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ABSTRACT

7 3 9 . . .

The Li (He™,n)B’ reaction has been inve stigated at incident
energies from 5.2 to 12.5 Mev, using a pulsed-beam time-of -flight
spectrometer in conjunction with the ONR -CIT tandem accelerator.
The spectrometer includes a pre-acceleration beam-bunching sys-
tem, which increases the average target current by a factor of

. 3

approximately 10 for protons and deuterons, and 4 for He~ and

alpha beams. Previously unreported Bg levels were found at

"~ the energies listed below, together with their widths:

E_ (Mev) T (kev)
12,06 b 0.06 800 + 200
14,01 + 0.07 390 + 110
14. 668+ 0. 016 < 45
16.022+0.025 180 + 16

At 12.5-Mcv bombarding energy, neutron groups corrvesponding Lo
known B9 states at 17.19 and 17. 63 Mev were observed. No other
139 states were resolved below 17.9-Mev excitation. The neutron
groups were superimposed on an intense background continuum,
attributable to processes leading to the final configuration 20 + p + n.
An angular distribution at 8.7-Mev incident energy of neutrons

leading to the 14.67-Mev state is roughly isotropic in the
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center-of-mass system, and the total cross Section is 8 mb. A

T = 3/2 assignment for the 14.67-Mev state is suggested by its
narrow width, and by recent studies of the I.;i7(t,p)1..:19 and
Li7(He3,p)Be9 reactions. A comparison of the LiT(Hes,p)Beg and
Li?(I-Ie?),n)ZE’J9 reactions shows that the cross sections for formation
of the 14.67-Mev Bg state and the analopous Be9 state are approx-
imately equal, if barrier-penetration effects in the outgoing chan-

nels are removed.
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I. INTRODUCTION

Experimental data for the mass-nine nuclei are conspicuously
meager. Part of the difficulty lies in the energetics of the available
reactions, and part is due to prolific backgrounds prbduced by thle
multiparticle brcakup channcls that accompany nearly all the re-
actions.

Figure 1 shows the presently known levels of Bg. Prior to the
work reported herein, the structure of B9 had been studied extensively
only .in the regions of excitation below about 5 Mev and above 17

‘Mev. Itis difficult to explore highly excited states with reactions
producing 39 as a residual nucleus, since the negative Q-values of
most of these reactions require bombarding energies beyond the
capabilities of presently available electrostatic accelerators. Re-
actions in which B9 serves as the compound nucleus can be used to
study B9 siructure only above the Be7 + d threshold near 16.5 Mev.
Two reactions with sufficiently high ground-state Q-value to
bridge the _5— to 17-Mev gap are LiT(He3,n)B9 (Q = 9.347 Mev) and
BlOIHe3,a)B9 (Q = 12.137 Mev). Previous studies of bo“th reactions
at low bombarding energies have shown clear structure only for
excitation energies below 4 Mev, even though Bg levels up to 12 or
15 Mev could have been excited (Ajzenberg-Selove and Lauritsen,

1965). The ONR -CIT tandem accelerator with helium ion injector
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produces incident He energies up to about 12.5 Mev, which is
enough to excite ]3g states up to more than 18 Mev with both re-
actions.

The stimulus for the present work came from an investiga-
. Tyee 3 9 . s
tion of the Li (He™,p)Be’ reaction by Lynch, Griffiths, and Laur-
itéen (1961), which cstablished a level in Beg'at 14,39 Mev excita-
tion with width less than 5 kev. The narrow width of the state and
recent information about the mass of Li_9 (Middleton and Pullen,
1964) suggested that the state was probably the first T = 3/2 level
.9 . T 3 (9 :
in Re’. The present study of the Li (He™,n)B’ reaction was under-
taken to search for the mirror analogue of the 14.39-Mev Be
state and to investigate any other structure at high excitation
energies in Bg. In addition to the expected narrow state at 14. €7
Mev, three previously unreported levels were seen at 12.06, 14.0,
and 16.02 Mev excitation. These results led Fisher and Whaling
(1963} to investigate the same region of B9 excitation with the

10 3 9 . .

B (He ,®)B’ reaction. Their spectra show only the ground and
2.34-Mev states. and a new state at 11.62 Mev.

Figure 2 summarizes the results of recent experimental
investigations of the mass-nine level schemes. The square-
bracketed numbers give the energies of the ground states of L.i9 and

B9 relative to the ground state of Beg, after correction has been
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made for Coulomb energy and the neutron-proton mass difference

according to the formula

Z -1
1/3

- 0.78 Mev ,
A

where Z 1is the higher atomic number of each pair Lig —Be9 and
9 .9 . .
Be -B’ (Ajzenberg-Selove and Lauritsen, 1963).
Tper 3 9 . o
Neutron spectra from the Li (He” ,n)B’ reaction are cow-
plicated by intense yields of continuum neutrons from competing
» . . 10 . :
reactions and from multibody breakups of the B™  intermediate
system. Figure 3 shows the mass excesses of all combinations of
particles that can be formed by Hc3 bombardment of Li7 at energies
up to 15 Mev. For simplicity, only ground state energies of the
nuclear clusters are shown. All reactions in which a neutron is
produced must lead to the configuration 24 + p + n. Since the
T 3 9 . .
Li (He  ,n)B’ reaction is only one of many processes leading to
2y + p+n, it must compete with sequential reactions such as
7 3 9 8 ' .
Li" +He” - Be'(E = 2.43 Mev) + p~ Be + p.+n, and multi-
xX
. ‘ .7 3 8
particle breakups such as Li + He - Be + p+ n. Neutron groups
. Y -
corresponding to states in B’ can be separated from competing
processes only by kinematics, and care must be taken to ensure

that no neutron groups can be produced in alternative reactions

which are sufficiently sharp to be confused with B9 structure.



4
The neutron spectra from the Li.7 + I—I’e3 reactions were
studied by using 2 pulsed-beam time-of-flight spectrometer in con=-
junction with the ONR -CIT tandem accelerator. The resolution of a
time -of-flight spectrometer is best for low neutron énergies, and
deteriorates rapidly with increasing energy. The a.va,ilable resolu-
tion was sufficient to resolve B' structure at excitation energies in
the 10 to 17 Mev region, but not adequate to separate the ground
state or any other low-lying structure from the continuum neutrons.
An unusual feature of the time-of-flight system is the use of pre-
acc clcration beam bunching to increase the average target current.

'The buncher is described in detail in Part Il and in Appendix B.



II. EXPERIMENTAL TECHNIQUES AND APPARATUS

1. Introduction

Measurement of neutron energies by time of flight requires
a time comparison of two signals, one characteristic of the time
that a neutron strikes the detector, and the other characteristic of
the time that it was produced at the target. Tize detector signal can
be obtained in a straightforward fashion from proton recoils in a
fast organic scintillator viewed by a fast photomultiplier. The most
versatile means of obtaining the target signal is the pulsed-beam
method, as described in the review articles by Cranberg and Rosen
(1960}, and Neiler and Good {1960).

Figure 4 shows schematically the principal components of
the time-of-flight system installed in the ONR -CIT tandem. The
components may be divided lulo three groups: beam-handling units,
an r. f. system, and a data~collecting system, whiéh includes the
- neutron detector, time-to-pulse-height conx;erter, and data storage

equipment.

2, Beam-Handling Components
‘T'he beam burst duration is fixed by deflecting the high
energy particle beam across a set of beam-catching slits positioned

close to the 90° analyzer object slits. The beam is swept
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vertically, in order to avoid deflecting it across the accelerator
regulating 'S‘litsj. The deflecior plates afe 58 Iinches long, 2 inches.
wide, and are separated by 13/16 inch. The distance between the
beam-catching slits and the near end of the deflecting plates is
approximately 28 inches. The 3.531-Mc sinusoidal r. f. voltage
applied to thc platcs is capable of chopping any available beam to
less than 2 ns with a beam-catching slit separation of 0.2 inch.

It has been observed that the chopped beam is always split
vertically into two components, each of which corresponds to pas-
sage of the beam across the slits in one of the two dircctions. The
" splitting is related to the transit time of the particles through the
deflector plates. If the beam is correctly aligned with deflection
voltage off, the beam passes midway between the deflection plates
and through the beam-catching slits. When deflection voltage is
turned on, each beam burst must enter the deflection plates midway
between them and must pass through the chopping slits; but since
the r. f. deflection .voltage is zero only instantaneously, each burst
must traverse a curved path through the system, and receive an
angular deflection at exit. Symmetry requires that the angular
deflections must be equal and opposite for bursts corresponding to
the positive-~ and negative-going zeros of the r. f. Wavéform, The
trajectories are illustrated in Figure 5a. By careful adjustment

of the accelerator deflection controls, one of the chopped beam



components can usually be prevented from reaching the target
altogethe.r. Tl}is is a desirable [eature, since the buncher pruduces
.only one bunched pulse per r. f. cycle.

There are separate bunchers for the helium and h)Irdrogen
isotopes, although for simplicity omnly one i‘s shown in Figure 4.
The proton-dcutcron buncher is located betwecn the negative-don
source and the tandem tank, at a distance of about 12 feet from the
entrance to the accelerating column. The He3-a1pha buncher is
positioned between the small electrostatic accelerator, which sup-
plies positive helium iong, and the negative-ion source box, where
the ions are ng:utralized. The distance from the helium buncher to
the stripping canal at the tandem's high-energy terminal is about
38 feet. The proton-deuteron buncher obviously cannot serve for
helium isotopes, because the helium beams are neutral when they
pass through it.

The bunching scheme employed, which is similar to that
developed independently by Lefevre, Borchers, and Poppe (1962},
is shown schematically in Figure 5b. The beam travels along the
common axis of the two adjacent brass cylinders separated by a
narrow gap. If a sinusoidal voltage Vo sin wt is applied to the
cylinders as shown, and if the length of each cylinder is chosen so
tha,1; the phase of the voltage advances by a half cycle while the ions

drift through it, then the beam energy will be modulated by
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4q VO sin wt on either side of the initial energy, where q is the ionic
charge. The corresponding velocity modulation causes bunching of
the beam at the target. The bunching must take place almost
entirely within the distance from the buncher to the point at which
acceleration begins, since the flight time to the target decreases
rapidly as the beam gains energy.

The buncher tubes are constructed of brass cylinders of 1.5 —
inches inside diameter to ensure beam clearance. The cylinder
length required for the bunching of 400-kev alpha particles is 24
inches., Additional short lengths may be electrically attached to the
-outside ends of the alpha-bunching cylinders to increase their
length to the 28 inches required for bunching He3 ions of the same
energy. The buncher fér the 53-kev prolon and deuileron beams is
of similar. construction.

