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ABSTRACT 

A natural lithium target has been bombarded by 31.8-Mev protons 

and the energy spectrum of the emitted particles taken every 100  from 
0 	 0 	 o 	o 	 - 

10 to 120 and at 140 and 160 . Proton peaks corresponding to the 

ground state and to the 4.61-Mev, 66-Mev, and 96-Mev levels of Li 7  

have been observed. Angular distribu ions for the 461- and 66-Mev 

levels of Li 7  have been obtained and fitted with the direct-interaction 

theory of Austern, Butler, and McManus, ( Deuterons from the Li 6  

ground state, 2 l9-Mev, 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 born-

barded with 47,1.-Mev alpha particles and an angular distribution obtained 

for the inelastically scattered alpha particles leaving Li 7  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 process 

in the 10-to-50 -Mev energy range can proceed through a direct type of 

interaction. 
1 
 These reactions are direct in the sense that the formation 

of a compound state is not involved, and the reaction time is on the order 

of the transit timeof 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-

tide as having a short mean free path in nuclear matter and being quickly 

absorbed by the nucleus, 
2, 	

The energy of the incident particle is 

shared with the other nucleons and thecompound nuclear state formed has 

a long lifetime compared with the transit time of a nucleon across the 

nucleus. Decay can take place only when enough energy is concentrated 

on one of the nucleons or groups of nucleons for it to penetrate through 

the nuclear surface. 

The direct interaction as proposed'b.y Ausern, Butler, and McManus 

is assumed to take place at.the surface of the nucleus between the in-

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 compared with the yield from the scattering at the surface of the 

nucleus, one would nevertheless expect most of the former to have low 

energies, corresponding to high excitations of the residual nucleus, while 

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

This suggests that the information obtainedfrom the excitation of discrete 

low-lying states would best test the validity of the direct-interà.ctioi -i ther:y:. 

* 
Hereinafter referred to as ABM 
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The differential cross section obtained from the direct-inter-

action theory has the form of adiffraction pattern. The first maximum 

appears as a prominent peak at forward angles. The peak at forward 

angles canbe considered a consequence of the fact that the center-of- 

• mass system 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 are considered 

'a peak at forward angles is still predicted although it need not occur at 
0  0, The reaction products from the compound nucleus, on the other 

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

• forward direction. 

Distributions have been obtained by a number of investigators for 

the inelastic scattering of protons and alpha particles leading to discrete 

states. l 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 

;srnaner extent. 7, 8, 12 The fitting of the forward peak with the ABM 

theory leads to the assignment of possible changes in the nuclear 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-Motte.lson 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 calculations 

to include the, core effects, 16 These 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 Li 7  by the inelastic 

scattering of 318 -Mev protons. 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 Li 7 , 

deuteron groups corresponding to excited state,s of Li can be'. expected 

from the proton bombardments., The production of ,deuterons at these 

energies is expected to proceed by the Butler pickup process. 18, 5 

This process and its inverse,, the. strippi.ng  reaction, are types 

of direct-interaction processes, and yield angular distributions similar 

to those for inelastic scattering by direct interaction. Considered from 

the standpoint of the specific reaction (p,a), the incoming prot.on is 

assumed to interact only with a neutron at the surface of the target nucleus 

without being affected by the rest of, the nucleus. The proton and neutron 

then continue out of the nuclear, surface as 'adeu'teron. 

That this simple picture is a good approximation for the first 

maximum is evidenced by the many data that have been fitted with the 

pickup and stripping theories. 19 
 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. 20 
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EXPERIMENTAL APPARATUS 

A. Proton Experiment 

Beam Energy and Definition 

The proton bomba,rdments were carried out using the 31.8-Mev 
21 

beam of the Berkeley proton linear accelerator. 	The beam has an 

energy spread of about 100 key 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 energy 

was measured by determining the ionization curve for the protons, using 

a variable aluminum absorber in front of an ionization chamber. The 

range in aluminum was taken as the value at 0,8 of the maximum of the 

ionization curve, 	and the tables of Aron et l, were used to convert 
23 

to energy. 

The beam-defining system is shown in Fig. 1. Here C 1)C 2 , and 

C 3  are carbon collimators. C 1  is a remotely controlled 4-jaw 

collimator whose vertical jaws were set for 1/8 inch and whose horizontal 

jäwswere used to control the beam intensity. The magnet serves as a 

switching device to steer the beam into the desired direction. C 2  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 inch 

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

ampere. 

Scattering Chamber 

The scattering chamber is 24 inches in diameter and has a re - 
0 

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. 
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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 0 . 

Alignment of the chamber and collimators along the beam line was 

done optically. The beam line was determined by the fixed collimator, 

C 2 , and by a spot burned in a glass plate by the beam at the exit end of 

the scattering chamber. 

