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Energy spectra and angular distributions have been measured for isotopically separated Li and Be and elementally
separated B to Na fragments produced in reactions of 210, 300, and 480 MeV protons with Ag. These data are
analyzed in terms of evaporative and nonevaporative processes. A two-parameter self-consistent evaporation
calculation, normalized to *He emission, indicates a major fraction of the cross section to be nonevaporative. An
analysis of the data in terms of rapidity and relativistically invariant cross section substantiates this finding. The
evaporative component is weakly forward peaked and is a strongly varying function of which isotope of a given
element is considered; the nonevaporative component is strongly forward peaked but varies more slowly as a
function of fragment mass. Both components show behavior indicative of Coulomb barrier effects appropriate to
emission from nuclides near the target. Energy integrated and total cross sections are calculated.

NUCLEAR REACTIONS Ag(p,x); measured o(E,E,, 6), E=210, 300, 480. MeV,

x =80T8, 91080 B to Na, 6=20, 90, 160°. Deduced o(E, 6) and o(E). Calcu-

lated evaporative and deduced nonevaporative components; invariant cross sec-
tion, rapidity analysis. Spallation, fragmentation.

I. INTRODUCTION

The introduction of solid state detector telescopes
as a means of studying the production of nuclear
fragments (nuclei much lighter than the target) in
energetic reactions of projectiles with medium
and heavy targets has greatly extended the
knowledge of these reactions. The advantages
and limitations of studying fragmentation with
solid state telescopes are discussed at length
in papers describing some of the original measure-
ments of this type.*™® In particular, Ref. 2 in-
cludes extensive comparisons of this method with
other experimental techniques used to study frag-
mentation,

Radiochemical and emulsion studies of specific
fragments from a variety of targets has yielded
a reasonably detailed description of these pro-
cesses as a function of target mass, and solid
state telescope studies have expanded on this des-
cription. Dependences on projectile type have also
been studied and experiments of this nature are
increasing in frequency with the advent of relativ-
istic heavy ion facilities. An extensive review
of earlier work can be found in Chap. 5 of Ref. 4.
More recent work with counter telescopes is
summarized in Ref. 5.

Counter telescope work on heavy fragments
(Z=3) has been primarily limited to beam energies
near and above 1 GeV where the cross sections
for their production are sizable. The main purpose
of the experimental work described here is to
study the production of these heavy fragments as
a function of lower beam energies where the de-
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crease in cross section is compensated for by the
simpler kinematics of the interactions. By remov-
ing complications due to kinematics, it is easier
to study reaction mechanisms for the production

of these fragments. Assuming there is no strong
dependence of reaction mechanism on incident
energy, and we find no indication from the work
described here that there is, such lower energy
data may be the key to understanding fragmenta-
tion.

At lower energies, there is a recent extensive
set of single particle inclusive spectra measure-
ments on H and He fragment production by 90
MeV protons, 80 MeV deuterons, and 140 MeV
“He projectiles incident on a variety of targets®~®
and a less extensive set of such measurements on
production of these light fragments by 600 MeV
protons on various targets.® Telescope data for
heavier fragments over a short range of fragment
energies are available for 660 MeV protonsincident
on several targets for one (90°) scattering angle.®
Telescope data on heavy fragment production in-
duced by 720 MeV alpha particles has recently
been reported with elemental, but not isotopic,
fragment identification.!’ Previous studies of
heavy fragment production for incident energies
less than 660 MeV have been limited to radiochemi-
cal and emulsion techniques. .

Since the general dependence of fragmentation
on target mass is empirically known reasonably
well, we have chosen to use one target and con-
centrate on the less well determined dependences
such as those on beam energy in the region of
rapidly changing cross sections and on fragment
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type, energy, and emission angle. A silver target
was chosen as representative of typical medium
mass nuclides which exhibit statistical behavior
and because it would permit us to compare our
results with the considerable information available
on this target at higher beam energies and also
with radiochemical studies at similar beam ener-
gies. Reference 2 provides quite a complete
review of previous results from work on Ag targets
at beam energies near and above 1 GeV, and
Refs. 3 and 5 update this material with more
recent information. A summary of radiochemical
cross section measurements?+?™2 of selected
light nuclei from protons incident on Ag targets is
given in Fig. 1 along with our results for "Be frag-
ments from Ag.