The optimum r. f. voltages are about 1 kv and 5 kv peak for
the p-d and oz—Hes bunchers, respectively. Although the total
energy spread introduced into the beam is 8 times the peak voltage,
the energy spread in the target beam pulse is much smaller, because
heavily velocity-modulated particles fall in the portion of the beam
cycle which is thrown away by the high-energy deflectors. The
energy spread at target is about 1.6 kev for protons and deuterons,
and 10 kev for Hc—:-3 Va.nd alpha particles.

The increase in average target current gained by using the
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‘bunchers is typically a factor of 10 for protons and deuterons, and
4 for He3. These factors are for pulse durations of about 3 ns and
5 ns, respectively.
Details of buncher design and performance are discussed in

Appendix B.

3. The R. F. System

The r. f. system provides properly phased r. f. power for
the bunchers and the high-energy deflectors,. and supplies a sui tably
shaped stop pulse to the time-to-pulse-height converter.

TheA r. f. frequency is determined by a 3.531-Mc crystal-
cuntrolled osciliator, which has several independent cathode-~
follower outputs. One of the outputs is fed directly to the r. f.
amplifiers for the high-energy deflector plates, and another is fed
to the buncher r. £, amplifi'er-s through a variable phase-shift
device containing a commercially=built poleniiometer-type delay.
line.

The buncher and deflector r. f. amplifiers have very simi-
lar push—pull powér output stages, of approximately 350 and 1500
watts plate power input, respectively. The output circuits are r. f.
transformers having untuned primaries and tuned secondaries, as
shown in Figure 5b for the buncher.

The tirne-to—-pulse—height converter stop pulse must be
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synchronized accurately with the tai'get beam pulse, since any jitter
in the time difference belween these two events will impair the
‘resolution of the system. A jitter-free timing signal is picked up
by a one-turn loop‘ inductively coupled to the secondary of the r. f.
transformer in the deflector output circuit. This signal is routed
through a variable phase-shifter, amplified, squared, clipped by a
shorted delay line, and amplified again by a HP460B wide-band
amplifier. The resulting shaped stop pulse has an amplitude of
-15 to ~20 volts and a width of about 30 ns.

It is often more convenient to derive the timing signal direct-
ly from one of the oscillator outputs, since then the detector and
counting electronics may be tested without turning on the deflector
voltage. Alth\ough this method has proved satisfactory for most
experiments, a slight broadening of the time resolution can be
noticed for beam pulse widths of duration comparable with the

time resolution of the detector electronic circuitry (about 2 ns).

4, The Data—Collecting System

The neutrons are detected by proton recoils in a 5-inch
diameter by 2-inch thick Pilot B plastic scintiliator viewed by a
5-inch diameter 58AVP phototube. The gamma background is
reduced by placing the phototube inside a cylindrical lead shield of

1 5/8-inch thickness. A l/4-inch thick lead disk positioned in front
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of tﬁe scintillator attenuates low-energy gammas entering the face
of the detector. The disk removes only about one-tenth of the
neutrons incidept on the detector face. The detector and lead
shielding are housed in a large (6-1/2 inch thick) neutron collimator
consisting of a uniform mixture of lithium carbénate and paraffin,
Neutrons entering the sides of the collimalor are attenuated by a
factor of 7 to 10.

The fast timing signal (''start pulse') is derived from the
58AVP anode pulse. The anode pulse is clipped by an 8-foot, 125-
ohm shorted coaxial cable; then limited and inver.tedu Since the
down-and-back time of the clipping line is about half the width of
the anode pulse, the clipped puise crosses through zero after the
initial negative swing. 1t has been shown in practice (Lefevre and
Russell, 1958) that the zero-cro.ssing pulse provides a start pulsc
whose timing is much less ‘sensitive to anode pulse height fhan the un-
clipped pulse. The start pulses caused By energetic proton recoils
are negative, of amplitude greate‘r than 2.5 volts, and have a rise
time less than 3 ns. The pulse dura.tion is in the range 30 to 60 ne.

The time-to-pulse-height converter is a comme_zrcially
available version (Eldorado Model 300) of the Los Alamos circuit
(Weﬁer, Johnstone, and Cranberg, 1956}. The converter output
pulses are proportional to the interval between the arrival of a

detector pulse at the "'start'" input and the following stop pulse.
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The output spectrum is storéd in a RIDL 400'-channel pulse height
andalyzer. The scale (time per channel) of the presentation is ad-
justed by Varying the gain of the converter output-pulse inverting
amplifier.

Phototube noise, low-energy gamma rays, _ahd proton-
recoil pulses of small amplitude are biased out by a side-channel
discriminator system. A "linear" signal taken from the 12th
phototube dynode is fed to a double-delay-line-clipped amplifier
and discriminator (ﬂamner N328). The discriminator output pulses

gate the multichanncl analyzer at its delayed coincidence input.

5. Pérformance of the Apparatus

The time resolution of the system is iimited by the detector
time resolution and. the beam burst duration. The detector time
resolution is shortest for gamma rays (about 1.8 ns), and somewhat
longer for low-energy neutrons. 'The best resolution observed tor
1-Mev neutrons was about 2.5 ns.

The steady-state currents for protons and deuterons were
0.7 to 3 pa. The average beam current resulting from bunching a
1 pa continuous beam and chopping it to a pulse duration of abogt
3 ns was typically 0.1 pa. The overall time resolution was then
slightly greater than 3 ns. The sfeady-state current for He3 wa s

0.5 to I pa. Because of the low bunching factor, it was necessary
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to increase the burst duration to 4 or 5 ns in order to obtain usable
. ' 3 . .
currents. Typical average He currents were in the range 0.015 to

0.050 pa, with an overall time resolution of 5 ns.

6. Generél Features of Time-of-Flight Spectra

ATl time -of-flight spectra are stored in 100-channel quad-
rants of the 400-channel analyzer. The numbering of the 100 chan-
nels of each quadrant will be taken as 0 to 99.7 Flight time begins
at a channel Xo and increases linearly toward smaller channels.
The time per channel e is set by the multi-—channel analyzer con-
* trols and by the inverfing émplifier. T, remains constant at about
1.86 ns/channel throughout all the work described in this thesis.
Omn the other hand, the zero-time channel X depends on the stop-
pulse phasing and may vary from run to run. X is ordinarily set
near the right-hand edge of the spectrum.

In the simple spectrum of Figure 9, Xo is at channel 88. 5.
The gamma peak appears a few channels to the left of Xy 2t channel
- 85.2. The gamma peak is usnally very prominent, since all
gammas produced by the beam burst at target have the same flight
time. The peak at channel 34.1 is caused by 1.75-Mev nheutrons
from the Li7(p, n.)B e’ (ground state} reaction, and the peak at
channel 25.5 ig due to 1.285-Mev neutrons corresponding to the

first excited state of Be7 at 0.432 Mev. The example also shows
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the tendency of sharp group{sr to tail off less sharply on the left-hand
side tha_ﬁ on the right.

Figure 10 illustrates features of a more complicated spec-
trum. During a logg run, an appreciable time-independent back-
_ground may accrue from tube noise pulses, background radiation,
and neutrons that have traversed complex paths. The size of this
background may be estimated by examining the region of the spec-
trum near the gamma peak. A spurious gamma peak (channel 14.5
iﬁ the example) is occasionally observed about 72 channels to the
left of the true gamma peak. This peak results from insufficient
‘suppression of the beam burst occurring when the high energy
deflectors sweep the beam across the chopping-slit aperture during
the "'debunched' part of the r. f. cycle., Discrete neutron groups
corresponding to B9 levels are visible above a continuum.

The portion of all spectra below channel 12 is unreliable, and
should be ignored.

The details of extracting information from time-of-flight
spectra, including consideratio{of time-scale nonlinearities, are

discussed in Appendix A.

Ts Detector Efficiency and Calibration
The neutron ‘detector efficiency is determined by the com-

position and geometry of the scintillation crystal, and by the bias
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setting of the side-channel discriminator. Figure 1l shows a Cs137
gamma-ray spectrum taken from the linear output of the detector,
.with the 1/4-inch lead disk removed from the face of the crystal,
The side-channel -discriminator threshold is set so as to reject
pulses of amplitude smaller than those half-way down the right-hand
edge of the gamma peak (about channel ‘IH'))V,o The gain of the ampli-
fier preceding the discriminator unit is then multiplied by eight
before taking neutron spectra. The resultant threshold for proton
recoils is approximately 450 kev.

The relative detector efficiency was measured by observing
" the neutron yieid from the L.i?(p,n)B e7 and T(p,n)He3 reactions.
Relative differential cross sections for both of these reactions are
known (Bevington et al., 1961; Gabbard et al., 1959).
The‘porints in Figure 12 show the relative sensitivity for low-energy
neutrons measured with the Li7(p,n)Be7 (ground state) reaction.
The T(p,n)He3 reaction was used to measure the relative sensitivity
for neutrons from 1.5 to 5.5 Mev., A staﬁdard Uak Ridge National
Laboratory tritium ~zil;conium target mounted so that it could be
cooled directly from the back was used. The target appeared to be
uniform to about 15% over its central region, and no trlitiu.m loss
was observed with average target currents of 0.1 pa and incident

energies up to 6.5 Mev. The results showed that the relative sen-

sitivity is maximum around 1.7 Mev, and is constant to within
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+ 10% in the 1- to 3-Mev region. The reiative sensitivity at higher
energies decreases slowly with the decrease in the n-p scatiering
cross section.
If it is assumed that the crystal is thin and that scattering
from carbon may be neglected, an approximation to i:he detector

cfficicncy is
(1)

where En is the incident‘neutrort energy, EO is the side-channel
“discriminator threshold energy, n is the number of hydrogen atoms
| per unit volume, t is the crystal thicknéss, and o is the neutron-
proton scattéring CTross section.. For computational purposes,

U(En) may be approximated by the expression (Kavanagh, 1963)
: -k
o(ls ) =4.8E ® - 0.55 barns, (2)
n n :

where En is in Mev. Remarkably enough, the measured detector
sensitivity curve is fitted to about + 10% up to En = 5.5 Mev by
. Sns! .
choosing E0 = 0.45 Mev and nt = 0. 2645 barns . The fitis shown
by the solid curve in Figure 12,
An accurate determination of absolute detector efficiency wa s

not required, since errors in the absolute sensitivity enter into the

b
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experimental resulfs Only through small corrections to the measured
Q-values due fo target thicknesses. The absolute sensitivity of a
detector with almost identicél geomelry, composition, and bias set.-
ting was measured at Los Alamos, and its maximum effici‘ency wa s
found to be 0.35 + 0.03 for 1.8 Mev neutrons (zZafiratos, 1963). The
efficiency of the detector nsed at Caltech should be very nearly the
same. Expression (1} predicts an efficiency of 0.4 for 1.8 Mev
neutrons.