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 targets were placed on a holder and enclosed in a plastic envelope 

while still in the dry box. This permitted removal of the targets to the 

scattering' chamber - and their attachment to the target changer without 

exposure 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 between the target chamber and 

scattering chamber allowed the target to be isolated in the target-

chamber vacuum whenever it was necessary to open the scattering 

chamber, 

Detectors 

Two separate scintillation counters were used. One was a NaI(Tl) 

crystal and photomultiplier tube, and the other a plastic scintillator and 

photomultiplier tube. The photomultipliers were DuMont 6291 tubes 

operated at reduced voltages (700 to 800v) to prevent saturation in their 

outputs. They were selected for low noise output and good pulse -height 

resolution. Both detectors were mounted in the scattering chamber 

with a vacuum fitting such that the entire crystal photomultiplier tube 

assembly was at atmospheric pressure, thus avoiding the Geisslér dis - 

charge region while the chamber was being pumped down.. 

a The NaI(Tl) counter 

The NaI(T1) crystal was prepared in a dry box con- 

taming 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 mounted in a 

lucite holder to which a 0,0005-inch aluminum window was attached. 

The inner surfaces of the holder were painted with Tygon white paint 

for high reflectivity, except for the polished side in contact with the 

photomultiplier tube. Dow-Corning silicone grease (10 cs) was used 

in the interface between the crystal and lucite and the lucite and photo-

multiplier in order to optimize the optical coupling. 

The energy resolution as determined from the elastic peak (full 

width at one-half maximum) varied from 2,6% at forward angles to 

4.5% at backward angles. Computing the contributions to the resolution 

due to the target, the beam w.idth, the angular aperture of the counter, 

and the channel w'idths of the analyzer shows that the resolution of the 

Nal crystal and photomultiplier tube alone is 2.510 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 évidé ace of being contaminated. 

b. The plastic scintillation counter 

The plastic scintillator was a 5/8_inch cube of 

terphenyl-loaded polystyrene. 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 100 

to 900,  and the energy resolution,, taken from the elastic peak, was on 

the order of 4,5% for the whole interval: 

5. Electronics 

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- FJ.sec 

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 amplifier and 

then into the pulse-height analyzer. 

The analyzer consisted of a chassis containing a voltage subtractor, 

an amplifier, a pulse stretcher, and a timing-pulse generator, 

followed 	
24 

by a bank of scalers whose inputs had been modified. 	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(Tl) crystal it was desirable to operate the analyzer with 1-volt 

channel widths (v0,5 Mev per volt). Stability with such narrow channels 

required, temperature control of the window-amplifier 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 target and an exit window in the scattering 

chamber, the beam was collected in a Faraday cup and the resulting 

voltage across a capacitor (known to 0.1%) was measured by a 100%-feed-

back electrometer. The voltage was recorded on a Leeds and .Northrup 

recording millivoitmeter. Permanent magnets were used at the entrance 

to the cup to prevent the escape 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 Beamand 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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Fig. 3. Diagram of the alpha-particle experimental 
arrangement. 
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the 24-inch chamber previously described in this paper. . By means 

of a quadrupole focusing magnet and acarbon collimation system, a 

1/8-inch-diameter beam  was passed through the target at the center of 

the scattering chamber. The beam-shaping 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 collimators 

and the scattering chamber were optiéally aligned along the beam path. 

The mean beam energy as determined from number-range. .curves 

in aluminum was 47,1 ± 0.5 Mev. 	. 

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. 

Detectors and Electronics 

The data counter was a NaI(T 1) crystal mounted on the face of a 

DuMont 6292 photomultiplier tube. A proportional 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, 7 

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 setting prevented the recording of particles other than alpha 

particles in the pulse-height intervals investigated. 

The remaining electronics was identical to that used in the proton 

experiment 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(Ti) counter was 

placedin a fixed position outside a.windowof the scattering chamber. 

It counted the particles scattered from the target at about 18
0
. The 

• crystal monito.r was calibrated against the Faraday cupand used as the 

be.am  integrator fbr small angles ( 	1 1 °) when part of the beam struck 

the shielding of the data counter. It also acted asa monitor for the 

cyclotron crew. 
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REDUCTION OF DATA 

A. Particle Identification 

In both experiments it was desirable to usea particle-detection 

and analyzer system that permitted the recording at one time of as 

large a segment of each energy spectrum as possible. In this way the 

spectra and cross sections obtained from them iould 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 groups 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 knowri,in order to calculate their 

kinematics. 

This method was employed in both experiments wherever possible. 

