleus,.
E1 is the kinetic energy of the incident particle,
€ is the excitation energy of the residual nucleus, and
E,. is the kinetic energy. of the detected particle plus that of the

re51dua1 nucleus ‘
The energy (nonrelat1v1st1c) of the detected part1c1e (M ) in the

1aboratory system is given by

M. M -~ - 2
E3 :.__1._.__3.___‘__ E]. C?S. 65:\/_3‘_2_ - SIHZGJ

(M, + M,)?
where % 2 : . g
1 [V 0 MMy MMy gl
) e e ey
-\ c.m 1 3 2
for _9 — <<1.
(M3 +M,)C |

The remaining symbols defined as follows:.‘
E3‘ is the kinetic energy of the detected particle, '
.6 is the scattermg angle of the detected particle in the laboratory
system, ‘
V*v?)is the velocity of-the -detected particle in the center-of-mas.s
system,

VC mis the velocity of the center of mass,

ly



-28-

Q= [_(Ml PM,) - (M, + M4{] <,

¢ 1is the veloc1ty of hght ,

In the expression for" E3, only the plus 51gn is used for reactlons
in which ;1.2-.2 .1. ‘For —2— 1, l.E»3 is .double-valuedvaﬂmd both signs
are needed. |

‘For the proton experiment the energies were corrected for losses
in the target and the counter foils. Plots of E; (corrected) vs "9‘ and
E3 (corrected) vs ¢ for the observ’ed reactionhs were used in the
calibration of the counters and the assignment of excitation energies to the
residual nuclei. The target and foil corrections were not made for the
alpha-particle experime“nt,' as the 4.61-Mev level could readily be '

identified by use of plots wittha' uncorrected.

E.  The Differential Cross Section

The d1fferent1a1 Cross sectlon in the center of mass system is

‘ g1ven by
do . Ng ' cm? :
—_ — e G - (c.m.),
dQ ~  AQ Nint sterad

- where N is the number of particles scattered into the solid angle AXQ,

AQ is the solid angle subtended by the counter aperture at the
target, ' _

Ni . is the number of particles incident on the target,

n, is the number of target nuclei per crn2 along the beam direction
(this includes only nmclei of the kind producing the observed

reaction), and

dQ(lab)
dQc.m.).
“for the solid angle.

G = is the laboratory—to—center of mass transformation factor

Writing N, and 0y in terms of measired and known quanti‘ties, we have
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t N
: o
e A cos Gt'
+ where C is the capacitance in the beam -integrating circuit (in farads),

V' is the electrometer potent1a1 (in’ volts),
e is the electronic charge (1n coulombs)
t is the target thickness (in g/crn ) .
9 is the angle between the beam d1rect10n and the normal to the
target surface, ' '
A is the atomic welght of the target nuc1e1,'and
N is Avogadro s number,

o

" On substitution for Nj “and nt,‘ the dlfferentlal Cross sect1on becomes

A N G e A cos 0 2
do s t cm
- = {c.m.)

dQ CVAQ N-o t sterad-

Ns. is equal toA (2 Nj) -B, where Nj is the number of counts in thelth
channel, and the(_‘summa_tiorn is over the cha_.nnels included between the
minima 6n ei_thefside of the peak. B is the number of backgrounﬁld

~ counts u_ndef the ‘peak and is determined by gira_wing a sméoth curve be -
twéen the minima. In the drawing of the bac.:kgirour_xd line an attempt is
made to give it a reasonable shape based on observed trends as a function
of angle. When the background level is uncerﬁain, the range of possible
backgrbund lines is coﬁside red, gnd fhis:unce rtainty is'included in the
error assigned the cross section.

The conversion'factor:‘ G _is given by

agftab)  _ (1 - x% sin® g2

2

G = 2
dc.m.) [recos 8+ (1-rsin“6) /7

‘f,where 9 is the scatterlng angle in the laboratory system and r is

defined in the sectlon on Kinematics.,

The laboratory angle, 6, transforms to the c.m. angle‘, ¢, by
sin ($-60) = r sin 6. |
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'ERRORS
- The standard deviations plotted on the graphs. are the errors in

the relative cross sections only They were obtained.from. the counting
statistics and 1nclude an. est1mate of the error involved in the determination
of the background line. _ o o

) Because N and G are both functlons of 9 the‘co‘unter angle in the
1aboratory system uncerta1nt1es in 6 contrlbute to the errors in the
relative cross sections. The error in N is greatest where d(InN )/dG
is a maximum ; that is, at the point of maximum slope of the d1fferent1al
cross section on a sem1logar1thm1c plot For an uncertainty of 0,.1

in the counter angle we have

6N
s

£~ 1% for the proton angular distributions,
N . N
R
<1, 5% for the deuteron angular d1str1but1ons,
< 3% for the alpha part1c1e angular dlstrlbut1ons
‘Thé error in G ¢an be neglected, as it is always < 0.1% for §6 = + 0.1°,
» ‘The remaining quantltles contr1but1ng to the errors in the absolute '

CI'OSS sectlons are

0.1%

_v‘C .