In an early part of the work, the system was sct up with a bias

Eo = 0.65 Mev. The spectra of Figures 19-22 were taken with
0 = 0.65 Mev; for all other spectra presented in this thesis,
= 0,45 Mev.
o}
8.  Lithium Target Preparation and Charge Collection

The Lithium targets used in the experiments were 99.994%-
pure Li7 metal, evaporated in situ on a 0.02-inch tantalum backing.
The chunks of lithivm metal were cleaned under kerosene, rapidly
transferred to the evaporation boat, and pumped at. a pressure of
10‘-5 to 10“6 torr for several hours before evaporation.  Targets
of roughly 20- fo 100-kev thickuess for 8.7-Mev H63 could be
evaporate‘d’ easily. No progressive loss of lithium was observed
with currents of lgss than 1 pa at 8. 7-Mev bombarding energy.
Local variations in target thickness, as measured by successive

7 .
runs of the Li (Psn)Be7 reaction, appeared to be about 10%.
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The target was held at a potential of 300 volts above ground,
and a loop of wire on the outside of the portion of the glass ''T"
assembly just .;:Lhead of the target was kept at -300 voltsu No
changes in measured beam current were noticed until both voltages
were reduced below 100 volts. The charge was collected by an

Eldorado Model C1~110 current integrator.
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1II. PRESENTATION.OF DATA

1. Introduction

Li7 targets worc bombarded with IIez3 beams of 5.2 to 12.5
Mev. Although it was possible to excite B’ levels up to 18.10 Mev
at the highest bombarding energies, tixe low-energy cutoff of the
neutron detector limits tﬁe maximum excitation energy at’which
neutron groups may be seen in the spectra. If the neutrons are
required to have an energy of 1 Mev or greater, the maximum ob-
| servable excitation energy is about 17.9 Mev at 0° observation
angle and 12.5-Mev incident energy.

The levels at 12.06,. 14.0, 14.67, and 16.02
Mev excitation were found in spectra at incident energies of 11.0
Mev and lower. A single spectrum taken at 12.5 Mev and 0° shows
wéak neutron groups corresponding to known levels at 17. 19 and
17.63 Mev, but no other Bg structure other than that seen ?t the
lower energies. The lowest bombarding energy at which useful
results were obtained was 6.25 Mev. The 12.06-Mev level can be
seen in the 5.2~-Mev spectra, but the neulron energies in the low.
enérgy tail of‘the peak fall in thé rapidly changing portion of the

relative sensitivity curve.



20
The errors quoted in this part may be interpreted as

standard deviations.

2. Identification of States

Neutron spectra taken at 0° and 40° with incident cnergy
8.7 Mev are shown in Figures 13 through 16. Figures 14 and 16
are portions of Figures 13 and 15 converted to a counts -;vs. -energy
presentation by the computer program described in Appendix A.
These spectra show the states observed at 12.06, 14.0, and 14.47
Mev. The channel locations and energies of the neutron groups
~corre sponding to the levels are listed in Table I and in the figure
captions. The 14.0-Mev level is easily distinguished only in the
counts-vs. ~energy spectra, but may be seen as an inflection in the
steeply rising continuum in the time spectra. Figures 17 and 18
are spectra takén with an incident energy of 11.0 Mev at 0° and 30°.
In addition to the 12.06-and 14.67-Mev peaks, the spectra show
groups corresponding to the 16.02-Mev level.

Identification of the groups as corresponding to states of B
is made by observing the change in energy of the groups with angle
_of observation. The last two columns of Table I exhibit the results
of calculating the residual nucleus mass from the peak positions in‘
Figures 13-18. The last column shows the change in calculated

residual mass that results from a one-channel change in the assumed
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pPeak position at the larger angle. The mass-nine identification is
very good for the 14. 67 and 16.02-Mev levels. The mass identifica-
ﬁon of the 14.0-Mev level is somewhat obscured by the considerable
breadth of the neutron group. Nevertheless, if we assume a two-
ché,nnel error in locating the centers of the peaks, it is only nec-
essary to eliminate the possibility of target contaminants of mass
6 to 10 to make identification certain. It is concluded in Section 8
belgw that there is no evidence for contaminants in this mass region.

The residual mass for the 12.06-Mev level is poorly defined
by the 8.7-Mev runs, not only because of the width of the group, but
also because the resolution is inferior at high neutron energies.
Spectra taken at incident energies of 7. 14 and 6. 25 Mev determine
the residual mass accurately. The 7. 14-Mev specira are shown in
Figures 19-22. At 0°, the peak occurs at X, = 28 with En = 3,30
Mev. At 45°, Xy = 26 and En = 2.70 Mev. The calculated residual
mass is Mres = 9.1, and AMre‘S/Axn =1,5.

The only other well-defined featurc of the neutron spectra is
the right~hand endpoint of the continuum. The endpoint energy is
always consistent with the formation of B9 in the ground state
(Q = 9.347 Mev), and for the breakup reaction L:'L7 + H63 -

20 +p+n(Q=9.628 Mev). The peak which often occurs on the
i)latea,u between the 12.06-Mev peak and the continuum endpoint may

be structure im_B9 in the 7- to 10-Mev region. 1In Figure 21, for
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example, the peak aty = 54 corresponds to E = 7.5 Mev in B9
n x
In Figure 13, the peak at Ry = 70 corresponds te E = 9,1 Mcv,
. _ x

while the sharp corner on the continuum at Xy = 73 would have

E =7.1 Mev.
X ~

- 3. The 14.67-Mev Level

The best Q-value and an upper limit for the width of the
14.67-Mev level are found [rom the spectra of Figures 23-25. The
2, 7-Mev incident energy for the Li—{(p,n)Be7 spectrum (Figure 25)

was chosen so that the energy of the Be7 ground-state neutron group
would lie very close to the energy of the group from the 14,67 ~Mev
state in the B9 spectrum. The two spectra were taken within an
| hour of each other, and with identical target and geometry. An
accurate value for the Q of the B9 state is obtained by'. com- .
paring directly the neutron and gamma peak positions of the two
spectra. In this manner, errors rcsulting from-time-to—pulSe-
height*converter nonlinearity, flight-path and angle measurements,
and long-term eiectronic drifts are eliminated.

We assume incident energies of 8.006 Mév for the He3
beam, and 2.702 Mev for the proton beam. The channel assign-
ments are X, = 19.5 and X’Y =97.0 for the B9 spectrum, and

Xy = 18.5 and XY = 33.9 for the Be7 gspectrum. The preliminary

Q-value for the Bg state 15 -5.340 + 0.009 Mev, where the error
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represents a oné-half-channel uncertainty in determining the dif-
ferences (X'Y—Xn) for cach spectrurm.

Target thickness is estimated by observing the yield of the
Li7(p, n)B e7 ground-state peak, correcting it for detector efficiency,
and comparing it with the known c?oss section. The detector
efficiency for 1-Mev neutrons is assumed to be O..32i 0.08 (see
Section 6, Pért IT). Taking the 0° differential cross section for the
L:'L?(p,n)B 6? reaction to be 57 mb/sr at EP = 2.7 Mev (Bevington,
Roll-e;nd,and Lewis, 1961), and the number of counté in the B€7
neutron peak to be 6.11 x 104, the target density is
" (1.15 +0.3) x 1'0]'9 lithium atoms/cmzﬂ McCray (1962) has demon-
étrated that the Bloch curve for atomic stopping powers (Whaling,
1958) appl.ies to lithium. The target thicknesses are then 12.5+3.6
kev for 2.7-Mev protons, and 54 + 14 kev for 8.0-Mev He3; the
correction to the Q-value is 19 + 5 kev. The resulting Q is
-5.321 T 0.010 Mev.,

Three sources of error in the incident energies that may
contribute errors to the Q-value are analyzing-magnet slit widths,
linearity, and hysteresis.

The 90° magnetic analyzer is a 34-inch radius, uniform-field
device, with beam-defining slits placed at the conjugate focal points
34% inches from the entrance and exit faces of the magnet (Pearson,

1963). Let E be the energy of a beam passing midway between both
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sets of beam-defining slits. If the uncertainties in beam position
are + GX.l/Z and + 6}{2/2 at the entrance and exit slits, respec-

tively, then the beam energy is defined to a precision E + 6K, where

2 2
v\/GXl + {')Xz o

R is the magnet radius of curvature. Both sets of slits were set to

6E =

5l

a width of 0. 2 inches for all runs. The beam definition is consider-
ably better than that calculated from the full slit width, because the
beém must be steered so that nearly all of it passes through both
slits. Since the beam diameter is about 0.1 inch, the core of the
beam can wander only about 0.1 inch within the slits. 5xl and GXZ
may therefore each be taken as 0.1 inch. The incident beam uncer-
tainties are 8E = 16. 6 kev for the; He3 beam, and 5.6 kev for the
proton beam. The error contribution to the Q-~value is 13 kev.

The magnetic field is measured by a nuclear magnetic

resonance probe. The beam energy is related to the n. m. r.

frequency by the expression

2
= ) , where

K = analyzer calibration constant;

8
1

proton mass;

5
I

ion mass;
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i

gq = ion charge in units of electronic charge; and

f =n. m. r. frequency
Fisher and Whaling {1964} have shown that X is constant to -l part
in 3000 over a range of magnetic field settings corresponding to an
energy range of 2.5 to 10 Mev for a doubly-charged alpha beam.
A measurement of the calibration constant performed shortly after
the work reported here gave X = (19885 +6) x 10_6 I\/[ev/I\JIC2
(McNally, 1963). The Q-value error introduced by the calibration-
constant error is less than 2 kev, which may be neglected in com-
parison with the slit-width error.

The value given for the analyzer calibration c0nstént assumes
that the magnet current has been brought up to its correct value from
zero. Fisher and Whaling {1963a) found that an error of L partin
1200 in energy may occur if the magnet current is reached from
above. The Q-value error due to the effects of magnet hysteresis in
setting the energy for the proton run is only 1.2 kev, which may be
neglected. The current was reached from below for the Hc3 run.

Uncertainties in the masses gntering the computations (n, p,
He™, LiT, Be7) were neglected, since all of them are believed
known to 1.1 kev or better (Everling et al., 1960). The uncertainty
1n the B9 ground-state mass, which enters only in con{rertiriig Q-
values to excitation energies, is 1.8 kev, and may also be

neglected.
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’I‘he final Q-~value is -5, 321 1 0.016 Mev. The excitation
energy of the state is 14.668 + 0,016 Mev. Several runs at 8.7-
.Mev incident enerpy givé a Q-value consistent with that found from
the 8. 0-Mev run, although the uncertainty is about twice as large
in each case. A repéat of the calibration spectrum.(Figure 25),
taken after several intervening LiT(p,n)Be7 runs at different
incident energies, provides good evidence for the reproducibility of
the results. The difference in the (X\/- Xn) values for the two
spectra is well within the assumed half-channel uncertainty.