It permitted the identification of enough deuteron groups in the proton 

experiment to get a good calibration for .the plastic scintillator (see 

Calibration of Detectors). In the alpha-particle experiment it was very 

useful in distinguishing between the alpha -particle groups scatte red 

from Li 7  and those scattered from the hydrogen contaminant in the. 

target. Nevertheless a more positive means of particle identification 

was needed, 

1. Alpha-Particle Experiment 

Protons, deuterons, and tritons could appearin the alpha-particle 

spectra either as discrete groups Or as part of the continuum near the 

peak corresponding to the 4,61-MévIevél of.Li 7 . It was a relatively 

easy matter to discriminate against them by means of their dE/dx, 



measured with a proportional counter placed before the Nal detector. It 

was possible to set the discriminator 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,al.pha particles at the smallest angle of 

observation (60),  This insured,that alpha particles from angles equal 

to or greater than 60  would produce pulses in the proportional counter 

large enough to trigger the discriminator circuit and gate the analyzer 
t! 0 fl 

• . 	Calculations were made to check the effectiveness of this setting 

against, protons,. deuterons, tritons and He 3  particles. Protons, 

deuterons, 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 He 3  particle could gate on the analyzer, 

but the .Q for the reaction Li 7(a,He 3)Li 8 (Q=-18,5 Mev) fortuitously 

restricts the possible energies for the He 3  to below the analyzer 

thre shold. 

Runs with and without the proportional counter showed a decrease 

of 10% to 2016 in the continuum under the 4.61-Mev peak, but did not 

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

2. Proton Experiment 

In the proton experiment, in which it was desired to detect protons, 

deuterons and, if possible, tritons and alpha particles, the use of the 

proportional counter—scintillation counter combination with a multi-

channel pulse -height analyzer presented a more difficult-problem. The 

use of such a system with the 20 channels needed to get the data in a 

reasonable period of time would have made the electronics considerably 

more complicated, with a corresponding increase in maintenance problems. 

It was felt that the additional information about the detected particles 

nee.ded 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 NaI(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 
0 

portions of such spectra taken at 20 (lab). The diagonal lines represent 

the pulse -height-_versus —energy calibration of the detectors for protons 

and deuterons. 

Peaks A coresspond to the protons elastically scattered from 

Li 7 . They appear at the same proton energy in both spectra- -as they 

should, since they were used in the calibration of the detectors for 

protons. 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 position for the 4.61-Mev level of Li 7 , 

Peaks C, when considered as deuterons, have the same energy, 

and correspond to Li 7 (p,d)Li (ground state). Neither peak has a 

possible proton counterpart in the other spectrum. 	 V  

Peak D of the Nal spectrum has no proton counterpart in the 

plastic spectrum, and has the correct deuteron energy for the 2,19-Mev 

level of Li . Its deuteron counterpart in the plastic spectrum occurs at 

the position ii . The broken line under D' indicates the general back-

ground level in that region of the. spectrum.On the basis of an approximate 

calibration (see Calibration of Detectors), the high points to the left of 

D may be in part due to alpha particles or tritons from the reactions 

Li 7 (p,a)He and Li 7 (p, t)Li 5(ground state). Their positions in the Nal 

spectra would be at 63 volts and 52 volts, respectively. It should also be 

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 3,57-Mev level of Li 6 . 

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 small peak between B and C in the.plas tic 

7  spectrum corresponds to the 6.6-Mev level of Li, 
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B. Calibration of Detectors 

1. Proton Experiment 

The Nal and plastic scintillation detectors were calibrated for 

protons, using the protons elastically scattered from Li 7 , Their 

energy as a function 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 linear inth,e region between 15 and 30 Mev 

(see Fig. 4), This is in agreement with the published data. 26,27,28 

In addition, the linearity has been shown by Allison and Casson to ex-

tend down to a few key. 
27 

 Agreement is indicated in the results pre-

sented here by the fact that a iineaj7 extrapolation to zero pulse .height 

passes the line through the origin, within experimental error. The 

response of the plastic was also found to be linear over approximately 

the same energy interval, and is in good agreement with the data of 

Hecht. 	This curve, linearly extrapolated to zero pule height, in- 

tercepts the energy axis at about 2.5 Mev. This is a consequence of the 

nonlinear response of plastic scintillators to proton energies below 

about 10 Mev, 

The proton calibration of the Nal also served as a calibration for 

deuterons, since the response of Nal is the same for deuterons and protons 26 

As a preliminary calibration for deuterons in the plastic scintillator, 

the published data on the organic scintillators, stilbene and anthracene, 

were used. 	28 As a class the organic scintillators, while having 

different efficiencies for conversion of energy to light, have similar 

responses to stopping particles. 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 deutérons as do the plastic scm-

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: 

Peaks corresponding to particles other than protons could often 

be identified by comparing the Nal and plastic 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. 

