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Inclusive and exclusive differential cross sections have been measured for the (p,pHe) reaction on

Be and Ag with 300 MeV protons. Detectors in coplanar geometry were used to measure singles

spectra and coincidence spectra between protons and He isotopes. The particle spectra are surpris-

ingly similar between the inclusive and exclusive measurements as well as between the two widely

different targets. The proton differentia mean multiplicities associated with He emission show

significant structure as a function of He emission angles except for the case of low energy emission

from Ag. An analysis of the data in terms of rapidity and relativistically invariant cross section is in

general agreement with the notion of isotropic emission from a moving source for the He isotopes
from both targets. Only in extreme kinematic regions, where events were selected in which momen-

tum in excess of 300 MeV/c was transferred to the target system, did the contours become non-

spherical. The mass of the emitting source is shown to be small. The results are consistent with the

concept of deexcitation of a small excited source by effective binary breakup leading to fragment

emission.

I. INTRODUCTION

Intermediate energy complex reactions are generally
considered to proceed through a stage in which a form of
equilibrium is reached. The hot pseudoequilibrated zone
of the nucleus is believed to subsequently cool and deex-
cite by expansion and the emission of particles and frag-
ments in a statistical manner. This hot spot is believed to
dictate the particle and excited-state distributions of the
emitted fragments. ' Such a mechanism permits some
simplicity in the formalism used to describe these reac-
tions and a number of recent calculations are based on
this mode1. In fact, comparisons to the big bang, with
its time evolution and freeze out temperatures, etc., are
made and similar formalisms are sometimes used. " An
added incentive to study such systems is that if such a
state were to be formed, the equation of state could be
studied for regions of nuclear matter at high temperature
or densities. "

However, it is still to be conclusively demonstrated
that such a state is routinely formed or what its charac-
teristics are. Whereas the majority of the inclusive mea-
surements are consistent with such a state, they involve
model-dependent or average interpretations. What is
worse, a wide variety of models, based on widely di8ering
assumptions, have yielded similar agreement with the
data. ' There is also some question whether this state is
in equilibrium in all senses or whether it is in equilibrium
in some aspects and not in others. The reaction could
proceed through thermal equilibrium but not chemical or
be in equilibrium in some reactions and not in others.

The problem is that in most intermediate and high energy
complex reactions a true amalgamation of projectile and
target is not reached. It is therefore important to deter-
mine when it is valid to describe the reaction as proceed-
ing through an equilibrated state and when it is not and
this needs to be answered for a wide range of reaction
conditions.

A major e6'ort to characterize an assumed equilibrated
emitting source by the technique of measuring particle
correlations has been undertaken, mainly for heavy-ion
reactions. The size of the emitting source is determined
from the particle interferometry and its temperature from
a measurement of the distribution of fragment excited
states. The results are consistent with a source size
which is a function of the emitted particle sizes and with
a source density of about half normal nuclear matter.
The particle excited-state measurements give a tempera-
ture of about 5 MeV whereas the spectra of the emitted
fragments suggest a much higher value. This discrepancy
is explained by suggesting that the reaction proceeds
through stages where the fragment kinetic-energy distri-
bution is determined at an early stage followed by chemi-
cal equilibrium. Complementary measurements of the
gamma decay of selected fragments has generally given a
somewhat lower temperature. The di8'erence is blamed
on the diSculty of accurately determining the feeding of
the measured states from higher-lying states.

Several heavy-ion studies, observing single-particle in-
clusive emission as well as two-particle correlations, have
also investigated the nature of the emitting source.
Although they all are in the incident energy range of
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20—50 MeV/nucleon and therefore at much lower in-

cident velocities than this study, their total beam energies
are comparable. Covering a wide range of target projec-
tile combinations, the results are generally consistent
with the formation of two or three sources which are sub-
sets of the target projectile combination. A low rapidity
targetlike source with low temperatures in the range of
3.5 —5 MeV is clearly separate from a higher rapidity pro-
jectilelike source with a higher temperature. An inter-
mediate source is also seen with even higher ternpera-
tures. The separate roles of target and projectile, and
therefore sources, is clearly seen in these reactions.

A recent study using protons on the very different Be
and Ag targets has shown that the sizes and temperatures
of the emitting source are the same for both targets and
equivalent to those measured in the heavy-ion reactions.
Furthermore, the source sizes were a strong function of
the measured correlation particles, where small sizes
came from systems with known excited states and large
sizes came from systems without such states. These re-
sults led the authors to question whether these types of
measurements are indicative of the emitting source or
rather a measure of final-state interactions.

The inferred source temperatures from the correlation
studies are in general agreement with the concept of lim-
iting temperatures and the initial measurements of the
value for intermediate energy heavy-ion reactions.
This limiting temperature concept is, in turn, used to ar-
gue that phase changes are occurring with the increased
excitation energy being used to increase the degrees of
freedom of the system and not its temperature. However,
Wada et al. 3' have noted that the Fermi gas model in its
simplest form predicts an average excitation per nucleon
of about 8 MeV for this temperature and that the rnea-
sured limit in temperature may simply be a reAection of
the limit of the binding energy in nuclei.