&V o ' PR g L

—— =0.5% . The only contribution to this quantity
v )

"is from the recording of the potential.,
The loss of charge from the Faraday
cnp due to leakage and multiple Coulomb

s"Catt!éring in the target is negligible,
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A . 3.8% (p,B) and (p,d)

AR o
= 2% ('a',d,')
&(cos Gt) L o
—_———=0.9% for '66t = 0.5
cos 0 :
t
5t ) _
— = 4,470 (p,p') and (p,d) o
t
5( t .
cos B) o
t % .
: =5.0% (a,d) .
cos Gt

’ Where sPecific reactions are indicated after a quantity, the quantity refers
only to those reactlons

_ The combined errors, not 1nc1ud1ng countmg statistics, _are

6.0% for (p,pY )
6.1% for (p,d) ,
‘ 6.2% for {(a,a') .

These errors are to be combined with the relative errors glven on the

plots to g1ve the error in the absolute cross sectlons

I< i . ‘ ' '
The quantity measured in the alpha experiment was t/cos Bt’ that
is, the target thickness as seen‘by the beam. (See section on Target

Thickne ss.
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RESULTS AND CONCLUSIONS

A Pu]lse —He1ght Spectr’a and Energy Levels in Lithium

1. Proton Experiment

Energy spéctra were taken every 10° from 10° to 900 with both
detectors. ‘ In addition the Nal detector was used to obtain spectra at
100°, 110°%, 120°, 140° and 160°. A typical spectrum is shown in
Fig. 6. '

Peaks corresponding to the ground -state and 4.61-Mev level of
Li7 were readily identified in all the spectra. For angles of 60° and less,
data on the 6.6-Mev level of Li7 were obtained from the plastic spectra.
This was necessitated by the movement of the deuteron peaks cor-
responding to the L16 ground' state and 2.19-Mev level across the
position of the 6.6-Mev peak in the Nal spectra

Evidence for the excitation of L17 to the 9.6-Mev level was ob-
‘tained from the‘plastid‘spectrfaz'at 500, 600, and 70° (see Fig. 7). At
other angles it was not observed or could not be’ ré’solvea from other
peaks. | The excitation of the 7.46 -Mev level of Li7' was illnAcertain. Its
cross section is small, and where a peak does appear at the expected
position of the\7,46—Me{r level one cannot exclude the possibility that it
might correspond to a level in Li'é'*{??7;5% isotopic abundance).

| Levels of Lié observed by (p,d) reactlon were the ground state,
' the 2. 19 Mev 1evehl and the 3.57-Mev 1eve1 The flrst two were seen in
both spectra at angles below 90 A posu]ve 1dent1f1cat10n of the 3.57-
Mev level was made only at 30°, At angles of 90° and greater the
deuteron peaks appeared displaced toward lower pulse heights. These
~data Were taken last, and the displacement could have resulted from
contamination of the front surface of the Nal crystal.. No deuteron data
were taken from these later spectra.

The sharp rise in the continuum at the threshold for the Li (p p') -
H3':He4 reaction (see Fig. 6) is characteristic of all of the spectra except

at 10° and 20°, where it wag obscured by the large elastic peak.
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2. Alpha-Particle Experiment

Obsérvations,of the scattered alpha particles were taken only for
that portion of the spectrum near the 4.61-Mev peak. Data were taken
in approximately 1° intervals from 6° to 20° and eve r'y 5° thereafter
to 65°. Figure 8 shows the spectrum obtained at 13°%. The continuum
under the peak is due to the three -body breakup, L17(a o,')H He (Q--
2.465 Mev). The large peak at a lower pulse height than the 4.61-Mev

peak is due to alpha particles scattered from hydrogen.