If it is assumed that the 9 nonproton't 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 energies can then be selected. 

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 Li 6  

in the spectra from 600  to  900  (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. 

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 20Mev were 

obtained in this manner. They were in agreement with Hecht's points, 

and required the displacement of the preliminary deüteron curve an 

additional 05 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 points corresponding to the 4.61-Mev level of Li 7  and the 

2.19-Mev level of Li 6 , respectively, are also plotted. 

It was also necessary to have some idea where triton and alpha-

particle peaks might occur in the spectra. The tritons are produced in 

the reaction Li 7 (p )  t)Li 5  with Q = * 4.27 Mev. The reaction Li 7 (p, a) 

He 4  with Q + 17.34 Mev is the source of the alpha particles. 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 etal. were ,ise.,d to get approximate response 

curves for aiphas in both detectors26  No data,we re availab1, on 

tritons, therefore a reasonable estimate of the :5tin  of the triton curve 

was made. No peaks in either spectra could be established as caused 

by either tritons oralphas. Small, but detectable peaks may have been 

present, but were not identified. Nevertheless, with the aid of the 

kinematids, the curves provided information on the regions of the 

spectra where tritons and aiphas might 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.' In addition, an accurate 

calibration was not required because the peak corresponding to the 
7 

4.61 -Mev level of Li was readily identifiable at most angles. An 

adequate calibration was obtained by using the pulse heights of the 

elastic and 4.61 -Mev peaks and the scattered alpha-particle ehergy 

calculated from thekinematics without correction for losses in the 

target and'the detector foils. 

C. Target Thickness. and Contminant 

A single target was used for all the proton bombardments except 

for the data taken at 150, 450 and 
750. 

 These data were normalized 

to the principal target data by means of the elastic coss sections. 

Three different targets were used in the alpha-particle bombard- 

• rnents. The thickness of only the first was measured, and data taken at 

130 were used to normalize the remaining data. 	• 

A. target angle of 45 0  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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Thickness Measurements 	- 

In the alpha-particle experiment the target thickness was measured 

by taking number-vs -range curves for the incident alpha-particle beam, 

• With and without the target in place. The difference in the mean ranges 

• gave the target thickness in aluminum equivalent: This method measured 

t/cos O, for which the value 5.86+0,29mg/cm2  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 rethoved from the scattering chamber with a riiaiimum 

of exposure to air and returned to the dry box. A triangular section was 

cut from the center of the target. Thiswas• transported in a container 

with an argon atmosphere to an accurate balance. The weight 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/cm 2 . 

This includes the oxygen contamination present during the bombardments. 

Contaminant:s 

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 
0 
 and 70 0 to include protons 

7 
with energies greater than that of the Li 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 confusing the levels of oxygen with a level in Li 7  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 using the differen-

tial elastic cross -section values of Kinsey and Stone for proton scattering 
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• from oxygen at this energy. 	The targetwas found to contain 5% of 

oxygen by weight. The target thickness corrected for the oxygen was 

5.95026 mg/cm 2 . 	 • 	 • 

Another contaminant was hydrogen, indicating that the darkening 

of the surface was due to lithium hydroxide. This peak was small and 

predictable in position so that it could be located when the data were 

• analyzed. 

An alpha-particle group corresponding to elastic scattering from 

hydrogen also appeared in the energy spectra from the alpha-particle 

bombardments. No attempt was made to determine the other con-

taminants in these targets, although oxygen was very likely anpther 

contaminant, 
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D. Kinematics 

For the calibration of the counters and assignment of excitation 

energies to the residual nuclei the kinematics for the reactions in-

vestigated in this experiment had to be known. 

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

by 

+ M1  +M 2 . - M 3  + M4  + E + Ef  

where 

M 1  is the incident particle, 

M 2 . is the target nucleus, 

M 3  is the detected particle, 

M4  is the residual nucleus,. 

is the kinetic energy.of the incident particle, 

E 	is the excitation energy of the residual nucleus, and 

Ef  is the kinetic energy of the detected particle plus that of the 

residual nucleus. 

The energy (nonrelativistic) of the detected particle (M 3) in the 

laboratory system is given by 

M 1 M 	 I 	 2 

(M 1  + M 2 ) 2 	
3 E [cos o 

where 	
2 	

M 2  M4 	
+ M

1  + M 2 
(Q-E)1 

r 
cm) - M M 3 	 M 2 	E 1  

for Q 	 <<l 
2 

(M 3 +.M4)C 

The remaining symbols defined as follows: 

E 3  is the kinetic energy of the detected particle, 

U is the scattering angle of the detected particle in the laboratory 

System, 
* 

V 3 15 the velocity .ofthe detected particle in the center-of-mass 

system, 

V 	is the velocity of the center of mass, cm,. - 
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L(M' + M 2)' - (M.3  + M4fl c 2  , 

C is the velocity of light. 