Although the width of the neutron peak in Figure 23 is sig-
nificantly greater than the width of the gamma peak, it is possible
to account for all of the excess width without having to assign an
intrinsic width to the level. The contributions to the total observed
width are the detector resolution (2.4 + 0.5 channels), the beam
1t.Jurst duration (1.8 + 0.2 channels), the target thickness (2.9 +0.7
channels), and the intrinsic level width. If the level is sharp, the
total width W, of the group should be 4.24 + 0.6 channels; the
observed width w is 4.2 + 0.7 channels. Anrupper limit for the
intrinsic level width may be estimated by finding the intrinsic width
necessary to raise w to a value such that the error in w does not

overlap with the error in Wé. The resulting upper limit for the width

of the 14.67-Mev level is 45 kev.



27
An angular distribution of the neutrons to the 14.67-Mev
level at 8.7-Mev incident energy is shown in Figure 27. Figures
13-16 are two examples of the spectra from which the angular dis-
tribution was taken. The dashed lines under the peaks in Figures
14 and 16 illustrate the method chosen to subtract the continuum.
The errors attached to the angular-distribution points are due al-
most entirely to the continuum subtraction. The ratio of the cross
section for neutron production in the forward hemisphere (c. m.)
to the differential cross section at 0° ¢. m. is found by integrating

the angular distribution. The result is

g (0° to Y0¥, c. m.)
do /d0(0°, c. m.)

.= 6=410,9 ST .

7,03 9
Absolute differential cross sections for the Li (He™ ,n)B
reaction are found by comparing the neutron yield with the yield
7 7 | |
from the Li (p,n)Be (ground state) reaction, using the same target
and geometry, aund at the same neutron energy. At 8.7-Mev
.. 3 : 9
incident He energy, the neutrons from the 14.67-Mev B~ state
~have an energy of 1.75 Mev at 0°; the corre si‘aonding incident proton
energy is 3.434 Mev. A typical pair of spectra is shown in Figures

9 and 28. Comparison of ninc differcnt pairs yvields
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do /aa(B°, 0%, 1ab)
do /d(Be ', 0°,1ab)

= 0.0340 + 0.0045 .

. 7
Using a value of 48 mb/sr for the Be cross section (Bevington et
al., 1961) and converting the result to the center-of-mass sy siem

gives

do /40 (B”,0°, c.m.) = 0.62 + 0.08 mb/sr.
The forward-hemisphere cross section is then
g {0° to 90°, crn) =4.0 + 0.8 mb.

Since the angular distribution shows no appreciable structure in
the forward hemisphere, ‘it may bé reasonable to assume thaf it is
svmmetrical about 90° ¢. m. The total croes section would be
8 f1:1b° The effects of possible back-angle peaking on the total cross
section would be diminished by the sin § weighting factor which
enters in integrating differential yields to obtain a total yield.

The 0° differential cross section at 8.0-Mev incident energy
is found from the spectra of Figures 24 and 25, by using the same

procedure as for the 8,7-Mev data. The results are

do /A (B, 0°,1ab)

do /dQ(Be7,0°,1ab)

= 0.034 £ 0.005, and
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da /dQ(Bg,0'°,c.m.) =0.49 + 0.08 mb/sr.

4. The 14.0-Mev Level
The heutron group corresponding to the 14, O-Mév Bq level
is difficult to see in counts-vs. ~time spectra because it is broad and
of low intensity, and especially because it lies on an intense contin-
uum with a large slope. When the continuum is smoothed by con-
verting the counts-vs. -time spectra to counts-vs. ~energy spectra,
the neutron group stands out clearly. Since the group appears con-
sistendy in ail spectra with sufficient time resolution to resolve it,
"and since its energy shifts appropriately with changés in angle and
bombarding energy, there is little doubt that it corresponds to
structure in Bgo
Figures 23-25 provide the best information about the position
and width of the 14.0-Mev level, as well as the 14.67-Mev level.
Because the width of the state is several hundred kev, no attempt
was made to determine the level position precisely by direct com-
parison with a Li? (p,n)B e7 peak .having the same neutron energy,
The B9 spectrum is calibra.ted near the 14.67-Mev peak by the Be?
spectrum of Figure 25, and a time scale is then generated from a

random time spectrum (Figure 26), as explained in Appendix A,

Section 4. The center of the group is taken as %, = 44+ 1.5, and
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the targgt—thickness correction is made in the manner described
in Section 3 of this part. The results are Q=-4.66 + 0.07 Mev,
and E_ = 14.01 + 0.07 M'ev;.

The level-width estimate is subject té considerable error
from the continuum subtraction. The choice made is indicated by
the dashed line in Figure 24. The full width at half maximum of
‘the group is taken as AE =575+ 150 kev. The error includes the
effects of a 200-count error in choosing the continuum level, and a
100-kev error in estimating the width of the group at a given con-
tinuum level. Contributions to the observed group width, other
than the intrinsic width, are the target thickness (40 kev), the
detector resolution (130 kev), and the beam burst duration (120 kev).
Upon extracting these, the intrinsic group width becomes"

AE = 545+ 150 kev, and the state width is I' = 390 + 110 kev.
n - —

5. The 12.06-Mev Level

Although the neutron group corresponding to the 12. 06 -Mev
level is the most prominent feature of all the 139 spectra, it is the
most difficult to interpret, because of its large width and because
of the shape of the underlying continuum. The data must be
examined in the counts-vs. -ener gy presentation.

Figures 14, 20, and 24 show the tendency of the continuum

to increase toward low neutron energies. In all spectra the
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continuum appears to change intensity rapidly in the region of the -
group from the 12.06-Mev state. The continuum subtraction
étrongly affects the measurement of the level width, and, to a
lesser extent, the position of the level. In all cases, the attempt
was made to fit the continuum smeoeothly to the remainder of the
spectrum at the high- and low-energy sides of the group; to avoid
sharp changes in the continuum slope; and to make the shape of the
neutron group as symmetric as possible. A typical estimate of the
continuum intensity is indicated by the dashed line in Figure 24.

Fisher and Whaling (1963) have obsorved a level of 700 -kev

’ 0 3
width at an excitation energy of 11.62 Mev in the B1 (He ?

o )B
reaction. A neutron group corresponding to such a level should
distort the shape of the high-energy side of the group corresponding
to the 12.06-Mev state, even if it is not resolved. No struciure
around 1l.6-Mev excitation in Bg appears in any of the spectra,
although a broad, weakly excited group appearing on the high-
energy side of the observed group might contribute to its apparent
asymimetry. Since there is no definite evidence for a second level
in the spectra, it will be assumed that the structure near 12-Mev
excitation corresponds to a single B9 level.

An attempt was made to locate the peak of the group accur-

ately by using a low bombarding energy and maximizing the reso-

lution. A spectrum taken at 6.25-Mev incident energy and at 45°
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laboratory angle is shown in Figures 29 and 30. The spectrum was
calibrated at 1. 55-Mev neutron energy by the Li7(p,n)B e7 spectrum
of Figure 31, with identical target and geometry. The channel
assignment for the peak is Xy = 39.5+ 1, and the Q, uncorrected
for target thickness, is -2.756 + 0.060 Mev. The target thickness,
estimated from the ground-state yield in Figure 371, is 160 kev for
6. ZS—Me{r He3; the correction to the Q is 43 kev. The Q-value
becomes -2.71 +0.06 Mev.

Results taken from two spectra at 6.25-Mev bombarding
energy and at 0° are consistent with the 45° results, although the
resolution in each case is only about half as good as for the 45° run.
The excitation energies calculated from the two spectra are 12.03 T
0.1 and 12.08 + 0.1 Mev. Comparison of the neutron energies at
0° and 45° yields a residual nucleus mass of 9 + 1.

Excitation energies computed from a number of counts-vs. -
energy spectra at higher bombarding energies show a tendency to
rise with increasing incident energy. In the 8.0-Mev spectrum
(Figure 24), for example, the apparent excitation energy is
12,3 + 0.2 Mev. The increase can be attributed to a distortion of
the shape of the group that occurs when the resolution is poor, the
energy per channel is changing rapidly across the group, and there
is.a sloping continuum under the group. A similar shift has been

i8
gseen in the neutron group corresponding to the first excited Ne
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sta,te. in an 8.7-Mev spectrum in which an oxygen impurity was
deliberately introduced. The group appears about 10 channels
lower than the group from the 12.1-Mev Bg state. The peak of the
Ne18 group occurs at the correct position in the time spectrum,
but appears shifted toward lower neutron energy by about a channel
in the counts-vs. -energy spectrum. The excitation energy corﬁputed
from the 6. 25-Mev runs should be reliable, since the group width
is several times the resolution width, and the peak is very well
defined. The excitation energy will be taken as 12.06 1 0.06 Mev.

L.evel widths extracted from four 0° spectra at 6.25, 7. 14,
8.0, and 8.7-Mev bombarding encrgy show surprising consistency,
in spite of the difficulty of subtracting the continuum. After the
spectrometer -resolution has been removed, all four values are
very close to I' = 800 + 200 kev. In each case, the error was com-
puted by estimating upper and lower limits on the continuum level,
beyond which either the continuum shape acquires an unlikely vari-

ation in slope, or the level becomes unreasonably asymmetric.

6. The ié«OZ-Mev Level

The neutron group corresponding to the 16.02-Mev level is
clearly visible only in spectra at 10. S—Mev incident energy and
above. At 10 Mev (450 kev above threshold), the group appears very

weakly as a distortion of the continuum. The best values for the
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Q and the.level widfh are found from the 10. 5-Mev spectrum of
Figurc 10, which was calibrated al lhe position of the neutron group
iay the Li7(p,n)Be7 spectrum of Figure 9. The target and geometry
weré identical for the spectra of Figures 9 and 10,

The Q-value is extracted by the same procedure as for the
14.67-Mev statc. Aosigning X = 35.5 % 0.5 to the neutron peak
position, and estimating a targef thickness of 54 + 14 kev for 10.5-
Mev He3 from Figure 9, the Q is -6.675 + 0.025 Mev, and the
excitation energy is 16.022 + 0.025 Mev.

The extrapolation of the continuum under the group is
straightforward. Examination of the data in either the counts-vs. -
energy or counts-vs. -time presentation yields a value for the group
width of 5.1 + 0.3 éhamrua-ls° The width of the neutron group in
Figure 9 .is essentially the same as that of the gamma peak.
Accordingly, the resolution for the neutron group in Figure 10 is
taken to be the same as for the gamma peak, or 2.8 + 0.2 channels.
The level width, after correction for target thickness, is
' =180 + 16 kev.

A 0° differential cross section at 10.5-Mev incident energy
is obtained from the spec‘:tra of Figures 9 and 10, and from two
similar pairs. The average of the values found from the three

pairs is
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do /a0 (B, 0°, lab)
do /da(Be", 0°,1ab)

=0.0169 + 0.0035 .