Previous work on the production of heavy frag-
ments has, made it clear that while the energy
spectra of these fragments have the qualitative
appearance of evaporation spectra, there are dif-
ficulties in obtaining quantiative fits to the data
with evaporation calculations alone. This has led
to proposals of other mechanisms for fragment
production, e.g., Refs. 9 and 24—-41, and to various
modifications of evaporation calculations in an
effort to make them fit the data, e.g., Refs. 1-3,
5, 11, and 42. Our previous work® with He frag-
ments from Ag shows that mechanisms other than
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FIG. 1. Comparison of our measured "Be cross sec-
tions from p+ Ag reactions to radiochemically deter-
mined cross sections. Also shown are radiochemical
determinations for three other selected fragments.
Lines drawn are the authors’ concept of the trends indi-
cated. For the sake of clarity, some close lying radio-
chemical measurements have been averaged and dis-
played as one point and the *Na and 3P points at two
locations are offset slightly to avoid nearly complete
overlap with nearby e points.

evaporation are definitely required to explain frag-
ment production. This article shows this to be
true for heavy fragments as well.

Although one must invoke mechanisms other
than evaporation in order to explain all of the
data, it is clear that there is indeed an dppreciable
component in the data due to an evaporation pro-
cess. It is our feeling that this evaporative com-
ponent has not yet been adequately treated and this
article presents results from a calculation which
combines more of the concepts known to be impor-
tant in evaporation than have been incorporated in
previous calculations of heavy fragment evapora-
tion. The details of this calculation are presented
elsewhere.** It is considerably more elaborate
(but basically more fundamental) than the previous
calculations, and thus its description is tedious
if one’s only interest is that it provide a reasonable
means of identifying (by subtraction) the nonevap-
orative parts of the measured fragment spectra.
Results from the calculation are used in this
article with minimal explanation, and interested
readers are referred to the detailed description.

Experimental details concerning our single par-
ticle inclusive spectra measurements are given in
Sec. II. Results of these measurements and of a
two-component fitting procedure which attempts to
separate the evaporative and nonevaporative com-
ponents are given in Sec, III. Section IV describes
a model-independent analysis of the data which
demonstrates the necessity of invoking reaction
mechanisms other than evaporation in order to ex-
plain the data. This analysis also provides con-
straints applicable to any statistical mechanisms
proposed for explaning the data. Finally, the con-
clusions based on the information here and on more
detailed calculations discussed in Ref. 44 are sum-
marized. The single particle inclusive spectra for
the measured fragments are numerically tabulated
elsewhere.*®

II. EXPERIMENTAL TECHNIQUES

The experimental work was conducted using a
152 cm diameter scattering chamber located in an -
external proton beam line at the TRIUMF accelera-
tor. The electronics and data acquisition systems
were in an equipment trailer approximately 40 m
away. Some experimental details involved in the
measurements presented in this paper have been
discussed elsewhere,®+*%+47 50 portions of this
section are shortened summaries. Specific aspects
of this experiment not discussed elsewhere are
treated in somewhat more detail.

A. Incident beams, targets, and detectors

Incident beam energies of 210, 300, and 480
MeV were chosen because they spanned the energy
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range of interest and were known to have repro-
ducible beam characteristics well suited to the
planned measurements. The incident beams, as
measured on a zinc sulphide scintillation screen,
were contained within a 1 cm diameter and were
centered within 2 mm. Of more consequence,
potential effects fron: the possible existence of

a beam halo were essentially absent. Detectors
have been used without difficulty 5 cm from a 2
1A beam. Target-in versus target-out singles
rates in the larger volume detectors generally
exceeded 10 to 1 and indicated the vast majority of
the background to be target related. Incident beam
currents used generally ranged from 200 nA to

2 A and frequently were limited by limits of
about 10000 Hz imposed on the singles rates in
the detectors. These limits on singles rates
helped ensure good quality data.

The principal target used in this study was a
commercially prepared natural silver target of
measured mean thickness 2.3 mg/cm?. It was
mounted in an aluminum frame across an 8 cm by
6 cm opening, leaving a large area, free standing
target after using an acetone bath to dissolve the
manufacturer’s backing material from the target.
On a macroscopic scale, the uniformity of the
target was good. However, measurement of the
target thickness by the energy loss of alpha par-
ticles from an **Am source revealed, in broadened
energy straggling, a significant nonuniformity on

~a microscopic scale. This was confirmed by ex-
amination of the target with a microscope. The
straggling distribution from the alpha source mea-
surements was inverted to yield a thickness dis-
tribution for the target. Knowledge of this thick-
ness distribution allowed calculated energy spec-
tra to be accurately corrected for target thick-
ness effects before comparison with the data (by
an integration over 35 differential slab thicknesses
for work in the present paper). This was found to
be important in determining parameters in the
evaporation calculations discussed later.