B. Angular Distributions

1. Inelastic Scattering

a. Li7 (e = 4.61 ‘Mev)

The angular distributions obtained for the 4.61 -Mev 1eve1 of L1
by proton and alpha-particle bombardments are shown in F1gs 9 and 10.
The errors are the standard deviations for the relative cross sections
only. The gap in the data at the peak of the first maximum in the _
alpha-particle distribution is a consequence of the hydrogen contamination.
;Alpha particles incident on the hydrogen scatter only in.fo angles less
than 14.6 © in the laboratory system, and consist of two energy groups
for each angle. The higher-energy gi’oup moved across the 4;61 -Mev
peak at angles between 8° aind 11° and was approximately 50% larger
than the 4.61-Mev peak. Attempts to subtract off the hydrogen conv-
tribution were made, using published data, but the uncertainties in
the normalization to the published data made the results unreliable.

These data were fitted with the direct-interaction theory of ABM.
Neglecting all interactions with the nuclear core and assuming that the -
incident particle interacts only with a single nucleon at the surface of
the nucleus, one findsfor the differential cross section the angular de-

pendence

fg» ~ [J’,Z(ga):, 2,
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12’,12

where g =

is the propagat1on vector of the 1nc1dent partlcle,

R
l% is the propagation vector of the outgomg partlcle,
a is the radius at Wthh the interaction is- assumed to- take place,
ﬂ is the orbital angular momentum 1mparted to the nucleus in

" the collision, and )
Jﬂ is the spherical Bessel funct1on of order !Z _
The rad1us a is used as a variable parameter in the f1tt1ng of

the data The selection rules for the spin and par1ty are
RN PR AR | |

f .
min

and .
| mo= (-1

f i? v

_ where there is no.spin change between the incident and outgoing particles.

‘Ii and Jf are the spins of the initial and final nuclear states, respectively.
This applies to alpha-p’article scattering. For proton scattering, in-

~cluding the possibility of spin fli

J. +Jf+1212'j‘ e

—
+ 1
' min

and . l)ﬂ-n-
The 2 value obtained by fitting J;‘ to the f1rst maximum of the data
is the minimum value consistent with the above select1on rules.

The proton data for the 4.61-Mev level were best fitted with £ .= 1
anda=2.9x 10 3cm (1,524 3% 10'13
i’ ‘is 5-3/2‘ vstate this 1mp11es even par1ty for the 4.61 Mev level and

J = 1/2+ 3/2+ 5/2 , Oor 7/2 The curve for £ = 2 is also shown in
Fig. 9. It does not give so good a fit to the first maximum, and the
radius, a = 4.18x10 13m(z 19413y 1013 '

In' the der1vat1on of the express1on for the angular dlstrlbut1on

).. Smce the ground state of

cm), is large

given above, the 1nteract10n was assumed to take place at a radius

r = &, and contributions from the nucleon wave function for r>a were
igno{red (See Appendix A, ) The calculat1ons were extended to r-Za

for 4 = 2, and the results are plotted in F1g 9 asU] They show a
":‘vsllght broademng of the f1rst maximum without much 1mprovement in the
fit, although the minimum radius requlred is now a more reasonable

number 3.4 x 10 -13 cm orl. 78A1/3 10_13 cm.,

A unique fit to the alpha-part1cle data for the 4.61 aMevv level was
not possible. Curves for £ = 1 and £ = 2 using reasonable radii for '

alpha-particle scattering are shown in Fig. 10. Either curve must be
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considered as a possible fit' If 2 - 1 were correotvthe epin and parity
of the 4.61-Mev level would be 1/2%, 3/2 , or 5/27, For f = 2 it would
be 1/27, 5/27, or '7_/2 . 3/2 could be formed by a zero transfer of
anguiar mome-ntum (£ = 0), which means that a _f1t wrth _]02 should be
possible. The data do not indicate a peak at vOO which this would require.
If one were to ignore the point at 11 (c m. ) and fit j 2 to the remaining
data, the required radlus, a = 3.24x10 13cm would be ‘small compared
with the usual values needed for f1tt1ng alpha-particle data.
The evidence from other experlments does not estabhshrthe spin

and parity for this level. Erdos et al. 30 suggest the values J = 5/2°

or 3/27 on the basis of the angular distriibution of tritons from the reaction
Li7(y, t)He4. Levine et al. 31 were not able to fit any present theory

to their angular distribution of inelastically scattered deuterons
I—Iaffner32 examined the same reaction at Ed = 15 Mev (0, 5 Mev higher
Atha"n in the experiment by Levine et al , and fit the forward peak to Jl
This implies J = 1/2%, 3/2%, or 5/2") in agreement with the proton
results described in this paper. The. angular distributions obtained by
Conzett for the inelastic scattering of 12-Mev protons suggest J = 5/2

or 3/2 » but do not exclude the p0351b111ty of 7/27. The latter is what
one would expect on the basis of the 1nterrned1ate couphng model if the
' 4 61-Mev 13eve1 is the lower-energy component from the sp11tt1ng of the
v 2p state.  The other half of the -split pair, with a J of 5/27 could
correspond to the 7.46-Mev level, for which 5/27 has been obtained
experimentally. 1 , o