Using Bevington's (1961) cross section of 48 mb/sr (0°, lab,
EP = 3,434 Mev) for the I.::i7(p,n)]f’:r::7 reaction, and converting to the

center of mass system,

do /dQ(Bg,O",cumn) =0.275 + 0.060 mb/sxr.

7. The Continuum
It is necessary to examine the sources of continuum neutrons,
"in order to ensure that no broad peaks may occur in the continuum
that can be confused with B9 groups. FEnergies of the neutrons may
extend from zero up to the maximum energy allowed by the
7 3 . e . 2
Li + He = 20 + p+ n four-particle breakup (see Figure 3}. The
spectrometer resolution is insufficient to separate the four-body
9 .
breakup endpoint from the B” ground state and from the endpoint of
. T 3 8 .
the three-body reaction Li + He” - Be + p + n. The maximum-
cnergy endpoint of the neutron spectra is always well defined, and
is always consistent with the above-mentioned reactions. The
intensity of the continuum appears to increase toward lower neutron
energies, and to level off near the lowest energies observed (about

1 Mev) .
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Peaks in the continuum may be formed under certain con-
ditions if neutrons are liberated in the second stage of a multistage
' - 3 9k _ 8
decay sequence, suchas Li +He = Be' +p—- Be +n+p-
2y +n+ p. Clear evidence for similar processes has been found
in other reactions. For example, Jarmie, Silbert, and Smith

(1961) have observed well-defined proton groups from the reaction

N ol

: ' 15
(EX=16.22M6V)+1’1_’N +p+n.
The conditions necessary for formation of a continuum peak
. T, o3 . |
at low neutron energies in the I.i + He xreactions are low center -
of~mass velocity, a high positive Q-value for the first-stage re-
action, and a low Q for the second-stage breakup which emits the

neutron. The sequence most nearly fulfilling these conditions is

the process

3
Li' + He -~ Be’ (E =2.43 Mev) + p; Q =8.77 Mev

, x
|—-> Be8 +n; Q =0.765 Mev.

A simple kinematics calculation shéws that the upper and lower-
cnergy ondpoints for a bombarding energy of 8.7 Mev are 3.03 and
0.86 Mev at 0°. No clearly identifiable broad structure is seen in
Figure 14 having. the calculated endpoints, although the process
probably contributes to the continuum. Similarly, no étructure is
seen in Figure 24 having the calculated endpoints 2,89 and 0. 87 Mev.

If Bég were formed in a state close to the neutron threshold at
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1,665 Mev, the upper endpoint would always be in the unobserved
region below ll.Mev. Since all of the other possible reactions have
even more widely separated endpoints, it seems reasonable to con-
clude that all of the peaks in the spectra are due to the

7 3
Li-(He™, nL)B9 primary reaction.

8. Target Impurities

Very little difficulty is caused by target contaminants.
Narrow groups produced by target contamination cannot be confused
with the relatively wide groups from the 12.06- and 14.0-Mev 139
‘ levels. On the other hand, the shapes of wide groups could be
distorted by weak, narrow groups lying on top of them. Impurilies
of mass 12 or greater cannot produce neutron groups that may be
.mistaken‘ for B9 levels, because the energy of the impurity groups
will not shift enough when the angle of observation is changed. The
effects of possible contaminants among the light nuclei are con-
sidered below.

l’_._f_ The purity {(over 99%) of the Li7 used for the target
should guarantee the absence of peaks from Li6, The Lié(Hea,n)BS
reaction has been investigated at a bombarding energy near 8 Mev
(Dietrich, Honsaker, and Davies, 1963). Strong, well-defined
neutron groups of similar intensity are seen corresponding to the

. , 8 .
known ground and first excited B~ states, and to a previously un-
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reported level at 2.17 Me%. There is no evidence for B8 peaks in
any of the-Jjg spectra. For example, the neutron group from the
2.17-Mev B8 level would appear at Xy = 50 in Figure 23.

9 10 11
Be , B , and B . These unlikely candidates are elimi-

nated by the fact that the Q-values for formation of the ground states

11 12 i
of C ", N 7, and N 3 are positive, and therefore a number of

. 9 e s
narrow states should appear in the B~ spectra if impurities are
present. No groups are seen corresponding to known levels of

11 L2 13
C , N ,orN .

12
c .

2

The impurity groups from ('.31 should be readily iden-
o ) 12, 3 14 ;

tified, since the C~ (He ,n)O ground state QQ is -1. 148 Mev, and

14 '

the first excited state of O is at Ex = 5.91 Mev. The ground-

state neutron group should always appear at a neutron energy 1 or 2
Mev higher than the E = 12.06-Mev B9 group. Occasionally a high

=X

point is observed at the expected position, as at X, = 69 in Figure
23, but no distinct peak was ever seen in the foreground runs. There
. . . . . .l 14
is likewise no evidence for an impurity peak from the 5.91-Mev O

statec, which should appcar between the pecaks from the 16.02- and

14.67-Mev B9 states (Xn = 41 in Figure 10).

14
N . At present there is no accurate information on the
16 14 3 16
mass of B . The ground-state Q-value for the N (He™ ,n)F

reaction is cxpccted to be around -1.2 Mev, bascd on the known
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14 16 : . 14 3 16
for N (t,p)N" . A preliminary investigation of the N (He™,n)F
reaction by Ajzenberg-Selove, Zafiratos, and Dietrich (1963),
showed a group of weakly excited states analogous to the first four
N = states clustered around an intense carbon impurity group. It
14 3 16 . :
appeared that the N {He  ,n)F cross section was much smaller

3

12
than the C~ (He ,n)014: cross section. Since the carbon impurity
groups are weak in the B9 spectra, the nitrogen groups should be
negligible.
16 . .
O . Oxygen is the most troublesome contaminant because
16, 3 18 . :
the O (He ,n)Ne  ground and first excited state neutron groups
" fall near the broad 12.06-and 14. 0-Mev B9 groups. When target
preparation was careless, a distinct distortion appeared on the
high neutron energy side of the L2.06-Mev group. No distortion
occurred when the lithium was cleaned carefully and the evapora-
tion furnace was allowed to reach its base pressure before making
the target. An occasional high point was noticed near the 14.0-
9 s ) . , . 18 . .
Mev B’ level at a position corresponding Lo formation of Ne in ils
first excited state at 1. 88 Mev. High points are seen in Figures 13
. 18
and 15 at Xy = 51 which may be weak Ne ~ groups.

. 13 15 17 18 .
Other Impurities. C , N , O , and O may be elimi-

natced by their low isotopic abundance, sincc no strong contamination

14 16 19(

12
is observed from C , N7, and O" 7. The F HF-,S,n)NaZ'1 reaction
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has a high Q-value, and should excite many states, none of which

are seeill.
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IV. DISCUSSION OF RESULTS

1. Summary of Other Recent Experimental Results

Li7(t,p)L.i9'. Middleton and Pullen {1964) have bombarded
J_.i7 targets with an 11.28-Mev triton beam from the Aldermaston
tandem accelerator. They observed the ground state of Lig (O =
=2.397 1 0.020 Mev), and an excited state at E_ = 2.691 + 0.005 Mev.
No other excited states were s.aén up to Ex = 4 Mev. The ground-
state angular distribution exhibits a pronounced forward peak which
can be fitted roughly with a plane-wave stripping calculation involving
L = 0and L = 2 orbital angular momenta. No absolute cross sections
were measured. At a laboratory angle of 27.5°, the yield of the
excited state is about one-third" that of the ground state.

7,3 -
Li {He ,p)Beg. Liynch, Griffiths, and Lauritsen (1964) have

examined the proton yield from'the Li7(He3, p)Be9 reaction at incident
energies up to 10 Mev, using the ONR -CIT tandem accelerator and the
24-inch magnetic spectrometer. A narrow Beg state was found at

Ex = 14.392 + 0.005 Mev, having a width of less than 5 kev. An
angular distribution at 10-Mev incident energy is nearly symmetric
about 90" center -of-mass angle, having maxima at 40° and 150°. The

4
peak-to-valley ratio is about 2. Total cross sections are 7.5 + ., mb

2
' 3 5 3
at E(He™} = 7.5 Mev, and 10 + > mb at E(He™) = 10 Mev. Because of

the narrow width of the level, and because of the close correspondence
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between its mass and that of the Li’ ground state (see Figure 2),
Lynch et al. argue that the level probably has isospin 3/2. Cocke
(1964), continuing the above work, has found preliminary evidence
for Beg groups at Ex =11, 26, llo;!‘), and 13.73 Mev, with widths of
roughly 500 kev.

3
Gamma radiation from Li | + He>. Griffiths (1964) has ob-

served high-energy gamma radiation from He3 bhombardment of Li7.
Two distinct thresholds can be seen in the gamma excitation function
near incident eﬁergies of 4.56 and 7. 60 Mev, which correspond to
thresholds for production of the 14.39-Mev Beg state and the 14.67-
Mev B9 state, respectively. Gamma transitions were observed to the
ground states of Be9 and B9 (EY-':“« 14,5 Mev), and to the excited states
atE_ = 2.43 Mev in Be’ and E_ = 2.34 Mev in 39 (B~ 12 Mev).
Apart from the two thresholds, thé excltation functlon shows a sinooth
behavior with energy up to E(He3) = 10 Mev. Above the 7. 60-Mev

threshold, the gamma yield appears to have the (EhEthresh)g energy
dependence characteristic of s-wave neutron production in the

T3 109 : 9
i.i (He”,n)B’ reaction. For the 14.39-Mev Be’ state, there are
0.056 gamma rays per proton exciting the state, and the ratio of 12-
to 14.5-Mev gammas is about 1.5. The gamma radiation is probably
M1, which is consistent with a 3/2  spin and parity assignment for the

state. From the 18-ev radiation width measured by Edge and Peter-

son {1962) by inelastic electron scattering on ABeg, Griffiths has
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inferred that the total width of the state is probably less than 1 kev.

ALl 10-Mev incident energy, the ratio of the gamma ray intensity from

the 14.39-Mev Be9 state 'td that from the 14.67-Mev B9 state is

about 1. 8.

LiT(HeS,n)B9, Duggan (1962) has investigated the

LiT(He?,,n)Bg reaction at bombarding energies up to 2.7 Mev, and
finds no evidence for sharp Bg levels from about 3- to 8-Mev excita-
tion, although the shape of the neutron continuum is suggestive of a -
broad level near 7-Mev excitation. Duggan's results are consistent
with the work presented in this thesis.