It has been shown for intermediate energy proton-
induced inclusive reactions that the majority of the frag-
ment emission cross section can be explained by statisti-
cally emitting sources much smaller than the total target
nucleus and that these sources have velocities in the lab
directly proportional to the radial velocity of the emitted
fragment. ' The use of the proton projectile has re-
stricted the source formation to the target system, but
not necessarily to a single source, as opposed to the case
for heavy-ion reactions mentioned above. The proposal
of a continuum of sources is similar to the speculation by
Remington et al. that a small, hot source evolves into a
cooler, large targetlike source as a means to explain their
analysis of neutron fragment coincidences from ' N plus
Ho and Ni reactions. Although these proposed statisti-
cally emitting sources support the concept that the reac-
tion proceeded through a state of thermal equilibrium, it
does not mean that chemical equilibrium was also at-
tained. In fact, Boal has calculated that chemical equilib-
rium is not reached in all cases. ' When more exclusive
measurements are made on simple systems by studying
the (p, 2p) and (p,pd) reactions on Be, the reaction seems
to be dominated by direct interaction components.
There must be a transition in the dominance of the reac-
tion mechanisms between this very simple case and the

more normal complex reaction conditions.
This study is designed to probe the limits of the con-

ventional concept of intermediate energy complex reac-
tions. An extensive set of data was collected where the
emission of light fragments, mainly H and He isotopes,
was measured in coincidence with other particles, mainly
a high energy proton believed to be the incident projectile
in most cases. Both Be and Ag targets were bombarded
with 300 MeV protons in an effort to compare a relatively
simple system, Be, with a complex system, Ag. A rather
complete angular distribution was measured in both sin-
gles and coincident modes. By selecting on the coin-
cident high energy proton, some selection on the emitting
source could be made. A study of the correlated frag-
ment emission is analyzed in terms of the expected energy
and angular dependence for direct versus statistical emis-
sion to determine where one or the other process dom-
inates.

Of the many facets which could be presented, this pa-
per will restrict itself to dealing with the emission of the
He isotopes in singles and in coincidence with high ener-

gy protons.

II. EXPERIMENTAL TECHNIQUES

The experimental work was conducted using a 25 cm
radius scattering chamber located in the 48 beam line of
the TRIUMF accelerator. The electronics and data ac-
quisition computer were located in an equipment trailer
approximately 50 rn away. The main off-line data
analysis was performed at the Simon Fraser University

Computer Center. Some of the experimental techniques
have been described in previous publications ' ' and
will not be discussed in detail here. The new aspects as-
sociated with this experiment will be presented in greater
detail.

A. Beam, target, chamber, and detectors

Incident 300 MeV unpolarized protons were chosen so
that the full energy protons could be stopped in detectors
of reasonable size and response functions and yet provide
sufficient fragment yields for the measurements to be
made. Previous results have indicated that the incident
energy had no significant effect on the general fragrnenta-
tion process except for a general increase in cross section
with beam energy. At this energy the beam characteris-
tics were sufficient for the measurements to be made us-

ing detectors in close geometry. The beam spot was
mainly within a 2 —3 mrn diam area centered to within 2
mm. The beam halo was reduced to the point that
target-in versus target-out singles rates in all detectors ex-
ceeded 10 to 1 and in many cases, reached 100 to 1. The
beam current was adjusted between 5 and 20 nA to keep
the singles rates in all detectors well within their linear
operating ranges.

The two targets used in this experiment were commer-
cially prepared free standing foils of Be and Ag with
mean thicknesses of 2.26 and 2.16 mg/cm, respectively.
They were positioned 45 to the beam to minimize target
thickness corrections which were significant only for the
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FIG. 1. Schematic experimental configuration.

He and heavier isotopes. A standard half-target thick-
ness correction was made for each case. No light mass
target impurity effects were observed for the measured
fragments, such as resulting from oxide layers.

The scattering chamber was specially constructed to
allow for the measurement of low energy H isotopes and
all heavier elements in the beam line vacuum while
measuring the high energy H isotopes with detectors lo-
cated outside the chamber. Thin walled hemispherical
domes of 860 mg/cm Al and with a 25 cm radius were
connected to a center ring forming a near spherical
chamber. The center ring subtended approximately 12'
on either side of the beam and restricted external mea-
surements to within 12' to 168 on either side of the
beam.

A schematic representation of the experimental ar-
rangement is given in Fig. 1. Standard surface barrier Si
detector telescopes (30, 500, and 2000 pm followed by a
veto detector) were mounted on a 15 cm radius at six an-
gles (

—30', —60', +90', —120', —150'). The angular
sign convention that has been adopted in this paper is to
refer to positive angles as being on the same side of the
beam as a coincident proton or fragment trigger and neg-
ative angles being on the opposite side. The first three
detectors in each telescope were nominally 100 mm ac-
tive area and the reject detector was 150 mm . No pas-
sive collimators were used because high energy protons
were actively collimated by these same detectors. In such
a case, the solid angle for each fragment depends on the
detectors involved in its detection and was =4 msr for
these telescopes. Behind each Si detector telescope and
external to the chamber, a high energy proton detector
was positioned to measure the same angular emission as
the Si detectors. These were either 10X10X20 cm NaI
or 15 cm diam by 76 cm plastic scintillators, both preced-
ed by 0.6 cm thick hE scintillators. A large 30 cm diam
by 76 cm plastic scintillator with a 15 cm diam hE detec-
tor was mounted on a movable external arm and used as
the primary high energy proton detector, referred to as
the PC detector. It was moved to cover the angular
range of 12'—64' and subtended between 20 and 58 msr
depending on its radial position. Two additional proton

detectors of the smaller design, = 12 msr, were also used,
one at 120' in the reaction plane, and the other 25' —35'
out of plain at the same 0 angle as the PC detector. The
dead layers in front of the external detectors placed a low
energy cutoff of =40 MeV for protons and correspond-
ingly higher values for the other H isotopes. The Si
detectors were calibrated using standard alpha sources
whereas the proton detectors were calibrated by detecting
the pp scattering from a CH2 target in pairs of detectors.

