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ABSTRACT

Measurements were made of the differential cross section for
the 6Li(p, p)BLi and 6Li(p, p‘)6Li(2. 184 MeV) reactions, of both the
differential and the total cross section for the 6Li.(p, p”)ﬁLi**(3. 562
MeV} reaction, and of the total cross section for the 4He(3He, p")BLi**
reaction, The ranges of incident particle laboratory energies were
from 2.4 to 12,0 MeV, 3.6 to 9.4 MeV, 4.3 to 9.4 MeV, and 13. 8 to
18. 4 MeV respectively, Other measurements were made to determine
the consistent relative normalization of these data and the data obtained
by other investigators on 7Be-forming reactions, and {o determine the
correct overall absolute normalization, The GLi(p, p)sLi data indicate
the existence of a broad state at about 10- MeV excifation energy in
7Be and the possible existence of extremely broad structure at roughiy
13 MeV, but do not support the existence of a proposed state at 14.6
MeV. The °Li(p, p')°Li* data indicate that the broad state is located at
about 10, 0 MeV and has a width of about 1.8 MeV, This is consistent
with the ®Li(p, p")%Li** and *He(He, p")°Li** data. These data exhibit
an interference-like feature, which has been associated with the
existence of another 7Be state located at about 11,0 MeV and with a
total width of about 0.4 MeV. On the hasis of an analysis with complex
eigenvalue resonance theory the assignments J n =% for both the 10, 0-
and the 11, 0- MeV states have been made, and the existence of an ex-
tremely broad J m ---% state at roughly 10 MeV or higher has been
suggested, 'The isotopic spin assignments T = 1 for the 10, 0-MeV
state and T =% for the 11.0-MeV state have been made. Possible
values for some of the partial widths, the results of other experiments,
and the evidence relating to the usefulness of different versions of
complex eigenvalue theory are discussed,
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I. INTRODUCTION

The experiments to .be described were undertaken to shed
light on the structure of the 7Be nucleus at an excitation energy
above 8 MeV. Litile was known about this energy region prior to
1960, With the advent of the tandem electrostatic accelerators it
became possible to form 7Be as the compound nucleus up to an
excitation energy of about 16 MeV through the 6Li + p channel,
and up to about 12 MeV through the 4He + 3He channel, At these
energies many reaction channels are open (Figure 1):

6

Li+p 6
4 3 - Li+p
He + "He 6 '
Li* + p'
6Li*"‘ + p"'

Higher 6Li states + p
4He + 3He

OLi+d

e'Be +n

4He +p+d

He+p+p+n

7Be+ Y

The large number of open channels allows an interesting
variety of decay modes of the compound nucleus to be studied. On
the other hand, it complicates the analysis of elastic scattering



experiments, and what is more serious, causes the compound
states to be short lived and hence broad. These difficulties, and
those caused by the non-zero spms of most of the reaction particles,
are characteristic of a study of this region of Be

Nevertheless, the present study of the reactions

6. . .
Li(p, p)°Li
6Li(p, p')GLi* (2. 184 MeV)

OLi(p, p)PLi** (3. 562 MeV)

411eCHe, p') Sk

has yielded considerable Information about states in this region of
7Be, particularly below about 11 MeV. The information is of
theoretical interest because of the predictions of increasingly
sophisticated nuclear models. The most recent calculations, those
of Barker (1966), employ the intermediate-coupling shell model and
predict four states between 8 and 11 MeV, These are three T = 1

2
states close to the L-S coupling limit which are predominantly

4D7’ 4P3 , and 4I"'1 states, and one T =—g— state which is pre-
2 2 2
dominantly a 2P R 2D3 mixture, States having several of the
2 2

expected properties of the second and the fourth of these states

were found at about 10 and 11 MeV, Some evidence for the existence
of a very broad J" % state, which might correspond to the third
of these states, was also found,



The experiments are discussed in Part II, and the measured
cross sections are given in a series of tables. The theoretical
interpretation of the data is considered in Part III. This interpre -
tation is summarized in Part IV, which also includes the numerical
values of most of the resonant parameters obtained. Rough
estimates of the numerical values of partial widths are discussed

in a series of appendices.



- IL DISCUSSION OF THE EXPERIMENTS

A. THE ELASTIC SCATTERING °Li(p, p)%Li
(1) Apparatus

The proton beam was supplied by the ONR-CIT tandem
accelerator. After passing through the target, the beam was stopped
on an insulated tantalum disk and integrated with an Eldorado Model
CI-110 current integrator.

For some preliminary measurements a 13-cm diameter
scattering chamber was used. However, most of the measurements
were made with the 25, 4-¢m diameter chamber shown in Figure 2,
The chamber was designed so that three independently movable
detectors could be used simullaneously. Each detector was mounted
on an arm which was, in turn, secured to one of the three stacked
ring gears. Each ring gear was driven by a small pinion wheel
located to mesh with the teeth on the inner radius of the gear. The
gear ratio was 18:1 and the face of the dial which was mounted on
the pinion axis was inscribed with 20 equally spaced divisions. Thus,
a rotation of one diai division produced a detector rotation of 1° about
the target. Each detector viewed a solid angle determined by a
* limiting aperture 0. 32 cm in diameter located 10 em from the target.

Six accessory ports were located around the side of the
chamber at 45° intervals. In one of these ports was mounted a
device for inserting a small quartz disk into the center of the
chamber without breaking the vacuum. This was used to view the
beam while it was being focused on the targét. A vacuum gauge was

mounted in a second port, For some measurements a fixed monitor



detector was mounted in a third. The remaining ports, containing
lucite Windows, ‘were used for viewing the target and the detectors,

” Targets were made by evaporating separated 6Li
(isotopic abundance 99%) onto thin carbon foils or, in later experi-
ments, thin nickel foils, The carbon foils tended to extend and
wrinkle during evaporation. The area being irradiated by the beam
then tended to contract, producing a gradually thickening target.
Most of the angular distributions were taken using targets on the
carbon backings, The nickel backings, most of which were 5000 A
thick, were subsequently found to be more reliable and were used
for a.Il of the excitation functions,

Even with the nickel backings it was found that the
lithium thickness often tended to change when the target was first
irradiated. However, the thickness tended to stahilize within the
first hour of irradiation. Targets made in apparently the same
fashion varied widely in quality, some being unsuitable for taking
excitation functions, while others showed essentially no thickness
change alter several days of use.

Lithium evaporation took place in a separate vacuum
system accessible through the bottom of the target chamber. When
the target holder was extended down into the furnace chamber, the
target rod sealed the opening to the scattering chamber. This
arrangement permitted access to the scattering chamber without
destroying the target, or alternatively, the convenient replacement
of targets without breaking the vacuum to the scattering chamber,

The targets were positioned with their surfaces at an
angle of about 45° to the beam axis, with the lithium side facing the
beam. The thickness of lithium traversed by the beam ranged from
30 to 300 u-g/cmz for the varivus targets used. Usually the beam



energy broadening due to target thickness was considerably less
than 20 kev, Thickness was measured by comparing the proton
yield from the 6L‘1(p, p)GLi reaction with the known absolute
differential cross section at low energy (McCray 1962),

Impurities of 160, 120, and 1-H were present in all
the targets even before irradiation. The 120 content increased
appreciably with irradiation, while the 160 and 1H contents were
relatively stable.

The spectrum of partiicles emitted from the target was
observed with silicon solid-state detectors. Both surface-barrier
and lithium-drifted detectors were used. The surface-barrier
detectors, made according to the technique of Dearnaley and White-
head (1961}, had a maximum depletion depth of about 500 microns,
sufficient to stop protons of about 8 MeV, and a resolution better
than 100 keV (full width at half maximum). The lithium-drifted
detectorsg, made according to the technique of Cusson and Nordberg
(1961), had a depth between 1000 and 1500 microns, sufficient to
stop protons of at least 12 MeV, and a resolution of about 200 keV,
The detectors were followed by Tennelec Model 100A preamplifiers
and Hamner Model N328 non-overloading amplifiers. Spectra were
recorded with a Radiation Instrument Development Laboratory Model

34-12 400-channel pulse-height analyzer and with a Nuclear Data

Model ND 150-FM 1024-channel apnalyzer.

(2) Proccdure

Some preliminary measurements of the differential
crosg section for the 6Li(p, p)6Li reaction were made using the

13~cm diameler scaltering chamber. Excitalion functions over



part of the energy range were taken at 3 angles in intervals of about
50 keV. Other crude data were taken at one angle in 20-keV
intervals in the regions 3.0 to 5.0 and 6.0 to 12.0 MeV,

' A more careful set of measurements was made using
the 26, 4-cm diameter scattering chamber, Angular distributions
were taken in 200-keV intervals from 2.4 to 6. 0 MeV, and in 1.0~-MeV
intervals from 6,0 to 12.0 MeV., The most backward angle that could
be obtained was 160, 0°, The most forward angle was determined by
the ability of the detectors to resolve the 6Li elastic protons from
those due to 12C, 160, and the Ni target backing, The most forward
angle at which good data were obtained was 33. 8°,

It was found that the simultaneous use of the three
movable detectors presented normalizing and data handling problems.
Consequently, only one movable detector was used for most of the
work, although another detector was used at a fixed angle to monitor
larget thickness and beam integration during the taking of each
angular distribution, _

At each angle and energy the spectrum of charged
particles emitted from the target was recorded in the first half of
the 400-channel analyzer memory and used to estimate the background
under the elastic proton group. The number of counts in this group
was obtained by setting the Hamner amplifier single-channel
differential discriminator fo include the portion of the spectrum
containing the group, and counting the discriminator output pulses
with a scaler, The discriminator outpuf could also be used to route
the portion of the spectrum on which the discriminator was set {o the
second half of the analyzer memory (Pearson 1963), This arrange-
ment facilitated the proper setting of the discriminator,



The background under the elastic proton group was
mainly caused by the unsatisfactory beam collimator seen in
Figure 2, Considerahle stray beam was scattered from the
collimator into the chamber, In addition, the beam spot size on
target was ill-defined and varied considerably with beam focus.

At some energies and angles 0, 008- mm aluminum
foll was used over the detector to separate the proton group from
the 3He and 4He groups.

Excitation functions were taken at the two lab angles
80,5° and 160, 00, each with a target whose thickness was checked
repeatedly at a fixed energy and found not to fluctuate. These
excitation functions were used to obtain the relative normalizations
of the angular distributions. As a check, many points distributed
throughout the energy and angle range were remeasured using a
pai'ticularly uniform target.

Some spectra were taken at high energy with the
Lithium-drifted detectors in a search for protons inelastically
scattered from highly excited states of 6Li. One of these spectra
is shown in Figure 3.

The data were normalized to the absolute differential
cross sections obtained by MeCray (1962), His data were inter-
polated to give 18 values of the differential cross section at 2. 4,
2,6, and 2,8 MeV., These were compared with smooth curves
drawn through the angular distributions obtained at the three
energies, and a single normalization factor determined. McCray's
points at the lab angles 70° 41' and 90° 45' fell consistently below
the smoofh curves, although agreement at other, more backward,
angles was good. The standard error of the normalization factor

was eslimalted lo be about 1%. The resulis are shown in Figure 4,



(3) Results

| Some of the preliminary data, with an approximate
normalization, are shown in Figure 5. In these data, and in the
other preliminary data taken in 20-keV energy intervals, there is
no evidence for sharp structure in the compound nucleus, 7Be. In
particular, there is no evidence supporting thc cxistence of a
previously reported state at 14. 6- MeV excitation energy (Ajzenberg-
Selove and Lauritsen 1959),

In none of the spectra was there any clear evidence
of protons inelastically scattered from any but the first two excited
states of 6Li. The spectrum in Figure 3 is an example.

The complete set of the best data, expressed in terms
of center-of-momentum differential cross section, is given in
Table 1. These data have already been published (Harrison and
Whitehead 1963). Sample angular distributions and excitation
functions are plotted in Figures 6 and T respectively.

The error given for each point was estimated from the
statistics of the measurement, the magnitude of the background
subtracted, and the accuracy with which the data [rom the particular
target used could be normalized. Although the standard error is
given, -the distinction between standard and probable error is not
particularly meaningful, because of the poor accuracy with which
the errors are known, However, the relative sizes of the errors
of any two points should be fairly well represented by the ratio of
the given errors.
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B. THE INELASTIC SCATTERING SLi(p, p"0Li* (2. 184 MeV)
(1) Apparatus

The apparatus was similar to that used in the study
of the 6Li(p, p)GLi reaction, although several modifications to the
beam-defining system and target chamber were made,

The beam collimator of Figure 2 was replaced by two
sets of adjustablé tantalum slits located in the beam pipe. The first
set, located about 125 cm from the target, was adjusted to define a
2. 54-mm square aperture. The second set, lacated about 25 ecm
from the target,was adjusted to define a 0, 89-mm square aperture.
With this collimating arrangement the maximum beam spot size on
target was a 1. 75-mm square. In actual operation the slits were
opened up to facilitate the initial stages of steering the beam onto
the target, and adjusted as the beam was focused.

One anti-scattering baffle, cbnsisting of a 2, 18-mm
diameter aperture in a tantalum disk, was installed at the entrance
to the chamber. With this hole size, and the slit settings used, no
ungcattered beam could strike the baffle. On the other hand, beam
scattered from the slits was constrained by the baffle to enter the
chamber in a cone of angle sharp enoﬁgh to pass through the target.
Since the targets were thin, re-scattering into the detectors was
very small,

An improved collimator was installed on the movable
detector. It contained Lwo apertures delined by fixed slits made of
0, 5-mm thick tantalum, The entrance aperture, located about 6 cm
~ trom the target, was 4, 8-mm wide and 7. 9-mm high, The solid-
angle defining aperture, located about 11 ¢cm from the target and

about 5 mm from the detector face, was 0, 76-mm wide and 4, 8-mm
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high. This collimator eliminated the possibility of detecting
particles scattered either from the beam-defining slits and sub-
sequently from the baffle, or from the beam stopper,

These beam-defining and detector-collimating systems
effectively removed the effects of stray beam from the spectra. A
system of detector mounting slightly different from that shown in
Figure 2 permitted ohservations at lab angles from 15° to 1650.

A target rod different from that in Figure 2 was in-
stalled. Immediately above the target holder a portion of the rod
was milled away and a small quartz disk mounted with its face con-
laining the axis of the rod, which was marked with a lengih of fine wire,
During i:he alignment of the chamber the rod was lowered, and the
wire viewed with a telescope through the beam defining slits, This
permitted the axis of the scattering chamber to be located properly
with regpect to the beam-defining slits. In addition, with the target
rod removed, the 0° position of the detector could be determined,
During normal operation the target rod could be lowered and the
quartz used to determine the beam focus at the target position.

On one of the movable arms were suspended a foil
holder and another small quartz disk, the centers of which were
in the plane defined by the detector and the beam axis. This
mévable quartz disk, with its center marked by fine wire cross-
hairg, provided a method of checking the chamber alignment during
operation, By placing it in the 0° and 180° positions, the path of
the beam through the chamber could be traced. Both the beam-
entrance and the beam-exit ends of the chamber were connected to
the beam line with bellows couplings, permitting alignment changes
if necessary.
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‘The movable foil holder could be positioned in a
small slot between the detector face and the detector solid-angle
defining aperture. It was found that foils positioned on the other
side of the aperfure tended to cause changes of several percent in
the solid angle, '

The 6Li targets were similar to those used in the
study of the 6Li(p, p)BLi reaction, except that 500 A nickel foils
were used for the farget backings., These were mounted over
7. 9-mm diameter holes punched in 0. 18-mm thick tantalum. The
tantalum was clamped to a stainless steel target holder, which was
fastened to the farget rod with screws. Targets were positioned
with their surfaces at an angle of 30° to 45° to the beam axis,
lithium side facing the beam. The thickness of lithium traversed
by the heam ranged from 70 to 300 pgm/ cm2 for the various targets
that were used. Usually targets were made as thick as was possible
without causing appreciable energy broadening of the Ll(p P ) Li*
proton group.