BlO(Hea,a’)Bgo Fisher and Whaling (1963) have examined the

alpha spectrum from IIe3 bon‘ubardrnent of B 10 at an incident energy of
10 Mev, using the ONR -CIT tandem accelerator and 24-inch magnetic
specirometer. Although it should have been possible to observe B9
states up to Ex = 17 Mev, the only states resolved were the ground
state, the 2.34-Mev state, and a previously unreported state at 11.62
o e 10,3 9 .'
Mev with width 700 kev. Since the B (He ,@)B’ reaction should be
capable of forming only T = 5 states, it is not surprising that the 14.67-
Mev B9 level was not excited; but it is not clear why none of the other
K

3 .
levels found in the 14 (He ,n)B9 reaction was seen.

2. Discussion

Inter mediate-coupling shell model calculations (Kurath, 1956)
for the mags-nine nuclei predicta 3/2°, T = 3/2 level near 15-Mev

excitation, which probably corresponds to the levels at 14.39 Mev in
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1369 and 14. 67 Mev in B7. Thre position of the T = 3/2 level is not
strongly dependent upon the value of the intermediate coupling param-
eter a/K, There is a set of T = § levels in the 10~ to 16-Mev region
which corresponds to a 4D multiplet in the LS -coupling limit, but
there is no obvious correlation betwgen these levels and the observed
ones. Kurath points out that calculations of highly excited levels of a
given isospin are unreliable, because effects of the 2s and 1d shells
have not been takeﬁ into account.

In view of the fact that the ground state of 139 is unbound to
proton emission, the highly excited levels are surprisingly narrow.
An isotopic-spin selection rule applies to the decay of ]39 levels below
the threshold for breakup into Be8(16- 62 Mev; T =1} + p at E_ =16.43
Mev; heavy-particle emission from T = 3/2 levels should be forbidden
if is0spin is conserved. The ’very narrow width of the 14.67-Mev level
suggests the operation of the isospin selection rule, and consequently a
T = 3/2 assignment for the state. Although the upper limit placed on
the width of the state by the LiT(HeS,n)Bg reaction is 45 kev, Griffiths'
gamma-ray work indicates that the level is much narrower than the
experimental limit. If the total cross section at 8.7-Mev incident
energy for formation of the 14.67-Mev B’ state (8 mb) is extrapolated

)

citation function, the cross section becomes 12 mb, which is compar-

Bl

to 10 Mev by assuming an (E-E energy dependence for the ex-

thresh

9 .
able to the cross section for formation of the 14.39-Mev Be state in
the Li7(He3,p)Be9 reaction at 10-Mev incident energy. ‘Since the

9 .
gamma yield at 10-Mev incident energy from the Be  state is nearly
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twice as large as for the B9 state, it would be inferred that the width
of the B9 _s-ta.te is about tw.ice that of the Beg state, if the gamma -
decay rates are assumed to be the same in the two cases. Following
Gr:iffiths' argument for the width of the Be9 state, the width of the B9

state would be less than 2 kev.

_ A relation between the cross sections for the processes
L:i7(t,p)Lig, Li7(He3,p)Be9, and LJ'.?(He?),I)‘)B9 may be found by a,s-‘
suming charge independence of the nuclear forces causing the reac-
tions. The cross sections are proportional to the absolute squares of

the amplitudes A, given by

AT Tyt by, = T Toptetsr) W

= z (TiT3itit3i1 T, T3i+t3i)(TfT3ftft3f|T-, T3f+t3f) ae

T, , T,., and t., t
i 3% i

are the isospins and charge projections of the target

3i

and incident nuclei, respectively; T., T.. and te. ty.are the same

f° T 3f 3f

quantii;ies referred to the residual and observed nuclei. The sum runs
over the intermediate isospin values 7 which can be formed from both
the initial and finél systems. The amplitudes a_are independent of all
charge-projection quantum numbers.

For T = 3/2 states in the residual nucleus, only the v =1 -
channel is available, and the cross sections are proportional to the
following:

[Al?‘ = %Iallz, Li‘(t,p)Li’ ;

%|al|2, Li7(He3,p)Be9 : ‘ (2)

flag|?, Li'(me, )Y .
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For T = § states in the residual nucleus, both ¥ = 0 and T = 1 chan-
nels may contribute:
‘ 2 2

417 = %()a |

2 2 *
=3{la_| "+ |2,|" - 2Re aa ), Li

%
+ ‘al‘2+ ZRe a2, }s LiT(HeS,p]Begg

(3)
7(He3 s n)Bg .

Caution must be exercised in using the above relations to
compare the experimental results for different reactions. If the
reaction mechanism is strongly dépendent upon the reaction Q-value
and upon the incoming- and outgoing-channel energies, the differing
coulomb energies of the nuclei may destroy the significance of the
comparison. Coulomb effects in the incoming and oufgoing chénnels
may be partially removed by dividing the measured cross sections by
appropriate transmissiﬁon coefficients.

The forward-peaked angular distribution of the ground-state
protons in the }'_.i—i{(t,p)]'_,:i9 reaction suggests that the reaction .rn_echan_
ism is probably different from thal operating in the LiT(HeB’., p)Be9
and Li7(He3, n)B9 reactions, and that a detailed comparison of all
three reactions is not fruitful. Névertheless, if the 14.67-Mev B9
level is assumed to have isospin 3/2, the LiT(t,p)Li9 results indicate
that the next T = 3/2 P)g level should lie near 17.3 Mev, and that the
16.02-Mev level has isospin 3. Levels have been observed iﬁ B9 at

17.19- and 17.63-Mev excitation {see Figure 1), but it is not clear

whether either level is the analogue of the 2.69-Mev Li9 state.
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Agreement between the results obtained from the
Liv(He?’,p)Be9 and LiT(HeB, n)B9 reactions is reasonably good, be-
cause the incoming channels are identical, and because the same
range of bombarding energies was employed. The smooth behavior
of Griffiths' gamma excitation function suggests that the reaction
mechanism may not be changing rapidly in the region of 7.5~ to 10-
Mev incident energy. Cross sections for formation of the 14.39-Mev
level in the L:’L7(I—Ie3,p)Be9 reaction were found to be 7.5 and 10 mb
at 7.5- and IO-Mex} incident energy, respecti%rely; the cross section
for formation of the analogous B9 level at 8.7-Mev incident cnergy
is 8 mb {see p. 28). According to (2), these cross sections should be
equal, if correations are made for the differing transmission co-
efficients in the outgoing channels. The shap:e of the gamma excita-
tion function suggests the use of s-wave transmis sion coefficients.
The transmission coefficients were computed from the graphs pre-
pared by Sharp, Gove, and Paul (1955), and are defined by expression
(5.5), Chapter VIII, Blatt and Weisskopf (1952). F01-: a nuclear radius
.of 3.5 x 10._13 cm, the s-wave transmi-ssion coefficients are 0.54
and 0,71 for the (Hes,p) case at 7.5~ and 10-Mev iﬁcident energy,
respectively; and 0.52 for the (HeS,n) reaction at 8.7 Mev. Division
of the cross scctions by the transmiseion coefficients y"ields 13.9 mb

3
at 7.5 Mev and 14.1 mb at 10 Mev for (He ,p), and 15.5 mb at 8.7
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3
Mev for (He ,n}). The agrcement is well within the uncertainties in

the experimerntal values. arnd remains good even for nuclear radii

-13
greater than 6 x 10 cm.
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APPENDIX A. DATA ANALYSIS

1, Introduction

The multichannel analyzer in which the data are stored
records couﬁts as a function of channel number. If the time-to-
pulse-height conv_erter and inverting amplifier were completely
linear, theAchannel number would be a linear function of flight
time, and the data would be stored as counts per time interval.
lBroad neutron groups and prominent continuum spectra are often

difficult to interpret from data pr;asented in this form, as the
shapes of such S'Lructur‘es may be distorted by exhibiting them as
functions of flight time rather than of neutron energy.

This appendix describes simple me‘;hods of extracting infor-
mation from the data, and then describes a computer program in
which the data are converted to the counts-vs. -energy presentation,
and in which time-to-pulse-height-converter nonlinearities are
taken into account. The computer program is checked by cbmparing

its results with those of the simple calculations in specific cases.

2. Simple Analysis
The assumption that channel number is linearly related to

flight time may be expressed as



t=r (v -% | (1)

where t is ul’:he.ﬂight time, T . is the time per channel, Xo is the
channel corresponding to zero flight time, and ¥ is the channel
corresponding to the flight time t.

T, may be determined from a spectrum with two known points.
It is dependent only upon the amplitude of the time-to-pulse-height-
converter output, the gain of the inverter amplifier, and the set-
tings of the multichannel analyzer. Since these units have proven
stable over a period of days after initial warm-up, T . need be
. determined only by an occasional run.

The zero-time channel X, is dependent upon incident particle
energy and stop-pulse phasing, and must be redctcrmincd whencver
a change is made in the machine energy or the r. f. electronics.

¥, may easily be found if a spectrum has a gamma-ray peak:
o ,

X =%t om , (2)

where v is the channel assigned to the gamma peak, and d is
y ,
the flight path.
The nonrelativistic relation between flight time and neutron

energy is

. | (3)



Al
if En is measured by Mev, d in meters, and t in ns, then ¥ = 72.3 .

Differentiating (3) gives expressions for the resolution,
SE /E_=2(8t/t), (4)
n' T n
and the neutron energy per channel,
5En/6x =zﬁn/(>;,0-x)., (5)

The yield per channel y(y ) is related to the yield per unit

energy v(E ) by the condition
n

y() ex =y(E ) SE . (6)
Then
T 2 3
v(E) = #( 43 (x =% v{x), (7)
and
T 3/2
y(x) =2 -}-ﬁc B Y(En) . (8)

The time-independent background underlying most time
spectra must be subtracted before the time-energy conversion,
since a smooth baékground will be sharply peaked toward low
energies by the (y o )3 factor in (7). Therefore, y{x} in (7) and

(8) should be taken as
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yix) =y (x) - AN (9)

where yo(x) is the total number of counts in channel %, and Vo is

the time-independent background counting rate per channel,

3. Sample Calculations
7 3 9 S .

The Li (He ,n)B’ spectrum of Figure 23 was taken with a

flight path of 2. 105 m and at an angle of 0°. Immediately there-
L7 7 . .

after,the Li (p,n)Be spectrum of Figure 25 was run with the same
target and geometry.