The silver target also contained light mass im-
purities from sources such as oxidation and resi-
dual traces of backing material. These impurities
yielded a background in the measurements of the
energy spectra for light fragments at low frag-
ment energies, especially for neutron deficient
isotopes. A target of VYNS (85% CH,CHC1 and
15% CH,CO,CHCH,) film ~100 pg/cm? thick was
used to obtain an approximation to this background.

The principal detector telescope used to collect
data consisted of five commercial silicon surface
barrier detectors mounted on one of the rotable
arms of the scattering chamber. These trans-
mission detectors were spaced in 1 ¢cm steps in an
aluminum housing along with copper collimators

and vented spacers. The acceptance cone of the
telescope and the 0.16 msr solid angle subtended
were determined by a 1 mm thick Cu collimator
of 5 mm inner diameter at 35 cm from the target
and a second 1 mm thick Cu collimator of 6 mm
inner diameter 1 cm behind the first with the
initial detector between these two collimators.
The four data detectors in the telescope were of
increasing thickness from front to back (12.9,

76, 476, and 1065 um) and these were followed by
a detector that provided a veto signal for particles
not stopping in the data detectors. The first three
detectors had 50 mm? active areas, the 1065 um
detector had a 100 mm? active area, and the reject
detector had a 150 mm? active area.

A monitor telescope was mounted at a fixed angle
of 90° to the beam at a distance of 25 cm from the
target to the initial collimator. The geometry
of the telescope was again defined by two 1 mm
thick copper collimators 1 cm apart with the
initial detector between them. The first colli-
mator was of 8 mm inner diameter and the
second of 10 mm inner diameter. The detec-
tors used, in order, were 33.8 pm (100 mm?),
262 um (100 mm?), and 210 um (150 mm?). The
first two detectors were used to collect fragment
data in a conventional AE, E mode with the 210 um
detector used as a veto counter. The second two
detectors were used in a passing mode to identify
‘He fragments with energies between 40 and 80
MeV. This identification was done in the electron-
ics and provided a signal which was scaled as our
primary beam monitor. A polarimeter*’*® im-
mediately down beam of this chamber allowed
normalization of the monitor telescope to known
proton elastic scattering cross sections, thus
providing absolute overall normalizations of the
measured cross sections to +25%. The internal
relative normalizations obtained using the monitor
telescope should be correct to +5%, as discussed
shortly.

B. Electronics and data acquisition

Signals from the detectors were processed in
standard linear electronics. Delayed linear out-
puts from the amplifiers were presented to linear
gates preceding the data acquisition system. These
gates were opened only when signals from valid
évents, as determined from the logic circuitry,
were present.

The linear systems were calibrated by nor-
malizing signals generated by a precision pulse
generator to signals generated by alpha particles
from either a ***Pb or ***Am source. Once a sys-
tem was normalized, no change in preamplifier,
detector, or cabling from pulser, bias supply,
or detector was made without renormalizing the
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system. Periodic checks and adjustments of

these normalizations were made over the course of
a year of experimental runs. The long term sta-
bility of these normalizations was quite good, the
largest change observed in a five month period
being 0.6% in the 12.9 pm system while the others
all changed less than 0.3%. This normalization
procedure was also used for detectors thinner than
the range of alpha’s from the source because a
small but usable fraction of full energy alpha’s,
presumably from scattering within the detectors,
was observed.

Before each group of experimental runs, an
energy calibration for each detector system was
obtained by using the precision pulse generator
with its appropriate normalizations. The calibra-
tion points were then fitted by a linear least-
squares program and were generally found to be
within one part in 2000 of the calculated curve
from 2-98% of the energy range.

Relatively low load resistances of 10 MQ2 were
used in the bias supply lines to the detectors.

This allowed reasonably accurate adjustment of
the supply voltages to compensate for the IR drops
in the load resistors. Thus full voltage could be
maintained on the detectors as their leakage cur-
rents rose with increasing radiation damage.

An additional linear signal was generated from
the prompt outputs of the amplifiers for the data
detectors of each telescope. These linear signals
were attenuated by varying predetermined amounts
and then added in sum amplifiers. By demanding
that this signal S be above a given level S; a logic
signal } was generated whenever the condition

n

£ =1

i=o Eqo
was met where E; is the energy deposited in detec-
tor 7 and E;, is the energy which when deposited in
detector i alone gives S=S,. For n =2 cases, such
as the monitor telescope, this condition defines a
triangular region at the origin of a plot of AEvs E.
The signal } can then be used to exclude consider-
ation of events in this region before they are pre-
sented to the data acquistion system. The situation
for »>2 is more complex but the same principle
can be used. For our telescopes, the ), signal
plus threshold requirements on AE signals could
be used to completely exclude all *He and lighter
mass fragment events from consideration while
not excluding any Li isotope or heavier mass frag-
ment events. This proved to be of considerable
value in reducing the amount of time required to
collect and analyze data.