A secondary emission monitor downstream of the
chamber provided a measure of the beam current. How-
ever, the direct comparison of the inclusive He produc-
tion to known cross sections proved to be a more accu-
rate measure of the absolute beam current. Therefore,
the absolute normalizations were determined by compar-
ing the inclusive He production at 90' with previous re-
sults. '

B. Electronics and data acquisition

Standard NIM and CAMAC units were used to pro-
cess the signals from the detectors. Both timing and
linear signals from each detector were digitized and
recorded. The timing gates were set wide enough so that
events from a least three beam bursts (2.5 ns, 42 ns apart
including the prompt burst) would be collected. The con-
tribution of random coincidences for each pair of detec-
tors was determined from the observed rate for that pair
in the adjacent beam burst. True to random rates were
always in excess of 10 to 1 and were as high as 50 to 1 for
some detectors. The PC detector determined the start
time for all events in which it was involved. When any
two of the other detector systems registered events
without a PC event, the start time was dependent on the
specific detectors involved. Charge integrating analog-
to-digital converters (ADC's) were used for all linear
scintillator signals and peak sensing ADC's were used for
the Si detectors. Logic signals identifying which detec-
tors had fired were recorded in bit registers. In addition,
scalers were used to monitor and record various parame-
ters of the experiment.

The logic of the experiment was set to accept any coin-
cidence, whether it involved the PC detector or not. In
addition, singles events were recorded simultaneously for
all detectors by prescaling their rates to prevent their
dominance in the recorded data. This allowed a direct
comparison between exclusive and inclusive spectra and
was also an effective way to normalize the data. Pulser
events were also collected simultaneously to monitor the
detector responses. Off-line analysis of the pulser events
indicated that no count rate corrections needed to be ap-
plied to the data. Due to the large difference in the elec-
tronic processing time between the fast scintillator detec-
tors and the slow Si detectors, each event was initiated by
a fast initial decision and confirmed by the slow Si logic.
If the slow logic was not satisfied, the event was rejected
and a fast clear pulse applied to the electronics. The fast
clear requests were generally a small fraction and always
less than 50%%uo of the true events, and the procedure did
not significantly add to the dead time of the experiment.
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The computer acquisition system limited the data collec-
tion rate to under 100 events/s with live times of
70—90 %. 1 P2 eV

C. Data reduction
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FIG. 2. Comparison of present inclusive He spectra at 90' in
the lab from a Ag target with fitted previous data.

The off-line analysis of the data started with the selec-
tion of the time bins for each type of event so that gates
could be set to select real events. In addition, the prompt
and random beam bursts were identified and used to
correct the coincident events for those events which oc-
curred in the same beam burst but from different interac-
tions. Identical initial analyses were performed on the
prompt and random events and then subtracted to give
the true coincidence events. Since the true to random
event rates were in excess of 10 to 1, these corrections
were generally small.

The particle identification of the fragments stopped in
the Si telescopes was calculated by the algorithm de-
scribed in Ref. 36. Similarly, the external detectors
behind the Si telescopes used the same algorithm, but the
energy signal from the Si telescope was used as the AE
value. The b,E scintillators in front of the external detec-
tors were primarily used to cut down on background on a
fast time scale by requiring a coincidence between them
and the E detector. An arbitrary function of the Si E sig-
nal, to correct for the energy loss from the dead layer due
to the intervening chamber wall, and the calibrated E
scintillator energy value were used to identify the protons
and determine their total energies. The response function
of the external detectors was calculated by the procedure
described in Ref. 34. To correct the coincidence rate for
the change in the proton spectrum as a result of this
response function, the coincident spectra were modified
by a ratio of the corrected to uncorrected proton values
energy bin by energy bin. This correction was generally
less than 10 lo.

The singles spectra offered both a check on all of the
experimental corrections and a method for absolutely
normalizing the results. A comparison of the He spectra
from Ag, as measured by the +90' Si telescopes, with the
previously reported values, ' is given in Fig. 2. The
slight differences in magnitude between the two data sets
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FIG. 3. Comparison of inclusive He spectra from Be and Ag
targets at various lab angles. The curves are parametrized fits to
the data. Data from Be have been multiplied by 12.

can be explained by a displacement of the beam spot of
2 —3 mm from the mechanical center of the chamber or
an error in the claimed active area of one or more of the
individual Si detectors. In either case, the calculated
solid angles for the two Si telescopes would be in error
and the weighted sum would be different from the —90'
data used for normalization. The slight shift in the peak
energy is within the errors associated with target thick-
ness corrections and energy binning of both these data
and those reported previously. The low point at 35 MeV
is due to the dead layers between the second and third Si
detectors in the Si telescopes. The data end at 83 MeV in
agreement with detector range calculations. Similar com-
parisons were made for the He emission from Be and
likewise were used to normalize the Be results. The sta-
tistical fluctuations of the data points reflect the propaga-
tion in quadrature of all statistical errors.

To facilitate the analysis of the data, it is convenient to
have smooth fits of the individual particle spectra. The
He spectra from Ag are complex in that there is a
Coulomb barrier cutoff at low energies and a change in
slope in the logarithmic decrease as a function of frag-
ment energy at the higher energies. A two-component fit
based on the parametrization described in Ref. 32 was ap-
plied. The He spectra from Be do not have the Coulomb
cutoffs and a simpler standard smoothing procedure was
used. Comparisons with the two-component fitting pro-
cedure gave similar results. Figures 3 and 4 illustrate
these fits.

A series of energy cuts on the high energy protons
detected in PC in coincidence with the He fragments
were made to illustrate the variation in He emission as a
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FIG. 4. Same as Fig. 3 except for 'He emission.
FIG. 5. Comparison of inclusive He spectra and He spectra

in coincidence with 55 and 155 MeV protons emitted at 30'
from a Ag target at various lab angles.

function of coincident proton energy. These cuts also
permitted an estimation of the energy and momentum
remaining in the system leading to the fragment emission.
They were for 10 MeV bins centered on 55, 105, 155, 205,
and 245 MeV protons. The binwidth was a cornprornise
between minimum momentum widths and reasonable
statistics. In the remainder of the paper coincident pro-
tons will be referred to by these energies and it is to be
understood that in reality there is a 10 MeV binwidth in-
volved.