T is found from Figure 25 and the well-known QQ of the

7 7 . . :
Li (p,n)Be reaction. At 2.7-Mev incident proton energy, Lhe
7

energy of the neutrons corresponding to the Be ground state is
0.997 Mev. The flight time of the neutrons is 152.4 ns, and the
gamma flight time is 7.0 ns. Assigning ¥ = 18.5 to the necutron
group in Figure 25 and X, = 93.8 to the gamma peak, T _ = 1.931
ns/channel. In Figure 23, the gamma peak appears at X"'Y =97.0,
and we find Xy = 100.64. The energies of the neutron groups can
now be found. Table II giv‘es the neutron energy, resolution, and
energy per channel at four significant points of the spectrum. The
next two entries in the table give the ¥ and residual-nucleus excita-
tion ener gy, assuming that the neutrons are produced in the

7 3 . ' .
Li (He™, n)J:’J9 reaction. The time-independent background counting



rate y can be estimated by averaging several channels bexween

the highest cnergy reutrons and 'ti'le gamma peak. Averaging
channelg 85 through 90 in Figure 23 gives yg = 902. The seventh
and eighth columns of Table II show the counts-vs. -time and
counts-vs. -energy yields. In the last column the counts-vs.-energy
yields have been divided by the detcetor efficiency calculated from

(1) ard {2) of Section 7, Part II, with Eo = 0.45 Mev.

4. Computer Analysis

An IBM 7090 FORTRAN computer program was written to
facilitate the conversion of time spectra to energy specira, and ‘o
determire accurately the ncutron energy correspording to cach
ckannel.

Relativistic calculations are used throughout the prograrm .

. . . . 137

Figure 26 shows a random time spectrum, in which a Cs
source provides cetector pulses, and stop pulses arc generated in
exactly the same manner as if a neutron spectrum werc being run.

. . 137 ) o

Since the Cs gamma rays are emitted at randomly distributed
times, the counting rate in each charnel is proportional to the time
interval represented by that channel. The random time specirum

shows significant deviations from the flat spectrum expected if the

linearity assumption of Section 2 werc valid. The computer
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. program'generates an accurate time scale from a random time
spectrum by assigning to each channel X a time Tn according to

the expression

szz c (10)

where Cm is the counting rate in channel % 0 of the random time
spectrume. Tn is arbitrarily set to zero at the uppermost channel
{channel 99). The proportionality constant A must be determined
from a known spectrum. Typically, a spectrum with a known
neutron peak and a gamma peak is given to the computer, together
with the Vapproximate locations of the peaks and sufficient informa-
tion to determine the neutron and gamma flight times. The pro-
gram fits parabolas Lo the uppermosl lhree points of the peaks Lo
determine their centers, calculates the difference in flight times
between the neutron and gamma peaks, and computes the quan-
tities T .

n

The neutron energy scale for a data run is found from the
T'r1 and from the position of the gamma peak. The gamma position
may be specified, or may be computed by fitting a parabola to the
three highest points of the gamma peak. If the masses of the
incident and target nuclei arc provided, the reaction Q is calculated ‘

for each channel.
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The time-independent background correction for the time-
to~-energy yiéld conversion is accomplished by normalizing the
random time spectrum to a portion of the data spectrum and sub-
tracting it. The normalization factor is found by dividing the
average yield between any two specified channels of the data spec-
trum by the average yield between the same two channels of the
random time spectrum. The converted yield is corrected for
detector sensitivity according to (1) and (2) of Section 7, Part II.
Statistical errors in the original data and in the converted yield are
compuled and Labulated.

A useful feature of the program is the computation of errors
in Q resulting from small variations in the input parameters. The
data spectrum parameters are the incident energy, flight path,
laboratory aungle, and gamma peak channel. Changes in input
parameters for the calibration spectrum also vary Q through their
effect on the Tn, Errors in data spectrum Q-values are computed
for small variations in incident energy, flight path, laboratory
angle, gamma peak chan11el, and reactioﬁ 2 for the calibration

spectrume.

5. Sample Computer Calculations
Table III contains results of computer calculations for the

spectrum of Figure 23. Figures 25 and 26 were taken as the
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calibration and random time spectra, respectively.

The computer chose channels 18.50 and 93.88 for the peaks
in the calibration spectrum, and calculated a time difference of
145.48 ns between them. Values of Tn generated from this cali-
bration are shown in the second column of Table IIT. The position
of the gamma peak in Figure 23 was found to be at Xg = 97.02. The
corresponding point on the time scale is Tn = 4,05 ns. Neutron
energics and Q-values (f or the L'i7(He3, n)B9 reaction) are shown
in the third and fourth columns of the table. The next column shows
the converted yicld. The time-independent background subtraction
was found by normalizing the data and random time spectra at
channels 85-90, and the detector sensitivity cutoff was taken as
Eo = 0.45 Mev. A part of the converted spectrum is plotted in
Figure 24.

Examples of the error calculations are shown in the last
four columns of the table. The first of these columns gives the
variation in Q produced by a variation in the incident proton energy
for the calibration spectrum; the remaining columns refer to
variations in Q produced by variations in incident energy, flight

path, and gamma peak position for the data spectrum.
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6. Discussion

‘Comparison of Tables II and III shows that the results of
the computer f:a].culatio.ﬁs ére in c¢lose agreement with those of the
simple analysis.

The agreement on En is excellent at v = 20, since the time
scale was calibrated at a nearby channel. The small, but significant,
discrepancies at v = 44 and 61 show the effects of time scale non=-
linearity at channels distant from the calibration point. The sur-
prisingly good agreement aty = 82 is due tc cancellation of the
time scale nonlinearity error by the relativistic correction to the
neutron energy, which amounts to about 500 kev.

The time scale nonlinearity introduces two sources of error
into the converted yield Y(En) computed by the simple methods.
Expression (8) is correct even for a nonlinear time scale, if the
average time per channel T c is replaced by the true time per

channel T -~ T Since the time per channel varies by several
n -

n-1
per cent over the spectrurn, considerable error can be introduced
by using 'l'C in the conversion formula. Secondly, the time-
independent background subtraction may be in error because the
assumption that the background has the constant value Vg is not
valid. Aty = 20, the simple analysis overestimates the yield by

about 10%, since the two sources of error are both significant and

have the same sign.
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APPENDIX B. BUNCHER PERFORMANCE

Fairly simple calculations of buncher performance may be
made by assuming that the ion-source energy spread is small
compared with the buncher energy modulation, that the required
energy modulatiqn is small relative to the source energy, and that
the optical properties of the system are independent of energy over
the rangce of cnergy modulation. The experimental results are in
reasonable qualitative agreement with these calculations, even
though none of the assumptions is strictly valid.

At a distance x from the outgoing end of the buncher

cylinders, the current profilc is

i) = T d:ift('t') | ’ ()

where i_ is the steady state current, and i{t}) is the instantaneous

current with the buncher operating. vy is given by

v =-/Zm (t+x) B2 (2)

where E is the energy of the beam entering the buncher, m is the
ion mass, and { is the length of a buncher section. t'is the time

at which particles arriving at x at time t entered the buncher.
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t and t' are related by the expression

bet \/z% (x + 20) + yav(t) . (3)

For a sinusoidal bunching waveform V(t) = 'V':J sin wt,

wt=wt'+ o sin wt' , and (4)
Wy _ 1 |

i T [1+acoswt' | ’ (2)
. _

where o = wy qV_ , and the term A f—z%l {x + 2¢) in (3) has been
dropped, since it merely shifts the phase at which bunching takes
place. Bunching occurs when (5) is largest, and this condition

clearly requires
o] = oyav, | =1 (6)

for bunching in a single peak.

Figure 6 is a graph of the relation (4} between wt and wt'
for several values of . For o > 1.0, wt'is a triple-valued func-
tion of wtin a region around ot = 7. In this region (5} must be
replaced by a sum of three similar terms, one for each of the
values of wt' corresponding to wt. A full cycle of the current pro-
file is shown in Figures 7 and 8 for ¢« =0, 0.8, 1.0, and 1.5. A

horizontal line at i/io = 1 represents the unbunched beam ( = 0).
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The optimum curve (¢ = 1.0) has an infinity at ot =m; its minimum
value of half the stea!cly-—staie curreni is reached a hall cycle away
.from the peak. For o < 1, the current does not become infinite at
the bunch, nor does it fall to %io a half cycle away from it. For
o > 1, two infinities appeér, spaced symmetrically on either side of
the o = 1 peak, and the current decreases below %io atwt =0 and
2.,

Since the high-energy deflectors limit the target pulse to a
duration § t each cycle, it is most reasonable to define the bunching
factor as the ratio of the average target current with bunching to
the average current without bunching over the time interval § t.
Table IV gives expressions for the phase of the current maxima, the
behavior of the current near the maxima, and the bunching factor B
for small & t. to 'Ts-"._the time at which a hunch occurs. For o <1,
the time interval § t is centered around the peak at too For o > 1,

t must lie in the region between the two singularities (see Figure 8),
and 8t extends from t0 inward.

The general features of the foregoing analysis have been
observed in the operation of the proton-deuteron buncher. For a
bunching distance £ + x of about 8 feet between the center of the
buncher and the accelerator tube entrance, the r. f. peak voltage
should be in the neighborhood of Vo =1 kv for @ = 1. The predicted

bunching factor for §t = 3 ns is 18. The observed factor is about 10.
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The discrepancy bétweén predicted and observed values is probably
caused by energy spread in the ion source, which can amount to
several hundred ev (Lefévré et al., 1962}. Increacsing the buncher
voltage above the amount necessary for @ = 1 decreases the bunch-
ing factor. The predicted double peak can be seen by observing the
ta.fget current as the relative phase of the buncher and high-energy
deflector voltagleé is changed. in the same way, the expected
decrease of a factor of 2 in the instantaneous current a half cycle
from the bunch has been observed. The only optical device between
the buncher and the acceleration tube is an einzel lens, which must
focus the beam on the 1/4-inch stripping—canal aperture at the
center of the tandem accelerator. Under normal operating condi-
tions, very little interaction between the einzel lens and the beam
energy modulation introduced by the buncher can be noticed. At
o =1, j:he energy modulation in the portions of the beam near the
bunch is small and is centered around zero. Atlarger values of
@, the modulation is larger, and a shift in average beam energy will
even occur near the peaks. For unusually high buncher voltages
(at @ = 1.5, for example), a rapid decrease in bunching factor is
observed, and the ecinzel lens voltage must be increased to com-

pensate for the shift in average energy.
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The bunching distance for helium extends from the helium
buncher to the center of the t.andern accelerator, since the neutral-
ized atoms drift through- the firet acceleration tubc. With ¢ | x
approximately 38 feet, Vo must be about 5 kv for ¢ = 1. The
observed bunching factor is 3 to 5. Interaction between the buncher
and the quadrupole focussing magnet adjacent to it is pronounced.
It is found that tﬁe auiadrupole magnet must be operated at very low
current if the buncher is to be effective at all. The poor encrgy
stability of the helium injector provides another complication. For
a continuous beam, the tandem regulation compensates adequately
for small fluctuations in injector energy. but when the beam is
chopped and bunched, a small change in the helium injector energy
will change the phase relationship between the bunching and the
chopping. It is necessary at all times to stabilize the injector

energy by hand to maintain maximum average current.
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Table I. Identification of neutron groups as corresponding
to B9 states, by observing the change in neutron energy
with change in angle. The spectra of Figures 13-16 were
taken at 8. 7-—Mev- incident energy, and the spectra of