In the expression for ,  E 3 , only the plus sign is used for reactions 

inwhich 1. ForJ <.l, E isdouble -valuedandboth signs 

are needed. 

For the proton experiment the energies were corrected for losses 

in the target and the counter foils. Plots of E 3  (corrected) vs 0 and 

E 3  (corrected) vs E for the observed reactions 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 experiment, as the 4,61-Mev level could readily be 

identified by use of plots with E 3  uncorréctCd, 

The Differential Cross Section 

The differential cross section in the center-of-mass system is 

given by 

2 
__________ • G cm 	(c. m, 

d2J2N.nt 	 sterad 

where N s is the number of particles scattered into the solid angle AQ, 

E2 is the solid angle subtended by the counter aperture at the 

target, 	 . 	 . 

N1  is the number of particles incident on the target, 

is the number of target nuclei per cm 2  along the, beam direction 

(this includes only nuclei of the kind producing the observed 

reaction), and 

G 
dc2(lab) 

 is the laboratory—to—center-of-mass transformation factor 
dc2(c. m.).  

for the solid angle. 	 . 

Writing N1  and n in terms of measured and known quantities, we have 
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tN cv 	 0 
N.= - 	and n  

1 	 t 
e 	 Acos 

where C is the capacitance in the beam-integrating circuit (in farads), 

Vis the eleètrometer potential (in volts), 

e is the electronic charge (in coulombs), 

t is the target thickness (in g/cm 2), 

is the angle between the beam direction and the normal to the 

target surface, 

•A is the atomic weight of the targèt nuclei, and 

N0  is Avogadro 's number. 

'On substitution for Niand nt,  the differential cross section becomes 

cia 	
N 

s 
 G eAcosO t cm 2 

d2 CV2N 	t 	sterad 

N is equal to ( N)B where N. 
3 
 is the number of counts in thejth

S.

channel, and the.summation is over the channels included between the 

minima on either, side of the peak. B is the number of background 

counts under the peak and is determined by drawing a smooth curve be - 

tween the minima. In the drawing of the background 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 uncertain, the range of possible 

background lines is considered, and this uncertainty is included in the 

error assigned the cross section. 

The conversion factor G.  is given by 

2 
- d2(lab) 	- (1 - r 

2 
 sin  2 
	1/ 

 
2 	2 	1/2 2 ' 

d2(cm..) 	['r cos 0 + (1 - r sin 0) " J 
.where 0 is the scattering angle in the laboratory system and r is 

defined in the section on Kinematics. 

The laboratory angle, 0, transforms to the c. m, angle, c, by 

sin (-0) = r sin 0. 
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ERRORS 

The standard deviations plotted on the graphs- are the errors in 

the relative cross sections only. They were obtained.frorn. the counting 

statistics and include an estimate of the error involved in the determination 

of the background line,  

Because N and G are both functions of 0, the counter angle in. the 

laboratory system, uncertainties in 0 contribute to the errors in the 

relative cross sections. The error in N 5  is greatest where d(inN 5 )/dO 

is a maximum; that is, at the point of maximum slope of the differential 

cross section on a semiiogarithrnic plot.. For an uncertainty of ± 0.1
0 

 

in the, counter angle we have 

	

6N 	 - 
._. 1 % for the proton angular distributions, 

N. 
- 	 S 

. 1.5% for the deuteron angular distributions, 

:3% for the alpha-particle .angu1r ditributions. 

The error in G can be neglected, as it is always < 0.1% for 60 = ± 0,1 0 .  

The remaining quantities contributing to the errors in the absolute 

- cross sections are  

- 	 =0,1 0/0  

- 	 C 	 .- 

	

- 	0.5% . The only contribution to this quantity 
V 	

- is from the recording of the potential. 

	

- 	, 	- 	The loss of chargé from the Faraday 

cup due toi.eakage and multiple Coulomb 

scattering in the target is negligible. 
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38% (p,) and (p,d) 

= 	2%(a,&) 

• 	5(cos&) 

	

= 0,9% 	for 60t = 0.5
0 

 

cosO 

= 4.4% (p,p) and (p,d) 
t 

cosf3 	 * 

	

5.0% 	(a,a') 

cos 6  

Where specific reactions are indicated after a quantity, the quantity refers 

only to those reactions. 

The combined errors, not including counting statistics, are 

• 	 6.0% for (p,p 

6.1% for (p,d) , 

6.2% for (a,,a') 

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

plots to give the error in the absolute cross sections. 