III. ANALYSIS AND DISCUSSION

A. Particle spectra

The similarity of the inclusive He production from as
diverse targets as Be and Ag has been noted previously
and is substantiated in this study. Figures 3 and 4 illus-
trate the comparison where the He emission from Be and
Ag is directly compared with the Be data multiplied by
the ratio of the Ag to Be masses, a factor of 12. The data
have been binned in 2 and 5 MeV bins to decrease the sta-
tistical fluctuations and to make the figures more intelligi-
ble. The solid curves are fits to the data and were done
on the initial 1 MeV binned data. The functional form
and the parameters used for the fitting are discussed in
detail in Refs. 32 and 33. The slope parameters obtained
from the current fits are comparable to the previously re-
ported values of 13.1 and 18.1 for He emission and 8.5
and 14.6 for He emission from Be and Ag, respective-
ly. Slight variations from these values for the
numerous fits to the data, such as shown in Fig. 5, are not
the subject of this study.

The spectra from Ag clearly show the effect of a

Coulomb barrier from an emitting system with mass
comparable to the target by their falloff at low energies.
This low energy falloff is missing in the Be spectra, as ex-
pected. In making overall yield comparisons between
these two targets, it should be noted that there is an in-
creased forward peaking in the Be case reflecting a prob-
able difference in the center-of-mass motion in the two
target systems. Comparing the 90' emission values
should minimize this difference on the spectra. At that
angle, the He cross sections from the two targets are vir-
tually identical above the Ag Coulomb barrier region and
the He cross sections approach a common value at high
fragment energies. The He spectral shapes are much
flatter from the Ag target than from the Be target
reflecting the decreased relative importance of conven-
tional evaporative processes on the low energy emission
of He from that target. In general, however, the similar-
ities suggest that, on average, the processes leading to the
emission of fragments, such as He, are comparable in
both targets and that their probabilities are primarily re-
lated to target mass.

The He spectral shapes in coincidence with energetic
protons are similar to the inclusive spectra. Figure 5
displays the fitted inclusive He spectra and He spectra
in coincidence with 55 and 155 MeV protons emitted at
30 from Ag. Magnitudes have been adjusted between the
sets of spectra to give agreement at —90' and at E =15
MeV. A similar agreement is obtained when compar-
isons involving He from Ag and He and He emission
from Be targets are made. There does not seem to be a
direct coupling between the He fragment emission and
the coincident proton emission except for magnitude.
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This is consistent with the notion of the formation of
some intermediate emission source in a sequential two-
step model.

On the other hand, the inclusive high energy proton
spectra are noticeably different for the two targets,
reflecting the greater influence of unaffected quasifree
scattering in the light Be target. The differences are
dramatic when viewed in coincidence with He emission
in the energy range of 10—20 MeV. Figure 6 displays
smoothed proton spectra measured at 17' where both in-
clusive and exclusive spectra are shown. In the Ag case,
the inclusive and exclusive spectra are similar in shape
and the magnitudes of the coincident spectra are compa-
rable. This is not the case for the Be target where both
the shape of the inclusive and exclusive spectra are
different as are the individual exclusive spectra. The
enhancement of the high energy protons in the coin-
cidence cross section for the Be versus Ag target em-
phasizes the role the target mass plays in the emission
process. In the Be case, the cross section is maximized
when a minimum of energy is transferred to the target
system and final-state interactions are minimal, whereas
the opposite is the case for a heavy target such as Ag
where final-state interactions seem to have a strong effect
on the emitted proton and wash out any structure.

These differences become clearer when contour plots of
the coincident data are viewed. Figures 7 and 8 display
the He emission from Be and Ag in coincidence with
protons detected at 54'. The coincidence cross sections
were arbitrarily fitted with seven contour levels at each
angle. Thus, the levels from one angle cannot be directly
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FIG. 7. Contour plots of He emission at various lab angles
in coincidence with protons emitted at 54' from a Be target.

related to those of an other without a knowledge of the
magnitude of the cross sections at each angle. However,
it does permit observation of the relative structures at
each angle with maximum resolution. Quasifree scatter-
ing of He is visible in the Be data where a peak in the
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distribution occurs for He emission at —60' and =50
MeV. There is another smaller peak for 10 MeV He and
210 MeV protons in the same frame due to the target
residue left behind in the quasifree interaction. The
enhancement of the high energy protons in coincidence
with He emission from Be is a result of the increased
probability of knocking out or forming He in such direct
interactions. In fact, the peak in the coincident proton
spectra from Be at 140 MeV for —60' and —90' He
emission, seen in Fig. 6, is at approximately the predicted
NN quasifree scattering values if one of the nucleons were
to lead to He emission. This can be seen in the details of
the contour plots not visible in these figures. These
features are not observed in the Ag case and indicate that
the effects of quasifree scattering are washed out by final-
state interactions in such a complex target. However, ex-
cept for these specific cases of direct interaction com-
ponents in the emission of fragments from Be, the majori-
ty of the cross section is very similar between the two tar-
get systems leading to the similar results mentioned
above.
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FIG. 10. Same as Fig. 9 except for a Ag target.

B. Proton difFerential mean multiplicities
associated with He emission
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FIG. 9. Plots of the proton differential mean multiplicities in-

tegrated over the ranges indicated for He emission from a Be
target as a function of He emission angle and coincident proton
energy. Protons were emitted at 30. The smooth curves are fits

to a Gaussian plus a constant. The symbols indicate the
different coincident proton energy cuts.