‘ In the experlment descrlbed here the good fit for ﬁ = 1 in the
proton data may be mlsleadmg The use of Jﬂ or. S implies that
the nucleus can be represented as opaque to the incident particle. While
this may be a good representatlon when an alpha part1c1e is either the
incident or outgoing partlcle, it may not hold for protons, part1cu1ar1y
in 1ight nuclei, 34 Some idea of the degree of traneparency of the Li
.nucleus to protoos of 31.5 Mevimay be obtai»ned from the opticai—model
parameters used by Melkanoff et al. 35 to fit the.elastic data of Kinsey

and Stone. 2_9 Using A ﬂ for the mean free path, where E

W 2m
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is the energy of the proton in the c.m. (28‘ Mev), V is the real part of
the potential well (44 Mev), W is the imaginary part (11 Mev), and

M 1is the reduced mass, one obtains a value of 3.5x%10 13crn. The
radius of the 11th1um nucleus calculated from R = 1. 28A 10_13cm
is 2.5x10 -13 cm. Here \ is seen to be on the order of R, implying

that contributions from the core to the- d1rect-1nteract10n process
cannot be ignored. ‘ o

It would be desirable to extend these calculations to include the
core effects as a check on the £ =1 fit. The reaction Lié(d, p)Li7
could also gi&e valuable information on the parity of the 4.61-Mev level.

Such an experiment is planned for the near future.

b. ,Li7(e" = 6.6 Mev)

Data for the 6.6-Mev level were taken in the proton bofnbard-

ments only. The angular distribution is shown in Fig. 11. The best
fit to the data was obtained for £ =1 and a = 3.37x10'13cm

(1. 76A1/3 10—13 m); £ = 2 was also tried, but the fit to the first

maximum was not good. It also required a radius of a = 5.4x10_13cm
(2. 82A1/3 10 -13 |
fit implies a change in parity between the‘greund state and the 6.6-Mev

levél,and permits the values 1/2%, 3/2%, 5/2%, or 7/2% for the spin

cm), which is too large to be ‘acceptable. The £ =1

and parity of this state.

Other ev1dence on whlch the spin and par1ty of this level can be
based is sketchy The 1arge the rmal -neutron-capture cross section in
L1 (Q = 7.245 Mev) could be due to the presence of this level. 17 The
formation of the level b'y Sv-wavve neutrons along wivth a J of 17 for the
Li6 ground state would give 1/Z+ or 3/2+ for the spin and parity of the
6.6-Mev level. Erdos et al. >0 see this level with the reaction
Li7(y, t)He4, and from the angular distribution of tritons they suggest

=5/27, 3/27, or 1/27, with some possibility for 1/27. The only
egreement between these data is for the assignment 1/2+ to the 6.6-Mev

level; however, the evidence is not conclusive enough to draw a final

inference.
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Q. L‘i‘6(e 0 and 2.19 Mev)

‘The angular distributions obtained for the L1 p, d)Ll6

reaction leading to the ground state and 2.19-Mev level of Li are
plotted in Figs. 12 and 13. The inverse Butler stripping theory was used

" to fit the data. 5,18 (See AppendiizB.) The section rules are

I I+ 1/éﬂ42¥1,153 ﬁ} +‘j2 + I7T?Lﬁin
and B SR
S =D P

including the change in spin of 1/2 b"e_tvw;een the incident'proton and out-
going deuteron., The p‘rotonvsl.')ivnfiSjaslsvumed' not to have flipped in
pidci'ng' up the neutron. The Envalue needed to fit the first maximum
of the experimental data corresponds to the minimum value consistent
with the above selection rules. ) ‘ ‘ |

Both distributions ‘were beét fitted‘ when the picked up neutron was
assumed to carry off one unit of orb1ta1 angular momentum (1 = 1).