The quantity measured in the alpha experiment was t/cos Ot,  that 

is, the target thickness as seen by the beam. (See section on Target 

Thickness. 



RESULTS AND CONCLUSIONS 

A. Pulse-Height Spectra tand Energy Levels in Lithium 

1. Proton Experiment 

Energy spectra were taken every 100  from  100  to  900 with both 

detectors. In addition the Nal detector was used to obtain spectra at 
00 	0 	0 	 0 

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 

Li 7  were readily identified in all the spectra. For angles of 60
0 
 and less, 

data on the 6,6-Mev level of Li 7  were obtained from the plastic spectra. 

This was necessitated by the movement of the deuteron peaks cor.-

responding to the Li 6  groundstate and 2,19Me level across th 

position of the 6,6-Mev peak in the Nal spectra. 

Evidence for the excitation of Li 7  to the 9,6-Mev level was ob-

tained from the plastic spectra at 50 0 , 60 • and 70 (see Fig. 7). At 

other angles it was not observed or could not be resolved from other 

peaks. The excitation of the 7.46 -Mev lerel of Li 7  was uncertain. Its 

cross section is small, and where a peak does appear at the expected 

position of the 7.46 -Mev level one cannot exclude the possibility that it 

might correspond to a level in Li 6 75% iotopic abundance). 

Levels of Li 6  observed by (p, d) reaction were the ground state, 

the 2.19-Mev level, and the 3.57 -Mev level. The first two were seen in 

both spectra at angles below 90
0
. A positive identification of the 357 

0 	 . 	0 
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 7 (p,p') 

3  He 4  H 	reaction (see Fig 6) is characteristic of all of the spectra except 

at 10 and 20 , where it was obscured by the large elastic peak. 
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2. AlphaParticle Experiment 

Observations 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 10  intervals from 60  to  200  and every 50 
 thereafter 

to 65
0
. Figure 8 shows the spectrum obtained at 13, The continuum 

under the peak is due to the three ..body breakup, Li 7 (a, a')H 3He 4(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. LI 7  (E = 4.61Mev) 

The angular distributions obtained for the 4.61 -Mev level of Li 7  

by proton and alpha-particle bombardments are shown in Figs. 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 into angles less 

than 14.60  in the laboratory system, and consist of two energy groups 

for each angle. The higher-energy group moved across the 4.61-Mev 

peak at angles between 8 0 
 and 11 0 

 and was approximately 50% larger 

than the 4,61-Mev peak. Attempts to subtract off the hydrogen con-

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 ABIVL 

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 findfor the differential cross section the angular de - 

pe nde nce 

d& 	
[j,(ga)

d2 	-J 
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 l•  
is the propagation vector of the incident particle, 

is the propagation vector of the outgoing particle, 

a is the. radius at which the interaction is assumed to take place, 

. is the orbital angular momentum imparted to the nucleus in 

the collision, and  

j is the spherical Bessel function of order 1 . 

The radius a is used as a variable parameter in the fitting of 

the data. The selection rules for the spin and parity are 

J1+Jf ~~. ±+3' 

and 
	 mm 

IFf  = (-1) •ir 

where there is no.spin change be.tween the incident and outgoing particles. 

J. and Jf  are the spins of the initial and final nuclear states, respectively. 

This applies to alpha-particle scattering, 

cluding the possibility of spin flip, 

Jj+Jf+ 1 IJ"±+ 1  
mm 

The I value obtained by fitting j to the first maximum of the data 

is the minimum value consistent with the above selection rules,. 

The proton data for the 4.61-Mev level were best fitted with 

and a = 29 * 103cm (1.52A1/3x  10 3 cm), Since the ground state of 

Li 7  is a 3/2 state, this implies even parity for the 4.61-Me'v level and 

J = 1/2+ ,  3/2+ ,  5/2+. or  7/2+.  The curve for f = 2 is also shown in 

'Fig. 9. It does not give so good a fit to the first maximum, and the 
-13 	 1/3. . 	-13 radius, a = 4. 18x10 	cm(2.19A 	x 10 	cm) is large. 

In' the derivation, of the expression for the angular distribution 

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

r = a , and contributions from the nucleon wave function for r > a were 

ignored. (See Appendix A. The calculations were extended to r a 

for I = 2, and the results are plotted' in Fig. 9  as LJ]2 They show a 

slight broadening of the first maximum without much improvement in the 

fit, although the minimum radius required is now a more reasonable 
-13 

number 34 x 10 	cm orL 	
1/3 	-13

78A 	x 10 	cm. 