The spectrum of particles emitted from the target was
observed with silicon surface-barrier detectors made by Molechem,
Two detectors, each with a resolution of about 40 to 50 keV, were
used. These had maximum depletion depths of about 500 and 700
microns, sufficient to stop protons of about 8 MeV and 9, 5 MeV
respectively, The experimental full width at half maximum of the
6Li(p, p')GLi* proton group was typically about 70 keV. This includes
a contribution from the natural width of the 6Li* state, about 30 keV,
The electromc circuits were similar to those uged in the study of the

Ll(p, p) Li reaction,
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(2) Procedure

Measurements of the differential cross section for

6Li(p, p')GLi* reaction were made at 12 values of the incident

the
proton lab energy between 3.6 and 9.4 MeV. Angular distributions
over a range of lab angles between about 20° and 165° were taken

at each energy. The data were taken with a single movable detector,
although a detector at a fixed lab angle was used as a monitor,

At each energy and angle the portion of the secattered
particle spectrum containing the 6Li(p, p')GLi* proton group was
recorded in the firsi half of the 400~channel analyzer memory,
printed out, and plotted. The sum of the counts in the proton group
and in the background was determined, the background estimafed
from the plot, and the background subtraction performed. The
resulting number of counts in the proton group was corrected for
the small analyzer dead-time, The background counts, coming from
the many-body reactions 6Li +p = 4He + d+ pand 6Li +p- 4He
+ I+ p+ p, were typically about 20% of those in the proton group,
although this correction depended somewhat upon energy and angle,

At some energies and angles 104 A nickel foil was used
in front of the detector to separate the 6I..:'L(p, 3He)A]‘He a-particle
group from the 6Li(p, p')GLi* proton group., At a few forward angles
the proton group was obscured by protons scattered from the always-
present hydrogen contamination in the targets.

At most energies complete spectra were taken at the
lab angles 80. 5° and 160, 0°. They were used to obtain the relative
- normalization of the data from the 6Li(p, p')GLi* and 6Li(p, p)GLi
reactions, A typical spectrum is shown in Figure 8.
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(3) Results -

_ The results, expressed in terms of center-of-momentum
differential cross section, are given in Table 2. The angular
distributions are plotted in Figures 9 to 14,

The dominant source of error was the background, and
the error given for each point in Table 2 wé,s obtained from an
estimate of the precision with which the background could be sub-
tracted, Although an effort was made to obtain a random standard
error, the results were not completely successful, and the error
obtained undoubtedly contains some systematic erfor in background
subtraction. Consequently, smooth curves pass within the given
errors of somewhat more than 2/3 of the points in the angular
distributions. The standard error in the normalization of each
angular distribution relative to the correct 6Li(p, p)GLi cross section
was also estimated, and is given in Table 2, In addition, there were
systematic errors caused by geometrical inaccuracies in the
scattering chamber, and in some cases, by relative normalization
errors in data taken with different targets. The systematic error
introduced by these effects was estimated to be 3% or less.

{4) Legendre Polynomial Fit
The series of Legendre Polynomials

€1P * CoPy + --- + cpyiaxPimax - 1)

was fitted to each angular distribution by evaluating the coefficients

Cq» Cgs =-- CIMAX" The notation P, stands for the polynomial of

L



15

order L with argument cos 8, where 6 is the center-of-momentum
scattering angle. The coefficients were determined by the method
of least squares, with each data point weighted by the reciprocal of
the square of its error., The data and errors were taken from
Table 2, and the calculations done by the CIT IBM 7090 computer
using a Fortran code. IMAX, the number of polynomials fitfed to
each angular distribution, was varied from 1 {0 11, For each of
these values the following quantities were obtained: the coefficients
(IMAX in number), their errors, 'xz divided by the number of
degrees of freedom, and the angular distribution calculated from
the coefficients. The addition of higher order polynomials to the
series made only slight difference to the values obtained for the
lower order polynomials.

The main problem was the determination of the number
of polynomial terms required to fit each angular distribution. A
helpful estimate of the significance of the first 4 or 5 polynomials
could be obtained without calculation by estimating the number of
powers uof cos 0 occurring in each experimental angular distribulion
plot, This was possible because cos 6 was used as abscissa, How-
ever, detailed calculations were necessary for higher polynomials,
and it was for this reason that IMAX, the number of polynomial
terms in the series, was varied. In principle, information about
the correct number of terms to use can be extracted with the help
of xz distribution tables irom the X2 obtained at each value of IMAX,
but the success of the procedure requires a better knowledge of the
errors than was available, Therefore a more practical approach
was followed. When it was necessary to choose a value of IMAX
from several possibilities, the corresponding calculated angular
distributions were plotted with the data, and with’the magnitude of
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possible systematic errors and the 1imita’tions of the accuracy of
the random errors in mind, the value of IMAX corresponding to
the simplest angular distribution thought to fit the data was chosen.

The angular distributions at the lowest incident proton
lab energy, 3.60 MeV, can be fitied with a series containing terms
up to P2 only. However, this is the angular distribution with the
greatest errors, It is necessary to use series with terms up to at
least P3 for all other energies., A P 4 term may be present for
energy > 4. 20 MeV, and is definitely present for energy > 6,60 MeV,
For energy = 7,00 MeV, a P5 term may be present.

The calculated angular distributions are plotted in
Figures 9 to 14. The difficulty in determining the significance of
the P 4 term in the energy interval 4. 20 to 6, 60 MeV is illustrated
by the plots in Figure 10b for 5. 00-MeV energy, where the P4 term,
if significant, appears to assume its largest value in the interval,
The difficulty in determining the significance of the P5 term is
illustrated by the plots in Figure 13b for 7. 80-MeV energy, where
the P5 term, if significant, appears to be at its maximum,.

‘The coefficients of the Legendre Polynomials and their
errors are given in Tabie 3 and plotted in Figure 15. The standard
errors were calculated from the random standard errors assumed
. for the data and from the normalization error of each angular
distribution.
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C. THE INELASTIC SCATTERING °Li(p, p)PLit* (3. 56 Mev):
GAMMA-RAY MEASUREMENTS

(1) Apparatus

Much of the apparatus was the same as that used in the
study of the 6Li(p, p')6Li* reaction. However, in the first experi-
ments the v-ray yield from the decay of the second excited state of
6Li was measured rather than the proton yield itseli. It was there-
fore possible to use rather thick targets., These were about 700
dgm,/ cmz, giving a beam encrgy broadening of about 40 to 55 keV.

The vy rays were observed with NaI(T1) scintillation
detectors., Two detectors, both of the Harshaw "Integral Line'
series and with resolutions of 5 or 6%, were used. These were a
5, 08-cm long by 5. 08-cm diameter crystal mounted on an RCA
6342- A photomultiplier, and a 7. 62-cm long by 7. 62-cm diameter
crystal mounted on a DuMont 6363 photomultiplier., The 5. 08-cm
detector was followed by a Kellogg Laboratory preamplifier and
the internal amplifier of an RIDL 400-channel analyzer. The
7. 62-cm detector was followed by a Kellogg Laboratory preamplifier
and a Hamner amplifier., The y-ray spectra were recorded with the

400-channel analyzer.

(2) Procedure

The total cross section for the 6Li(p, p)ﬁLi** reaction
was determined over a range of proton energies by measuring the
~ yield of the 3, 56-MeV de-excltation y rays. Because the 3.56- MeV

state has spin zero, the vy radiation is isotropic in the system of the
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decaying particle. Moreover, practically all of the decays occur
before the recoiling 6Li** particles move out of the target, There-
fore, the vy-ray yield at any laboratory angle is proportional to the
total cross section ¢ for the 6Li(p, p”)GLi** reaction, except for
an effect of order V/c, where V is the recoil velocity and ¢ the
velocity of light. More exactly,

(Yield at lab angle 8 L)

(1- -‘—écosﬁ}bcoslb)(l - Y—z )
(&4

2
£

o« g

2

3/2
v 2 2,V
1 - 2E«cos 9, cos ¢+;—2-(cose

coszlll- sin2 G&Sinz 1]

where | is the laboratory angle of the recoil. The yield was
measured at 900, where the V/c terms vanish, The error
introduced by the V2 / cz terms was negligible because V/c was
less than about 3, 1% at all energies.

Two independent seis of measurements were made.
The 5. 08-cm detector was used for the first set; the 7. 62-cm
detector for the second, The measurements were made at different
times with different targets, although the procedures followed were
quite similar. In both cases the detector was located outside the
chamber at 90° to the beam, its face about 17. 5 ecm from the target.
The sides of the detector were surrounded by a cylindrical lead
shield about 5 em thick, Additional shielding from the beam-defining
slits and the beam stopper was provided.

The incident proton lab energy was varied between
4,26 and 6, 98 MeV in the first set of measurements, and between
4, 80 and 7. 80 -MeV in fhe second, A y-ray spectrum was recorded



19

at each energy. Changes in gain were usually negligible, Most of
the spectra contained the 4, 433-MeV vy ra.y from the de-excitation

" of the first excitéd state of 120. Iis subtraction was straightiorward,
however, using a 4. 433-MeV v-ray spectrum obtained by proton
bombardment of a carbon foil,

In both sets of measurements the subtraction was done
by the CIT IBM 7090 or 7094 computers using a Fortran code. The
procedure consisted of normalizing the photopeak of the 4. 433-MeV
spectrum to the same peak in each complete spectrum, allowing for
a small continuum background, and perfofming a channel-by-channel
subtraction, In the analysis of the second set of measurements a
parameter representing the gain for the 4. 433-MeV spectrum was
varied, a normalization for each gain value determined, and a xz
representing the goodness of fit to the peak in the complete spectrum
calculated, Then the normalized 4, 433- MeV spectrum corresponding
to the gain value giving the minimum xz was subtracted from the
complete spectrum. A typical spectrum, before and after subtraction
of the 4, 433-MeV vy ray, is shown in Figure 16.

The corrected spectra were plotted and the counts in
the photopeak sumrried.' The continuum neutron background was sub-
tracted and a small correction made for analyzer 'dead time, The
~ background was small at all except the highest energies, when it
amounted fo about 20% of the counts in the photopeak.

One of the particle detectors used in the study of the
6]I..i(p, p')BLi* reaction was used to monitor target thickness and beam
integration. This was done by comparing fhe proton yield from the
6Ll(p, p)GLi reaclion with the previously determined cross section,
A several percent uncertainty in the monitoring was caused by the

considerable energy broadening of the proton group by the large
target thickness.



The normalization of the y- fa.y data was determined
from a particle angular distribution obtained later at 5. 80 MeV
This angular distribution, normahzed in turn to the Ll(p, p) Li
cross section, was integrated to give total cross section, to which
the v-ray yield data were normalize_d.

(3) Resulis

The results are given in Table 4 and plotted in Figure

23. They are expressed in terms of center-of- momentum total
 cross section divided by 4m, which is equal to the coefficient of the
Legendre polynomial PO‘ The energy scale given was corrected
for target thickness.

The standard error given for each point is a pre-
dominantly random error estimated from the accuracy of background
and contaminant v-ray subtraction, from the effect of possible small
gain changes, and at low energies, from the statistics. Also included
are uncertainties in correcting for small changes in target thickness.
There is an additional error of about 3 1/2% in the normalization of
‘these y-ray data rclative to the particle data for the same reaction
obtained later.

The beam energy distribution was about 40 to 55 keV
wide in the lab system. The error in the energy scale caused by
the uncertainty in the location of the center of the energy distribution
was estimated to be about 10 keV in the lab system,
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COINCIDENCE MEASUREMENTS
(1) Apparatus

Most of the apparatus used in the p-v coincidence
measurements was the same as that used in the study of the
SLi(p, p")®Li* reaction. The location of the solid-angle defining
aperture of the movable detector was changed to about 8. 5 cm from
the target., The lithium target thickness traversed by the beam was
about 50 ugm/ cmz. With this rather thin target there was no
- appreciable broadening of the proton group from the 6Li(p, p”)GLi**
reaction,

The vy rays were observed with a Harshaw 10, 16-cm
long by 10, 16-cm diameter cylindrical NaI(T1) crystal mounted on
a CBS 7819 photomultiplier tube, The detector was located to sub-
tend a large solid angle at the target. For this purpose a thin-walled
aluminum can was made to replace the furnace and the cold trap at
the bottom of the scattering chamber. With the can projecting into
the chamber, the detector could be mounted with its face about 1.5
cm from the target beam spot. The sides of the detector were
surrounded by a cylindrical lead shield about 2. 5-cm thick.

_ Much of the circuitry was similar to that used in the
experiments previously described. Both the v ray and the particle
preamplifiers were followed by Hamner Model N328 amplifiers
equipped with Model N670 crossover pickoff gates and with single-
channel differential discriminators, The intermediate-speed pulses
from the pickoff gates and the slow pulses from the discriminators
were fed to a Hamner Model N680 two-speed coincidence mixer,

When a coincidence between_ the intermediate-speed pulses was
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recorded simultaneously with a coincidence between the slow pulses,
an output pulse was produced by the mixer.

(2) Procedure

The angular distribution for the 6Li(p, p”)GLi** reaction
was determined at 5. 80-MeV incident proton lab energy by requiring
at each angle a coincidence between the protons from the reaction
and the 3, 566-MeV de-excitation v rays. The procedure is valid
because of the abéence' of angular correlation between the reaction
protons and the vy rays from this gpin zero state of 6Li. This
approach, rather than the direct measurement of the proton yield,
was adopted because of the small reaction yield and the large
continuum background from many-body reactions. It was found
later that careful direct measurement gave comparable results, and
that technique was adopted in subsequent measurements,

After the target was made in the usual fashion with the
furnace and cold trap in place, the chamber was vented with helium.
Then the furnace and cold trap were removed and quickly replaced
by the aluminum can, and the helium was pumped out. The procedure
prevented appreciable chemical deterioration of the target,

The discriminator of the particle amplifier was set on
the portion of the particle spectrum containing the 6Li(p, p”)GLi**
proton group. The discriminator of the y-ray amplifier was set on
the portion of the 3. 56-MeV y-ray spectrum containing the photopeak
and the first and second escape peaks. These discriminators were
set in the same way as used in the study of the °Li(p, p)°Li reaction,
With the v-ray discriminator setting and the detector geometry used,
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y-ray coincidences were recorded for about 7% of the protons from
the 6Li(p, p”)BL_i** reaction entering the particle detector.

| The pulses from one of the pickoff gates werc passed
through a variable length of delay line which was used to provide
the correct relalive timing of the pulses from the two pickoff gates,
to determine the number of random coincidences, and to measure
the resolving time. The resolving time was about 125 nsec, and
appeared to be constant,

A fixed-angle particle detector was used to monitor
target thickness and beam current integration. The beam current
was about 0.1 A, and the charge collected, 300 uC.

The number of coincidences was obtained by counting
the output pulses from the coincidence mixer with a scaler. The
bcam current was kept small in order to limit the number of random
coincidences., These dependéeduponangie, but on the average were
about 13% of the true coincidences, To determine the number of
random coincidences, the pulses from one of the pickoff gates were
delayed by an amount greater than the coincidence resolving time,
making all coincidences random. These were counted for 60 uC of
beam collection, normalized to 300 uC, and subtracted from the
total number of coincidences. This procedure was followed at each
angle, ‘

At lab angles greater than about 130° the proton groups .
from the reactions °Li(p, p")Lix* and 12c(p, pyl2c* (4. 433 MeV)
were unresolved, Since the two vy rays were also unresolved,
coincidence measurements at these angles were not possible,

‘The normalization of the angular distribution was de-
termined from an 'angular distribution obtained later at the same

energy by the direct measurement technique, This distribution in
furn was normalized to the 6Li(]p, p)®Li eross section.



