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The populations of neutron-unbound states and of bound states in intermediate-mass fragments
have been measured at 15', 31', and 64' from the ' N+Ag reaction at E/3 =35 MeV. We did this
for eleven neutron-unbound states in seven isotopes whose bound-state populations we were also
able to measure. The data are identified in terms of the reaction mechanism producing them, which
is either a deep-inelastic mechanism or a quasielastic mechanism. In order to test the assumption
that the deep-inelastic data are produced from a thermal source, the unbound-state —bound-state
population ratios of deep-inelastic fragments are compared to the predictions of a thermal sequen-
tial decay model. Most, but not all, of the deep-inelastic population ratios are fitted with model cal-
culations that assume a source temperature between 2.5 and 3.5 MeV. In the case of ' C we were
able to measure four deep-inelastic populations, and in the case of ' B we were able to measure three
such populations. To further test the assumption of emission from a thermal source, attempts were
made to fit all of the populations from each of these two isotopes with the sequential decay model
using a single temperature. The deep-inelastic populations of ' C were fitted with a single tempera-
ture between 2.5 and 5.0 MeV. The deep-inelastic populations of "Bwere not fitted with any tem-
perature. There is enough of the deep-inelastic data that is not fitted with the predictions of a
thermal model that the assumption of a thermal source for the production of deep-inelastic frag-
ments may be incorrect, or there may be other effects present which alter the thermal properties of
the data. The quasielastic populations in each ' B and ' C were also measured and could not be
fitted with the model using a single temperature, which is consistent with the assumption of a non-
therrnal source of production for quasielastic fragments. The dependence of the unbound-
state —bound-state population ratio on the fragment kinetic energy shows a difference between the
quasielastic and deep-inelastic data. For quasielastic fragments whose mass is near the mass of the
beam, the ratio decreases towards zero as the fragment velocity approaches the beam velocity. In
contrast, the ratio for half-beam mass quasielastic fragments is constant or only slightly decreasing
as the kinetic energy increases. The ratio for deep-inelastic fragments is approximately constant as
a function of kinetic energy, independent of fragment mass. The amount of feeding from several
neutron-unbound channels into bound states is measured and compared to the sequential decay
model. The model successfully predicts the amount of feeding from most of the channels using a
source temperature of 2.5 to 4.0 MeV. The effect of feeding both on spectral temperatures and on
population temperatures is investigated. We conclude that the effect of feeding on both tempera-
tures, as determined by model calculations, cannot account for the discrepancy in the values be-
tween the two.

I. INTRQDUCTIGN
An important property of intermediate-energy

(E'/A =20—200 MeV) heavy-ion reactions is the produc-
tion of intermediate-mass fragments (IMF's) (for this pa-

per, 3~Z +7, 6~ A + 14). Both IMF and light-particle
spectra yield information about the reaction mechanisms
governing their production, but IMF s bear additional in-
formation not found with very light particles, such as
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neutrons and protons. Specifically, IMF's are produced
in excited states, and measurements of the populations of
those states can be readily applied to an understanding of
IMF production. In this paper we report on the popula-
tions of several neutron-unbound states of IMF's and
their relevance to models used to explain IMF produc-
tion.

In general, systems that have no fissionable products
appear to produce IMF's from two different types of re-
action mechanisms. Quasielastic (QE) processes dom-
inate IMF spectra at high IMF kinetic energy at or near
the grazing angle. Deep-inelastic (DI) processes dom-
inate IMF spectra for all IMF kinetic energies at angles
much greater than the grazing angle and for low IMF ki-
netic energies at or near the grazing angle. It should be
pointed out that although there are many models associ-
ated with the expression "deep inelastic" that describe
specific reactions, deep inelastic is used here to describe a
general class of reactions that result from violent col-
lisions between the projectile and target in which a large
amount of the projectile's kinetic energy is dissipated
among the participating nucleons. The main difference
between QE and DI processes is that DI fragments seem
to come from a thermal source, whereas QE fragments
appear to come from a nonthermal source.

Quasielastic IMF inclusive spectra have been detected
in several systems. ' The fragmentation models of Czol-
dhaber' and Friedman, "which are successful in describ-
ing IMF spectra in high-energy heavy-ion collisions, are
moderately successful in describing IMF spectra in
intermediate-energy collisions. Nucleon-exchange mod-
els, such as the stripping-pickup model, ' have been more
successful in describing the general features of
intermediate-energy IMF spectra.

Populations of excited states of QE-produced IMF's,
especially the populations of excited-state IMF's with
large kinetic energies, ' ' should bear information on the
partition of excitation energy between reaction
partners. ' The dependence of excited IMF population
on IMF kinetic energy is seen as an important test of
nucleon-exchange models' ' used to describe QE IMF
production. It is interesting to note that two reports' '
on the dependence of IMF excitation as a function of ki-
netic energy are quite different from each other. As the
kinetic energy increases, the excitation of particle-bound
IMF's is roughly constant, ' but in contrast the excita-
tion of the neutron-unbound 3.388-MeV state in ' 8 falls
off rapidly to zero near the velocity of the beam. '

Deep-inelastic IMF spectra have been parametrized for
a wide range of systems' ' using the moving-source
model. In general, most of the IMF's come from a
source with a velocity roughly one-third of the beam ve-
locity. ' As the beam energy increases, the source tem-
perature also increases, which is consistent with the as-
sumption of creating a thermal source. For the system
used in this paper (E/A =35 MeV, ' N+Ag), the source
temperature extracted from IMF spectra is about 13
MeV. '

Both particle-bound excited states and particle-
unbound states' ' ' ' ' ' ' in IMF's have been
detected in several systems. The measured populations of

these states can be used to calculate temperatures from a
Boltzmann population distribution. The population ratio
of two states of the same nucleus is related to the popula-
tion temperature ( T) in the following way:

2Ji+1
R = exp( h—E/T), (1)2J2+ 1

where R is the ratio of the population of state 1 to the
population of state 2, J, and J2 are the state spins, and
AE is the difference in level energy between states 1 and
2. If it is assumed that excited, DI IMF's come from a
thermal source, then the population ratio gives the tem-
perature of that source, just as IMF kinetic-energy spec-
tra give that temperature. For the system investigated in
this paper, the temperature that have been deduced from
excited-state populations have ranged from -0.6 to -3
MeV. These population temperatures are much lower
than the corresponding spectral temperatures. Large
discrepancies between population temperatures and spec-
tral temperatures have also been reported for other sys-
temS 17721)27

One possible explanation for the discrepancy between a
population temperature and a spectral temperature mea-
sured for the same system is that sequential feeding from
higher-lying states may alter the measured populations of
ground and excited states from their initial populations,
making this experimentally derived "apparent" popula-
tion temperature different from the "true, " or initial,
source temperature. ' The initial temperatures derived
from analyses that compensate the measured state popu-
lations for feeding range from -2.5 to 5 MeV.
Thus, after taking feeding into account, the extracted
population temperatures are still much lower than the
spectral temperatures. To date, no attempt has been
made to determine the effect feeding has on spectral tem-
peratures deduced from IMF spectra.