A unique fit to the alpha-particle data for the 4.61-Mev level was 

not possible. Curves for I = 1 and I = 2 using reasonable radii for 

alpha-particle scattering are shown in Fig. 10, Either curve must be 

For proton scattering, in- 

and 
Trf=(_l) 

li 
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considered as a possible fit, If, I = 1 were correct the spin and parity 

of the 4.61 Mev level would be 1/2+ ,  3/2+, or 5/2t For, = 2 it Would 

be i/z, 5/2, or 7/2. J = 3/2 could be formed by a zero transfer of 

angular momentum ( = 0), which means that a fit with j02 should be 

possible. The data do not indicate a peak at 00,  which this would require. 

If one were to ignore the point at 11
0
(c. m.) and fit j 2  to the remaining 

-13 
data, the required radius, a = 3.24x10 	cm, would be small compared 

with the usual values needed for fitting alpha-particle data. 

The evidence from other experiments does not establishthe spin 

and parity for this level. Erdos et al, 
30 

 suggest the values J = 5/2
-  

or 3/2 on the basis of the angular distribution of tritons from the reaction 

7 (y, t)He 4 . Levine et al, 31 Li 	
were not able to fit any present theory 

to their angular distribution of inelastically scattered deuterons. 

FIaffner 32  examined the same reaction at Ed = 15 Mev (0 5 Mev higher 

than in the experiment by Levine et al., and fit the forward peak to 

This implies j = 1/2+ ,  3/2+,. or 5/2 	in agreement with theproton 

results described inthis paper. The.angular distributions obtained by 

Conzett for the inelastic scattering of 12-Mev protons suggest J = 5/2
12 

or 3/2, but do not exclude the possibility of 7/2. 	The latter is what 

one would expect on the basis of the intermediate coupling model if the 

4.61 -Mev level is the lower_energy component from the splitting of the 
2 	33 
F state. 	The other half of the split pair, with a J of 5/2 could 

correspond to the 7.46-Mev level, for which 5/2 has been obtained 
17 

experimentally. 

In the experiment described here the good fit for 	=. 1 in the 

proton data may be misleading. The use of j2 orc 
2 
 implies that 

the nucleus can be represented as opaque to the incident particle. While 

this may be a good representation when an alpha particle is either the 

incident or outgoing particle, it may not hold for protons, particularly 
34 

in light nuclei. Some idea of the degree of transparency of the Li 7  

nucleus to protons of 31,5 Mev may be obtained from the optical-model 
35 

parameters used by Melkanoff et al, 	to fit the elastic data of Kinsey 

and Stone. 29  Using X . 	/E+V 	 for the mean free path, where E 
W2m 	. 
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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 is the reduced 	
-.13 

mass, one obtains a value of 3,5x10 	cm. The 

radius of the lithiuñ-i nucleus calculated from R = 1,28 A 1/3x10_13cm 

is 2.5x10 13  cm. Here ). is seen to be on the order of R, implying 

that contributions from the core to the direct-interaction.process 

cannot be ignored. 

It would be desirable to extend these calculations to include the 

core effects as a check on the i = 1 fit, The reaction Li 6 (d, p)Li 7  

could also give valuable information on the parity of the 4.61 -Mev level. 

Such an experiment is planned for the near future, 

b. Li 7 (E = 6.6 Mev) 

Data for the 6,6-.Mev level were taken in the proton bombard-

rnents only. The angular distribution is shown in Fig. 11. The best 

fit to the data was obtained for 	
-13 

= 1 and a.= 3,37x10 	cm 

(1.76A1/3x10_13cm); I = 2 was also tried, but the fit to the first 

maximum was not good. It also required a radius of a = 5.4x1O 3 cm 

(2.82A,1/3x1013cm), which is too large to be acceptable. The I = 1 

fit implies a change in parity between the ground state and the 6.6-Mev 
. 	 ... ievel,and permits the values 1/2 + 

 , 3/2
+ 
 , 5/2 +  , or 7/2

+  for the spin 

and parity of this state. 	 . 

Other evidence on which the spin and parity of this level canbe 

based is sketchy. The large thermal -neutron -capture cross section in 

Li (Q = 7245 Mev) could be due to the presence of this level. 
17 

 The 

formation of the level by S-wave neutrons along with a J of 1+  for the 

Li 6  ground state would give 1/2+  or  3/2+  for the spin and parity of the 

6.6-Mev level. Erdos et al, 
30 

 see this level with the reaction 

Li 7 (, t)He 4 , and from the angular distribution of tritons they suggest 

3 = 5/2, 3/2, or 1/2, with some possibility for 1/2+.  The only 

agreement between these data is for the assignment 1/2+  to the 6,6-Mev 

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

inference, 	. 
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. L1 6 (e = 0 and 2.19 Mev) 

The angular distributions obtained for the Li 7 (p,d)Li 6  

reaction leading to the ground state and 2.9-Mev level of LI 6  are 

plotted in Figs. 12 and 13. The inverse Butler st .ripping theory was used 
5,18 

to fit the data, 	(See Appendix B.) The section rules are 

+j. + 	 + 1. + • 	 f 	i 	 n 	f 	i 	 1min 

and 

ii = (=1) 	•fl• 

including the change in spin of 1/2 between the incident proton and out- 

going deuteron. The proton spin is assumed not to have flipped in 

• 	picki'ng up the neutron. The 	value needed tofit the first maximum 

of the experimental data corresponds to the minimum value consistent 

with the above selection rules. 