Majority 2 logic on logic signals generated
from single-channel analyzer (SCA) outputs for
each detector was used to define possible events.

When any further conditions, e.g., existence of a
sum system signal J,, were met, appropriately
delayed SCA outputs for each detector were re-
quired to be in coincidence with the event signal
before the linear gate associated with the detector
was opened to allow data to pass to the data ac-
quistion system. The resolving time required of
this coincidence was typically set at 40 or 60 ns
for all but the first AE detector of a telescope
where increased time jitter required 100 to 120 ns
times. Among other benefits, this timing require-
ment eliminated the need for separate pile-up re-
jection circuitry (the beam at TRIUMF has a micro-
structure consisting of pulses a few ns wide 44 ns
apart).

An event signal generated in the logic circuitry
was used to trigger the data acquistion system.
This system consisted of a multiparameter analog-
to-digital converter (ADC) system interfaced to a
computer system. The data were processed in
machine language subprograms which were con-
trolled by a high level language main program. In-
put from each detector system involved in a valid
event was digitized to 11-bit accuracy and recor-
ded event by event on magnetic tape. Selected )
displays for monitoring purposes were also genera-
ted from the input data. Time-of-day information
was recorded on the magnetic tape at intervals
determined by a fixed number of events.

A set of CAMAC scalars was also interfaced to
the computer system. These were used to count
the various signals needed for normalization of the
data and for monitoring of equipment performance.
Some of these scalars were run in a multiscaling
mode in which the accumulated counts for a given
time period were stored as a point in a histogram
display in the computer. This allowed post-run
monitoring of various systems including the inci-
dent beam. Scalar values and displays were re-
corded on the same magnetic tape containing the
event data immediately following a given experi-
mental run.

Concurrently with data acquistion, precision
pulser generated events were processed in the
system at a rate of 1 Hz. These were identified
on the output event tape by setting one of the op-
tional flag bits available in the source identification
portion of the computer output word associated
with the various detectors.

The signals from the monitor telescope which
were scaled as the primary beam monitor were
generated by setting SCA levels to select events
in the second detector between 5.09 and 9.54 MeV
in coincidence with events in the third detector
between 4.29 and 9.85 MeV. This selected “He
events between 40 and 80 MeV plus *He events in
a slightly differing range. Fragments of Z#2
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gave no contribution to this signal. The major
source of error in this signal stemmed from the
stability and reproducibility of the SCA levels

and yielded a 4% uncertainty in the relative nor-
malizations between differing runs at a given inci-
dent beam energy. The additional uncertainty
from the statistical error in the number of counts
scaled was always less than 1%. In those cases
where there are runs with identical configurations
separated in time by several months, the differ-
ences in relative normalizations have been within
these errors.

C. Data reduction

The data which had been accumulated on mag-
netic tape were analyzed off-line at the Simon
Fraser University computing center. An initial
program checked and sorted the data of interest
and wrote new tapes containing the data sets on
which the major analyses were performed. In this
initial step, the data were digitally stabilized
relative to the concurrently collected pulser
events (corrections were usually less than 1 part
in 1000). Data which were taken during periods
of questionable operation of any system could also
be eliminated during this initial step by use of the
time-of-day markers on the data tape; in these
cases, normalization information was available
from the multiscale displays.

The main features of the algorithm used to cal-
culate particle type from the AE, E information
have been discussed in Ref. 46 and the particle
identification (PI) spectra shown there are some
of those used in obtaining the data for this article.
This algorithm is based on finding and integrating
the appropriate Bragg curve by using the Bethe-
Bloch equation with a universal effective charge
term. A slightly modified algorithm was used to
analyze some of the latter data; Figs. 2 and 3
show PI spectra generated with the altered version.
The modification resulted from use of a different
approximation to the integral involved leaving the

equation
dE/dx(E0 - ﬁ, Z,M)

to be solved by iteration as previously (¢ is the AE
detector thickness and E, is the energy of the
fragment incident on the AE detector). The two
advantages of the modified version were decreased
computation time and elimination of the low energy
cutoff needed for the thicker AE detectors in the
original algorithm.