(3) Results

The results, expressed in terms of cenfer-of-
momentum differential cross section, are given in Table 5 and
plotted in Figure 18b. The greater part of the standard error
given for each point was estimated from the statistics of the number
of coincidences obtained, and the smaller part from the uncertainty
in the correction for random coincidences, The error in the
normalization relative to the correct IE;Li(p, p)GLi cross section was
~ estimated to be about 3 1/29,

PARTICLE MEASUREMENTS
(1) Apparatus and Procedure

The differential cross section for the 6Li(p, p")6Li**
reaction was measured by direct observation of the proton group
with the same apparatus and procedure used in the study of the
6Li(p, p‘)6Li* reaction, The results were comparable to those
obtained with the slower and more complicated p-v coincidence
technique. Angular distributions over a range of lab angles between
about 20° and 165° were taken at 12 values of incident proton iab
energy between 5, 0 and 9.4 MeV.

The lithium target thickness traversed by the beam
ranged from about 30 to 130 ugm/ cm2 for the various targets that
were used. Targels were kept thin to [irevent broadening of the
6I..i(p, p")BLi** proton group. This was crucial because of the large
many-body reaction background to be subtracted. For example, at
6. 50 MeV the background counts were from 2 1/2 to 10 times as

numerous as the counts in this proton group, The background was
strongest at forward angles.
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At some energies and angles proton groups from the
reactions 6Li(p, p”)GLi** and 120 (p, p')IZC* were unresolved,
Then the sum of the counts in the two groups was obtained, together
~with the number of counts in the group from the reaction
120 (p, p)lzc. The relative yields of the reactions 1-2C (p, p)12C and
120(9, p’)mC* were determined at these energies and angles by
using a carbon foil target. The number of counts from the
12C (p,p") 12(3'* reaction in the unresolved groups could then be

calculated and subiracted.

{2) Results

The results, expressed in terms of center-of-
momentum differential cross section, are given in Table 5. The
angular distributions are plotted in Figures 17 to 22.

The discussion of errors is similar to that given in
connection with the results from the 6Li(p, p')BLi* reaction, The
systematic errors were estimated fo be considerably smaller than
the background subtraction errors, and in most cases, to be
6Li(]p, p")6Li** proton
group may not have been resolved from small contaminant groups,

negiigible. However, in a few cases the

This effect, enhanced by the thin targets used and the low reaction
vield, would tend to make the measured differential cross section
systematically high at a few energies and angles.

(3) Legendre Polynomial Fit

A Legendre polynomial series was fitted to each
angular distribution by the same method used for the 6Li(p, p')6Li*
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reaction. At 5.80-MeV incident proton labh energy both the direct
measurement and the coincidence data were used.

The angulaf distributions from 5. 00 to 7. 00 MeV can
be fitted with polynomial series containing terms up to P3. All
the fits are good except for the angular distribution at 5. 20 MeV,
which probably suffers from systematic errors., The angular
distributions from 7. 80 to 9. 40 MeV may contain contributions from
higher order polynomials, but these are very small,

The calculated angular distributions are plotted in
Figures 17 to 22, Two angular distributions for 7, 80 MeV are
plotted in Figure 21b; one with the P 4 term and one without. The
coefficients of the Legendre polynomials and their calculated

standard errors are given in Table 6, and plotted in Figure 23,

D. THE REACTION “He(CHe, p1)fLi+*
(1) Apparatus

Negatively charged 3He ions were injected into the
tandem and the doubly charged component of the accelerated beam
was used to bombard *He gas.

7 A de-excitation y-ray yield was measured rather than
a particle yield, and it was therefore possible to use the gas target
chamber shown in Figure 24. After passing through a collimator
and an anti- scattering baffle, the beam entered the 4‘He target gas
through a 6250 A nickel foil and passed through a tantalum target
tube, outside of which the detector was placed. A liquid-nitrogen
cooled charcoal cold trap was used to help remove any traces of
unwanted gases from the target volume,
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The chamber was designed so that the usual sources
of background radiation, foils containing the gas and the beam
stopper, were Well separated from the detector. Thus only an
entrance foil was used, and the target gas filled the entire volume
between the foil and the beam stopper. The foil was about 15 cm
from the detector; the beam stopper, about 75 cm.

Tantalum was used for the target tube in order to
reduce background radiation produced by particles striking its walls,
The multiple scattering of beam into the walls was consldered in
choosing the tube diameter of 1,9 ¢m, The diameier was kept
reasonably small so that experiments requiring'a large detector
solid angle could be performed,

The 7. 62-cm y-ray detector used in the study of the
6Li(p, p”)ﬁLi** reaction was placed with its face about 9. 3 cm from
the center of the target tube. The face of the detector was covered
with a 2, 105 gm/ cm2 graphite shield, and the sides with a lead
shield about 10, 8-cm thick, Additional lead was used to improve
the detector shielding from the foil, from the beam stopper, and
from the portion of the beam path not immediately in front of the
detector,

The shielding gave an effective target length of 9 or 10
- cm. The distance between the foil and the centier of the detector face
was about 15 em. The gas preSsure, 8 cm of mercury, was chosen
so that the beam energy loss in the gas along the target length was
about the same é,s the beam energy straggling in the foil and in the
gas between the foil and the center of the detector, The three
effects combined gave an incident 3He lab energy distribution with
a standard deviation of about 22 keV.,
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Average energy losses in the foil and in the gas
between the foil and the center of the detector face were about 100
keV and 70 keV respectively, These were taken into consideration
in the determination of the center of the beam-energy distribution.
The energy loss of the beam. and the standard deviation of its energy
distribution changed only slightly dver the 3He energy range
studied.

(2) Procedure

The total cross section for the 4Hc(3Hc, p' ')6Li**
reaction was determined over a range of incident 3He lab energy
between 13, 81 and 18, 45 MeV. The techntque, used also in the
study of the 6Li(p, p")6Li** reaction, was to measure the yield of
the 3. 56-MeV de-excitation v rays.

The average beam current was about 7 10_9 A with
5 UC collected at each energy. The spectra were free from the
4, 433-MeV contaminant y ray present in the spectra from the
6Li(p, p”)BLi** reaction, but were otherwise similar, At 1,0-MeV
energy intervals the 4He targef gas was removed from the chamber
and a background spectrum taken,

The background, most of it due to the presence of
neutrons, was smoothly varying under the photo- and first escape
peaks of the 3, 56-MeV v ray. It changed only slightly with 3He
energy. Background subtraction was done by the CIT IBM 7094
computer with the help of a Fortran code. The procedure consisted
of normaiizing the appropriate background spectrum to the portion
of each complete spectrum above the 3, 56-MeV v ray, and per-
forming a channel-by-channel subiraction, A small correction for
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analyzer dead time was made, and the céunts in the photo- and
first escape peaks summed. Over the upper 2/3 of the energy
range studied, the backeground was typically about 15% of the
number of counts in the peaks.

In order to determinc the absolute normalization of
the fotal cross section, if was necessary to know the detector photo-
peak efficiency for a line soﬁrce perpendicular to its axis., This
was found by determining the off-axis point source efficiency, from
which the line-source efficiency was found by integration,

The point source efficiency E(x) was determined at a
number of values of x, the source distance perpendicular to the
detector axis. For this purpose a ThC'' 2. 615-MeV y-ray source
~was used, and the relative number of photopeak counts found at each
value of its position x. The geometry and detector Shielding were
the same as used with the line source formed by the 4He target,

The quantity E(0) for a 3.56-MeV point source was
then calculated. First the total efficiency at x = 0 was calculated
by the CIT IBM 7094 computer with the help of a Fortran code
prepared by Goosman (1965). The calculation took into account the
carbon absorber in front of the detector. Then the photopeak to
total etfficiency ratio r was found by extrapolation from curves by
Heath (1957). Finally, these two quantities were multiplied to give
E(0), to which the measured E(x) was normalized, E(x) for a 3.56-
MeV source was calculated in a similar fashion for two values of
x £ 0, and agreément with the measured E(x) was reasonable,

It was necessary to make two approximations in the
determination of E(x). The first was that r was independent of x;
the second, that the functional form of E(x) was the same for 3. 56-
MeV and 2. 615-MeV vy rays. It was possible to make an approximate
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correction for the second assumption, because of the small change
of y-ray atienuation in lead and carbon shielding between these
energies, |

The efficiency F for the line source target was
calculated from E(x):

F= | E(x)dx

along -
source

The relation between N, the number of events oecurring per unit
length of the target, and n, the number of counts recorded in the
photopeak, was thus obtained:
N -3

The total cross section was then calculated at 15. 83-MeV 3He lab
energy from the photopeak counts, the target pressure and temper-
ature, and the amount of integrated beam. This permitted normali-
zation of the v-ray yield data. |

The total normalization standard error was estimated
to be about 20%, dominated by contributions from an estimated
~ geometrical error of about 15%, and from an estimated error in r
of about 109, Most of the geometrical error was due to the fact that
the normalization measurements were made after the equipment had
been diSma.ntlejd, and it was therefore necessary to reproduce the
relative geometry of the detector, the shielding, and the beam-axis
location used when taking the y-ray yield data.
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(3) Results -

The results, expressed in terms of center-of-
momentum total cross section divided by 4m, are given in Table 7
and plotted in Figure 25, The energy scale given was corrected
for losses in the foil and in the farget gas.

An error of about 1 1/2% was estimated to be due to
gain shift and uncertainty in pressure measurement and in beam
integration, The individual contributions were about 1/2%, 1% and
1% réspectively. The rest of the standard error given for each
point wds estimated from a combined statistical and background
error varying from 1% to 4%. The normalization standard error
was estimated to be about 20%. Although the ratio V/c is some-
What larger than at corresponding excitation energies in the
6Li(]g), p”)GLi** reaction, the error caused by measuring the
reaction cross section by the v-ray yield wag estimated to be
negligible,

| The standard deviation of the beam energy distribution
in the lab system was about 22 keV; in the center-of- momentum
systcm, about 13 kéV. The error in the energy scale caused by
uncertainty in the location of the center of the energy distribution
was estimated to be about 20 keV in the lab system, or about 11 keV

in the center-of-momentum system.

E. NORMALIZATION

Several reactions forming 7Be as the compound nucleus
have been studied by different investigators, and in most cases a
different normalization of the data has been used, The problem
can be considered in two parts: the determination of a consistent
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relative normalization for the different experiments, and the
determination of the overall absolute normalization.

| There are two facts important to the discussion. The
first is that the determination of the relative normalization of
reactions induced through the same entrance channel is straight-
forward if a thin target is used, because the g;roups corresponding
to all the reaction products occur in any given spectrum of particles
emitted from the target, The second fact is that the differential
cross sections for the reactions BLi(p, 3I-_Ie)'gHe and 4He(SHe, p)GLi
are related by reciprocity when the incident particle energies
correspond to the same excitation energy in 7Be. Because of these
facts, the relative normalization of any two reactions can be
established.

An effort was made to find a consistent normalization
for the already-existing data of several experiments, and these will
be discussed in turn. The normalization of McCray (1962) was taken
as unity, since this was the procedure followed in the study of the
6I.;i(p, p)BLi, 6Li(p, p')SLi*, and 6IT.Ji(p, p")GLi** reaclions,

The 6Li(p, p)GLi data of Fasoli et al. (1964a),
originally normalized to the 4He(3He, p)GLi data of Tombrello and
Parker (1963), were renormalized to the 6Li(p, p)6Li data of McCray
- with the same proéedure used in the normalization of the present
6Li(p, p)GLi data. The results are shown in Figure 4. A factor of
0.867 + 1% is required for congistency with McCray's normalization.

Both the SLi(p, *He) He data of Fasoli et al. (1964b)
and that of Jeronmyo et al. (1963) were also originally normalized
- to the 4He(3He, p)GLi data of Tombrello and Parkcr. Thercfore,

the factor 0, 87 is again required for consistency with McCray's
normalization, These two sets of 6Li(p, 3He_)4He data have a

discrepancy of ahout 3% in their relative normalization,



Angular distributions for the reaction 6Li(p, 3He)‘iHe
were taken at 2, 60- and at 2, 89-MeV incident proton lab energy.
The technique was similar to that used in the study of the 6Li(p,p*)E'Li*
reaction. The results, given in Table 8, were used to obtain a
renormalization of 6Li(p, 3He)4He data obtained by Marion (1956). A
factor of 0. 675 + 3% is required for consistency with McCray's
normalization. This disagrees somewhat with the result of a similar
measurement made by McCray, which yielded a factor of about 0. 55,
Data of Heydenburg and Han (1962), which were originally normalized
to Marion's data, require the same factor of 0. 675.

The *He(CHe, p)°Li reaction was studied in collaboration
with Professor Tombrello. The absolute differential cross section
~ was found for two angles at an incident 3He lab energy of 10, 97 MeV,
This energy corresponds closely to a proton energy of 2.6 MeV in the
inverse reaction. The gas scattering chamber was similar to that
degcribed by Tombrello and Senhouse (1963). The possibility of error
introduced by scattering from rather thick (1. 02 mm) slits defining
the detector solid angle was taken into account in the estimation of the
accuracy of the results. Using reciprocity, the results for the inverse
reaction were calculated and compared with a smooth curve drawn
through the 2, 60- MeV 6Li(p, 3I-Ie)‘iHe data. It was found that the
4He(?’He, p)6Li results required the factor 0,850+ 2% for consistency
with McCray's normalization. The results are shown in Figure 26.

Preliminary results obtained by Spiger and Tombrelio
(1964) for the 4He(:?'I-Te, p)ﬁLi reaction at 10, 94-MeV energy were
compared with the GLi(p, 3He)4He angular distribution at 2. 60- MeV
proton energy. The energies correspond exactly to the same 7Be
excitation energy. The factor 0,795 + 2% was found to be required by
th.ese 4He(3He, p)6L1 data for consistency with McCray's normalization,
The results are shown in Figure 26.
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The 4He(3He, 3He)‘J‘He reaction was studied by
Tombrello and Parker simultaneously with the 4He(3He, p)GLi
reaction, and the data therefore requiré _the same normalization
factor, 0.867. Similarly, data from the reactions 4He(3He,3He)4He,
4He(3He, p')GLi*, and 4He(3He, p)eLi studied by Spiger and
Tombrello all require the same factor, 0. 795,

The relative normalization of the experiments dis-
cussed was fairly well determined, More uncerfainty exists in the
angwer to thc second part of the problem, the determination of the
correct overall normalization. It is emphasized that the absolute
normalization taken as unity, that of McCray, is not necessarily
the best one. In fact, the absolute normalization obtained from the
studies of reactions induced through the 4He + 3He channel is
probably the most dependabl’e; The results for the relative
normalization are summarized in Table 9; those for the absolute
normalization, in Table 10. The magnitude factors of Table 10 are
the reciprocals of the relative normalization factors of Table 9 and
are proportional to the magnitude of "Be cross sections with the

absolute normalization found by each investigator,
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Ill. THEORETICAL INTERPRETATION OF THE DATA

A. OUTLINE OF THE ANALYSIS

The reactions were analyzed with the objective of obtaining
information about the structure of the compound nucleus, 7Be.
For the reactions amenable to a detailed analysis, a two step
procedure was followed, First, the maximum possible amount
of information about the scattering matrix was extracted from the
cross sections, Second, this information was connected with
properties of states of the compound nucleus using resonance
theory. This step requires the assumption that the compound
nuclear part of the reaclion mechanism 1s dominant,

| Most of the resonant states encountered were broad and
had many open decay channels involving particles with spin. The
analysis of such states is difficult,' because the simple formulas
of resonance theory tend to break down, or to involve more para-
meters than can be evaluated, or both. Therefore, the emphasis
of the analysis was on the determination of resonant 4-values in
as many channels as possible, rather than on the extraction of
parameters such as partial widths. This was done by using
resonance theory to fit the energy dependence of the scattering
matrix in the vicinity of the resonant states. The information
obtained from the analysis permitted spin and parity assignments
to be made. |

Some results of scattering and resonance theories will be
discussed before they are applied to the analysis of the data.