Another method that can be used to test the assump-
tion that unbound IMF's are produced by thermal
sources is to plot the dependence of R [Eq. (I)] on the
fragment's kinetic energy. For example, if DI-unbound
IMF's were emitted from a source that behaved as a
thermal source of infinite extent, one would expect the
population ratio (R) to be constant as a function of IMF
kinetic energy. Other thermal models may predict a
different behavior of R on kinetic energy; thus the data
on R vs kinetic energy can be sensitive to the details of
the thermal model used to describe the production of un-
bound IMF's.

There are some data that suggest that DI excited
IMF's are not produced by a thermal source. One group
has measured the populations of seven states in the same
isotope and has reported that it is not possible to fit a sin-
gle temperature to all seven populations, even after tak-
ing feeding into account. Also, the finding of popula-
tion temperatures that are constant as a function of beam
energy (from E/A =11 to 94 MeV) (Refs. 16, 20, 26, 27,
35, and 40) is inconsistent with the assumption of emis-
sion from a thermal source, as one would expect the tem-
perature to rise as more energy is dumped into the sys-
tem. However, the fact that a single source temperature
is found for a large range of isotopes and states created in
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the same system is consistent with the assumption of a
thermal source. ' So the question of the validity of as-
sumed thermal sources is still open.

In this paper we report on the populations of several
IMF neutron-unbound states produced in the E/A =35
MeV, ' N+Ag system, for both QE and DI IMF's. This
work expands on the data previously reported on
neutron-unbound states produced from this system. ' '

The assumption of thermal production of DI IMF's will
be tested by attempting to fit temperatures extracted
from state populations to a single, initial source tempera-
ture with the aid of a sequential feeding calculation. The
dependence of R [Eq. (1)j on IMF kinetic energy for both
QE and DI IMF's will also be reported. Predictions of
the feeding from the model calculation will be compared
to data on the feeding from several neutron-unbound
channels. The effect of sequential feeding on both popu-
lation temperatures and spectral temperatures will be in-
vestigated in an effort to resolve the discrepancy between
the two temperatures.

II. EXPERIMENTAL METHOD

We measured neutron-fragment coincidences produced
by collisions of ' N projectiles at 35 MeV/nucleon with a
Ag target. Since one of the goals of the experiment was
to measure the populations of neutron-unbound states
created during these collisions, and since there is a strong
kinematical focusing of the neutrons that come from the
decay of these states, ' the neutron and fragment detec-
tors were set up in a colinear alignment. Three such set-
ups were placed at 15', 31, and 64'.

The neutron detectors we used were glass cells filled
with liquid scintillator. Two types of scintillator were
used, NE-213 and BC-501, with no discernable
differences in performance detected between them during
data taking and analysis. Each cell was a cylinder ap-
proximately 7.6 cm long and 12.7 cm in diameter. The
back of each cell had a conical plastic (Lucite) light pipe
glued to it, which, in turn, had a S.l-cm-diam photomul-
tiplier tube glued to it. Each detector was housed in a
thin aluminum can 15.25 cm in diameter, with a small
amount of foam padding between the glass cell and can.
The intrinsic timing resolution of these detectors, when
measured using y rays from a Co source, was 0.9 ns on
the average.

A close-packed array of three neutron detectors was
centered at 15', with a distance of 457 cm from the target
to the centers of the scintillator cells. The array subtend-
ed a half-angle of 1.9, with 50% of the available solid an-
gle in that space taken up by scintillator. Two close-
packed arrays of seven detectors each were centered at
31' and 64', with distances from target to cell centers of
438 and 354 cm, respectively. The array at 31 subtended
a half-angle of 2.8, and the array at 64' subtended a
half-angle of 3.5'. Both arrays had 58% of the available
solid angle taken up by scintillator.

Fragment isotope identification and energy determina-
tion were achieved using so1id-state Si detectors. Two-
element, b,E-E telescopes were used at 31' (94 pm and 5
mm) and 64' (74 pm and 5 mm). At 15, where some Li
fragments have a large range, a four-element, AE-AE-E-E

telescope (94 pm, 97 pm, 5 mm and 1 mm) was used.
Every element was cooled to —10 C. Good isotope
identification and good separation of IMF's were
achieved using these telescopes. Fragment energy cali-
bration was done with alpha particles from a Th
source, using a calibrated pulser to extend the calibration
to higher energies. Fragment energies were determined
with an uncertainty of +2%.

A copper collimator with a thin (10-mg/cm ) gold foil
placed on its front face was placed in front of each tele-
scope. The foil was used to attenuate electrons and x
rays knocked out from the target. The collimator at 15'
subtended a half-angle of 1.9 and a solid angle of 3.5
msr. The collimators at 31' and 64' both subtended half-
angles of 2.9' and solid angles of 8.1 msr.

Neutron energies were determined by using a time-of-
Aight technique that used neutron and fragment signals
as the start and stop, respectively, of a timing circuit.
The timing signal from the fragment side of the circuit
came from the first hE element of each telescope with the
aid of a time-pickoff unit. The timing signal from the
neutron side came from the fast (anode) pulse from the
neutron detector. The overall timing resolution of this
system was determined by looking at the prompt y rays
in our time-of-Aight spectra and was 0.9 ns for all three
angles, which indicates that the intrinsic timing resolu-
tion of each neutron detector was the limiting factor in
the overall timing resolution of the detection system.

Silver targets of 5.0 and 3.9 mg/cm were rotated 45
with respect to the beam in order to minimize the energy
loss of reaction products at 15', 3l', and 64 in the target.
No visible surface contamination of the targets from
pump oils or coolant liquid was noted during the experi-
ment.

The K-500 cyclotron at Michigan State University pro-
duced a 1-ns burst of beam every 52.4 ns. The energy of
the ' N ions, 490 MeV, was known to +2%. Typical
beam intensity used during the experiment was about
1.5 X 10' particles per second.

In order to measure the number of background neu-
trons produced during the experiment, shadow bars were
placed between the target and neutron detector arrays.
Each bar was long enough (50.8 cm at 15', 40.6 cm at 31,
and 30.0 cm at 64') to stop more than 99% of the neutron
Aux coming from the target directly to the neutron detec-
tor. About 40% of the beam time was dedicated to
measuring background neutrons.

Separate runs were made intermittently during the ex-
periment to measure fragment singles. Bound-state pop-
ulations were determined from the singles data.

III. DATA ANALYSIS

The goal of the data analysis was to measure both
bound-state and neutron-unbound-state populations in
IMF's. Before the populations were determined, it was
necessary to apply corrections to both the IMF singles
and IMF-neutron coincidence data. Once these correc-
tions were made, IMF singles spectra and IMF-neutron
relative velocity spectra were produced, and from these
spectra the state populations were extracted.
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layers of the silicon detectors was also taken into ac-
count. After applying the corrections to IMF energy on
an event-by-event basis, IMF singles spectra were gen-
erated for each isotope at 15', 3l, and 64 . Shown in Fig.
1 are the singles spectra for selected isotopes at 15 and
31'. The solid, dashed, and dotted lines are from a fitting
that will be explained in Sec. IV. The combined popula-

A. IMF singles data

As previously mentioned, IMF energies were deter-
mined using calibrated silicon telescopes. Small correc-
tions to these energies were needed to compensate for en-
ergy loss in the target and the gold foil that preceded
each telescope. In addition, the energy loss in the dead
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tion of ground state and all bound states of a particular
IMF was determined from the IMF's singles spectrum.