Figures 2 and 3 both use the same data set,
which is also the same data set used for the PI
spectra shown in Ref. 46. This allows easy com-
parisons that illustrate several points. For the
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FIG. 2. Fragment particle identification spectrum re-
sulting from use of 12.9 um Si AE detector data in the
algorithm discussed in the text. H and He isotopes were
electronically rejected.

thin 12.9 um AE, both the original and the modified
algorithm yield essentially the same results. In
both the original and the modified algorithm, the
PI resolution is determined predominantly by the
AE width relative to the AE value. Since this
relative width decreases as the detector thickness
increases, the PI resolution is better for the 76
pm AE analysis. The major difference between
the 76 um cases is that no measured data were
excluded using the present version of the algorithm.
Had the low energy parts of the data not been ex-
cluded in the original version, the PI resolution
would have reflected inadequacies in the calcula-
tion rather than the intrinsic resolution available.
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FIG. 3. Fragment particle identification spectrum re-
sulting from use of 76 um Si AE detector data in the
algorithm discussed in the text. H and He isotopes were
electronically rejected.
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Energy spectra for a given fragment type were
determined by setting windows on the calculated
PI spectra using the 12.9 um detector as AE and
also by using the 76 um detector as AE with a
subsequent correction to the energy spectra for
the energy loss in the 12.9 ym detector. Since
the thicker AE gives better PI resolution, data
from analyses with this detector are used where
possible. However, the thicker AE prevents ob-
servation of the lower energy fragments, which
requires data for this region to be taken from
analyses with the 12.9 ym detector. With the
newer version of the algorithm, the lower cutoffs
used for thicker detector analyses were °Li, 22
MeV; "Li, 24 MeV; "Be, 32 MeV; °Be, 36 MeV;
and '° Be, 40 MeV.

The spectra were normalized to give absolute
cross section information by use of the scaled
signal from the monitor telescope. A dead time
correction determined predominantly by the time
required to digitize and process the signals was
calculated by comparing the number of events
presented to the data acquisition system with the
number of events processed. For the present
heavy fragment work (Z > 3), the dead time cor-
rection was always less than 1%. For previous He
measurements,® it was usually 1-2% except for
a few runs with corrections up to 7% and one run
(consistent with others) with a 30% correction.

To correct for background from light mass im-
purities on the target in a self-consistent manner,
spectra from the VYNS target were analyzed by
the same methods used for the Ag target. Informa-
tion for relative normalization of VYNS data was
provided by the monitor counter so that only one
arbitrary overall normalization was used at each
of the three beam energies. This overall nor-
malization was found by comparing Ag and VYNS
target spectra for "Be at 20° and 90° where the
majority of the very low energy "Be events from
the Ag target were due to contaminants. The nor-
malization choice was verified by analogous com-
parisons for the ®Li spectra and, where available
from previous work, 3He spectra. Figure 4 indi-
cates the magnitude of these background subtrac-
tions for the most severe case aside from the "Be
case which determined the background normaliza-
tion used for the figure. As the fragment energy
increases, the correction required rapidly de-
creases. The correction also decreases as the
beam energy increases and is significantly smaller
for all isotopes other than ®He, ®Li, and "Be. For
the data presented in this paper, we have excluded
points falling in energy ranges where the correc-
tion leads to unreasonably large statistical uncer -
tainties. Conclusions drawn in this work do not
depend sensitively on this correction.
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FIG. 4. Energy spectra of SLi fragments from a silver
target with impurities and from a VYNS target both
bombarded with 210 MeV protons. These illustrate
background effects from target contaminants for an ex-
treme case.

In those cases where background subtraction has
not already determined the low energy bound on
the spectra presented, we have chosen these low
energy bounds to be above the region where the
detection efficiency is affected by range straggling
in the AE detector. Similarly, in those few cases
where there are sufficient statistics to extend the
upper energy limits for the spectra to the limits
from the total telescope thickness, we limit the
data presented to regions of total detection ef-
ficiency; care in this regard was more significant
for previous He isotope measurements.*

One peculiarity of multiple AE detector systems
deserves a word of caution. When several detector
signals are being added as the E signal for AE,E
analysis, a distortion is produced in the measured
energy spectra at energies corresponding to events
where the fragment stops near a gap between de-
tectors. The effect of the dead layers on the sur-
faces of the detectors used in this study is not
significant for the fragments observed, but the
minimum energy required to trigger the appro-
priate SCA is typically around 1 MeV and this
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leads to the distortion. No loss of integrated
cross section is entailed, but counts from a small
region of fragment energies are observed at an
energy artifically lowered by about 1 MeV. These
are added to the true events of that energy. For
the most part, the energy binning used in present-
ing the data in this article is such that we have
integrated over this effect. However, in certain
cases such as some of our Li spectra between 20
and 25 MeV, this effect is noticeable and one
should be cognizant of the source.