B. RESULTS OF SCATTERING AND RESONANCE THEORIES
(1) Scattering Theory

The quantum mechanical description of the scattering
and reaction processes in terms of a scattering matrix g is well
known (Lane and Thomas 1958), If a channel is specified by the
quantum numbers of a pair of nuclei that can initiate, or result
from, a reaction, then the elements Ucc' relate the amplitude of
the outgoing wave in channel c¢' to those of the incoming waves in
channels ¢, The index ¢ stands for the quantum numbhers of the
pair, which in one commonly used representation are «, s, 4, J,
and M, Ail the internal quantum numbers of the pair are designated
by a. The remaining quantum numbers, defining the relative
motion of the pair, refer respectively to the channel spin, the
relative orbital angular momentum, the total angular momentum,
and the total anguiar momentum projection. Angular momenta are
coupled in the following fashion:

1+t L

- -3
=5+ 1

1l
—l

—
s

eyl

where I1 and I2 are the spins of the members of the pair.
Because

and U is independent of M, an element caii be wrillen

|
Uctc - Uafsl&!,as& ‘
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U is symmetric, and the sub-matrix referring to the open channels
is unitary, |
When the separation r, of the pair of nuclei in channel c

is greater than some channel radius e there is assumed to be no
nuclear interaction. Then the relative motion is described by the
Schrddinger equation for a Coulomb field. The Coulomb field para-
meter ?'ic can be written in terms of the charge numbers of the
pair, Z1 and ZZ’ their reduced mass I-lc, and their wave number
kc:

N = lezezuc 1 1)

¢ ﬁ2 kc

The quantities o and kc can be written in terms of the masses of
the pair, M1 and M,, and their center-of-momentum kinetic energy

2’
Ec:
LMy
c M1+M2
1
i 2uc!EC| 3
k = (———=
c ﬁ2

For positive Ec (channel c open) the Schrddinger equation has the
- solutions Fc(kcr c) and Gc(kcrc), the regular and irregular Coulomb
functions, For negative Ec (channel ¢ closed) the solution is

W c(— N,y L+ %, 2kcrc), the exponentially decaying Whittaker
function, Other relevant quantities are the phase .

1 N
uJ=Zta.n_--—9
c n
n=1
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and the amplitude for Rutherford scattering Cc:
1 28 " :
C.(8) = 3= n_(cosec” 5)exp(- 2in log sin 3)

where 6 is the center-of-momentum angle between the beam axis
and the direction of the observed particle,

I the particles which initiate the reaction are unpolarized
and the detectors are spin-insensitive, the differential center-of-

. Y : o o
momenluin cross section %ﬁ for the reaction o - o' is given by
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The Z coefficients can be written in terms of Clebsch-Gordan and
Racah coefficients: |

RACR I AT /(2&1+1)(2«'>2+1)(2J +1)2d,+1) C(t Ly L,00)W(kd, 4J,,5L)

When there is no danger of confusion the labels a and ¢ are some-
times interchanged.

For a = a' (elastic scattering) the first part of equation (2)
can be identificd with Rutherford scattering, the third with nuclear
scattering, and the second with the interference between the two.
For o % a', the total cross section 0 is given by

o 1
S 2L YD, +1){ ), @I+, e wsel )
o Jii'gs’

which is the coefficient of the Legendre polynomial P0 multiplied
by 4,

The elcments of U% present in any term of the third part of
equation (2) can be written down immediately from the triangle
conditions for the Racah coefficients and the conservation of parity.
This provides an easy way of determining which elements of U,

~ and hence which compound states, can contribute to the 'coeffiT:ient
of a given Legendre polynomial PL‘ The triangle conditions are

@350, Atydss), ML), AT,st,)

(3)
A(

&1 1 '), A(tl’,' LL’)’ A(J ‘L')
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The conservation of parity is contained in the Clebsch-Gordan
coefficients c(&l%zL, 00) and c(%i%éL, 00),  The parity 7 of an
element of U is given by
£ Lt
T = (-) MMy = (-) ™y (4)

where ™ and T, are the intrinsic parities of the memberg of the
pair that initiate the reaction, and the primed quantities refer to
the pair that resulis from the reaction. The coefficients of the
even order polynomials contain the elements of the scattering

el s = % =Yk -
matrix in the forms TC,C(TT +)Tc,,,c,,(+) and TC,C( )T '”c”( ).
The coefficients of the odd order polynomials contain the elements
in the form Tc,c(-'f-)Tz,,,c,,(—). The spin and parity assignment of
a compound state, denoted Jﬂ, is the same as that of the elements
of U through which it is formed and decays.

(2) Resonance Theories

In order to describe reactions that proceed via the
formation of a compound nucleus, it is desirable to have an
expansion of the scattering matrix in terms of the parameters of
some set of states that can be associated with those of the
compound nucleus. Such expansions are given by complex eigen-
value theory or by R-matrix theory.

In complex eigenvalue theory the resonant states of the
Hamiltonian which describes the system are defined to be those
~ that have purely outgoing waves in all channels. The eigenvalues
are complex and correspond to the locations of poles of the
analytically continued scattering matrix,
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Several expansions of the scaitering matrix have been
given by the complex eigenvalue theory of Humblet and Rosenfeld
(Humblet and Rosenfeld 1961), (Rosenfeld 1961), (Humblet 1962),
(Humblet 1964a), (Jeukenne 1964), (Humblet 1964b), (Mahaux 1965a),
(Rosenfeld 1965), (Mahaux 1965b). These have been altered slightly
here to be consistent with the definition of the scattering matrix
given by Lane and Thomas (1958). It is possible to write an

expansion with all terms independent of the channel radii:

e'i(wc' ) v, -3,
c'e c'e -
L - el(gzz'n']'gcn) ., BLOPHO)
= Per(0PL(0) Qc‘c_iZJ T Y5 ¢n'en — i
n Pen® Fepy© - E-E +—2—-Il
cnen| kb k n
c'n cn

The center-of-momentum energy pg the system is E, and the energy
eigenvalue of the state n is En - :?;l‘. , with En interpreted as the

encrgy of the state, ‘and I‘n as its width. The radius-independent
penetration factors PC(O) are defined by

21N

., @4+1) 1 7.2 2 2,1 ¢
P (0) = k. —— (1" + Mg)---(1+ 'ﬂc)} B Pr— (6)
(1 C
e -1
Qc' c 1s an unknown, complex, energy-dependent "background'’ term.

The quantities qn are unknown real constants, but are approxi-
mately unity for a sufficiently narrow state (Humblet 1964b), The
quantities o 2T€ defined by

M'CIE. = Re(kcn)
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The kcn and Pcn quantities are the energy-dependent kc and
PC(O) quantities evaluated at the complex energy eigenvalue n,
The phases £ are unknown real constants, The quantities T’ cn
are positive real constants interpreted as the partial widths of

state n for channels e¢. The relation

= y T
I\n Z en ()
c{open)
is valid.
Other expansions are possible, including one that does

not have the property of term-by-term independence of channel
radii that was emphasized by Humblet (1964a):

-i(wc, + mc) i(cPc,'-r- QOC)

(]
b
o

€ C

WE, 4T ) -~ @)
- ]?C% Pé (_%’ Z € OC'IIOCII q I‘% 1 Pc(a)P%r(a)
n

/ 1 n¢c'n cn il

n . a M1 a It
cnec'ene E—En+-2-

The phases ¢, are given by

-1 Fc(kcac)

cpc=tan G (ka)

cTc e

and the radius-dependent penetration factors Pc(a) by

kc rc
P, @)= (5 o ®

FC+ Gc



43

These are the well known penetration factors of R-matrix theory,
Usually a, is chosen according to the relation
L1
a_ =R A%+ AD) (10)
c 01 2

13 cm and A1 and A2 are the

where R is approximately 1. 45 10~
mass numbers of the pair of nuclei in channel e¢. The guantities

0cn are given by

O.,= (G et "Fcn) ) (11)
r =3
c ¢
where Gc and Fc are evalualed at the complex energy eigenvalue n,
For ¢'# ¢, the single-level approximation without

background for equation {5) yields

P_,(0)P,(0)

c'cl(o) rz

2 "1
(E-El) +T

(12)

where the resonant state has been given the label 1 and the
congtant Cc'cl
for channels ¢' and c:

is cssentially the product of the partial widths

1 5
Core1(0) = — Pc,l(OTPci(O)] o Tt

“er1'el| KK
c¢n Cn

(13)

l-\(:1

The same approximation for equation (8) yields
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P ,@P_ (a)
2 _ c' c
U, 17 =C, .., @ = | (14)
' 2 1
(E—El) +T
where
2
l0.,40 .|
_ 'Te'ltel 2
Cc'cl A= % qnI‘c'lrcl (15)

%
ct1de! ciac

The single-level formulas (12) and (14) are the Breit-Wigner
formulas of complex eigenvalue theory.

For c' 4 c, the two-level approximation without back-
ground for equation (5) yields

2
- i . (0)
; ck, 0 cZ @ °°
U, [“=2 0P (0) S 4 CC -
c'e c c 1I‘1 11“2
E' E1+-'2—- E - E2 + —2—

where the relative phase ¢ o c(0) is given by

Coro(0) = Ec,z + -Ec2 - Ec,l - g (16)

cl

The same approximation for equation (8) yields an expression the
~ same as (16) with the label (0) replaced by (a) and the relative
phase given by |

gcvc(a) = Cc'c(o) + arg (08'20(32) - arg (08’1001) (17)

The two-level formulas can be written as two single-
level terms plus an interference term:
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2
r
E-Ep’s 4 @-Ep)*+ 2
(18}

I, T
. N {(E El)(E E2)+ }cos +{(E-El)—2— (E—Ez)z—l}sincc, c

{(B-E,) +T}{(E E,) +—}

The parameters (C ) can be replaced by other

c'el’ C‘c c2’
parameters (a, 8, v) to obtain a fo_rm of equation (18) suitable for

fitting to experimental data:

2
2 _ aE” + BE + v
|U ' l = PC'PC 9 (19)

T e
{@-rp% HHe-5)% 2}

The parameters (o, B, v) and (Ey, Ty, E,, T'y) can be_obtained

1!
from an analysis of the data and the parameters (C cl’ c c2’ ),

which are directly related to resonance theory, calculated irom the

relations
2
r : T
(E2+-—1—)cx+E 8+\{_—|;—1 —BZ+4cw
Wt 1 5
Corer = E B+ 1)
1”52 T3Vt
I‘z l"2 9
(E + 5 )+E B+Yi—2— -B7 + 4ay
C ., 67
c'c2

(E1 - 2) +3 (r1 - rz)z
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S 05 ]i+1"‘)
-2( +-—-— Ja.- ( )B-2v% ( 824 40y
zcgclcc%czcosf; E1E2 - ;Ezl Ez S
R B Z ( 1° 2)
I‘1 -1 2
1 (E1F2-F2P1)a_( —“z-'“)Bi (EI'EZ) [ -8B+ day

205,108 o, o= 51 5 (20)

cdelce c (El"EZ) +E(1“1-1"2)

The last two relations immediately give ta.nQ e and since C rel
and Cﬁ, o9 are positive, C is determined, The equations (20)
were obtained by comparing equations (18) and (19) and performing
straightforward but tedious algebra.

Two solutions for the set of parameters (cc’cl’ c'e27%: )
will exist if several obviously necessary conditions such as

_ -82+4UN >0

are satisfied by the parameters (x, B, ¥) and (El, Ly» By, I‘z).
The two solutions give the same energy dependence for !Uc,c 12,
and further informalion is necessary to distinguish between them,
Equation (7) may be helpful in some cases.
The energy dependence of a sum of the form
2 2

alUC'C! + blUctncn‘ + = (21)
where a, b, --- are known constants, is often of interest when
several elements of the scattering matrix are dominated by the
same resonant state (or states of the same J"). This can happen

when several channel spins contribute to a reaction. In the single-
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level approximation the energy dependence of equations (12) and
(14) is correct for the sum, although the multiplying constant
changes its meaning: |

c'cl crel T gy ¥ o- (22)
In the two-level approximation the same holds true for the energy
-dependence of equation (19), although the meaning of the parameters
(o, B, v)is changed., Although there are now too many unknowns to
obtain all the parameters (C 101’ Core2? S )(C 21 Comenas Co ’"c")’

--, the phases can be e11mma,ted and D a simple function of the
parameters C, obtained:

D

5@Ciy + 0C g + ==-)-Ty@C,, .0 + BC_m ng + --=)  (23)

I''T
R - ) -y m; - 4 )}“(Ef " Eply)B+ Ty - Ty)Y

(E, - Ep)®+1 (r, - Tp)°

- p———

(24)

In the expansion of the differential cross section given
by equation (2), the coefficients of several polynomials may be
dominated by a sum of the form (21), with the set of constants
(a, b, ---) different for each polynomial. In favorable cases it
may be possible to separate the contributions of several channel
spins if experimental information about several polynomials is
available,

~ Alternatives to the complex eigenvalue expansions of
the scattering matrix are provided by R-matrix theory (Lane and
Thomas 1958). In this theory, eigenfunctions of the Hamiltonian
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are obtained for real energy eigenvalues Ek | by imposing real
boundary conditions Bc on the logarithmic derivative of the wave
function at the channel radii a,. These radii, usually chosen in
accordance with equation (10), define the channel surfaces, The
projection of an eigenfunction A on a channel surface c is called
a reduced width amplitude, denoted by 3ot and is real. In the
interaction region (all rc < ac) the eigenfunctions are complete,
and the actual scattering wave function can be expanded in terms
of them, Moreover, the scattering matrix can be written, at least
formally, in terms of Coulomb wave functio'ns, known phases, and
the quantities a_, B, E,, and v, . |

The general expression for the scattering matrix is
extremely cumbersome, However, if the Bc are properly chosen,
then at certain values of the energy of the system only one term in
the expansion of the scattering wave function may be large. This
is the condition for the extreme single-level approximation, and
the scattering matrix then becomes

Sy, + 9) i, +9)

e e Usie™ 8cie
(25)
- P (a) PA(a)
= -12y, .y ¢ c
re' e 1I‘h
E - (Eyﬁ'ah)'*' 5

Pc(a.) is the radius-dependent penetration factor for channel c¢
defined by equation (9). The energy-dependent total width L, is
given by
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T = Z T,
c(open)

with the partial widths T

e defined by

2
r. =
AC ZPc(a) ch
The level shift A,)\, also energy dependent, is given by

by = Z b
allc;

where
2
A = - -
e (Sc Bc)ch

and the shift factors Sc are given by

FCFC' + GCGC'
Sc(open) = (kc Te p) 2 )
F +G _
c ¢ r =a
c'c
W !
5 = (k T ..i)
c(closed) V¢ c Wc r =a_

where the prime denotes differentiation with respect to k oLt

Usually the Bc are chosen so that the level shift vanishes at
the peak of a resonance,

(26)

(27)

(28)

(29)

(30)

(31)
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For c'# ¢, the extreme single-level approximation (25)
yields the single-level formula

P _,(a)P (a)
|?'=4Y2 Y2 c C
Aethe 2 T2

{E-@v o))+

(32)

1T,
cce

which is the Breit-Wigner formula of R-matrix theory.

The energy dependence of a sum of the form (21) was
discussed in connection with the complex eigenvalue single-level
and two-level formulas. The same discussion also applies to the
R-matrix formula (32), and the multiplying constant changes its
meaning as follows:

2 2

lc'Y - 4ay 2 2

2 2
Y Lo
4y e ?\C'Y}\-C -+ 4bY)\-Cm )\'C" +

The problem of separating the contribufions from several channel
spins is the same in the two theories.

Although for a narrow resonant state the Humblet-
Rosenfeld single-level formulas and the corresponding R-matrix
formula all have essentially the same energy dependence, for a
broad state this is no longer true. The most obvious difference is
in the penetration factors PC(O) and Pc(a), the former tending to
be more rapidly varying with energy, as shown in Figure 27, &
the formulas are used to analyze a broad state when several
channels are open, a crucial difference is the energy dependence

of the R-matrix quantities (E) + &}\) and T"., while the corresponding

?\.?
Humblet- Rosenfeld quantities El and I‘l are constants, In fact,

the energy dependence of the R-matrix formula is unknown unless
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the reduced widths yic for all channels are known, although often
only the Yic for the open channels are important, Similar remarks
apply to the two-level formulas of the two theories.