In order to show how these cross sections vary as a
function of emission angle and coincident proton energy,
the ratio of the coincident cross section to the corre-
sponding inclusive cross section has been calculated.
This double-differential mean multiplicity is defined by

d 2 ( m ) d cr (E,B,q;Ef, Bf,rpf ) ldE d Q dEf d Qf
dEfdQf d o(E,B,q )IdE dQ

where the coincident fragment is q. Figures 9 and 10

display typical examples of the results of integrating
d (m ) /dEfdQf over limited ranges in part of its vari-

ables. The symbol (M ) is used to indicate such partial
integrations. The figures are for He associated proton
emission at 30' with respect to the beam, for a selection
of fragment and proton energies as a function of the frag-
ment emission angle. The curves are drawn to guide the

eye and were generated by fitting the angular distribution
with a Gaussian superimposed on a constant isotropic
background. While these differential mean multiplicities
are nearly isotropic for low energy He and He from Ag,
all other cases show a maximum in the vicinity of —80
to —120'. Only when the highest energy coincident pro-
tons are involved is there any deviation from isotropy for
the low energy He emission from Ag. There is also a ten-
dency for there to be more structure when either the He
or the proton has higher energy. If the low energy He
emission from Ag is dominated by evaporation from a
pseudocompound system, as has been argued, ' its
relatively Sat difFerential mean multiplicity could be un-
derstood. Similarly, such arguments would suggest that
for all the other cases, a more direct mechanism may be
dominating. But this argument may be too simplistic
since the evaporative component of He is believed to be
small even from Ag (Ref. 32) and yet the low energy He

fragments show the same behavior as He.
The agreement between the location of the maximum

in the diff'erential mean multiplicities and the QTBS
(quasi-two-body scaling) angle was used as an argument
for direct scattering being a dominant mechanism for the
interaction in an analysis of the (p, 2p) and (p,pd) reac-
tions on Be with 300 MeV protons. ' Figure 11 com-
pares the predicted QTBS angles for 30 proton emission

with the angles of the Gaussian maxima obtained from
Figs. 9 and 10, and similar figures for other coincident
proton angles, for high energy He emission as a function
of coincident proton energy and angle. The other coin-
cident proton angles will generate similar QTBS curves
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sion from Ag are not included.
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FIG. 12. Plots of energy integrated differential mean multi-
plicities from Be and Ag as a function of He emission angle and
coincident proton angle. Data from low energy He emission
from Ag are not included. Symbols are the same as Fig. 11 with
the addition of solid triangles for 120'.

displaced by no more than 20'. The dashed line is drawn
to guide the eye in determining the trend of the measured
Gaussian peaks with coincident proton energy. Although
there is significant scatter in the values as a function of
coincident proton angle, the maximum in the angular dis-
tributions is significantly shifted to larger negative angles
in a trend opposite to that expected for QTBS dominated

emission. This suggests that except for the high energy
cases, QTBS emission is not dominant in this data. This
is not surprising since the mornenta involved are not in
the region which strongly drives the QTBS mechanism.

In additional to the shift in the locations of maximum
differential mean multiplicities as a function of coincident
proton energy, there is a general shift as a function of
proton angle. This shift is seen in Fig. 12 where the pro-
ton differential mean multiplicities for He emission from
Be, integrated over all measured He energies, and high
energy He emission from Ag are plotted for various coin-
cident proton angles, integrated over all measured proton
energies. These curves have been fitted with a Gaussian
plus constant form. The He angles corresponding to the
maximum values in these fits were averaged for each pro-
ton angle and these averages are displayed in Fig. 13.
Since the low energy He isotopes from Ag were essential-
ly constant as a function of coincident proton energies
and angles, they were not included in determining these
mean angles. The solid line is a linear fit to the points.
These data show that the most probable angle between
the He fragment and a coincident energetic proton is
nearly constant over a range of proton angles from 17' to
120, with a value of about 120', and is consistent with a
two-body breakup mechanism. The angular dependence
suggests an average opening angle of 120'—130 . The gra-
dual shift of the maximum seen in Fig. 11 from near the
QTBS angle to larger negative angle emission, as a func-
tion of decreasing observed proton energy, may reflect
the changing dominance of two different processes in this
data.

C. Moving source analysis

A rapidity analysis of the data is most instructive. Sets
of points in the (F,pj /mc) plane at which the invariant
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FIG. 14. Perpendicular versus parallel velocity plots of in-
variant cross-section contours for He emission from a Be target
for various inclusive and exclusive cases. Circular plots are log-
arithmic contour levels fitted to the data. Small dots in the
center are the centers of the circular fits. The small plus sym-
bols are the nominal compound nucleus velocities. No fits could
be made for the 205 MeV proton at 54 case and the ovals are
drawn to connect the points of constant cross section.

cross sections ( 1 /p)(d 0 /dE d 0) are identical can be ex-
tracted from the smooth fits of the He data. The
fragment's rapidity, y = tanh 'p~~, and its transverse
momentum, p~/mc, are essentially its parallel and per-
pendicular velocities

p~~
and p~, respectively, since the ve-

locities are low (p~ 0.2). These sets of points can be used
in a rapidity analysis similar to that described in Ref. 32.
Examples of the invariant cross section contours of the
He emission from Be and Ag targets in this plane are

given in Figs. 14 and 15. The circular contours are least-
squares fits to the data points with their centers displayed
as a series of dots. The contours are logarithmic with
three levels to a decade. No fits could be made for the
case of He emission from Be in coincidence with 205
MeV protons at 54'. The small + symbol represents the
velocity that a compound nucleus would have if momen-
tum were conserved between the incident proton, the tar-
get, and the observed exit proton. Plots of He emission
show the same general trends but since the He spectra
are flatter than those for He, there are fewer contours
and therefore the He results have not been displayed.