Both distributions were best fitted when the picked up neutron was 

as sumed to carry off one unit of orbital angular mome ntum (1 	1). 

This required a radius of 42 x 10_ 13  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 i = 0 curves did not fit the data • 	 n 	 n 	 n 
for either level (shown only for E = 0, though the results are similar 

for the 2.19-Mev level), Fits could be made with 1 1 n = 2, but the a 

values required were too large. 

The possible spin and parity values for I = '1 and J.(Li 7) = 3/2 

are i
f  = 0 , 1 , 2 , or 3+ 

 The, ground state of Li has been measured 
+ 	 + 17  

as 1 and the 2,19-Mev level as 3 . 	The results presented here 

are consistent with these assignments. 

Reynolds and Standin 6obtained angular distributions for the same 

reactions at E
p  = 18 Mev. 	Their results were also fitted with n = 1 

The radius required 	5.5x10' 3  cmfor both distributions, 
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APPENDIX 

A. Direct-Interaction Theory 

The direct-interaction theory of ABM including the region 

r _~_ a results in an angular dependence for the differential cross section 

of the form 5  

00 

d]Z 	
h 	

O5flnt (lk
ts r )Ji(a)dr 

n] 

whe re 

is the propagation vector of the incident particle, 

is the propagation vector of the outgoing particle, 

Q is the orbital angular momentum of the nucleon in the initial n 
nucleus, 

, 
is the orbital angular momentum of the nucleon in the final 

state, 	 - 

JMB

os 	
n Os 	

d k an 	 fl ts k = 	 =  

ts 

B os  is the binding energy of the nucleon to the remainder of the 

nucleus (core in state s) before excitation, 

Bt is the binding energy of the nucleon in the excited state 

(core in state s), 

j e  is the spherical Bessel function of order I , 

is the orbital angular momentum imparted to the nucleus in 

the collision, 

h 	, h 	are spherical Hankel functions of order I and 1 I n I 
n  , n n 

respectively (they represent the 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 reglects.Coulorrb, effects.. 

The angular dependence in the differential cross section.is con-

tamed entirely in the term j , (ga). If the reaction is assumed to take 

place only at r = a, the (relative) differential cross section is seen 
r., 	2 

to reduce to I 
7* 

For the Li (p,p) Li 	( E = 4.61 Mev) calculation, I 	 and I 
, 

were taken equal to unity on the basis of the intermediate coupling 

model. 33  The ground state and 4.61-Mév level represent different 

configurations of the nucleons in the p shell. The binding energies 

were taken as 10 Mev and 5.4 Mev. These represent an average for 

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

tightly bound nucleon. 

For I 
= 	

= 1, 
[.]2 

 can be written 

oo  

	

[ 12 	
e -(1 	

[i + 	+ 	) 	
+ 	

( 	p ) d 
. 	k 	 . 	 kc, 	

j 
Po  

where 	
k 

	

p 	.k 	r 	and 	= .. 	. 	. 
OSfl 	

k 
Os 

The integration was performed numerically. 



- 	 B.-Inverse ButlerStripping  --. 

The differential cross section for the inverseButlér stripping 

reaction can be -written 

d&1 	 1 	1 2 1 	 [ga 
- ' I 	2 - 	

< A j 	(g a) + B 
d2 [k +a 	k 	2 

+(a+b) J [ n n 	 n\21+l 

x 	 (ga) - 
	n +1) i In 	(g, 

where 

d p 2  

g= 	dp' - 	- 

a - is the interaction radius, 

- 	12 	-1 	 - 
a = 2.32 x 10 	cm - 	- 	-- 

are constants of the deuteron wave function, - 
b6a 

(+r)' (ka+r+l) 
A  

n L_0 	r ( 	- r) (2ka) r  

n 
( 	+r)! 

B 	
n 	 ,- 

n 	r 	 (2k a) r 

tnE 
ik =k 2V n n ,E =E -E-E 

s 	n 	 n 	d 	d 	p 

Ed is the binding energy of the deuteron, 

is the orbital angular momentum carried by the picked up 

- neutron, and 

Ed and E are the c. m. energies of the deuteron and proton - 

respectively. 	 - 
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