Although the Humblet- Rosenfeld formulas tend to be
simpler than the R-matrix ones, they do not necessarily provide
the more accurate approximation to the energy dependence of the
scattering matrix. For example, the correct cusp behavior of
v, I?
in the R-matrix single-level formula, but not in the corresponding

at the threshold for a channel c''(c'' 4 ¢', ¢) is contained

Humblet-Rosenfeld formulas. Moreover, the Humblet- Rosenield
formulas are not unitary. Nevertheless, good {its to experimental
data have been achieved with the Humblei-Rosenfeld theory by
Jeukenne (1964) and Mahuax (1965b), using the radius-independent
penetration factors.

Although a more detailed comparison of the two theories
is not rclevant to the applications to be discussed, it should be
noted that up to the present (1966) it has been within the framework
oi R-matrix theory that most data have been analyzed and most
nuclear model calculations performed. Therefore, a comparison

“of the results to be discussed with previous work and with
theoretical 'predictions would be more straightforward within the
framework of an R-matrix analysis. A complete R-matrix analysis
has not been possible, however, because of the large width of one
of the resonant states involved, and the large number of open
channels, Although a knowledge of the form of the R-matrix single-
level formula has been useful, the simplicity of the Humblet-
Rosenfeld formulas has been decisive, and they have been used in

-most of the following analysis.
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C. THE ELASTIC SCATTERING °Li(p, p)®Li

- The behavior of the excitation functions in Figure 7 suggests
the existence of a broad state in 7Be at about 10-MeV excitation
energy. The reacting particles have the following properties:

and hence the channel spins are

f

5 s

ol co

1
E,

| o

1
E:

The expansjon (2) can be evaluated and, at least in principle,
compared with the data to give information about the scattering
matrix, and hence, about the properties of such a state. The
expansion is seriously complicated by the Rutherford scattering
amplitude C_(6), even though the |C_(6) 2 term can be removed
because the absolute normalization of the data is known, I 4 is
the highest relative orbital angular momentum to contribute
appreciably to the elastic scattering, there are 414+ 3 terms of
different angular dependence in expansion (2), and hence the same
number- of parameters to be determined from each angular distri-
bution. In some cases, these paramctcfs complctcly determine
(or over-determine) the scattering matrix, but in the present case,
* because ihe particles have spin and reaction channels are open,
they do not. A detailed study of polarization and of the reaction
channels is, in principle, required to determine even the part of
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the scattering matrix describing the elastic scattering, This is
equivalent to saying that the 44 + 3 parameters are independent
e'ven though they are all functions of this matrix, because the
number of unknown quantities in the matrix exceeds 44 + 3.

_ Because of the rather high ene.rgy, several £ values must
be considered, and the data are not nearly accurate enough for the
4t 4+ 8 independent parameters to be extracted, Consequently,
attempts were made to guess the appropriate resonant and non-
resonant elements of the scattering matrix with the hope that the
procedure would suggest which elements are resonant. The cross
section corresponding to each guess was calculated and compared
with experimenf. The results were inconclusive because of the
large number of unknown quantities, and the large width of the r'TBe
structure.

It is interesting that the angular distributions in the vicinity
of the 10-MeV peak are somewhat similar to those in the vicinity
of the 7. 18-MeV state obtained by McCray (1962). Possibly this is
due to the dominance of the same t-value, ¢+ = 1 according to .
McCray's analysis. K this is the case, and if the 10-MeV peak is
predomiriantly due fo a single TBe resonant state, some limits are
set on its J":

Channel Spins s = %

Moreover, because of the isotopic spins assignments .



6Li

T 0

N S

the state should have the isotopic spin assignment T =—;— . Both
the formation and the decay of states of any other isotopic spin are
forbidden in this reaction. The possibility of obtaining information
about the partial widths of the state is discussed in Appendix A.

In addition to the broad 7Be structure at 10- MeV excitation
energy, there is possible evidence for additional very broad

- structure at roughly 13 MeV (Figure 7).

D, THE INELASTIC SCATTERING °Li(p, p)®Li*

In several ways the analysis of inelastic scattering is
simpler than that of elastic scattering. A simple Legendre poly-
nomial expansion of the cross section is possible, and fewer values
of the outgoing relative orbital angular momentum need be considered
because of the decreased energy available for the penetration of the
Coulomb-centrifugal barrier. Moreover, the expansions of the
scattering matrix given by resonance theory are simpler, although
usually only the product I‘c,nI‘cn can be determined from inelastic
scatlering alone, and not the individual partial widths,

The behavior of the coefficients of the first few Legendre
polynomials, Figure 15, strongly supports the existence of a broad
state in 7Be at about 10-MeV excitation energy. Information about
the properties of such a state can be obtained from a knowledge of
which elements of the scattering matrix are present in each
coefficient, These are determined by the triangle conditions (3),

the conservation of parity, and the properties,
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which determine the channel spins,

BN pat
ol e
pol en
b3 -3

According to equation (4), the parity of an element of the scattering
matrix is given by

)" or ()¥

If the contributions from the 8, p, and d incoming {-valucs, and
from the s and p outgoing 4-values are included, the polynomial
expansion given by equation (2) is

7

2d0 {1,732 2 4 ‘g‘ 2 4. 3 2
S50 0,1 valUs o b ralls g |
272 2 2 2 2
5 3] 3 3
= 2 - 2 = 2 = 2
1,...2 1.2 1,..2 1.2
+~4|U11_3_11 +Z|U§1§11 +§|U§1§1‘+6|U_5_111| }Po(cose)
5 13 2 13 5 13 513
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272 27?2 272 272
3 3
| 3 2 3 2
2.3 1.2 |
o3 L = I | 1}P2(cose) (33)
3 b3 3 L3l

If the most significant £-values have been included in
equation (33), it is clear from the form of the P, coefficient that
both the formation and the decay of the state are predominantly
p-wave. The identity of the predominant 4-values could in
principle be tested by {fitting the {-dependent single-level formulas
(12), (14) or (32) to the coefficients of B, or of Py, if the coefficients
are dominated by a sum of the form (21), in which a single resonant
state is significant, Cértainly this condition can be only approxi-
mately satisfied. The coefficient of Py contains contributions from

many states, and the coefficient of Py, while simpler in this respect,

*
containg terms such as Re(Us/ 2 U3/ 2), this particular term having
a relatively large numerical factor.
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With these complications in mind,' attempts were made to
fit the coefficients of Py and of P2 in the vicinity of the resonant
state with formulas (12) and (14), using the different possible
combinations of {-values, The procedure is described in Appendix
B. A fit to the coefficient of P, was not possible, suggesting that
several states contribute significantly to the reaction. Good fits to
the coefficient of ]E’2 were possible, but only for p-wave decay of
the state. The fits were considerably better for p-wave formation
of the state than for f-wave formation. The fits with the radius-
dependent and radius-independent penetration factors are shown in
Figures 28a and b respectively, the former being superior. The
parameters of the fits are summarized in Table 11, and the most
important are

E1 1"1_ £ o

10.0 1.8 &) 1

where the first two quantities are in lerms of MeV r7Be excitation
energy. |

The encouraging success of the fits, suggesting that the
t-values are correctly determined, permits negative parity to be
assigned to the state and limits to be set on ifs spin assignment:

Formation Decay
" 1 3 5 1
Channel Spins S=3, 5 §=5,3
Orbital Angular Momentum < = (1) , 1= 1

Possible Spin and Parity J = (% , g , org ) I = -%
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Therefore

w3 T : T 9
J =5 ory orpossibly (5 or 3 )

ol o

Moreover, because of the isotopic spin assignments

6Li 6Li*

bl o

T 0 0

the state should have isotopic spin T =% . Both the formation
and the decay of states of any other isotopic spin are forbidden
in this reaction, _

It will be apparent later that the state has J7 =-§ .

Therefore, only the s' =g partial width for the decay of the state
is significant, because the decay is predominanily p-wave. Since

the experimental value of the P2 coefficient is negative, equation

(33) implies that the s =% partial width for the formation of the
state is non-zero, The possibility of obtaining qualitative information
about the partial widths is considered in Appendix B.

Little can be said about the coefficients of polynomials other
’_chan Py and P,, except that many states of both parities, some
with appreciable widths for high 4-values, contribute to the reaction,
or direct iritera.ctions are playing an appreciable role.

6

E, THE INELASTIC SCATTERING SLi(p, p'")oLi**

The behavior of the coefficients of the first few polynomials,
Figure 23, supports the existence of a broad state in 7Be at about

10-MeV excitation energy, but the anomalous behavior at about
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11 MeV is a different feature, and not apparent in the SLi(p, p)°Li
and 6Li(p, p')sLi* reactions, The elements of the scattering
matrix present in each coefficient are determined by the following
properties of the initial and final products:

P 6ra 8™
3" %+ o of
Hence the channei spins are
S s'
13 1
2’ 2 2

If the contributions from the s, p, and d incoming 4-values, and
from the s and p outgoing {-values are included, the polynomial

expansion given by equation (2) is

: 1 y S 1 2
2do _ 1.2 1 2
K a“ﬁ“{mwlo 1tV 3,
| 293 5 0:3
) |
1 1 2
Ly 2 1,732
1 .,2 +35|U |
+_1211-'11111| 2 ;'1’2‘?"1
213
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The coefficient of P1 was not worked out because it was not
possible to make use of it,

T the most significant 4-values have been included in
equation (34), it is clear from the form of the P, coefficient that
hoth the formation and the decay of the broad state are pre-
dominantly p-wave. This cannot be tested by the fitting of single-
level formulas (12) and (14), as was done in the analysis of the
6Li(p, p')GLi* reaction, because of the presence of the 11-MeV
anomaly.

It is important to decide if the anomaly éould be a cusp
associated with a nearby neutron threshold, The ®Be+n threshold,
located at 10. 68 MeV and about 100 keV broad, is fairly well
separated in energy from the anomaly, In addition, according to
the R-matrix single-level formula, if the reactions GLi(p, p)6Li,

6Li(p, p‘)GLi* and 6Li(p, p”)GLi** proceed through the same
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¢ompound state, then the same cusp should appear in all of them.
That it does not appear in the first two reactions is evident from
Figures 5 and 15. MoreOvér, because the anomaly seems to appear
in the negative parity scattering matrix elements, it would have to
be associated with the p-wave part of the 6Be + n channel (since
both these particles have positive parity), while large cusps are
generally associated with the s-wave part of the neutron channel.
Therefore, it seems probable that the anomaly is caused by
the interference between the broad 10- MeV state and a narrower
one at about 11 MeV with the same J". The states must be of the
same J" to Interfere in the coefficient of P,. The behavior of this
coefficient cannot be explained in terms of non-interfering states.
This two-level hypothesis, and the identity of the dominant 1-values,
could in principle be tested by fitting the two-level formula (19) to
the coefficients of B, or of Py, if the same conditions discussed in

6Li(p, p6Li* analysis are satisfied. The

connection with the
difficulties are similar; the coefficient of 13'0 contains contributions

from many states, and the coefficient of P,, although simpler in

1/2% US/‘?').

With these complications in mind, attempts were made to fit

Z!
this respect, contains terms such as Re(U

the two-level formula (19) to the coefficients of Py and of P, over
a range of excitation energy containing the interesting features of
the data, The procedure is described in Appendix C. Fits to the
coefficient of P0 were possible using essentially the same position
and width for the broad 10-MeV state that were obtained from the
BLi(p, p')ﬁLi* analysis. The quality of the fits was not changed
appreciably by the inclusion of a smoothly varying, non-interfering
background from other states, Fits were only possible for p-wave

decay of the resonant states, and wecre superior for the radius-
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dependent penetratinh factors. The fits are plotted in Figures 29,
30, and 3la, in which p-wave formation of the resonant states has
been assumed. The parameters of the fits are summarized in

Table 12 and the most important are

E 1 I‘l E 9 1"2 4 A

10,0 1.8 11,0 0.4 (1) 1

where the first four quantities are in terms of MeV 7Be excitation
energy, and the indices 1 and 2 refer to the broad and to the
narrower states i'espectively.

Similar fits to the coefficient of P2 were also possible, but
the position and width obtained for the broad state were somewhat
different from those obtained from the °Li(p, p')°Li* analysis. It
is quite possible that this is due to the Re(Ul/ 2*Us/ 2) terms in the
coefficient, A sample fit is shown in Figure 31b,

The encouraging success of the fits, suggesting that the two-
level hypothesis is correct and that the 1-values are correctly
determined, permits negative parity to be assigned to the states
and limits to be set on their spin assignment:

Decay
Channel Spin s'

]
Do =

Orbital Angular Momentum 4!

]
vy

et
N

ol =

bol o

Possible Spin and Parity
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No further restriction is obtained from the consideration of the
prdbable = l'forma.tion of the states. These restrictions on J"
c-an be combmed with those obtained for the broad state from the
L1(p, p) Li* analysis, to yield the unique assignment J" = for
both states.
Returning to the 6Li(p, p”)GLi** reaction, it can be seen in

Figure 23 that the coefficient of P2 has roughly the same energy

wa

dependence as that of PO’ and is at least as large at about 10, 5 MeV,

Such a large P2 coefficient can be accounted for within the frame-
work of equation (34) only if terms of the form Re(UI/ 2% 3/ 2
significant; this was also suggested by the two-level fit to the P

coefficient. An appreciable contribution to the reaction from a

J" =% state is therefore suggested. This state is apparently very

) are

2

broad, because it did not have to be taken into considcration to
obtain good fits to the P.O coefficient,

The narrower J' = -g— state seems to be weakly excited and to
be observed only through its interference with the broad J' = -g
state, Because the channel spin of the initial products is not unique,
it is not possible to decompose the two-level fit into terms of the
form contained in equation (18), However, under the assumption
that the second term in equation (23) is much less than the first, the
~ contribution to the fit from the broad state alone can be approxi-
mately separated, and is plotted for a particular case in Figure 29d.
The difference between the fitted curve and this curve is approxi-
matcly the interference contribution to the reaction.

Because of the isotopic spin assignments

* %k
B 6i S By
1
T 3 0 0 1
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both the formation and the decay of T = —g compound states is for-
bidden in the °Li(p, p)®Li and ®Li(p, p')®Li* reactions, but only the
formation is forbidden in the 6Li(p, p”)GLi** reaction, The narrower
J" =~g— state is not observed in the first two of these reactions
(Figures 5 and 15), but is observed to contribute weakly to the third.
These facts imply that its isotopic spin assignment should be T = %
The possibility of obtaining information about partial widths
is considered in Appendix C, The discussion of the coefficients of
polynomials other than PD‘ and P2 is the same as that given in the

discussion of the 6Li(p, p')BLi* reaction,

F. THE REACTION “He(*He,p 0L

The generé.l features of the coefficient of the Legendre poly-
nomial PO’ Figure 25, are guite similar to those observed in the
6. . 6
Li(p, p'")
a broad rTBe state at about 10 MeV, and an anomaly supporting the

Li¥* reaction: a broad peak supporting the existence of

existence of a narrower state at about 11 MeV. The elements of the
scatfering matrix present in the coefficient are determined by the
following properties of the initial and final products:

sk
‘me  me 6ri

o

+ .
A 0* oF

Do =

Hence the channel spins are

sS=5, 8'=

2ol =
Bl =

and the parity of a 'scattering matrix element is



If the contributions from the s, p, and d incoming ¢-values, and
from the s and p outgoing {-values are included, the polynomial

expansion given by equation (2) is

2 do 1.2 1.2 1,.3
k m_{qu}_o}_O‘ +-4-|U1111, +'"2'|U1111| }PU(COSB)
2772 g -9 5 7
+ {coef.}Pl(cose )+ {coef. }Pz(cose) (35)

where the coefficients of P1 and of P2 have not heen worked out.
The two-level formula (19) was fitted to the coefficient of

P0 over the same range of excitation energy used in the 6Li(p, p")ﬁLi**

analysis. The procedure is described in Appendix D. Good fits

were obtained for p-wave formation and decay of the states and for

positions and widths essentially the same as thosc obtained from

the 6Li(p,p')GLi"‘ and 6Li(p, p”)GLi*'* analyses. The fits are

plotted in Figures 25, 32, and 33, It can be seen that the guality

of the fits is not changed appreciably by the inclusion of a smoothly

varying, non-interfering background from other states, but is

influenced by the range of data fitted. The success of the fiis is

further evidence that the two-level hypothesis is correct and that

the 4-values are correcily determined. The J" restrictions on

the states are the same as those obtained from the 6Li(p, p")GLi**

reaction,
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Since the channel spins of both the initial and the final
products are unique in the 4}[-Ie(3He, p1) 0L reaction, the two-
level fit can be décomposed into two single-level contributions
plus an interference contribution, as in equation (18). This is
shown in Figure 34, in which, although not necessary, a non-
- interfering background has been assumed. The narrower state
is very weakly excited. Strictly speaking, as discussed in
connection with equations (20), there are two possible decompositions.
The other one consists of an extremely large contribution from the
narrower level almost cancelling an extremely large interference
contribution. The first decomposition is probably the more
plausible one.