III. RESULTS AND TWO-COMPONENT FITS
TO THE DATA

Table I summarizes the range of data taken in
this and our previous helium isotope study*® of
single particle inclusive spectra for fragments
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FIG. 5. Energy spectra of ®Li fragments at three lab-
oratory angles from p+ Ag interactions at three proton
energies. The results of a two-component calculation
described in the text are shown for the case of 210 MeV
incident protons; the dashed curves are the evaporative
component of the fit.

from p +Ag reactions. Data were taken at 20, 90,
and 160° for the indicated fragments at each of
the three incident beam energies. The range of
fragment energies over which we have valid data
is given by the entries E,and Epaxfor each com-
bination of incident energy, fragment type, and
fragment angle. These data are tabulated in the
Physics Auxiliary Publication Service of AIP.*
The availability of the entirety of the data in tabu-
lated form precludes the need for a large number
of figures showing the measured energy spectra,
and the data shown in Figs. 4 through 8 should
suffice as a representative sample. As discussed
in the experimental techniques section, we have
chosen Ey, and Emaxsuch that we believe there to
be no significant instrumental effects (aside from
target thickness) on the spectra inside the indica-
ted energy range. We also expect background ef-
fects inside these ranges to be generally minimal,
except for the lighter isotopes at lower energies
where E i, is determined by the statistical accuracy
of the background subtraction. E,.is either a
telescope range limit or, more often, is deter-
mined by insufficient numbers of events due to the
small cross sections being measured.

The entries in Table I for (do/dQ) e are the
experimental (d?0/d2dE) values integrated from
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FIG. 6. Energy spectra of "Li and "Be fragments from
300 MeV proton interactions with Ag measured at three
laboratory angles. The calculated curves are described
in the text.
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FIG. 7. Energy spectra of °Be fragments from 300
MeV proton interactions with Ag measured at three lab-
oratory angles. The solid curves are the total two-com-
ponent calculation discussed in the text, and the dashed
curves are the evaporative component of this calculation.

Emin to E ... The entries for (do/dQ),, are taken
from the integral over the entire possible energy
range of curves fitted to the data as described be-
low. For those cases in which less than one per-
cent of the cross section is believed to fall outside
of the measured range, (do/d9),, is taken as
(d0/dR) jneas With no corrections applied. The per-
cent evaporation entries are also taken from these
fits and indicate the fraction of the (do/dQ) o
entries which we attribute to the evaporation com-
ponent of the fits. The two quantities based on
fitting the data are not tabulated for some cases
because insufficient data are available to define the
fits adequately. As one approaches the Na frag-
ments, it becomes increasingly important to note
that the tabulated values for (do/d2) e are those
for the spectra as modified by target thickness
effects.

A. Two-component fitting pfocedure

The differential energy spectra were assumed
to be due to an evaporation process plus other pro-
cesses whose net effect yields energy spectra
whose shape at any given angle is like that of
_evaporation from a peculiar system with no direct
physical interpretation. A detailed description of
the calculation used for the evaporation component
is lengthy and it will be summarized only briefly
in this article. The detailed description is avail-
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FIG. 8. Energy spectra for B, C, N, and O fragments
at 90° in the laboratory as produced by p+ Ag interactions
at three beam energies.

able elsewhere.*® The remaining component,
henceforth called the nonevaporative component,
since it is clearly not true evaporation, is fitted
by radically altering level densities and other
parameters in our evaporation code with no re-
quirement of uniformity from angle to angle or
fragment to fragment. For the purposes of this
article, we regard it as merely a convenient
method of fitting a smooth curve to our data for
use in interpolation and extrapolation. It is inter-
esting that this procedure seemingly fits the non-
evaporative component quite well. A somewhat
related procedure,* which is considered to be
physically plausible in terms of a hot spot

model, 2%3° has been reported.

In calculating the evaporative contribution to our
spectra, we attempted to find a self-consistent
description of the process which described all of
the fragments being emitted with one small param-
eter set whose only variation was with incident
energy and then only for that parameter which
should be strongly energy dependent. This was
accomplished for the isotopically separated frag-
ments by the calculation described in Ref. 44 with
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the exception of relative normalizations which
were allowed to vary up to 50% to attain the final
fits. The salient features of this calculation
include

(1) an inverse cross section calculation based
on an optical model,

(2) a one-parameter Fermi-gas level density
formula valid even when the evaporation product
has an energy which is not small compared to the
excitation energy,

(3) summation over all particle stable excited
states of emitted fragments using appropriate
statistical weights and separation energies,

(4) integration over all energies and emitting
nuclei of plausible excitation energy distributions
and emitting nuclei distributions, and

(5) average values of source kinematic param-
eters derived from the excitation energies of the
evaporating systems by a fixed and plausible rela-
tion.