The similarity between the plots for inclusive He emis-
sion from Be and Ag and the good agreement with the
circular fits is remarkable and further illustrates the simi-
larity for fragment emission from these two diverse target
nuclei when viewed in total. The centroids show the ap-
proximate linear relationship between source velocity and
fragment velocity noted before. Similar good agree-
ment with circular fits is observed if He emission is select-
ed on low energy coincident proton emission. However,
as the energy of the coincident proton is raised, the fits
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FIG. 15. Same as Fig. 14 except for a Ag target.

start to deteriorate, as illustrated in the case for a coin-
cident 155 MeV proton at a 30' trigger. The deviation is
seen by an enhancement in He emission at = —60' and a
decrease at adjacent angles suggesting a change from cir-
cular to elliptical shapes as a function of He energy. By
selecting a specific coincident proton, an average source
has been selected which reflects the momentum con-
straints of the measurement and the centroids are
displayed in accord with the conservation of transverse
momentum. The results for coincident 245 MeV protons
at 17' is a special case. Although the deterioration of the
fits is evident for both targets, the centers of the contours
for the Be target data coincide with the predicted dis-
placement for a resultant "compound nucleus. " This is
not so for the Ag target. This Be data represents the only
clear case of agreement with the notion of a total target
nucleus forming an emitting source. Finally, the effect of
the quasifree scattering from He seen in the coincident
contour plots mentioned above (Fig. 7) is effecting the in-
variant cross-section distributions seen in the case for 205
MeV protons detected at 54'. The ovals simply connect
the points of constant invariant cross section for the Be
case. For the Ag case, there seems to be an enhanced de-
viation from circular symmetry and may suggest some
quasifree scattering not noticeable in the more crude
coincident contour plots.

The agreement of circular fits with constant invariant
cross section has been a strong argument in favor of
describing fragment production as isotropic emission
from an equilibrated source. These results both support
such interpretations and draw attention to the danger of
interpreting highly average values in such a detailed
manner. The inclusive results are examples of very good
agreement with the notion of isotropic emission from a
moving source but they are themselves an average of oth-
er contours which are sometimes circular and sometimes
not as seen in the coincident displays. Furthermore,
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selecting on specific proton energies does select certain
average sources but does not uniquely identify a source.
Setting aside these concerns for the moment, the fact that
the source velocities, as measured by the centroids, are
not those expected for pseudocompound nuclei, shows
that such sources must be a small subset of the target nu-
cleus. In the Be case where the source velocities are
smaller than that for the predicted compound nucleus,
much of the momentum and corresponding energy must
have been carried of by another particle or particles. For
the Ag case where the source velocities are greater than
the compound nucleus value, only a smaller part of the
nucleus could have been involved.

It is also important to note that the deviations from
isotropic emission occur for the cases when the coin-
cident proton energy is the greatest or when there is a
large transverse momentum component. The energy
dependence is the opposite of that expected if the as-
sumption is made that the remainder of the unmeasured
energy and momentum is transferred to the emitting
source. Under such an assumption, the most likely iso-
tropic emitting sources would be those with lowest source
excitation energy corresponding to the highest coincident

proton energies. Only if a major share of the energy and
momentum is removed by particles not involved with the
source could the observed dependence be explained. A
clearer measure of the isotropic emission dependence on
the energy or momentum transfer seems to be given by
the transverse momentum component as calculated from
the observed coincident proton. In general, deviations
from circular symmetry occur when the transverse
momentum exceeds 300 MeV/c, or in other words, when
the transferred momentum exceeds the normal Fermi
momentum within the nucleus.

Closer scrutiny of the source and radial velocities re-
veal interesting trends, as measured by the centroids of
the circular contours fitted to the data and the corre-
sponding contour radii. Figures 16 and 17 display the
source velocity dependence on the fragment radial veloci-
ty and the source parallel and perpendicular velocities as
a function of coincident proton energy and angle for a
few typical cases. In general, the source velocity depen-
dence on the radial velocity (Fig. 16) has approximately
the same slope for all coincident proton energies but the
data are shifted to higher P, values as the energy of the
coincident proton increases. This shift with proton ener-
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FIG. 16. Plots of source velocity P, vs He radial velocity P,
as a function of coincident proton energy for a few typical cases
as well as inclusive He emission. The arrow draws attentions to
the special case where a "compound nucleus" was formed as de-
scribed in the text.
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FIG. 17. Plots of perpendicular versus parallel source veloci-
ties for He emission as a function of coincident proton energy
for the same cases presented in Fig. 16. Lines are fits to the data
as explained in the text.
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FIG. 18. The source velocity P, dependence as a function of
the He radial velocity P„for inclusive He emission from Be and
Ag targets.

gy may be related to an increase in the fraction of the im-

parted momentum to the rest of the system remaining in

the source as that momentum decreases. The source
parallel and perpendicular velocities (Fig. 17) also exhibit

a linear relationship. However, these slopes increase with

increasing coincident proton energy, and therefore
transferred perpendicular momentum, in a understand-
able way. These slopes are just tand„where 8, is the
source emission angle. The lines in Fig. 17 are the result
of a linear fit to the data with the origin forced to be zero
except for the inclusive data. The deviation from the
drawn P,~=O line for the inclusive data points indicates
the uncertainty of this analysis.

The case for He emission from Be in coincidence with
245 MeV protons at 17' in Figs. 16 and 17 is an anomaly
which results from the formation of a resultant "com-
pound nucleus" source with the remaining energy and
momentum in the system. This source has a definite
momentum and velocity, as seen in Fig. 16. The arrows
in the figures draw attention to this special case where
the source velocity is P=0.030. A detailed look at the
case for 205 MeV protons in the same figure suggests that
the source velocity there reaches a maximum at about
P=0.033 and then remains constant, but that may simply
be experimental fluctuations.

The average dependence of the source velocity on the
fragment radial velocity for both He isotopes from both
targets is shown in Fig. 18. It is striking that the main
feature is the agreement in slope for all cases over most of
the range that has been measured. The slope values of
0.47 and 0.51 for the Be and Ag cases, respectively, are
probably within experimental error. The line through the
Be results was a fit to both the He and He data. The
He data from Ag were fitted with two lines, one exclud-

ing the bottom two points and the other using the bottom
three points and the origin giving a slope —

„

that of the
rest of the data. The clear break in the slope is in the

15—18 MeV He energy range emphasizing a dramatic
change in the emitting source, probably from a pseu-
docompound nucleus to a small subset of the target.
Furthermore, it should be noted that the low energy He
values from Ag are on the corresponding He curve but
shift to the Be curve at higher energies. This agrees with
the previously mentioned similarities between the low en-
ergy He isotope multiplicity dependencies. These Ag He
values were not used in determining the fits. Here the
shift in P, for a given P„between Be and Ag is more like-
ly a result of different average source masses than the im-
parted momentum mentioned above. Although it is not
possible to be precise, with some reasonable assumptions
such as forming similar excitation energy distributions as
a function of momentum transfer for the two systems, the
difference between the two curves of less than a factor of
2 in P, implies a difference in average source mass of less
than a factor of 2.