Because of the isotopic spin assignments

4He 3He p 6Li**
1 1
T 0 3 3 1

and the fact that the narrower state seems to be weakly excited, the
isotopic spin assignment T -=-g- is implied for this state, in agree-

ment with the _6Li(p, p”)BLi ** analysis.
The possibility of obtaining information about partial widths
‘is considered in Appendix D,
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G. REACTIONS STUDIED BY OTHER INVESTIGATORS

The *He(PHe, *He)*He, *He(CHe, p)PLi, and *He(CHe, p)PLi*
reactions _have' been studied by Spiger and Tombrello (1964)., In the
first and third of these reactions another broad 7Be state was ob-
served at about 9, 2 MeV excitation energy having the following
propertles J = (2 ), large partial w1dths for 4He + 3He and for

Gpik 4 p, and small partial w1dth for OLi + p. The He( He, p) Li
reaction and its inverse, the L1(p, 4He) He reaction (Heydenburg and
Han 1962), do not seem to be dominated either by the 9, 2-MeV state
or by the 10-MeV (1" =3
contribution to the reactlon mechanism seems to be present,

, T= —) state. Some direct interaction

The information from all reactions studied is consistent with
a small 6Li + p partial width for the 9, 2-MeV state, and a small
4He + 3I-Ie partial width and a large BLi + p partial width for the 10-
MeV state, However, the 4He + 3He partial width of the 10-MeV
state must be non-zero, since it has a strong, probably dominant,
influence on the'4He(3He, p' ')BLi** reaction, The reason for this may
be the attenuation of the influence of the 9, 2-MeV state because of its
location near threshold, and its high spin, which requires f-wave decay.
AT —% state, presumably the same state as reported here,
has recenily been observed in the gBe(p, f) 'Be reaction by Détraz

et al. (1965) who assign to it the following properties:

‘Resonant Energy Width " T

10,79 + 0,04 0.298 + 0,025

ol e
ol e

where the first two quantities are in terms of MeV 7Be excifation
energy.
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IV. SUMMARY

Two states in 7Be' with the folloiaring properties were

identified:
Resonant Energy Width W T
3" 1
10. 0. 1.8 3 3
| : 3" 3
11,0+ 0,05 _ 0.4+ 0,05 3 3

where the quantities in the first two columns are in terms of MeV
7Be excitation energy.

From the interference of the two states in the total cross
sections for the reactions 6Li(p, p”)eLi** and 4He(3He, p”)6Li** it
was inferred that they have the same J". In both of the channels

6Lix@s*, T=0)+p

6Li**(0+, T=1)+p"

the Z-value of the decay of the first state was found to be one,
permitting the JTr assignment to be made from the conservation of
angular momentum and parity. The basic reason that a unique
assignment is possible is the large diiference in the spins of the
first and second excited states of 6Li.

The T assignment of the first state was made from the fact
that it is observed in all of the reactions 6Li(p, p)sLi, 6Li(p, p')6Li*,
®Li(p, p)PLi** and *He(He, pr)®
and the decay of T -=%— states is allowed. The T assignment of the

Li**, in which both the formation
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Second state was made from two facts: that it is observed in only
the last two reactions, which are the ones in which the decay of

T =3 states is allowed, and that it is weakly excited, which is
consistent with its forbidden formation. Probably the T = -g state
is observed because of a small amount of mixing with the T =-%—
state.

The data were fitted with formulas from complex eigenvalue
resonance theory, and the {-values determined through the
4-dependence of the penetration factors in these formulas., The
1-values crucial to the J" assignment were well determined; fits
using the allowed ©-values were impossible. To achieve good fits,
it was necessary to use radius-dependent penetration factors.
~ Although the fits with the radius-independent penetration factors
were poorer, the ¢-values given by the fits, and hence the 3
assignments, were the same,

The value obtained for the resonant incoming and outgoing
t-values (4 = 4" = 1) in the 6Li(p, p')GLi* and 6Li(p, p")eLi**
reactions is consistent with the resonant behavior of the PZ
coefficients and the lack of resonant behavior of coefficients of

polynomials higher than P This is because of the form of the

expansion of the cross sect310n in terms of the scattering matrix,
Although the identification of the two states in 7Be and their
assignments seem to be independent on the resonance theory used,
the same is not necessarily true for their detailed properties. This
is particularly the case for the T =% state, because of its largg
width, To a lesser extent, it may also be the case for the T = 3
state, This state, and the one observed in the 9Re(p, ’c)7
(Détraz et al. 1965), are presumably the same, and it is possible
that at least some of the discrepancy in energy and in width is due

Be reaction

to the resonance theory used,
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The estimates of partial widths (Appendices A to D) depend
not only on the resonance theory used, but also on strong assumptions
about the importance of other states, The situation is further
complicated by the spins of the particles involved, It can be said,
however, that the T = % state seems to have a large width for
6Li + P, and for 6Li* + p', a considerably smaller width for
6Li** + p'', and a small (but by no means zero) width for 4He + 3He.
Moreover, the T = % state seems éo have veery small Widtals for ;he
isotopic-spin forbidden channels, "Li+ p, Li* + p', and He + “He,
although the widths for the first and third of these channels, at least,
are non-zero, It seems to have an appreciabie width for the
isotopic-spin allowed channel 6Li""*‘ +p'. -

.7 . 2
structure in "Be at an excitation energy of roughly 10 MeV or

Some evidence was found for extremely broad J" =

greater, and possibly for other broad structure at roughly 13 MeV.
All the information obtained seems to be at least approxi-
mately consistent with the calculations of Barker (1966). The para-
meters of these calculations were constrained to give reasonabile
agreement with the locations of the first five states and the T =%
state in the mirror nucleus, r7Li. Considering this, and the large
widths involved, the 9, 2- MeV (Jﬂ ) state of Spiger and Tombrello
(1964), the 10-MeV (J'' = 2 L,T= ) state and the 11-MeV (J "? ,
T = —) state occur at roughly the energ1es predicted, although the
ordering of the first two states differs from the prediction. The
existence of a broad J" =~;— state at roughly 10 MeV is consistent
with prediction, as are the

qgalita,tive properties of the partial
widthe of the 10-MeV (J" = %

T =--) state.
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The analysis carried out sugeests that the version of
complex eigenvalue theory using radius-dependent penetration
factors leads to better approximations than the version using
radius-independent factors, although the situation is too complicated
Lo provide an unambiguous test of different versions of resonance
theory, The conclusion about penetration factors is just the opposite
of that drawn by Jeukenne (1964) from an analysis of other reactions.
The disagreement may be related to the fact that the ideal situation
for an unambiguous test is not easy to find. The simple formulas of
any version of resonance theory are only approximations, and in
most cases, at least, it is difficult to know if the approximations
are good enough to distinguish between different versions of the

theory.
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APPENDIX A - %Li(p, p)®1i REACTION

With the assumptions that the 10-MeV peak is predominantly
due to a single "Be resonant state, and that a large part of its width
is for thé emission of p-wave protons to the ground state of 6Li, a
sum of R- matrix reduced widths can be estimated using equations
(26) and (27):

2 + Yz 1.}, A, = 4,08 107 B¢m

T, = 2P __(a )y
A TP T

The subscript 1 lébeis the state, the subscript p labels the
particles and their relative orbital angular momentum, and the other
subscript labels the channel spin. For example, the subscript (p%)

means

6Li+ p, £t=1, s=%
and the subscript (p%),

6Li+ p, =1, S’—‘% .

The total width T; was estimated from the 180° excitation function
in Figure 7, and the penetration factor calculated with the CIT IBM
7090 computer using a Fortran code prepared by Tombrello (1963),
The following result was obtained:

{\{2 5+ v 1 } ~ 0.75+ 0.5 MeV
- 1(p§) 1(9“2“) .

which is roughly similar to the value of about 1.2 MeV for v2 ,
(p5)
found by McCray (1962) for the 7. 18-MeV state, 2
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APPENDIX B - Li(p, p)01#* REACTION

The problem of fitting the single level formulas (12) or (14)
to an experimentally determined polynomial coefficient is that of

determining the parameters (Ci, E'l, 1"1) in the expression

4

Cq

Py Py

2
1
4

(poly. coef. ) = —1-2-

K™

2
(E = E].)

This amounts to the determination of the parameters (¢, B, Y) in the

expression

P, P,
5 vt =0.E2+BE+Y (B1)
k™ (poly. coef.)
where
¢ _ 1
Ci =%
_ B
E, = ‘% (B2)
o= [4Y _ ?
1 o 2
o

The parameters (o, B, v) were determined by the method of
least squares using the CIT IBM 7094 computer with a Fortran code.
At each energy, using the value of the poiynomial coefficient and its
error given in Table 3, the quantity on the left hand side of equation

(B1) and its error were calculated, and a weighting factor assigned
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equal to thé square of the reciprocal of this error, The parameters
(€1 E;, Ty) were calculated from equations (B2). The errors of
E, and Tl were determined by rewriting equations (B2) in terms of
the independent variables; the polynomial coefficients at each energy
and their errors. Fits to only the PZ coefficient were possible and,
for convenience, the parameter Ci was replaced by another para-

metér C 1:

The factor - —7; is the reciprocal of one of the numerical factors

occurring in the expansion of the P2 coetficient given by equation
(33).

The results are summarized in Table 11, in which only the
fit with £ = €' = 1 and radius-dependent penetration factors has a
reasonable xz. The corresponding values of (EI’ I‘l, Cl) given in
the first row, are assumed to be the best choices,

Qua,ntitative information about the partial widths is contained
in the quantity C 17 if the J" = -g state completely dominates the
expansion of the P2 coefficient in equation (33), although, as has
already been discussed, this can be only approximately true at best.

- Under this restriction7501 has the meaning of equation (22) (but

includes the factor - 5 )

C o> r ' (B3)
17 F9 * (03 )1{ © 2 [ 2)1}

and the numerical factor Fl’ which can be calculated, is given by
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2
105110y | 13

Fl(a) = ; 3y = 4, 08 _1.0'- cm

"p'1"p1?p
for radius-dependent penetration factors, and by

1

0

[P @P,©
p'l pl k

FI(O) =

p’lkpl

for radius-independent penetration factors. The subscript 1 labels
the slale, the subscripts p and p' label the particles and their
relative orbital angular momentum, which is equal to 1 in all cases,
and the other subscript labels the channel spin. For example, the
subseript (p'g) means

6Li*+ p', ' =1, 5" =

pot e
*

No uncertainty is given for Cl in Table 11, because this is probably
dominated by the assumptions leading to its interpretation by
equation (B3).
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APPENDIX C - ®Li(p, p')®Li** REACTION

The problem of fitting the two-level formula (19) to an
experimentally determined polynomial coefficient is that of deter-

mining the two sets of parameters (o, B, ¥) and (El’ r., EZ,I‘Z) in

1
the expression

P,P 9
| P,
(poly. coef.) = —— aE°+BE+ Y

K r2 ra
{®-E)% -41—}{(E “E)%+ 2}

If the parameters (E 1 Tl, E,, 1“2) are known, this reduces to the

linear problem of the determination of the parameters (o, 8, v) in

the expression
2 2
2
{(E El) + T}{(E E T}P 7, (poiy coef,) = aF +BE+Y .

Parameters (o, B, v) were determined for a large number of values
of parameters (El’ I‘l, E 1“2) , using a method identical to that
described in Appendix B, and the polynomial coefficients and their
errors given in Tables 4 and 6. _

The final values of the resonant parameters were obtained
from f{fits to the P0 coefficient over a somewhat restricted range of
7Be excitation energy. This was felt to be a2 mare reliable
procedure than using a range including lower energies, in which
the p—Wave elements of interest are atfenuated by the proximity of
the reaction threshold, and may be masked by s-wave background
effects. Some feafures of the dependence of the fits on the set of
parameters (El’ I Eg 1“2) can be seen in Figures 29 and 30, The

quality of the fits is somewhat insensitive to the precise values of
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these parameters and to the presence of a reasonable non-interfering
background, which has been plotted for the cases in which it was
subtracted. Good fits can be obtained with E, = 10.0 MeV,
T, = 1.8 MeV, which are the values obtained from the S1i(p, p")°Li*
reaction. The results for the other parameters are given in Table
12, in which rough estimates of the uncertainties have been made,
As in the 6Li(]g), p’)GLi* reaction, quantitative information
about partial widths can be obtained only if certain conditions are
fulfilled, No information was obtained from the P2 coefficient
because of the possible appreciable contribution from a broad
J" —% state, This problem is not as serious with the P0 coet-
ficient, both because of the numerical factors involved, and the fact
~ that the contribution from states with J" #% can be included as a
non- mterfermg background. If the P, coefficient is dominated by
the J" = -2— states, the quantity D, having the meaning of equation
(23) can be estimated from the fits:

D=, Fql , {0, +T LT AT o +T L)

T
(p"z)l (pz)l 5)1 p" )2 (p2)2 (92)2

The factors a and b in equation (23) are both equal to —;15- by equation
(34). The factor of 6 has been absorbed in the definition of D,
equation (C1). The numerical factors F and the subscripis are

defined as in Appendix B; for example, the subscript (p'' %) means

6. . ‘
Lix¥ 4 p'', 4£'=1, s'=

bl =

The subscripts 1 and 2 label the broad and the narrower states

respectively,
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As should be expected, D, unlike the parameters
(E T , B I‘Z), depends on the background assumed. It depends
on these pararneters also, as can be seen in Figures 29 and 30,
Values of D are given in Table 12, in which rough estimates of the
uncertainty due to causes other than background have been made,.
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APPENDIX D - 4He(3He, p”)6Li** REACTION

By {fitting the two-level formula (19) to the P, coefficient
with a method identical to that described in Appendix C, the para-
meters (a,8,Y) were determined for a large number of values of
the‘ parameters (El’ 1“1, E,, 2). The values of the polynomial coei-
ficients and their errors given in Table 7 were used, Some
features of the dependence of the fits on the latter parameters can
be seen in Figures 32 and 33, and the discussion is the same as
that given in Appendix C for the 6Li(p, p”)GLi** reaction.