The calculation was constrained such that there was
one global level density parameter to be deter-
mined and one excitation energy parameter to be
determined for each projectile incident energy.
The calculation was normalized by selecting the

level density and excitation energy distribution

. parameters consistent with the evaporative com-
ponents of the measured “He spectra. Some weight
was given to the fit of the heavier isotopes in
selecting the final values since we found that, for
a given incident proton energy, good “He fits were
obtained over a significant range of parameter
values as long as the product of the level density
and excitation energy distribution parameters were
approximately constant. Once the level density
was determined, it was held constant for all frag-
ment emission at all incident proton energies and
the calculation was normalized at the different
proton energies by adjusting the excitation energy
parameter to fit the *He data at that energy. The
values selected for these data are 4/10 MeV™!
for the level -density parameter and 21, 22, and
26 MeV for the excitation energy parameters at
E, =210, 300, and 480 MeV, respectively; these
excitation energy parameters define the modified
Maxwellian excitation energy distributions as-
sumed to describe the systems when energy
equilibrium is first achieved. There was no frac-
tional Coulomb barrier used in our evaporation
fits. The final adjustment of the relative normal-
ization was used to fine tune the agreement be-
tween the data and our nonevaporative plus evapora-
tive calculation. Calculations for the elementally
resolved fragments were done in an approximation
which did not retain normalization information but
which did use the common evaporation parameters.

Calculations for these heavy fragments are arbi-
trarily scaled to fit the data.

Fixing the normalization in the evaporation
calculation for a given fragment fixes the evapora-
tion component of this fragment at all angles.
While these normalizations are subject to several
uncertainties and should not be taken as well de-
termined, the amounts of evaporative components
at 90° and 20° relative to the amount at 160° are
completely determined within the calculation.
Even if the evaporative contribution at 160° were
set to 100%, most fragments would still have
appreciable fractions of their cross section which
are not explained by our evaporation calculation.
The analysis in a latter section of this paper will
show that this is expected independent of the
evaporation model used.

Before comparing calculations with the data,
the calculated values were corrected for the known
target thickness effects by the technique discussed
in the section describing the target. Data in Figs.
4 through 8 are displayed without target thickness
corrections while the calculated curves shown
are those with corrections included. Solid curves
in these figures are the total calculated fits while
dashed curves (shown for only part of the cases)
are the evaporative components of these fits.

B. Discussion by type of fragment emitted
1. Isotopically separated fragments

The He isotope data were reported previously®
in connection with a model-independent analysis of
the statistical component of the spectra. They are
included here for completeness and because their
origins are closely related to those of the heavier
fragments. In particular, *He provides an easily
discernible evaporative component in its spectra
and this provides invaluable input for determining
the parameters of the evaporation calculation. In
contrast, *He is a prototype for neutron-deficient,
nonevaporative fragments.

Figure 5 displays the °Li data. Data for d%c/dQdE
for "Li versus the "Li energy are nearly identical.
Cross sections for ®Li are down approximately one
order of magnitude in the energy range where they
can be measured, and °Li cross sections are down
yet another order of magnitude.

The isotopic separation using the 76 um detector
for AE is very good (see the PI spectra of Fig. 3).
However, isotopic separation using the 12.9 pm
AE detector is not sufficient to obtain meaningful
data on °Li at low fragment energies. The separa-
tion of ®Li and "Li at low energies is adequate since
their spectra are similar in magnitude and shape
and cross contaminations should be self-canceling.
Of course, no conclusions should be based on



minute differences in these spectra at energies
where the 12.9 pm detector has been used. As
discussed in the experimental description, a
slight spectral distortion due to the multiple AE
system used is discernible around 22 MeV in the
spectra of Fig. 5.

In Fig. 6, the spectra for "Be are compared to
those of "Li for a proton incident energy of 300
MeV. Figure 7 shows the °Be spectra from 300
MeV incident protons. The "Be spectra fall off
much more slowly as a function of fragment energy
than the "Li or the other Be isotope spectra. This
is characteristic of neutron deficient fragments
in this and the higher energy'™'® studies.

The identification of "Be fragments is unambig-
uous since °Be and ®Be are particle unstable. The
separation of °Be and °Be fragments is good for
the 76 um AE but marginal for the 12.9 um AE
detector. Consideration of energy regions where
there are available spectra based on identifications
from both alternatives indicates that when using
the 12.9 um AE we generally attribute more of the
actual °Be to °Be than vice versa and may be
underestimating the °Be cross section by amounts
ranging up to 10 percent. This information could
be used to reset the 12.9 um AE particle identifi-
cation windows to achieve better overlap with the
76 pm AE data, but there is no assurance from
the data that this overlap extrapolates into the re-
gion of interest with an accuracy significantly
better than the above uncertainty. Cross sections
for 'Be emission are significantly smaller and
our "Be, °Be, and '°Be spectra represent the
vast majority of the Be fragments produced.