-13

This required a radius of 4.2 x 10 cm for the ground state and

4.5 x 10 -13 cm for the 2.19-Mev level. Additional calculations were
made for £ =0 and £ =2. The f =0 eurfre_s did not fit the data
_ for either level (shown only for e = O though‘the results are similar -
for the 2.19-Mev level), F1ts could be made with : 1 = 2, but the a
values required were too large. ' '

The poss1b1e spin and parity values for !Z =1 and J; (L1 ) 3/2
are Jf = O 1%, 2+, or 3 The. grolund state of.L1 has been measnred
as 17 and the 2.19-Mev level as 3t.7 " The results presented here
are consistent with these assignments. _ ‘

_ Reynolds and Standingéobtained angular distributions for the same.
reactions at Ep =18 Mev. Their ;esults were also fitted with»_ln = 1.

‘The radius required WBSSSX 10“13cm for bd_th distri butions.
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APPENDIX

A. Direct-Interaction Theory

The direct-interaction the’ory of ABM  including the region
r =2 a results in an angular dependence for the differential cross section
of the form> A '

27

0 2

. hf”-n (i kosrn)hﬂ n.'. (ik,tsrn)jﬂ(g a)drnj‘ ’

where

‘g : ﬁi’—kg;f ’

ii is the propagation vector of the ilnc'id'ent particle,

'Rf is the propagation vector of the outgoing parti.cle,i

Qn is the orbital anguiar moméﬁ‘tﬁm of the nucleon in the initial
nucleus, ,

In' is - the orbital angular morrieptum of the nucleo‘n in the final

- state, -

VZM B . L /2M B,
k = ____ﬁ and kts = ___r_l_i ,.

os 4 P
BOS is the binding energy _'dfb the nucleon to the remainder of the

nucleus (core in state s) before excitation,

ts
(core in state s),

B is the bindirig energy of the nucleon in the excited state

je is the sp_herica_l-‘Be_é’se-l_ function of order ¢,
£ is the orbital é{ngul_arv momentum imparted. to the nucleus in
‘the collision, ‘ ‘

h h are spherical Hankel functions of order 2 and £

ﬂn ’ Zn, |
respectively (they represent th_e external wave functions of the bound
nucleon that interacts with the incident particle), and

a is the minimum radius at which the direct interaction is

assumed to take place.
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This formulation assumes that the interaction takes place through -
single -particle excitation, and neglects Coulomb effects. -

The angular dependence in the differential cross section is con-
tained entirely in the term jl (ga). If the reaction is assumed to take
place only'at r = a, the (relative) differential cross section is seen
to reduce to j. Z.v , , , ' . | -  ,

For the LI (p,p') Li " (e = 4.61 Mev) calculation, 2 and £,
were taken equal to unity on the basis of the inte rmediate coupling
mode'l."v?’s The ground state and 4.61-Mév level rep‘reé‘enft different
configurations of the nucleons in the p shell. The binding energies
were taken as 10 Mev and 5.4 Mev. These represent an avedrage_for

the possible core states rather than the binding energy of the least

tightly bound nucleon.

For ﬂnzﬂn, 1, [Og_] can be wrltten,

, »_1 ) . 1], g
[J] —3 |1tz =) t 7 2] Jg (5= p)dp
| BRI T P o« pd kos
where : '. kt
os k
os

The integration was performed nurﬁei‘i_cally.
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B. .Inve rse Butler Stripping.-

The differential c¢ross section for the ihverse Butler 'st‘ri‘pping'
réaction can be written - ' V A

v - . - T)2 o T i
e h iy 69 +m, (B2
' n > T\ 24 h+1

’k'2+a2 k2 +(a+b)2 _ n

dg2

x.l}njln (g_a) —,,(!Zn +‘..1) _]En + f'(g‘a]} e

\.x;hereA , - '
R B e N
D R T S

g = \"Ed_lz‘pvl', o

a 1is the interaction radius,

a=2.32x% flvOlZcm—-l . o _
' ' are constants of the deuteron wave function,
b« ba 3 :
J)

n e e ] .
(ﬂn + r)! (ksa +T o+ 1)

Aiﬂ:Z e ' (2K _a)t -
- Tr= e n - r): kS

£
n .
.
5 ) (ln + r)!
7 ' . . r
n r. (En-r). (_sta)
Zmn En
ik =k = y, E =E, -¢e; -E_,
s n X n d d P
}
€4 is the binding energy of the deuteron,
!Zn is the orbital angular momentum carried by the picked up
neutron, and '
Eyq and’ Ep are the c. m. energies of the deuteron and proton

respectively.
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