B. IMF-neutron coincidence data

The corrections which were applied to the IMF kinetic
energy are also needed for a precise determination of the
neutron energy, since neutron energies were determined
from a time-of-Aight method that used the fragment sig-
nal for the stop, requiring us to add the fragment Aight
time to the neutron-fragment time of Right. Neutron/y-
ray separation was achieved with two-dimensional pulse-
shape discrimination.

Once the neutron Aight time was determined for each
event, corrections were made for the neutron side of the
event. The energy-dependent neutron detection efficiency
for each detector was calculated using the code TOTEFF,
and these calculations were compared to the efficiencies
computed using a Monte Carlo code developed by Cecil,
Anderson, and Madey. The results from the two codes
disagreed by at most 10%, and this value was taken as
the uncertainty in the efficiencies. The loss of neutron
Aux due to out-scattering from materials between the tar-
get and neutron detector (silicon detectors, steel vacuum
chamber wall, air, aluminum neutron detector can, and
glass cell) was estimated using a code developed by Rem-
ington. These corrections were applied on an event-by-

event basis. Other energy-dependent corrections such as
the background (shadow bar) subtraction and accidentals
subtraction were also made.

After all the corrections were made, relative velocity
spectra were constructed for our colinear coincidence
events. Figure 2 shows a relative velocity spectrum for
neutrons in coincidence with ' C at 15'. The abscissa
shows the value of the fragment velocity minus the neu-
tron velocity, while the top of the figure shows the rela-
tive energy between the fragment and neutron. Included
in Fig. 2 is an energy-level diagram which indicates the
decays that show a resonance in the corresponding rela-
tive velocity plot. The solid line shows a fit to the data
from Monte Carlo simulations (described later in this sec-
tion) of the decays of the numbered resonances into our
detection system added onto a background. Note that
this spectral background has no relation to the measured
shadow bar background, which has been subtracted from
the data in Fig. 2. The spectral background is indicated
with the dotted line.

Looking at Fig. 2, one notes that for each decay from a
single state or group of states, there are two peaks, one at
a negative relative velocity and one at a positive relative
velocity. These two peaks are a result of the kinematical
focusing of the decay neutron and our finite detector
geometry. Figure 3 illustrates the decay of an excited
fragment into a daughter fragment and a neutron. The
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FICi. 2. Relative velocity spectrum for ' C+n at 15 and for E,z 15 MeV/nucleon. The numbered resonances come from the

decays indicated in the level diagram. A relative energy scale is included for reference. The full width at half maximum (FWHM) of
peaks 2 and 3 are given. Each width corresponds to relative velocity resolution of 2 cm/ns. The solid line is from a fit described in
the text, and the dotted line shows the background used in the fit (a Gaussian).
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vf = fragment vel.

vnl = neut. vel. in lab frame

vn = neut. vel in the decay frame

FICx. 3. Velocity diagram showing the neutron decay of an
excited fragment heading toward a colinear fragment-neutron
detection system. Recoil of the daughter is neglected. The
dashed line indicates the cone of acceptance of the detection
system, and the circle represents all of the possible directions of
decay. Only decays that lie within the cone of acceptance will
be detected.

dashed lines indicate the available solid angle for neutron
and fragment detection. For simplicity, the daughter
recoil momentum is neglected and the solid angles of the
neutron and fragment detectors are taken to be equal. If
the decay energy is large enough, only the most forward-
focused neutrons (which give a negative relative velocity)

and the most backward-focused neutrons (positive rela-
tive velocity) will be detected. In this way two peaks are
created for each decay. The peak at negative relative ve-
locity will be larger than its companion peak at positive
relative velocity since the available solid angle in the de-
cay frame for detection (the geometrical efficiency ) is
greater for forward-focused neutrons.

If the decay energy is small enough, a11 of the neutrons
will be focused into the neutron detector, and, as a result,
there will only be one peak in the corresponding relative
velocity spectrum, and it will be centered at 0 cm/ns.
Such a case is best shown in Fig. 4, where the central
peak is due to the decay of the 3.388-MeV state of ' B to
the ground state of "B. For this decay the decay energy
is only 18 keV, and our geometrical efficiency is about
33% (note that this value of the geometrical efficiency is
much greater than the percentage of the available solid
angle in the laboratory taken up by the neutron detectors,
which is about 0.17%—thus the kinematical focusing in-
creases our counting rate by a factor of —200). Since the
efficiency is less than 100%, one might expect the for-
ward and backward peaks to be separated. Although
there is a dip in the peak at 0 cm/ns, clearly the forward
and backward peaks are unresolved from each other.
The reason they are unresolved is due to our instrumental
resolution. Hence only one peak is observed for this de-
cay.

For this experiment the relative velocity resolution
dU„& was about 2 mm/ns for all of our spectra. The cor-
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B
tive velocities that come from the decays indicated in the energy-level diagram. A relative energy scale is included for reference. The
solid line is from a fit described in the text, and the dotted line shows the background used in the fit (a Gaussian).
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responding relative energy resolution is related to the rel-
ative velocity resolution by dE„& =pu„~dU„&, where p is
the reduced mass of the daughter-fragment/neutron sys-
tem. Thus, as the decay energy increases, the relative en-
ergy resolution gets worse, even though the relative ve-
locity resolution remains the same. Because of this, our
ability to resolve individual decays decreases as the decay
energy increases. Figure 2 shows the relative energy
resolution for two of the decays. For E ]

=0. 1 MeV, for
example, dE„&=90 keV, whereas for E„~=2 MeV,
dE„&=450 keV. The energy resolution at a particular
value of relative velocity will vary slightly, of course, de-
pending on the mass of the fragment in question, but not
by much.

Since the geometrical efticiency for all our detected de-
cays was less than 100%, it had to be calculated in order
for us to extract the total population of the neutron-
unbound states detected in our relative velocity spectra.
Fragment and neutron detector sizes and Aight paths, ini-
tial fragment velocity, level decay energies, and level
widths all have an effect on the geometrical e%ciency and
were put into the Monte Carlo code MONTRES, which
simulates the decay of neutron-unbound states into our
detection system. Conditions which affect the energy
determination of the fragments, such as silicon detector
resolution and target thickness, and conditions which
affect the timing resolution of the neutron detectors, such
as detector thickness and intrinsic timing resolution, are
also put into the code. The solid lines in Figs. 2 and 4
show the fits to the data using the decay simulations from
MONTRES added onto a background. The spectral resolu-
tion and spectral shapes are matched well with the simu-
lations. It should be noted here that the decay is assumed
to be isotropic in the rest frame of the parent fragment.
Data from another experiment that used the same system
as ours have been analyzed to test this assumption on
states that decay by emission of charged particles, and
no evidence has been found that contradicts an assumed
isotropic decay. It should also be noted that for all cases,
except one, the level widths used in the simulations are
taken as constants in Lorentzian resonance functions.
The one exception is for the decay of the 7.46-MeV state
in Li to the ground state of Li. Here the reported
width, 89 keV, " is close enough to the decay energy, 210
keV, to take into account the energy dependence of the
width. The energy dependence was calculated using
penetrabilities from Ref. 48.