The condition for obtaining information about partial widths
is also the same as discussed in Appendix C: the P0 coefficient
- must be dominated by the J" =§2 states, I this is the case, the
quantities (Cl’CZ’ ¢), defined by equations (13), (15), (16) and (17),
can be obtained from the fits, because the channel spins of the
initial and final products are unique, Using the notation of Appendix
B,

Cy=Fygy T 4 T
(0" )1 (He )1

2. __
Cy, = Foqo U r
22 (p"%)2 (He%)2

where the subscripts 1 and 2 label the broad and the narrower
states respectively, and the numerical factor Fl, for example, is
given by |
2
104111061 |
Fl(a’) ERTIE a
p"1"p" Hel He
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~-13 13

where A = 4.08 10 "“cm, a, =439 10°
The parameters (Cl’ C,, ) were found from the parameters
(o, 8, v) and (E Tl, E I‘z) by c;nlvmg equations (20) (making
allowance for the fa.ctor of 3 occurring in the P0 coefficient,
equation (35) ), and retaining the solution discussed in connection
with the decomposition of the fit in Figure 34, As can be seen in
Figures 32 and 33, the values obtained for (Cl’ C2 , ¢) depend both
on the parameters (E 1“1, E Tz) and on the background assumed.
Values of (Cl’ CZ’ ), obtamed using radius-dependent penetration
factors, are given in Table 13, in which rough estimates of un-

certainty due to causes other than background have been made.
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_ TABLE 2
6Li(]p, p')GL_i* Differential Cross Section

The center-of-momentum differential cross section
and its estimated standard error are given for each incident
Vproton laboratory energy as a function of laboratory angle and
of cosine of center-of-momentum angle, Millibarn per
steradian units are used. The estimaled normalization

standard error is also given., (Pages 14 and 15)
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TABLE 2

6Li(p, p’)GLi* Differential Cross Section

Lab Energy = 3,60 MeV Lab Energy = 4, 20 MeV
Cosine | Cosgine
Lab CM do Estimated Lab ~ CM do Estimated
Angle Angie dQ Error Angle Angle dQ Error

20.5° 0.900 2.58  0.12
20,4  0.800 2.77 0,08

35.3° 0.700 1.64  0.49 36.5 0.700 3.28  0.13
41.4 0.600 1.66  0.25 42,7 0,600 3.66 0,13
47.0  0.500 1.69  0.25 48.5  0.500 4.34  0.17

52. 3 0.400 2.61 0. 16
59, 3 0.300 4.86 0,17

62.7  0.200 2.23  0.27 64.6  0.200 5.10 0,14
67.4 0.106 2.94 0,21 69.8  0.100 5.45 0,15
72.9  0.000 2.90  0.12 75.1  0.000 5.87  0.15
78.2 -0.100 3.01  0.12 80.5 -0.100 5.69 0,16

86.2 -0.200 5.98 0,18
89,5 -0.300 3.19  0.16 92.1 -0.300 6.24  0.16
95.6 -0.400 3.66 0.18 = 98.3 -0.400 6.46  0.16
102.5 -0.500 3.36 0,20 105.1 -0.500 6.35 0,19
110.0 -0.600 3.62 0,22 112.7 -0.600 6.54 0,20
118.7 -0.700 3.67 0,22 121.3  -0.700 6.70  0.23
129,3 -0.800 3.68  0.22 131.7 -0.800 7.11  0.32
143.6 -0.900 3.92  0.23 145.5 -0.900 7.24 0,25

160.0 -0,956 %,52 0. 23
165.0 -0.983 4,22 0,21 165.0 -0,981 7.75 0,23

‘Normalization Error 2% Normalization Error 2%
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TABLE 2 (cont.)

Lab Energy = 4. 60 MeV Lab Energy = 5. 00 MeV
Cosine Cosine
Lab CM do  Estimated Lab CM do Estimated
Angle Angle d0  Error Angle Angle dG  Error
20.8°  0.900 4.40 0.20 21.0° 0,900 6.67 0.17
29,8  0.800 4.65 0.12 30.0 0,800 7.47 0.22
36.9  0.700 5.15 0,11 37.8 0,700 7.93 0,28
43.3  0.600 5.70 0,12 43.7 0.600 8.15 0.24
49,6  0.500 8.38 0,42
54.7  0.400 6.62 0,33 55.2 0,400 9.05 0,23
60,1 0,300 6,78 0,24 60,6  0.300 9.68 0,22
65.4 0,200 7.22 0.25 65.9 0,200 9.83 0,22
70.6  0.100 7.65 0,27 7.2 0,100 9,83 0,22
76,0 0,000 7.56 0.26 76.6  0.000 10,13 0.23
80.5 -0.082 17.25 0.25 80.5 -0,071 9.63 0.16
81.5 -0.100 7.65 0,27 82,1 -0.100 10.21 0,21
87.1 -0,200 7.76 0,31 87.8 -0.200 9,51 0,29
93.0 -0.300 7.86 0,31 93.7 -0.300 9.61 0.25
99,3 -0.400 7.46 0,37 100.0 -0.400 9,59 0,24
106,1 -0,500 8,00 0,32 106.8 -0,500 9.60 0,23
113.7 -0.600 7.99 0.32 114.3 -0.600 9,13 0.25
122.2  -0.700 8,25 0,33 122,9 -0.700 9.16 0.24
132.5 -0.800 8.38 0.34 133.1 -0.800 9,20 0.26
146.2 -0,900 ~8.15 0,33 146.6 -0.900 9,05 0,28
160.0 -0.958 8,61 0.30 160.0 -0.958 9.70 0.39
165.0 -0,981 8.38 0.34 165.0 -0.980 9.32 0,22

Normalization Error 2% Normalization Error 1 1/2%



95

TABLE 2 (cont. )

Lab Energy = 5, 40 MeV Lab Energy = 5. 80 MeV
Cosine Cosine
Lab CM do Estimated Lab CM do Estimated

Angle Angle di Error Angle Angle d0 Error
21,1° 0,900 10.16 0.18  21.2° 0.900 12.60 0,26
30.2 0,800 11.25 0.20 30.4 0,800 12.84 0.26
375 0.700 1171 0.19 37.7 0,700 13.15 0.26

44,2  0.600 13.98 0,42
49,9 0.500 12,22 0,24 50,2  0.500 13,12 0.25
55.5 0.400 12,22 0,22 55.8  0.400 13.07 0.21
61.0 0.300 12.38 0.25 61.3  0.300 13.10 0. 18
66.3 0.200 12,61 0,25 66.7  0.200 12.90 0.19
71,7 0.100 12,56 0,25 72.0 0,100 12.60 0.25

77.1 0,000 12,18 0.24 77.5 0.000 12.29 0.17
80.5 -0.05656 12,22 0.17

82.6 -0,100 11.96 0,24 83.0 -0.100 12.01 0,24
88.3 -0,200 11.63 0.17 88.6 -0,200 11,63 0,17
94,2 -0.300 11.27 0,25 94,6 -0.300 10,98 0,16

100.5 -0.400 11,04 0.17 101.0 -0,400 10,53 0,16
107.4 -0.500 10.46 0.21 107.8 -0.500 10.12 0.18
114.9 -0.600 10.28 0.23 115.3 -0.600 9,52 0,19
123.4 -0,700 9.78 0,15 123.8 -0.700 9,03 0.18
133.6 -0,800 9.50 0.17 133.9 -0.800 8.66 0,17
147.0 -0,900 9.50 0,24 147.2 -0,900 8.10 0.16

165.0 -0.980  9.39 0,24  165.0 -0.979 8.24 0.16

Normalization Error 3% Normalization Error 1 1/2%
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TABLE 2 (cont. )

Lab Energy = 6, 20 MeV  Lab Energy = 6. 60 MeV
Cosine Cosine
Lab CM do  Estimated Lab CM do  Estimated
Angle Angle dQ Error Angle Angle dg Error
21,3° 0,900 13.12 0.29 21.4° 0.900 13.83 0,22
30.5 0,800 13.15 0,17 30,6 0.800 13,30 0.21
37.9 6,700 13,30 0.29
44,4 0,600 13.53 0,34 44,5 0.600 13.23 0,18
50.4 0.500 13,25 0.16 50.5 0.500 13.05 0.17
56, 2 0.400 13.01 0,17
61.5 0,300 13.01 0,17 61.7 0.300 12,95 0,19
66.9 0.200 12,37 0,37 67. 2 0.200 12,29 0,10
72.3 0,100 12.34 0,15 72.6 0.100 11,90 0,14
7.7 0,000 11,78 0.24 78.0 0.000 11.80 0,18
80,5 -0.050 11,55 0.23 80.5 -0.045 11.65 0,23
83.3 -0.100 11.40 0.28 83.5 -0,100 11.32 0,23
89.0 -0,200 10.95 0,27 89.2 -0,200 10.85 0,22

95.0 -0.300 10.69 0.11 95.2 -0,300 10.75 0.21
101,3 -0.400 10,00 0.20  101.5 -0.400 9.83 0.29
108.1 -0.500 9.30 0,923 108.4 -0.500 9.30 O0.23
115.6 -0,600  8.72 0,22 115.8 -0.600 8,50 0,13
124,1 -0,700 8.65 0,13 124, 3 —0_. 700 8,10 0. 16
134,2 -0,800 8.15 0,12  134.4 -0.800 17.72 0,12
147.4 -0,900 7.84 0.12 147.6 -0.900 7.60 0,19

165.0 -0.979 7.90 0,31 165.0 -0.979 6.94 0,42

Normalization Error 1 1/2% | Normalization Error 3%



97

TABLE 2 (cont.)

Lab Energy = 7, 00 MeV Lab Energy = 7. 80 MeV
Cosine Cosine
Lab CM do Estimated Lab CM do  Estimated

Angle Angle dq Error Angle Angle dQ Error
21,5° 0,900 13,51 0,31 21.6° 0.900 12.22 0,19
30.7 0,800 13.07 0,18 30.9 0,800 11,70 0,29
38.3 0.700 11.46 0,26

44,7 0,600 12,72 0.20 44,9 0,600 11,60 0,23
50,7 0.500 12,70 0,18 50.9 0,500 11,55 0,12
56.4 0,400 12,40 0.15 56.7 0.400 11,60 0,14
61.9 0,300 12,05 0,17 62.2 0,300 11.28 0.16
67.3 0,200 11.83 0,18 67.6 0,200 10,50 0,21
72.7 0,100 11.47 0,14 73.1 0.100 10.46 0.16
78.2 0,000 11.16 0,13 78.5 0,000 10.00 0.15
80.5 -0.036 5.90 0.15

83.7 -0.100 10,82 0,15 84.1 -0,100 9.37 0.19
89,56 -0,200 9,94 0,14 69.8 -0.200 8.70 0,13
95.4 -0.300 9.66 0,17 95.8 -0.300 8.13 0.16
101.8 -0,400 8.7 0,12 102.1 -0.400 7.62 0,11
108.6  -0,500 8.63 0,13 108.8 -0,500 7.42 0.11
116.0 -0,600 8.02 0.12 116,4 -0,600 7.14 0,11
124,5 -0,%00 7.65  0.15 124,8 -0,700 6.66 0,13
134.6 -0.800 7.34 0,21 134.9 -0,800 6.55 0.13
145.7 -0.880 7.37  0.22 148.0 -0. 900 6.42 Q.13
147,8 -0.900 7.25 0,18 160.0 -0.955  6.62 0.13
165.0 -0.979 .00 0,14 165.0 -0.978 6.50 0,12

Normalization Error 1 1/2% Normalization Error 2%
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TABLE 2 (cont. )

Lab Energy = 8. 60 MeV Lab Energy = 9, 40 MeV
Cosine Cosine
Lab CM do  Estimated Lab CM do  Egtimated
Angle Angle dQ E rror Angle Angle d&i Error
21,6° 0,900 11.85 0,21 21.7° 0.900 11,21 0,22
38,5 0,700 11.70 0.18 38.6 0,700 10.88 0,22
45.0 0,600 11.83 0,11 45,2 0,600 11,05 0,12
51,1 0,500 11,61 0,29 51,2 0,500 11,14 0,09
56.8 0,400 11.24 0,17 57.0 0,400 10.67 0,09
62,4 0.300 10,85 0,13 62.6 0,300 10,35 0,09
67.9 0,200 10.50 0,11 66.0 0.200 10.00 0,15
73.3 0.100 10.26 0.16
78.8 0,000 9.55 0,16 79.0 0.000 9,10 0,25
84,3 -0,100 9.10 0,14 84,5 -0,100 8,60 0,25
90.1 -0, 200 8.50 0,17 90,3 -0, 200 7.86 0,16
96.1 -0,300 8.15 0,16 96.3 -0,300 7.36 0,18
102,4 -0, 400 7.50 0,07 102.6 -0, 400 6.57 0,08
109,2 -0,500 6.95 0,17 109.4 -0,500 6.36 0,13
116.6 -0,600 6.48 0,11 116,8 -0, 600 6.056 0.15
125.1 -0.700 6.22 0,12 125.3 -0, 700 5.20 0.21
135.1 -0,800 6.07 0,10 135.2 -0,800 5.34 0,21
148,1 -0,900 5,92 0,15 148.3 -0.900 5,31 0,21
160,0 -0,955 5,92 0,18 160.0 ~0, 955 5.24 0,26
165.0 -0,978 5

.89 0,08 165.0 -0,978 5.15 0, 17

Normalization Error 2% - Normalization Error 1 1/2%
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TABLE 4

6Li(p, p”)BLi** Data from Gamma Ray Measurements

The data obtained from the v-ray measurements are given
as a function of incident proton laboratory energy and of corre-
sponding 7Be center-of-momentum energy. The data and esti-
mated standard errors are expressed in terms of the coefficient
of Legendre polynomial PO’ which is the total cross section
divided by 4n. The energies are in MeV; the coefficients and
errors in millibarns per steradian. There is a systematic un-
certainty in the incident proton laboratory energy scale of about
0. 01 MeV, and a distribution with a standard deviation of about
30 keV associated with each laboratory energyv value given, The
estimated normalization standard errors are those associated
with the normalization of these data to the angular distribution

data at 5, 80 MeV obtained from particle measurements,
(Pages 20 and 76)
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TABLE 4

6Li(p, p”)GLi** Data from Gamma- Ray.Measurements
3. 08- by 3, 08-cm Detector '1.62- by 7.62-cm Detector
Be . 'Be P .

Lab Excitation 0 Estimated Lab Excitation ~0 Estimated
Energy Energy Coef. Error Energy Energy  Coef. Error
4,26 9.26 0.0042 0, 0007 4, 80 9. 72 0.303 0.011
4, 31 9,31 0.0069 0, 0007 5. 00 9,90 0.538 0,016
4,36  9.35 0.0165 0.0012 5,20 10.07  0.767 0.027
4,41 9.39 0.0342 0,0014 5,30 10,15 0.890 0,034
4. 46 9.43 0.0569 0.0020 5.40 10.24 0.985 0.042
4,51 9.48 0.0842 0, 0029 5,60 10,41 1,197 0,042
4,56 9, 52 0.1143 0, 0040 5.70 10,50 1,282 0,045
4,77 9.69 0.278 0,009 5.80 10,58 1.310 0.046
4, 97 9.87 0.491 0,015 6.00 10,75 1,342 0,047
5.17 10.04 0,732 0,022 6.10 10.84 1.295 0,045
5.37 10,21 0,901 0,027 6.20 10,92 1,207 0,042
5.57 10,38 1,166 0,035 6,30 11,01 0.939 0.033
5.77 10.55 1,290 0,039 6.40 11.09 0.815 0,029
5,97 10,72 1,278 0,038 6.50 11,18 0.760 0,027
6,18 10,90 1,142 0,034 6.60 11,27 0.758 0,028
6.38 11,07 0.765 0.038 6.80 11,44 0.736 0,027
6.58 11,25 0,801 0,040 7.00 11,61 0.704 0,027
6.78 11.42 0,775 0,039 7.20 11,78 0,675 0,028
6.98 11.59 0,785 0,047 7.40 11,96 0.653 0,038

7.60 11,13 0.650 0,030
7.80 12,30 0.648 0,037

Normalization Error 3 1/2% Normalization Error 3 1/2%
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TABLE 5
6Li(p, p”)GLi** Differential Cross Section

- The center-of- momentum differential cross section
and its estimated standard error are given for each incident
proton laboratory energy as a function of laboratory angle
and of cosine of center-of-momentum angle. Millibarn per
steradian units are used. The estimated normalization
standard error is also given. At5,80MeV the data from the
coincidence measurements and from the direct measurements

are given separately. (Pages 24 and 25)
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TABLE 5
6Li_(p, p' ')6Li** Differential Cross Section

Lab Energy = 5.00 MeV Lab Energy = 5. 20 MeV
Cosine Cosine

Lab CM do Estimated Lab CM do  Estimated
Angle Angle dQ Error Angle Angle d Error
18.9° 0.900 0.75 0,06
26, 50 0, 300 0. 38 0.03 27.1 0.800 0,45 0.05
32.9 0.700 (.30 0.03 33.7 0.700 0.53 0.05
43.7 0,500 0,31 0.03 44, 8 0.500 0,24 0,02
58.3 0.200 Q.30 0.04 59.17 0.200 0,40 0,04
73.0 -0,100 0,40 0,04 T4, 1 -0, 100 0,67 0,07

83.7 -0.300 0,45  0.05

91,8 -0.400 1.00 0,07
96.3 -0.500 0.62 0,07
103.7 -0.600 0,81  0.07 105.9 -0.600 1.32  0.10

123.4 -0.800 0.75 0.06

Normalization Error 2% Normalization Error 1 1/3%
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TABLE 5 (cont. )

Lab Energy = 5,40 MeV

Cosine
Lab CM do  Estimated
Angle Angle dQ Error

19.3°  0.900 1.00 0.10

27. 6 0.800 0.82 0,08
40. 2 0.600 0.50  0.05
55. 9 0.300 0.3¢ 0.06

70,9 0.000 0.54 0,086

81.5 -0.200 0,75 0.07

107.6  -0.600 1.33  0.19
127.1  -0.800 171  0.12
1650 -0,985 2.26 0,16

Normalization Error 2%
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TABLE 5 (cont.)