The dependence of the source emission angle, as seen
in Fig. 17, is summarized in Fig. 19, where the He source
angle from the circular contour fits is plotted against the
corresponding coincident proton energy for proton emis-
sion angles from 17' to 54'. The nucleon-nucleon quasi-
free angles are shown as curves for comparison. The
correlation with the quasifree angle for the He source
angle from Be is remarkable and the agreement is within
experimental scatter for the He sources. The He source
angles from Ag have the same general shape as the quasi-
free dependence but are displaced to smaller angles by
about 10'. One is drawn to the conclusion that an initial
nucleon-nucleon collision must play a dominant role in
defining the emitting source s angle, 8„in contrast with
the lack of correlation between the He fragment emitted
by the source and the proton as mentioned earlier. Sub-
sequent final-state interactions probably wash out the an-
gular dependence for the emerging proton, since there is
no strong quasifree angular dependence on its emission,
especially in the Ag target case.

Both this general agreement with isotropic emission
from a moving source and the lack of correlation of frag-
ment emission with the QTBS angle is an argument
against a direct coalescence mechanism ' for the pro-
duction of fragments. A coalescence model assumes the
generation of a fragment from nucleons of comparable
momentum resulting from a series of nucleon-nucleon
collisions. The fragment emission angle would then be
correlated with the initial nucleon scattering angle. The
observation of isotropic emission is not consistent with
such a model. However, the strong source angle depen-
dence with the scattering angle of the unobserved nu-
cleon initiator of the source suggests that the source
could be explained by its formation through such a mech-
anism.

The lack of any significant analyzing power in the
emission of the He isotopes from a Ag target bombarded
by intermediate energy polarized protons ' was seen as a
constraint on the direct interaction models of fragment
production. The dominance of emission from some inter-
mediate source suggested by these results is consistent
with that earlier study. Unfortunately, that earlier study
was a measurement of the inclusive He emission where
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specific kinematic regions were not selected. It would be
interesting to now select those regions where the rapidity
analysis has suggested that deviations from isotropic
emission from an emitting source occur to see if there is a
direct scattering component present or if an intermediate
source is involved even there.
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D. Kinematic constraints

Although deviations from circular symmetry exist in
the invariant cross-section analysis and are an indication
that more direct processes may be important in the emis-
sion of fragments, the surprising general feature is the de-
gree of agreement with such symmetry for the majority of
the kinematic range covered by these measurements, even
for the simple Be system. These average results may be
understood in terms of the energy and momentum bal-
ances. For fragment emission to occur, a considerable
amount of momentum must be conserved in the opposite
direction. Although multiple scattering and final-state
interactions can contrive to satisfy that requirement in
most cases, the simplest means is for an excited source to
deexcite by an effective binary breakup. This is support-
ed by the observations of the structure in the mean multi-
plicities mentioned above and that the inferred source
masses from the above rapidity analysis are generally
small. This small size for emitting sources has been noted
previously ' ' and agrees with the predictions of fac-
torizability for a sequential process.

Additional experimental information concerning such
a mechanism can be obtained by investigating fragment-
fragment coincidences. The probability of observing a
6-12 MeV H or 8—82 MeV He particle in coincidence
with a He fragment at 90' is displayed in Fig. 20 for both
Be and Ag targets. The lines are drawn to connect the
points and are not a fit to the data. Although there are
differences between the two targets, the main feature is
the dominance of emission in opposite hemispheres. The
observed structures in these figures are intriguing and
suggest that specific reactions involving particle unstable
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FIG. 19. Plots of the He source angles versus the coincident
proton energies for various proton emission angles from Be and
Ag targets. The solid lines are the nucleon-nucleon quasifree
scattering angles.

FIG. 20. Display of the relative emission probability for
6—12 MeV H and 8—82 MeV He fragments in coincidence with
He emission at 90 from Be and Ag targets as a function of lab-

oratory angle.
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states of relatively light systems may play an important
role, but it is beyond the scope of this paper to analyze
that information in detail. Rather, simply the impor-
tance of directly balancing the momentum in the deexci-
tation of a source is demonstrated by these data, realizing
that only two of the emitted particles have been observed.
The lack of isotropic emission argues against a conven-
tional evaporative mechanism from a relatively large em-

itting source, even for the Ag case.
If a mechanism is assumed where a binary split is the

primary mode of deexcitation of a source formed by some
initial interaction, simple kinematic calculations can be
made using the measured proton and fragment energies
and angles, and the source velocities inferred from the ra-
pidity analysis. Although such calculations cannot be
used to prove the validity of a model, they are useful in
placing limits on the mechanism for reasonable initial as-
sumptions. Figure 21 is a schematic representation of
such a mechanism. Particles X and N' have not been ob-
served in these measurements.

The range of possible source masses for He emission
from a Be target is 5-8, assuming at least one target nu-
cleon in addition to the scattered nucleon is involved in
removing the excess momentum and energy mentioned
above. Conservation of momentum can be used to pre-
dict the remaining momentum carried off by the residual
unmeasured system. There results a strong angular
correlation of the unmeasured momentum components in
the interaction to the nucleon-nucleon quasifree angle of
an undetected nucleon partner to the detected proton.
Similar results are obtained when a Ag target is used and
interestingly, similar small source masses are required to
balance momentum.