The precise nature of the background in the spectra
shown in Figs. 2 and 4 is not known. A type of event
which could contribute to the background is, for exam-
ple, an uncorrelated IMF-neutron coincidence. A back-
ground has been calculated using random coincidences
between fragments and neutrons and has been used in
previous analyses, ' although it cannot account for all
the background. It is a broad Gaussian whose peak is, in
general, at some nonzero value of relative velocity. The
dotted lines in Figs. 2 and 4 show this type of back-
ground. In order to estimate the effect the uncertainty in
background determination had on the extracted level
populations, all the spectra were fitted using at least two
types of backgrounds. The backj round iust mentioned

was always used, and others that were used are Cauchy
backgrounds, Tippet functions, and linear back-
grounds. An average population from all backgrounds
was calculated, and the deviation from the average was
used as the uncertainty in the population due to the back-
ground.

In addition to the uncertainty in the population due to
the background, statistical uncertainties and systematic
errors (such as an assumed detector misalignment,
current integrator error, target thickness nonuniformity,
etc.) were also included in the final uncertainties reported
for our populations, ratios, and temperatures. In most
cases the background uncertainty and statistical error
were the main contributors to the final uncertainty.

IV. RESULTS

A. IMF singles spectra: Population of bound states

X [1+exp[b (E/A Eo/A )]]— (3)

where X&E, a, b, and Eo are the fit parameters. The pa-
rametrization of the QE data is the same as the one used
in Ref. 8. It allows us to estimate the percentage of QE
IMF's and DI IMF's in the bound-state yields at 15' and
31' for various cuts on the IMF kinetic energy, which, in
turn, allows us to identify which regions of IMF kinetic
energy are dominated either by QE or DI reaction mech-
anisms. We assume that these regions are the same for
unbound-state IMF production as for bound-state IMF
production. Table I shows the percentage of QE IMF's
in the bound-state yield for various cuts on IMF kinetic
energy at 15 and 31 . All of the yield at 64' is assumed to
come from DI reactions. No IMF data below a kinetic
energy of 6 MeV/nucleon was used in this paper.

The singles spectra for Li contain some events from
the double-alpha breakup of Be which appear as Li.
The contamination can be corrected for if the Be spec-
trum is known at the angle of interest and if the efficiency
for collecting both alphas from the breakup of Be into
the detection system is known. We did not measure the
Be spectra at any of our angles, but the Be spectrum at

50 has been measured for the same system as ours"
(namely, '~N+Ag at E/A =35). As in Ref. 51, we as-
sume that the Be spectra at 31' and 64' have the same
spectral shape as the Be spectra at those angles, and we
assume that the ratio of the Be yield to the Be yield,
which is equal to 2.1 at 50', ' is also equal to 2. 1 at 31'

The solid lines in Fig. 1 indicate fits to the singles spec-
tra using the sum of two functions which are represented
by the dotted and dashed lines. The dotted lines show
the fits to the deep-inelastic parts of the spectra with the
following function:

ED, ——ND, (E/A )exp( Ep), —

where XD& and p are the fit parameters, A is the mass
number, and E is the kinetic energy of the fragment. The
dashed lines show the fits to the quasielastic parts with
the following function:

F&E= N&E&(E/A)exp[a&(E/A)]
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TABLE I. Percentage of QE fragments as determined by fits to inclusive IMF spectra using Eqs. (2)
and (3) of the text for various cuts on IMF kinetic energy (in MeV) at 15' and 31'. Typical uncertainties
of the fits are from +1% to +3%.

Isotope

Li
Li
"Be
12B

12C

13C

14C

15
E/A +15

87%%uo

94%%uo

92%
90%%uo

97%
96%
94%

15'
6~E/A ~15

37%
55%%uo

22%
14%
31%
25%
18%

15
6~E/A ~10

26%
43%
11%
6%

16%
12%
9%

31'
E/A +6

7%

24%%uo

19%%uo

15%%uo

10%
7%

31
6+E/A ~ 15

2%%uo

2%
11%%uo

8%%uo

6%
5%
6%

and 64'. Since the data from Ref. 51 is from DI reactions
only, we did not use their results at 15, where there is a
strong contribution from QE processes. At 15', the yield
of Be at a particular E/A was estimated from the inter-
polation of the yields of Be, Be, and ' Be we measured
at the same EjA. Once the double-alpha collection
e%ciency was calculated, the measured Li spectrum was
corrected for Be contamination.

B. IMF+ neutron coincidence data:
Unbound-state populations

Unbound-state populations were determined from
analyses of relative velocity spectra such as the ones in
Figs. 2 and 4. For most of the cases, the level energies,
spins, and widths used for the analysis of all the bound-
and unbound-state populations come from Refs. 47, 52,
and 53. The branching ratio of the 7.456-MeV state in
Li (I „/I „,=0.776) was calculated using the reported

partial widths at resonance. The energy and width of
the 4.296-MeV (I =60 keV) state in Li were taken from
a separate analysis of this data, and the spin of this state
(J =

—,
'

) comes from Ref. 55. Using the data from Ref. 56,
we estimate that the decay of the overlapping 9.27- and
9.4-MeV states of ' Be to the ground state of Be ac-
counts for 92+8% of the combined total width. The
branching ratio of the decay of the 9.5-MeV state in ' C
to the ground state of ' C is taken to be 0.90. The
width (I"=210keV) and energy of the 19.234-MeV state
in Be were taken from Ref. 54.

1. Two-level ratios

If DI IMF's come from a thermal source, the ratio of
the two populations from the same IMF should be de-
scribed by a Boltzmann population distribution [Eq. (1)].
One would expect the DI population ratios for all of the
isotopes to reAect the same source temperature, indepen-
dent of IMF mass, since spectral temperatures derived
from IMF singles spectra are independent of IMF
mass. ' In this section we determine the ratio of two
populations from the same IMF, one of which is the pop-
ulation of a neutron-unbound state (or group of un-
resolved unbound states) as determined by IMF+ neutron
relative velocity spectra, and the other of which is the
population of the bound states (ground state+all

particle-bound states) as determined from IMF singles
spectra. We then use these "two-level ratios" along with
Eq. (1) to test the thermal nature of the mechanism pro-
ducing DI IMF's.

In total, 11 unbound-state populations were deter-
mined from 7 isotopes whose bound-state populations we
were also able to determine. For each of these 11 states,
the ratio of its population to the bound-state population
[R of Eq. (I)] is shown in Fig. 5. The data are labeled
with the appropriate unbound-state energy. The error
bars include all of the uncertainties discussed in Sec. III.
The histograms show predictions for the population ra-
tios from a sequential feeding model that will be ex-
plained later in this section. The left-hand plot in Fig. 5
is for IMF's at 15', with the open symbols representing
the QE data and the solid symbols denoting the DI data.
The middle plot of Fig. 5 is for DI IMF's at 31, and the
right-hand plot shows the data at 64 .