Lab Energy = 5. 80 MeV

Cosine Coincidence Direct
Lab CM do Estimated do Estimated
Angle Angle dQ Error d2 Error

19, 8°

0.900 1.631 0.054 1.76 0,17
28,3 0.800 1,340 0.047 1,12 0.08
35, 2 0,700 0,916 0.045 0.96 0,10
41, 2 0.6 0.735 0,035 0.93 0.13
46, 8 0.5 0.537 0.038 0.55 0.06
52.1 0.4 0.464 0.029 0.31t 0.05
62, 4 0.2 0.306 0.028 0.39 0.04
67.5 0.1 0.476 0.035 0.45 0.03
2.6 0.0 0.68 0.06

83.4 -0.2 1.064 0,052 1,03 0,08
89.2 -0.3 1.250 0,056 1.28 0,06
95.4 -0.4 1,465 0.064 1.47 0.10

109.7 -0.6 2.03 0,09 2.07 0.07
118.5 -0.7 2.19 0.09 2.30 0.10

129,1 -0.8 2,47 0.12 2,75 0,10

Normalization Error 2%
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TABLE 5 (cont. )

Lab Energy = 6, 05 MeV Lab Energy = 6. 30 MeV

Cosine Cosine
Lab CM g_q Estimated Lab CM E‘E Estimated
Angle Angle d Error Angle Angle dl Error
20.0° 0.900 1.84 0.18 20.2° 0.900 1.04 0.10
28,7 0,800 1,26 0,13 28,9 0.800 0,84 0,08

41,7 0,600 0.67 0,07
47,8 0.500 0.43 0,06
52.7 0,400 0.42 0,04

.. 63.6  0.200 0.38 0.04
65.2 0.100 0.54 0,06

79.4 -0,100 0,67 0,07
84.3 -0.200 1,03 0,11

96.4 -0.400 1,68 0,12 97.1 -0.400 1.21 0,10
110,7 -0.600 2.08 0,12
120,1 -0.700 1,77 0,11
130,0 -0,800 2,71 0,18

165.0 -0.983 3.37 0.18 165.0 -0.982 2,54 0,15

- Normalization Error 1 1/2% Normalization Error 1 1/2%
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TABLE 5 (cont. )

- Lab Energy = 6, 55 MeV

Lab
Angle

20, 3°

29, 2
36, 2

48. 1

69, 3

85, 6

104. 5
120, 7

145, 1
165.0

Cosine
CM
Angle

0. 900
0. 800
0,700

0. 500

0. 100

-0, 200

-0, 500

-0, 700

~0. 900
-0. 982

dc Estimated

d Error
0.94 0,09
0.59 0,906
0.55 0.06
0.29 .03
0.40 0,05
0.7T 0,07
0.96 0,08
1.36 0,10
1.73 0,12
1, 86

0.11

Normalization Error 2%

Lab Encrgy = 6. 80 MeV

Cosine
Lab CM  do
Angle Angle dQ

20,5°  0.900 0,97
36,4 0,700 0.53

48, 5 0.500 0,33

64. 5 0,200 0.31

75.0 0,000 0,44

92.0 -0.300 0.90

105.0 -0,500 1,09

1316 -0,800 1,49
165.0 -0,982 1.81

Normalization Error

Estimated
Error

0. 06
0.04

0.03

0.05

0.03

0.06

0,07

0. 10
0.12

29,
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TABLE 5 (cont, )

Lab Energy = 7. 20 MeV Lab Energy = 7, 80 MeV
Cosine Cosine
Lab CM ii.ff Estimated Lab CM _d__C_r Estimated
Angle Angle dQ Error Angle Angle dQ2 Error
20.,7° 0,900 0.88 0.08 20.9° 0.900 0.60 0.07
29.6 0.800 0,70 0.06 29,9 0.800 0,52 0,06
43,1 0.600 0.39 0.04 43.5 0.600 0.38 0.05

,. 54,9 0,400 0.27 0,03
59,8  0.300 0.30 0.04 |
70,9 0.100 0.34 0.06
76.3  0.000 0,28 0.04
81,1 -0,100 0.56 0,05

93.4 -0.300 0.69 0.08
98.9 -0.400 0.89 0.08

114.0 -0,600 0,94 0,09
121.9 -0.700 1,34 0,12

132.8 -0,800 1,10 0.11
145.9 -0,900 1.52 0.10
165.0 -0.981 1.71 0,12 165.0 -0.980 1,39 0,11

Normalization Error 29 Normalization Error 1 1/29%
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TABLE 5 (cont, )

Lab Energy = 8, 60 MeV Lab Energy = 9, 40 MceV
Cosine Cosine
Lab CM do Estimated Lab CM do  Estimated
Angle Angle di Error Angle Angle d: Error
21,1 0.900 0.47 0.05 21.2° 0.900 0,35 0,05

30.4 0.800 0.32 0,05
37.5 0,700 0.38 0,06

49.8  0.500 0.27 0.06 50.1  0.500 0.08 . 0,04
55.4 0,400 0.18 0.03 55.8  0.400 0.15 0.02

61.3  0.300 0.20 0,02
66. 2 0. 200 0.23 0,03

72.0 0.100 0.30 0.04

80.5 -0,064 0.37 0,07
88.7 -0,200 0.68 0,05

100.4 -0,400 0.72 0,06
107.7 -0.500 0.78 0,05

123.3 -0.700 0.94 0.06 123.7 -0.700 0.84 0,05

146.9 -0.900 1,02 0.07 147, -0.906 0.85 0.05
165.0 -0.980 1,10 0,07 165,0 . -0.979 0.84 0,05

Do

NOrmalizafion Error 1 1/29 Normalization Error 2 1/2%
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TABLE 7
4 3 6, .
He("He, p'') Li** Data

The data are expressed in terms of the coefficient
of the Legendre polynomial PO’ which is the total center-
of-momentfum cross section divided by 4mn, and given as a
function of the incident 3He energy and corresponding 7Be
excitation energy. The coefficients and estimated standard
errors are in millibarns per steradian, the energies in MeV.
There is a systematic uncertainty in the incident 3He
laboratory energy scale of a:bout 20 keV, and a distribution
with a standard deviation of about 22 keV associated with
each laboratory energy value given. (Pages 31 and 79) ‘



Lab

Energy

13.
14,
14,
14,
14,
14.
15,
15,
15.
15,
15,
15,
15,
16.
16.
16.
18.
16,
16.
16.
16.
16.
16.
17,
117.

81
01
21
42
62
82
02
22
43
63
73
83
93
03
13
23
33
44
o4
64
74
84
94
04
24
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TABLE 7

7Be P
Excitation 0
Energy Coet,
9. 48 0, 049
9,59 0.095
9.7 0, 152
9,83 0,218
9.95 0. 264
10. 06 0. 311
10, 17 0. 356
10, 28 0, 404
10, 40 0., 443
10, 52 0. 479
10, 58 0. 492
10.63 0. 511
10. 69 0, 492
10,75 - 0. 485
10, 80 0. 470
10, 86 0. 465
10, 92 0. 445
10, 98 0. 435
11, 04 0. 411
11. 10 0, 419
11,15 0. 409
11,21 0,422
11, 27 0. 419
11, 32 0. 415
11,44 0. 410

4He('?'He, p”)eLi** Data

Estimated
Error
0, 002
0. 003
0. 005
0. 006
0. 005
0. 006
0. 007
0. 008
0. 009
0. 009
0. 009
0. 009
0. 009
0. 009
0.008
0. 008
0, 009
0. 009
0. 008
0. 008
0. 008

-0, 008
0. 008
0. 008
0. 008
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TABLE 7 (cont.)

7

Be _ P
Lab Excitation 0 Estimated
Energy Energy Coef. Error
17, 44 11, 55 0. 384 0. 008
17.64 11,67 0. 380 0. 007
17, 84 11,78 0. 368 0. 007
18,05 11,90 0. 369 0. 007
18, 25 12, 02 0. 370 0. 007
18. 45 12,13 0. 362 0. 007

Absolute Normalization Error 209
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TABLE 8
6Li(p, 3He)4He Angular Distributions

The center-of-momentum differential cross section and
its estimated % standard error are given for each incident
proton laboratory energy as a function of 3He laboratory angle
and of cosinc of center-of-momentum angle, Millibarn per
steradian units are used. The normalization error is also
given, There is an uncértainty of +0, 03 and -0, 02 MeV in the
2. 88 MeV laboratory energy, (Page 33)
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TABLE 8
6Li(p, 3He)lee Angular Distributions

Lab Energy = 2, 60 MeV Lab Energy = 2. 88 MeV
Cosine Cosine
Lab CM do  Estimated Lab CM do  Estimated

Angle Angle dQ % Error Angle Angle dQ 9% Error
7.7° 0,982 12,28 4 10.6° 0.970 10.38 6
1.0 0.970 12.53 4 19.0  0.919 10.05 6
19.3  0.917 10.58 4 21.4 0,900 8,31 10
28,2  0.829 10.27 4 - 27.8  0.832 9.44 5
30,7 0.800 9,75 31/2 30.7 0.798 9,05 4
38,1 0,700 10.22 13/4 34,6 0.745 9.64 5
44,6 0,600 10,32 13/4 38.1 0.697 9.42 2
50,6  0.500 10,46 13/4 44,6 0,597 10.10 2
56.3 0,400 10.29 1 3/4 50,6 0,497 10,40 2
61.8 0,300 10,26 13/4 56.3  0.395 10.40 2
67.2  0.200 10.10 13/4 61.8 0,295 10,39 2
72.6  0.100 10.00 13/4 67.2  0.195 10.04 2
78.1 0,000 9.8 13/4 72.6 0,094 9,76 2
80,1 -0.034 9.54 13/4 78.1 -0.005 9,65 2
83.6 -0.100 9,19 13/4 83.6 -0,106 9.10 2
85.7 -0.137 9,34 13/4 84,7 -0.126 9,09 2
89.4 -0,200 9,19 13/4  89.3 -0.207 9,01 2
91.2 -0.235 8,99 13/4 90,9 -0,235 8.60 2
95.3 -0.300 8.70 13/4 95,3 -0.306 8.75 2
97.8 -0.341 8.64 13/4 97.4 -0.342 8.55 2
101.6 -0.400 8.65 13/4 101.6 -0.404 8,42 2
105.0 -0.451 8.60 13/4 104,2 -0.445 8.35 2
108.4 -0.500 8.68 13/4 108.4 -0.505 8,25 2
112.6  -0,559 8,79 13/4 112.1 -0.553 8,16 2
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TABLE 8 (cont.)

Lab Energy = 2, 60 MeV

Cosine
Lab cCM
Angle Angle

115. 9° -0, 600

121.1 -0.665
131.7 -0,774
145.5 -0,888

_{_12
df

8.72
8. 50

8.84
8,53

Estimated
% Error

13/4
2

21/2
3

- Normalization Error 1. 8%

Lab Energy = 2, 88 MeV

Cosine
Lab CM
Angle Angle

120. 4° -0, 660

131.1 -0.775
145,1 -0, 886
147.7 -0,902

do Estimated

dd % Error
8. 40 2
8. 35 2
8. 15 2
8. 70 6

Normalization Error 1, 8%
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TABLE 9

Relative Normalization Factors

The relative normalization factors and their
estimated standard errors are given for a number of
experiments forming 7Be as the compound nucleus, The
data from each experiment should be multiplied by the

factor given to obtain a consistent relative normalization.
(Page 34)
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TABLE 9

Relative Normalization

Relative Estimated
Normalization % Standard
Reaction - Reference Factor Error
McCray (1962) 1,000
6Li(p, p)GLi Harrison (present work) 1. 000
Fasoli et al. (1964a) 0.867
6., 6. .
Li(p, p') Li* Harrison (present work) 1. 000 1
... a6 . :
Li(p, p'") "Li** Harrison (present work) 1. 000 1
Fasoli et al. (1964b) 0.867
6 3 4 Jeronymo et al, (1963) 0.867
Li(p,"He) He  nr. o (1956) 0. 675
Heydenburg (1962) 0.675 ~4
Tombrello and Parker (1963) 0, 867 ~4
4He(BI-Ie,};J)ﬁLi Harrison (present work) 0. 850
Spiger and Tombrello (1964) 0.795
4H_e:(3He,p')6Li.* Spiger and Tombrello (1964) 0,795 2
4Z{“Ie('?'I-Ie,p")ﬁLi** Harrison {present work) - 1,0 20
| Tombrello and Parker (1963} 0.867 ~ 4
4He('3He,3He)4He

Spiger and Tombrello (1964) 0, 795 2
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TABLE 10
Abgsolute Normalization

Estimated
Magnitude % Standard
Reference Factor Error
McCray (1962) 1. 000 Tor8
Marion (1956) 1,483 15
Tombrello and Parker (1963) 1.153 4orh
Harrison (present work) 1. 176 +4, -7
Spiger and Tombrello (1964) 1. 258 4or5

The magnitude factors given are the reciproecals of the
normalization factors given in Table 9 and are proportional to
the magnitude of 7Be cross sections with the absolute normali-
zation found by each investigator, For example, the absolute
normalization of Spiger and Tombrello implies that cross
sections are 1. 258 as large as implied by the absclute normali-
zation of McCray., The estimated percent standard error for

each absolute normalization determination is given. (Page 34)
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Figure 1
Energy Level Diagram of 7Be

The two regions of very broad cross hatching
represent r7Be structure for which the evidence is uncertain.
(Page 1)
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Figure 2
Top and Side Views of the Scattering Chamber

The diameter of the chamber is about 25 cm.
(Pages 4, 8, 10 and 11)
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_ Figure 3
Particle Spectrum Obtained with Lithium Drifted Detector

The spectrum was oblained from the bombardment of
a SLi target with 12, 00-MeV protons. The detector was at a
laboratory angle of 55. 5° with a 0, 008-mm thick aluminum foil
over the entrance aperture., (Pages 8 and 9)
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Figure 4

6 Li(p, p)G,Li Relative Normalization

The results of the normalizalion of the present
data (Harrison and Whitehead 1963) and that of Fasoli
et al. (1964a) to the data of McCray (1962) are shown,

The incident proton laboratory energies are given, (Pages
8 and 32)
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Figure 5
Preliminary °Li(p, p)°Li Data

Three excitation functions with an approximate
normalization are plotted. The center-of-momentum angles

are given, (Pages 9,61, and 64)
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Figure 6
6Li(p, p)6Li Angular Distributions

Smooth curves have been drawn through the data,
with arrows to indicate the ordinate scale to be associated
with each curve. The curves are labelled with two numbers,
The first deriotes the incident proton laboratory energy, and
the second the corresponding r7Be cxcitation energy., Both
~are in MeV. The center-of- monientum angle is denoied by
8. (Page 9)
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Figure 7
%1i(p, p)°Li Excitation Functions

The data of McCray (1