Changing the coincident proton angle, and therefore
moving it out of the quasifree range, does not dramatical-
ly change the emission angles for the sources as deter-
mined from the rapidity analysis of the data, but does
change the other unobserved components of the interac-
tion to conserve momentum. Conversely, changing the
proton energy does change the source angle determined
in the data analysis such that it agrees with the shift in

FIG. 21. Schematic proton-induced fragmentation reaction.
X Represents a nucleon, X an unknown partner to the emitted
He fragment, and S the fragment emitting source.

the predicted quasifree angle of the undetected nucleon.
Such behavior suggests that the observed proton may
have been significantly affected by final-state interactions
after the initial interaction which formed the source. The
source, on the other hand, seems impervious to such
effects and reflects a strong initial nucleon-nucleon quasi-
free angle dependence.

An attempt was made to check whether this model for
fragment emission could be substantiated by a microscop-
ic calculation of the initial proton interaction with the
target nuclei. The Quasiparticle Dynamics code
developed by Boal et al. ' was used. Although it has
had considerable success in reproducing the results of
many heavy-ion studies, we found that it was unable to
predict the production of composite particles from Ag by
large factors even though it did represent proton emission
remarkably well. The addition of an evaporative calcula-
tion would indeed lead to some fragment emission from
the excited targetlike residues, but these would be at
lower fragment energies. The code's inability to repro-
duce the high energy fragment production, where the
contribution from conventional evaporation will be
minimal, suggested that preemission cluster formation
may be important in proton and light-ion reactions, a
feature which the code did not include.

IV. SUMMARY AND CONCLUSIONS

The similarity of inclusive light fragment production,
as monitored by He emission, between two diverse targets
such as Be and Ag has been illustrated. Their He emis-
sion singles spectra are of the same general shape and
differ mainly in magnitude by the ratio of the target
masses and in angular dependence due to kinematic
effects resulting from the different target masses. The
He spectra are somewhat different with the emission

from Be having the same slope and magnitude as He
spectra whereas the He spectra from Ag are flatter than
those for He at the lower fragment energies. A rapidity
analysis of these inclusive spectra generates good agree-
ment with circular contours of constant invariant cross
section and gives a direct relationship between the He ra-
dial velocity and a source's velocity. When an exclusive
channel is selected, by observing a coincident proton, the
same general similarity is still present. Further analysis
of the inclusive data using the average source characteris-
tics, inferred from the circular contours, imply a small
emitting source for most cases for both targets. In addi-
tion, the angular structure in the differential mean multi-
plicities is similar for both targets although features for
the Ag target are understandably not as sharp as those
for the Be target. Only when the coincident proton ener-

gy spectra are studied is there a significant difference in
the qualitative features of the two systems. The larger
mass of the Ag target seems to have a significant effect on
the Anal-state interactions involved in the proton s emis-
sion. However, this effect does not seem to be as impor-
tant in the emission of fragments and again suggests that
the processes involved in fragment emission are similar in
the two extreme cases.

Although not investigated under the exact same condi-
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tions, the general dependence on the QTBS angle ob-
served for the (p, 2p) and (p,pd) (Refs. 32 and 34) reac-
tions on Be is not seen in the more complex (p,pHe) reac-
tions, even for Be targets. Only the highest coincident
proton energies show such a correlation for He emission.
As the proton energy decreases to low values, the most
probable laboratory angle for He emission approaches—130'. Recognizing that the lower energy protons may
not be directly related to the initial interaction, or at least
strongly influenced by final-state interactions, this change
is reasonable and does not necessarily negate a model
where primarily direct interactions dominate in the initial
step of fragment emission.

The rapidity analysis of both the inclusive and ex-
clusive measurements has shown how strongly averaged
the data become in such an analysis. Care must be exer-
cised in using these results in describing specific reaction
channels even if they are model independent. Neverthe-
less, the dominant feature of this data is how well such an
analysis does agree with concepts of statistical emission
from a moving source, that is, isotropic emission in the
source's frame. The main difference between the two tar-
gets is the larger source velocity for a given fragment ve-
locity in the Be interactions. However, in the extremes
the emission is not isotropic. Although the effects are not
as pronounced for Ag as for Be, significant deviations ap-
pear when the target system is required to absorb
momentum in excess of 300 MeV/c.

Noting these features of fragment emission and that a
considerable amount of momentum must be conserved
for a fragment to be emitted, a reasonable model of the
process can be made by assuming that fragment emission
is primarily the result of an effective binary breakup of an
excited source slightly larger than the fragment. The fact
that the emission probability for coincident particles is
dominantly in the opposite hemisphere is supportive of
such an assumption. The source is produced in some ini-
tial step which may be dominated by its quasifree interac-
tion with some nucleon or nucleons which remove the ex-
cess momentum and energy. The emission angles in-
ferred from the data for the sources are nearly equal to
those of the recoiling partner in nucleon-nucleon quasi-
free scattering of the observed energy. The emission an-

gle of the coincident proton, on the other hand, is not so
constrained suggesting the importance of final-state in-
teractions in its emission. The formation of this continu-
um of sources with varying excitations is consistent with
the speculation of Remington et al. of a small, hot
source evolving into a larger, cooler source as a means to
explain their heavy-ion results.

In general, the present results suggest that for proton-
induced reactions, light fragment production may be
dominated by relatively simple processes producing a dis-
tribution of small, excited sources which deexcite pri-
marily by a binary breakup before forming relatively
large equilibrated systems. However, some of the less ex-
cited sources may evolve into a large equilibrated system
and then deexcite by the conventional evaporation pro-
cess. Such a model can explain the relative insensitivity
of fragment production to target mass and the continuum
of fragment energies in a natural way and is a consider-
ably different picture of fragment emission than normally
presented. The inability of observing any significant
direct component to fragment emission, such as QTBS
dependent emission or analyzing powers, argues for such
an intermediate step. Such a description would place
constraints on the interpretations of coincidence particle
emission presently used to study thermal properties of
nuclei unless the system has been shown to be a relatively
large equilibrated source by alternate means.
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