At 15' the region of kinetic energy taken to be DI is
6—10 MeV/nucleon except for the 8.3-MeV state in ' C
and the 3.756-MeV state in ' B, where the statistical ac-
curacy was good enough only for a cut of 6—15
MeV/nucleon. We were unable to determine the popula-
tions of the 4.236-MeV state in Li and the 9.27+9.4-
MeV states in ' Be with any statistical accuracy in the re-
gion of DI production. The percentage of QE data from
6 to 10 and from 6 to 15 MeV/nucleon for a particular
isotope can be seen in Table I. All of the data above 15
MeV/nucleon are at least 87% QE. Again, the percen-
tage of QE data in a particular kinetic-energy range was
estimated from the analysis of IMF singles spectra using
Eqs. (2) and (3).

The DI region at 31' was taken to be all energies above
6 MeV/nucleon, except for the 3.388- and 3.756-MeV
states in ' B and the 7.37+7.54-MeV group of states in
' Be, where the DI region was taken to be 6—15
MeV/nucleon. The reason for taking a smaller kinetic
energy gate was to reduce the amount of contamination
from QE processes (see the 31' columns of Table I).
Statistics were not good enough to take the smaller gate
for the 9.27+9.4-MeV group of states in ' Be. All of the
data at 64' are DI.

We now address the question of whether or not the DI
two-level population ratios appear to be produced from a
thermal source. Source temperatures can be readily cal-
culated from the population ratios using Eq. (1), and
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FIG. 5. Left-hand plot contains the population ratios at 15 with the solid symbols representing the DI data and the open symbols
representing the QE data. The middle plot is for Dl IMF's at 31', and the right-hand plot is for DI IMF's at 64'. The solid histo-
grams in every plot indicate the ratios calculated from a sequential feeding model for T„„„,=2.5 MeV, and the dotted histograms in-
dicate the calculated ratios for T, „„,=3.5 MeV. The dashed line in the right-hand plot indicates the ratios predicted by the sequen-
tial feeding model for T„„„,=6.0 MeV. The bound and unbound states used to calculate the ratios are shown on the right-hand side
of the figure.

those temperatures can be compared with each other to
see if they all agree. However, the effects of sequential
feeding from higher-lying states into unbound- and
bound-state populations will yield an experimentally mea-
sured "apparent" temperature different from the "true, "
or initial, source temperature. Thus, if one is to test
whether or not a large number of population ratios from
different isotopes are described by a thermal source with
a single temperature, the effects of sequential feeding
must be taken into account.

The histograms in Fig. 5 represent the population ra-
tios calculated with the final bound- and unbound-state
populations predicted by a sequential feeding model. The
model we used has been reported on in several pa-
pers, ' and so only the major features will be de-
scribed here. The calculation creates a primary, or "ini-
tial, " population of IMF's in bound and unbound states,
with all of the populations characterized by a single tem-
perature. The decay of these fragments is then followed
until a ground-state fragment is reached. The decay of a
fragment from the initial distribution may follow several
steps before finally decaying to a ground-state fragment.
The populations of the "final-step" states, i.e., the popu-
lations of the levels that decay directly to a bound state of
a fragment, are also calculated in the model. Population
ratios, such as the ones we measure in the laboratory, are
then calculated using the final-step unbound-state popula-

tions and the final ground-state populations predicted by
the model.

For this paper the model calculated the feeding from
higher-lying states in nuclei with Z ~ 13. The model con-
sidered both discrete and continuum states in these nu-
clei. When known, complete spectroscopic information
(level energy, spin, parity, width, branching ratio, isospin)
for each level was put in for the discrete states. When
unknown, values for the spin, isospin, and parity were
selected randomly from a set of most likely values that
were determined from the noninteracting shell model
developed by B. A. Brown of Michigan State University.
Unknown branching ratios were calculated using the
Hauser-Feshbach formula. The feeding calculation was
repeated for different choices of the randomly selected
values to determine the uncertainty in the calculation due
to these values.

Looking at Fig. 5, one notes that for each initial source
temperature there is a pair of histograms showing the
prediction of the measured population ratio. The pair of
histograms represents the uncertainty in the calculation
by showing the highest and lowest values of the popula-
tion ratio obtained from the feeding model calculations.

The solid histograms in Figs. 5 show the predictions of
the population ratios for an initial source temperature of
2.5 MeV, and the dotted histograms show the predictions
for a temperature of 3.5 MeV. It is in this range of initial
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source temperatures that the model best predicts the
measured DI population ratios at 15' and 31'. The
dashed line in Fig. 5 for 64' is for a source temperature of
6 MeV.

Looking at the DI population ratios at 15' (solid sym-
bols), we see that seven of the nine ratios are fitted by the
model predictions for initial temperatures between 2.5
and 3.5 MeV. Of the two that were not fitted, only one,
that being the 2.255-MeV state in Li, is more than two
standard deviations away from the model predictions.
This may not be surprising since 43% of the inclusive Li
data in this region comes from QE processes. At 31,
eight of the ten DI population ratios are fitted by the
model calculations for source temperatures between 2.5
and 3.5 MeV.

Based on the results for DI ratios at 15' and 31', it ap-
pears that the data are consistent with a thermal model
whose source temperature is between 2.5 and 3.5 MeV.
However, the data at 64 cannot be fitted by the model
predictions, even for a range of 2.5 —6 MeV. Only one
point, the point for the 9.5-MeV state in ' C, agrees with
the model predictions with source temperatures between
2.5 and 3.5 MeV. The point for the 7.46-MeV state in Li
agrees with a source temperature between 3.5 and 6 MeV,
but the other three points are outside the range between
2.5 and 6 MeV. Looking at the data and model predic-
tions for the 3.388-MeV state in ' B and the 7.37+7.54-
MeV states in ' Be at 64, it appears that no model calcu-
lation will agree with the data. As the source tempera-
ture increases from 2.5 to 3.5 MeV, the predicted ratio
also increases, but as the temperature increases to 6 MeV,

the predicted ratio decreases to a value below the predic-
tion for 2.5 MeV. This indicates that the model will pre-
dict a maximum value of the ratio that will be below the
measured ratio in both cases.

It is interesting to note that, for the most part, the
measured DI and QE population ratios at 15' (Fig. 5) are
similar. The notable exceptions are the group of states
near 7.5 MeV in ' C, the 3 ~ 388-MeV state in ' B, and the
7.37+7.54-MeV group of states in ' Be. Otherwise, it
appears that the population ratios for QE IMF's are al-
most the same as those for DI IMF's. Thus the amount
of contamination from QE processes in a predominantly
DI region does not produce a significant error in the
determination of 8 for the DI process, in most cases.