" Figures 17 and 18 at 11.0'Mev. See p. 20.
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‘Table II. Sample data calculations for the spectrum of
Figure 23, using the simple analyéis described in Section

2, Appendix A. See pp. 52, 57.
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Table IIl. Sample data calculations for the spectrum of
Figure 23, using the computer anaiysis described in
Section 4, Appendix A. The time scale was generated from
the random time spectrum of Figure 26, and was calibrated

by the spectrum of Figure 25. See pp. 56, 57.
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Table IV. Summary of bunching formulae for a sinusoidal
voltage. The behavior of the target current at times near
the bunch is shown in column 3 for the different values of
&, which is proportional to the buncher peak voltage.

o =1 re;presents optimum voltage. Column 4 contains the
bunc:hing factor corresponding to each range of . See

Appendix B for discussion.
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Figure 1. Energy level diagram of Bga The notation is

standard. See pp. 1, 47.
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Figure 2. Level diagrams of the mass-nine nuclei,
including the results of recent experimental investigations.
The notlation is'that of Ajzenberg-Selove . and Laurilsen
(1963). The gi'ound-state ene.rgies of L.ig and '.'B9 have
been adjusted by remo%ring the coulomb-energy difference
and the neutron-proton mass differ_ence. of the pairs

Lig—Be9 and Beg—Bgo See pp. 2, 42.
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Figure 3. Mass excesses of all combinations of nucleons
3 r .
that can be formed by He  bombardment of Li' at encrgies

up o 15 Mev, Sce p2. 3, 35.
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- Figure 4. Block diagram of the time-of-flight spectrom-
eter used with the ONR -CIT tandem accelerator. See

Part II.
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Figure 5. a. Illustration of the paths taken by particles
traversing the deflector plates and passing through the
beam-catching alit assembly, showing the division of the
beam into two components. See p. 6 b. Schematic

diagram of the buncher assemblies. See pp. 7, 9.
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Figure 6. Graph of the relation {4), p. 59, between the
phase wt' at which particles enter the buncher, and the
phase ot at which they reach the target. o is proportional

to the r. f. voltage applied to the buncher.
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Figure 7. Gré,phs of the instantaneous target current
predicted by expression (5), p. 59. « is proportional to
the r. f. voltage applied to the buncher. « = 0 represents
the unbunched beam; o = 1.0, optimum bunching voltage;

and @ = 0.8, slightly less than the optimum value.
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Figure 8. Graphs of the instantaneous target current
predicted by expression (5), p. 59. @ is proportional to
the r. f. voltage applied to the buncher. « = 0 represents
the unbunched beam; @ = 1.0, optimum bunching voltage;

and o = 1.5, excess voltage.
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Figure 8
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Figure 9. Time spectrum of neutrons from the Li?(p,n)B e7
reaction, at an incident energy of 3.434 Mev, flight path
1.85 m, and angle 0°. ‘I'he gamma peak is near y = 85;
the peaks near y = 34 and yx = 25 are neutrons correspond-
ing to the ground and first excited Be7 states, respectively.

The open circles mark every tenth channel. See pp. 13,

27, 34.
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Figure 10. Time spectrum of neutrons from the

.7 3 9 . e s :
Li (He ,n)B" reaction, at incident energy 10.5 Mev,
flight path 1.85 m, and angle 0°. The peak near ¥ = 15
is a spurious gamma peak; the neutron groups near
¥ = 37, B2, and 62 correspond to excited statés of Bg at
Ex = 16.02, 14.67, and 12.06 Mev, respectively. See

pp. 14, 34, 38,
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Figure 11, (35137 gamma spectrum taken from the
"lineaxr' photoxﬁultiplier output. For convenience, only
every fifth point has been shown. The side-channel
discriminator level is set on the right-hand slope of the

3
Cs1 7 peak. See p. 15.
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Figure 12. Relative sensitivity of the neutron detector.
The experimental points were measured by using the
Li7(P,n)B&27 reaction, and <he solid curve was computed

from cxpression (1), p. 16. See p. lb6.
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Figure 13. Timeée spectrum showing neutron groups near
% = 38 and 61, Jcorrespon.ding to Bg' states at EX = 14,67
and 12.06 Mev, respectively. The neutron group cor-
responding to the 14,0-Mev state, centered around y = 49,
is obscure.d by the shape of the continuum. A spurious

gamma peak . occurs near y = 21l. See pp. 20, 22, 39.
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Figure 14. A portion of the spectrum of Figure 13 con-
verted to a counts-vs. -~energy presentation by the com-
puter program described in Appendix A. The neutron
groups corresponding to the IB-9 levels at 14.67, 14.0,
and 12. 66 Mev appear near En =1.8, 2.7, and 4.6 Mev,
respectively. The dashed line indicates the continuum
subtraction chosen for cross-section and angular -

" distribution measurements. See pp. 20, 30, 36.

Note suppressed zZero.
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Figare 15. Time spectrum showing neutron groups near
¥, = 33 and 60, corresponding to Bq states at Ex = 14.67
and 12.06 Mev. respectively. The neutron group cor-
respording to the 14.0-Mev staté, centerea around y = 47,

is obscured by the shape of the continuum. A spurious

gamma peak occurs near ¥ = 18. See pp. 20, 39,
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Figure 16. A portion of the spectrum of Figure 15 con-
verted to a counts-vs. -energy presentation by the computer
program dcscribod in Appendix A. The neutron groups
corresponding to the 39 levels at 14,67, 14.0, and 12.06
Mev appear near En = 1.3, 2.3, and 4.1 Mev, respectively.

The dashed line indicates the continuum subtraction chosen

for cross-section and angular-distribution measur ements.

See p. 20,

Note suppressed zero.
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Figure 17. Time spectrum showing a neuiron group near
X = 43 corresponding to ithe 16.02-Mev B9 state. The
energy of the group is 2.39 Mev. The groups near

¥ = 54 and 063 correspond to the ]39 levels at E‘{ = 14.67

and 12.06 Mev, respectively. The group near % = 13 is

a spuricus gamma peak. See p. 20.
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Figure 18, Time spectrum showing a neutron group near
%X = 39 corresponding to the 16.02-Mev B9 state . The
cnergy of the group is 2.02 Mev. The groups near

¥ = 53 and 62 correspond to the B9 levels at Ex = 14,67
and 12.06 Mev, respectively. The group near y = 13 is

a spuricus gamma peak. See p. 20.
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Figurc 19. Time spectrum =zt 7. 14~Mev incident energy.
The wide structure near y = 28 corrcsponds to the 12.06-

C
Mev Bg state. See p. 21,
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Figure 20. A portion of the spectrum of Figure 19 con-

verted to the counts-vs. ~energy presentation. The peak

near E = 3.3 Mev corresponds to the 12.06-Mev B9 level.
n

Sce pp. 21, 30.

Note suppresscd zero.

Sensitivity cutoff EU = 0.65 Mev.
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Figure 21. Time spectrum at 7.14-Mev incident energy.
The wide structure near x = 26 corresponds to the 12.06-

Mev Bq state. See p. 21.
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Figure 22. A portion of the spectrum of Figure 21 con-
verted to the counts-vs.-energy presentation. The peak
near E = 2.7 Mev corvesponds to the 12.06-Mev ]39

n

level. Gee p. 2I.

Note suppressed zero.

Sensitivity cutoff Eo = 0. 65 Mev.
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Figure 23. Time spectrum at 8.0-Mev incident energy.
The peaks ncar ¥y = 20 and 62 correspond to the 14.67-
and 12.06-Mev Bg states, rcspectively. The neutron
group corresponding to the 14.0-Mev state appears as a
slight distoriion of the background continuum in the region
¥ = 40-50. The time scale was calibrated by the

7 7 .
Li (p,n)Be spectrum of Figure 25. See pp. 22, 26, 29,

38: 52""550
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Figure 24. A portion of the spectrum of Figure 23 con-
verted to the counts-vs. -energy presentation by the
computer program described in Appendix A. The neutron
groups corresponding to the Bg.levels at 14.67, 14.0, and
12.06 Mev may be seen near En =1, 2, and 4 Mev,
respectively. The best values for the excitation energies
and widths of the 14.0- and 14. 67-Mev levels were
obtained from this spectrum. The dashed line represents

the estimated level of the continuum. See pp. 22, 28-32,

36, 56.
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Figure 25. The Li?(p,zcl)]i’ae7 spectrum which was used
to cé,librate the time scale for the spectrum of Figures
24-25. The peak near x = 19, corresponding to the Be7
ground state, haé energy En = 1.0 Mev. See pp. 26-29,

52: 550
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Figure 26. The random time spectrum which was used
to establish a time scale for the spectra of Figures
23-25, as explained in Appendix A, Section 4. The

. . . 137
random time spectrum was obtained by placing a Cs
gamma source in front of the detector. If the time scale
were perfectly linear, the random time spectrum would
be flat, The computer analysis described in Appendix A

generates a correct time scale from the shape of the

random time spectrum. See pp. 29, 53, 55.
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Figure 27. Angular distribution of neutrons correspond-
. 9 . 7 3 9
ing to the 14.67-Mev B’ level in the Li (He' ,n)B

reaction, at 8.7-Mev incident energy. Sece p. 27,
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Figure 28. Time spectrum at 8.7-Mev incident cnergy.
This spectrum was one of nine used to determine thé 0°
differential cross seétion for the 14.67-Mev 1”:39 level.
The neutron group corresponding to the 14.67-Mev B9

level appears near x = 36. See p. 27.
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Figure 29. Time spectrum at 6.25-Mev incident energy.
The structure in the region y = 20-40 corresponds to the
12.06-Mev 39 state. This spectrum was calibrated by the
Li7(p,n) Be7 spéctrum of Figur.e 31. The small group

near ¥ = 20 is a spurious gamma peak. See p. 32.
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Figure 30. A portion of the spectrum of Figure 29 con-
verted to the counts~vs.-energy pr.esentation. This
spectrum provides the best value for the excitation
energy of the 12.06-Mev 39 level. The peak of the
neutron group corresponding to the 12.06-Mev level
occurs near E‘:1 = 2.1 Mev. There is no evidence in this

spectrum for a level at EX =11.6 Mev. Sece p. 32.
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Figure 31. Time spectrum of the Lip‘r‘(p,n)lfie7 reaction
at 3.434-Mev incident energy. This speétrum was used
to calibrate the time scale for the spectrum of Figures
29-30. The peak near ¥ = 19 corresponds to the Be?
ground state. The peak aty = 5, which falls in the un-
reliable portion of the spectrum bglow v. = 12, probably
corresponds to the ]3-37 level at Ex = 0.432 Mev. Sece

p. 32.
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