2. Multilevel populations

Another test which can be applied to the DI popula-
tion data to see if they are consistent with emission from
a thermal source is to check whether three or more popu-
lations from the same nucleus can be fitted with a single
temperature. Figure 6 shows a plot of the natural loga-
rithm of the population (divided by the appropriate spin
factor) of each of the three unbound states and of the
bound states detected for ' C at 15' for the indicated cuts
on fragment energy. Each point is plotted at its ap-
propriate level energy. All of the bound states were treat-
ed as a single state whose level energy is 2.3 MeV and
whose eff'ective spin factor (2J+1) is 12.22. The value of
the effective spin factor depends on the temperature, but
for temperatures between 2 and 6 MeV it varies only
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FIG. 6. Plots of the natural logarithm of the populations of the detected levels in ' C vs the level energy for various cuts on frag-
ment kinetic energy. The solid, dashed, dotted, and dot-dashed lines in each plot show the predictions from the sequential feeding
model for initial source temperatures of 2, 3, 4, and 5 MeV, respectively.
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from 11.95 to 12.50. This variance in the spin factor was
included in the uncertainty for that data point.

If all four groups of states were populated according to
a Boltzmann population distribution and if the effect of
sequential feeding was negligible, then all four points in
each plot of Fig. 6 would lie on a straight line. This ap-
pears to be the case for E&„between 6 and 10
MeV/nucleon and for E&„between 10 and 15
MeV/nucleon. The solid, dashed, dotted, and dot-dashed
lines in each plot indicate the predicted populations (rela-
tive to the bound-state population) from the sequential
feeding model for initial temperatures of 2, 3, 4, and 5

MeV, respectively. Below 10 MeV/nucleon, the data is
fitted with the model calculations using initial tempera-
tures of 3, 4, and 5 MeV. The data for 10-15
MeV/nucleon is nearly fitted with the model calculation.
According to Table I, 25% of the bound-state yield below
15 MeV/nucleon is quasielastic, while below 10
MeV/nucleon it is 12%. Thus it appears that for the ' C
data dominated by DI processes, the measured popula-
tions are indicative of a thermal reaction mechanism.
Above 15 MeV/nucleon none of the data can be fitted
with the model calculation, although the data from 30 to
40 MeV/nucleon are nearly fitted. This is consistent with
the assumption of a nonthermal reaction mechanism for
the production of QE IMF's.

Figure 7 shows the plot of the logarithm of three popu-
lations in ' B, the 3.76-MeV state, the 3.388-MeV state,
and the bound states. The bound states were treated as
the bound states of ' C were in Fig. 6. The left plot in
Fig. 7 is 15' and 6—15 MeV/nucleon, the middle plot is
for 15 and 15—40 MeV/nucleon, and the right plot is for
31' and 6—15 MeV/nucleon. The solid, dashed, dotted,
and dot-dashed lines represent the same temperatures as
in Fig. 6. As in Fig. 6, the QE data (middle plot) is not
fitted by any of the model predictions. However, none of
the DI data are fitted, either, which is in contrast to the
results presented in Fig. 6, where the DI data are fitted
and the QE data are not.

In regards to the nature of the DI reaction mechanism,
the results from the two-level and multilevel data are not
clear. Some of the DI data can be fitted with a thermal
model, but there are some exceptions which are not
fitted. What this data may indicate is that the DI reac-
tion mechanism may indeed be thermal in nature, but
that there are other effects present during the reaction
which are not accounted for in the model, which can
skew some of the measured populations such that they
appear to be nonthermal. One such effect could be
"final-state interactions, " for example. The data may
also indicate that while feeding calculations like the one
we used may be generally correct, it may not be correct
for every final state.

V. R vs KINETIC ENERGY

While there are a few cases where the QE population
data is clearly different than the DI population data, for
the most part no distinction can be made between the
two. However, it should be pointed out that up to this
point most of the data shown has been for rather large
cuts on IMF kinetic energy. The difference between QE
and DI data becomes more obvious when the populations
are examined with smaller cuts on kinetic energy, partic-
ularly when R [Eq. (1)] is plotted as a function of the ki-
netic energy.

The dependence of the ratio of an unbound-state popu-
lation to the bound-state population on IMF kinetic ener-
gy is shown for the 7.456-MeV state in Li, the 2.255-
MeV state in Li, the 3.388-MeV state in ' B, and the
9.5-MeV state and 7.5-MeV group of states in ' C in Figs.
8 —11, respectively. The upper plots show A vs kinetic
energy, while the lower plots show the corresponding sin-
gles spectra. In Fig. 8 the solid circles show the data
after correcting the inclusive spectra for Be contamina-
tion, and the open symbols show the data before the
correction. The top plot in Fig. 11 is for the group of
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FICz. 7. Plots of the natural logarithm of the populations of the detected levels in ' 8 vs the level energy for various cuts on IMF
energy at 15' and 31'. The lines have the same meaning as in Fig. 6.
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three states near 7.5 MeV in ' C, and the middle plot is
for the 9.5-MeV state. For reference a temperature scale
computed from Eq. (1) without corrections for feeding is
included in the upper plots of Figs. 8 —11. The numbers
in the upper plots indicate the percentage of QE data in
the bound-state yield at a particular energy gate.

A. QK IMF's

The dependence of R on IMF kinetic energy for QE
events may be seen in Figs. 8 —11 for large kinetic ener-
gies. It is interesting to note that for the two isotopes
with a mass close to the mass of the projectile, ' B and
' C (Figs. 10 and 11), the ratio decreases as the fragment
kinetic energy increases, and it appears that the ratio
goes to zero as the fragment velocity approaches the
beam velocity. However, for the two isotopes with about
half the mass of the projectile, Li and Li (Figs. 8 and 9),
the ratio appears to be constant, or decreasing slightly,
with the ratio still above zero for fragment velocities near
the beam velocity. In terms of a nucleon-exchange mod-
el, the difference in R vs kinetic energy between IMF's
with half-beam mass and near-beam mass is consistent
with the picture of collisions with smaller impact param-
eter (hence more mixing between target and projectile nu-
cleons) for the lower-mass IMF's. Even for IMF veloci-
ties near the velocity of the beam, one might expect that
the lower-mass IMF's to be in a higher state of excitation
than the higher-mass IMP s since a projectile which has
lost half of its nucleons is much more deformed than a
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projectile that has lost only one or two nucleons.
The dependence of R vs kinetic energy was measured

for the 6.8-MeV state in "Band the 4.4-MeV state in ' C
for projectilelike fragments created in the E / A =20
MeV, ' N+ ' Dy reaction, and it was found that the ra-
tio was essentially constant with kinetic energy and above
zero near the velocity of the beam. ' Note that these re-
sults are quite different from our results for IMF's with
similar mass, namely, ' B and ' C. In fact, their results
more closely resemble our results for Li and Li. It is
not known if the discrepancy between our results and
those of Ref. 13 is due to the different beam energy and
target or due to the fact that one set of ratios is for un-
bound states and the other is for bound states. Regard-
less, measurements such as these give an indication of the
amount of excitation energy deposited in the QE frag-
ment, and the dependence of the ratio on kinetic energy
may bear important information on the details of models
used to predict the production of QE IMF's, such as the
nucleon-exchange model or the participant-spectator
model. '

B. DI IMF's

The kinetic-energy dependence of the ratio of an
unbound-state population to a bound-state population for
DI IMF's may be seen in Figs. 8 and 9 at 31' and in Fig.
10 for low energies at 15 and 31'. The dependence of the
ratio of the 2.255-MeV state population in Li (Fig. 9) to
the bound-state population on kinetic energy indicates a
slightly decreasing or constant ratio with increasing ki-
netic energy. A constant ratio would be consistent with
emission from a thermal source, assuming that effects due
to evaporative cooling can be neglected. The data for the
7.46-MeV state in Li (Fig. 8) and the 3.388-MeV state in
' B (Fig. 10) are consistent with the dependence of the ra-
tio on kinetic energy observed for the 2.255-MeV state in
Li, although there is clearly a need for data at lower

fragment kinetic energies to firmly establish this depen-
dence for DI IMF's.

VI. MEASURED FEEDING INTO BOUND STATES

Although the effects of sequential feeding will alter the
measured populations from their initial distributions,
very little data exist that measures the magnitude of the
feeding into the bound states. Because of this, most anal-
yses have relied on model calculations to correct their
data for feeding, just as we have. We have measured the
amount of feeding through several neutron-unbound
channels into bound states, and we can use this data as a
check on the accuracy of feeding calculations we used.

Table II shows the percentage of a bound-state popula-
tion that came from the decay of a neutron-unbound
state. For example, 1.5% of the "Bbound-state yield at
15 was "B that came from the decay of the 3.388-MeV
state in ' B. The last six columns show the predictions
for the amount of feeding according to the sequential
feeding model calculations, using initial temperatures of
2, 2.5, 3, 3.5, 4, and 5 MeV. Most of the data match the
model calculations for an initial temperature between 2.5

and 4 MeV, which is in agreement with the temperatures
fitted with the DI population data. The model calcula-
tions could not match the data within uncertainties for
one case, that being the feeding at 15' from the group of
three levels around 7.5 MeV in ' C to the ground state of
12(

The idea of sequential feeding was first introduced as a
possible explanation for the discrepancy between popula-
tion temperatures and spectral temperatures. It was
thought that accounting for the feeding would raise the
initial population temperatures enough that they would
agree with the spectral temperatures. Although feeding
does raise the population temperatures, it is not enough
to account for the difference. However, no attempt has
been made to see what effect feeding has on the measured
spectral temperatures. If the feeding is dependent on the
kinetic energy, then correcting the IMF spectra for the
feeding will also be energy dependent. This, then, will
change the slope of the spectrum, which, in turn, will
have an effect on the deduced spectral temperature.

We were able to measure the dependence of the feeding
on kinetic energy in detail for one case, that being the
feeding from the 3.388-MeV state in ' B to the ground
state of "B. According to Table II, the best value of the
initial temperature that matches the feeding from both of
the detected neutron-unbound states in ' B is -2.5 MeV.
Using that initial temperature, the model predicts that
-33% of the yield of "Bat 15' and 31 comes from feed-
ing from all of the possible decay channels that end up in
a bound state of "B. The top two plots in Fig. 12 show
the fraction of feeding into "Bfrom the 3.388-MeV state
in ' B at 15' and 31' as a function of "Bkinetic energy.
The solid lines show a convenient fit to the data. The
lower two plots show the measured "B inclusive spectra
at 15' and 31' (open symbols) and the spectra corrected
for feeding (solid symbols) using a value of 33% for total
feeding. The dependence of the feeding on kinetic energy
for all of the channels was assumed to be the same as the
dependence for the one channel which we measured.

The solid lines through the corrected and uncorrected
spectra in the lower plots indicate the fits using the sum
of two functions. One function was used to fit the DI
part of the two spectra at 15 and 31', and it has the stan-
dard parametrization of a thermal moving source. Equa-
tion (3) was used for the other function, which was used
to fit the QE part of the data. Only the data at 15 and
31 was used for the fitting. The dotted lines in the lower
plots show the contribution from the moving source for
the uncorrected data, and the dashed lines show the con-
tribution from the moving source for the corrected data.
The value of the temperature of the moving source
changed from 11.2 MeV before correcting for feeding to
14.0 MeV after the correction for feeding. The statistical
uncertainty of the value of the temperature is less than
5%, in both cases. It appears, then, that correcting for
feeding will increase the spectral temperature extracted
from "B singles spectra, just as correcting for feeding
will also increase the population temperatures. Based on
these results, the effects of sequential feeding cannot ac-
count for the discrepancy between population tempera-
tures and spectral temperatures.
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VII. SUMMARY

The populations of eleven neutron-unbound states in
seven IMF's were measured at 15, 31', and 64', along
with the bound-state populations of those seven IMF's.
The ratios of unbound- to bound-state populations for DI
IMF's at 15 and 31' were fitted with a statistical sequen-
tial decay model using a single initial source temperature
between 2.5 and 3.5 MeV. This finding supports the as-
sumption of a statistical, or thermal, origin for DI IMF s.

However, at 64', where all of the IMF's come from DI re-
actions, fits to most of the measured population ratios
were not possible with the sequential decay model. Al-
though the DI and QE reaction mechanisms are quite
different, there was basically no difference between QE
and DI two-level population ratios for most IMF's.

It is possible to fit the populations of four groups of
states detected in ' C (bound states + three groups of un-
bound states) with a single temperature at 15' and
E~3c l5 MeV/nucleon. This is additional evidence of a

TABLE II. Percent feeding from neutron-unbound states into their corresponding daughter-fragment inclusive yields at various
angles. The uncertainty in the least significant digit(s) is enclosed in the parentheses following the value of the feeding. The last six
columns show predictions for the percent feeding from a sequential feeding calculation described in the text. The initial temperature
used in the calculation is indicated in the column heading.

Parent
state

Li(7.46)
Li(7.46)
Li{7.46)

8Li(2.255)
Li(2.255)
Li(2.255)
Li(4.296)
Li(4.296)
Be(19.23)

'Be(19.23)
' Be(7.5)
' Be(7.5)
' Be(7.5)
' Be(9.5)
' Be(9.5)
y 10B

r"Be
"Be(3.89)
"Be(3.89)
"Be(3.89)
"Be(3.96)
"Be(3.96)

r"Be
r"Be

' Be(3.388}
Be(3.388}

e(3.388)
' B(3.76)
' B(3.76)

X' B
X&2B

"C(6.86)
"C(6.86)
"c(7.s)
"c(7.5)
' c(9.5)
"C(9.s)
"c(9.5)
y13c
y13c

' C(8.32)
' C(8.32)

0
(deg)

15
31
64
15
31
64
15
31
15
31
15
31
64
15
31
15
31
15
31
64
15
31
15
31
15
31
64
15
31
15
31
15
31
15
31
15
31
64
15
31
15
31

exp
% feeding

5.0(3)
5.0{3)
8.7(7)
6.6(3 )

9.3(5)
7.6( 5 )

4.3( 10)
3.8(10)
4.0(2)
3.1(3)
6.6{6)
6.5(6)
4.9(6)
6.0( 12)
4.2( 12)

12.0(2)
10.7( 13)
1.20(4)
0.80(4)
1.3(3)
1.10(14)
0.60( 11)
2.69( 14)
1.30( 12)
1.50(3)
1.60(4)
2.7(3)
1.70( 18)
1.3(2)
3.20( 18)
2.9(2)
2.7(8)
1.4( 13)

16.0(2)
12.0(3)
1.50(8)
1.9(2)
3.5(12)

21.0(2)
16.0(3)
1.10( 12)
1.6(2)

Model
2

(MeV)

2. 1

2.2
2.2
1.2
1.2
1.2
0.5
0.5
1.5
1.5
2.3
2.4
2.4
1.0
1.1
3.0
3.4
0.13
0.13
0.1

0.25
0.26
0.38
0.39
1.15
1.17
1.2
0.68
0.7
1.83
1.9
1.9
1.9
4.0
4.0
0.81
0.8
0.8
7.0
7.0
1.25
1.3

Model
2.5

{Mev)

5.1

5.1

5.3
2.8
2.8
2.9
1.2
1.2
3.6
3.6
5.7
5.7
5.8
3.0
3.1

9.0
8.8
0.34
0.34
0.4
0.66
0.66
1.00
1.00
2.03
2.03
2.1

1.27
1.3
3.30
3.3
3.7
3.7
8.0
8.0
1.95
2.0
2. 1

14.0
14.0
2.10
2.1

Model
3

(MeV)

8.7
8.7
9.0
4.7
4.8
5.0
2.1

2.1

6.1

6.2
9.5
9.7
9.9
6.0
6.0

15.0
15.6
0.61
0.62
0.6
1.19
1.20
1.80
1.82
2.55
2.61
2.7
1.67
1.7
4.22
4.3
4.8
5.0

1 1.0
12.0
2.64
2.7
2.9

19.0
20.0
2.51
2.6

Model
3.5

(MeV)

12.3
12.3
13.2
6.8
6.8
7.4
3.1

3.1

9.0
9.0

13.1
13.1
14.0
9.0
8.8

22.0
22.0
0.91
0.91
0.9
1.78
1.78
2.69
2.69
2.82
2.82
3.1

1.94
1.9
4.76
4.8
5.3
5.3

13.0
13.0
2.78
2.8
3.3

21.0
21.0
2.72
2.7

Model
4

(Mev)

15.4
16.0
16.5
8.6
9.0
9.3
4. 1

4.1

1 1.9
11.9
15.7
16.3
16.8
11.0
11.6
27.0
27.9

1.21
1.23
1.3
2.35
2.41
3.56
3.64
2.80
2.92
3.0
2.04
2. 1

4.84
5.0
5.1

5.5
12.0
13.0
2.41
2.7
2.9

20.0
22.0
2.68
2.9

Model
5

(MeV)

20.5
21.6
21.6
11.7
12.3
12.3
5.8
5.8

17.3
17.1
18.7
20.0
20.0
14.0
15.1

33.0
35.1

1.75
1.82
1.8
3.38
3.52
5.13
5.34
2.56
2.76
2.8
2.12
2.3
4.68
5.0
4.6
5.4

1 1.0
13.0

1.78
2.2
2.2

18.0
20.0
2.56
2.9



43 PRODUCTION OF NEUTRON-UNBOUND STATES IN ~ ~ . 2333

"B(s.4) "B + n
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

0.08 —O.OR

0.01 —0.01

C9

b

100

I I I I I I
I I I I I I

I I I I I I I I I I I I I I I I I
I I I I I I IIII 000

= 100

10-1
—fO

10 I I I I I I I I a I

10 RO

I I I I I I I I I I I I I

30 0 5

E/A (MeV)

~ X

I I I I I I I I I

10 15

FIG. 12. Upper plots show the ratio of the population of the 3.388-MeV state in ' B to the bound-state population of "Bas a func-
tion of "Bkinetic energy. The solid lines are a fit to the data. The open symbols in the lower plots show the singles cross section of
"8at 15 and 31' before correcting for feeding, and the solid symbols show the cross sections after the correction. The solid, dashed,
and dotted lines in the lower plots come from a fit described in the text.

thermal origin of DI IMF's. Also, above 15
MeV/nucleon, where QE reactions dominate, the four
groups of populations in ' C cannot be fitted. However,
we could not fit the populations of three groups of states
in ' B (bound states +two unbound states) with a single
temperature for either DI or QE reactions.

The functional dependence of the ratio of a neutron-
unbound state population to a bound-state population on
IMF kinetic energy was investigated for several QE and
DI IMF's. For QE IMF's close to the projectile mass,
the ratio decreases with increasing kinetic energy, going
to zero as the fragment velocity approached the beam ve-
locity. However, for QE IMF's with about half the mass
of the projectile, the ratio only slightly decreased with in-
creasing velocity, and stayed above zero at velocities near
the beam velocity. For DI IMF's, the measured ratios
can be approximated with a constant functional depen-
dence, but there is a need for data below our threshold (6
MeV/nucleon) in order to draw any firm conclusions
about the dependence. A constant functional dependence
is consistent with emission from a thermal source.

The amount of feeding into bound states was measured
for several neutron decay channels. The data are con-
sistent with predictions of the feeding from a sequential
decay model. Comparisons of the measured and predict-
ed feeding from a sequential decay model indicate a
source temperature between 2.5 and 4.0 MeV, which is
consistent with the temperatures deduced from the
analysis of two-level population ratios. The functional
dependence of the amount of feeding on IMF kinetic en-

ergy was also investigated, and this dependence was used
to estimate the correction to the "8 inclusive spectra at
15' and 31'. Correcting for feeding raised the spectral
temperature extracted from a moving-source analysis of
the "8 spectra from 11.2 to 14.0 MeV.

VIII. CONCLUSIONS

The ratios of neutron-unbound state populations to
bound-state populations in DI IMF's are in general
agreement with model calculations that assume a thermal
mechanism for their production. Some of the DI popula-
tion ratios are not fitted with the model calculations,
however, which may suggest that other effects are present
in the DI reaction mechanism that are not accounted for
in the thermal, sequential decay model. The dependence
of the ratio of an unbound-state population to its bound-
state population on kinetic energy is consistent with
emission from a thermal source, but additional data are
needed to come to a definite conclusion. Correcting both
the unbound-state populations and inclusive spectra for
feeding does not resolve the discrepancy between popula-
tion temperatures derived from state populations and
spectral temperatures derived from moving-source analy-
ses of singles spectra.

No clear difference can be seen between the two-level
population ratios of DI and QE IMF's, where the data
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were sorted into relatively broad cuts on IMF kinetic en-
ergy. However, a difference between QE and DI IMF's
can be seen in the dependence of the population ratios on
narrower cuts on IMF kinetic energy. In addition, a
difference in the dependence of the population ratio on
kinetic energy is observed between half-beam mass and
near-beam mass IMF's.
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