2. Fragments separated by elements only

Figure 8 shows spectra for B, C, N, and O frag-
ments at 90° for all three incident beam energies.
These fragments are well resolved by element
but cannot be isotopically separated in the experi-
ment described here (with the exception of the
highest energy B and C fragments where statistics
do not warrant it). The 12.9 um AE, detector is
thin enough that measured spectra for these frag-
ments include the energies at which the cross sec-
tions are at their maxima. This is important in
determining meaningful fits to the data.

Without isotopic separation, the evaporation
calculation has less significance than for lighter
fragments. However, the calculation is still use-
ful for extrapolating the data and these spectra
have been fitted by the procedure already described
under the assumption that the emitted fragment is
the most stable isotope. As with lighter fragments,
the calculation is unable to account for significant
amounts of their cross section.

The F and Ne fragments are clearly separated
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but the low energy Na fragments may include some
contamination from Mg fragments. The general
behavior of these fragments appears to be a simple
continuation of trends in the lighter fragments.
However, the energy ranges over which data are
available do not warrant an extensive effort to fit
these data with our preserit parametrization. We
thus tabulate only the experimental results in Table
I and in the compilation of energy spectra in the
Physics Auxiliary Publication Service.*® Potential
users of these data are reminded that no target
thickness corrections have been applied.

C. Angular distributions, integrated cross sections,
and beam energy dependence

Figure 9 shows the energy-integrated angular
distributions for fragments *He through 0 from
300 MeV protons incident on Ag. The total do/dQ
as calculated from our fitting procedure has been
used and the two components of this fit are shown

300 MeV p on Ag
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FIG. 9. Laboratory angular distributions of fragments
from p+ Ag interactions at 300 MeV. Curves shown are
for our two-component fits to the data with each com-
ponent and the total displayed separately.
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TABLE II. Cross sections in pub for fragments produced in p + Ag reactions at three inci-
dent beam energies as calculated from the measured differential cross sections by two meth-
ods described in the text. Numbers in parentheses are those obtained by applying the second
method to the measured data without a correction for differential cross section falling outside
the energy range of our measurements; where these values are not given, such losses are be-
lieved to be less than one percent. The values for *Be and ’Be are accurate in sum but may

not be accurately proportioned due to inadequate experimental resolution.

Beam energy

MeV) 210 300 480
Integration  Exp Hist Exp Hist Exp Hist
Fragment method fit [( )=meas] fit [( )=meas] fit [( Y=meas]
3He 18 400 19700 35300 37700
(18 800) (34500)
He 274000 276 000 453000 456 000
SLi 886 953 1550 1630 3930 4030
"Li 895 974 1570 1650 4170 4310
"Be 144 156 265 281 801 828
Be 151 160 305 317 907 922
ge 78 86 138 146 445 460
B 210 226 450 471 1490 1510
(467) (1500)
c 178 187 364 377 1270 1290
(185) (369) (1260)
N 51 53 116 121 481 491
(48) (108) (451)
0 28 30 70 72 284 289
(26) 61) (252)

separately for each fragment. Each component
and the total are shown with a fit of the form
exp(a +bcosg+ccos?s).

From Fig. 9 and similar figures at other inci-
dent energies, angle integrated cross sections
may be estimated by several means. We choose
two and use their comparison to illustrate the
effects of the analysis procedure on the determina-
tion of 0. First is to use values obtained by inte-
grating our fits to the cosé dependence. Second
is to use histograms taking values of do/dQ for
cosf between 1 and % from the § =20° data points,
between 3 and —3 from the 6 =90° points, and
between —% and —1 from the # =160° points. The
latter means has been used for both (do/dQ),, and
(d0/A) meas in order to illustrate instrumental ef-
fects on the determination of 0. Results are tabula-
ted in Table II. Statistical errors are negligible.
The overall normalization error is the +25% from
systematic uncertainty due to our monitoring tech-
nique. Our tabulated "Be values are in agreement
with the systematics of most radiochemical mea-
surements’** 7 as can be seen from Fig. 1.

The dependence of fragment spectra on incident
beam energy is predominantly one of overall
magnitude, as indicated in Tables I and II. The
shapes of spectra for a given fragment remain
very similar, showing only minor changes. The
approximately exponential decrease in d?c/dQdE

with increasing fragment energy above the evapora-
tion peak becomes less steep only very slowly as

a function of increasing beam energy. For the
fragments up to boron, this change in slope is
more pronounced in the 90° and 160° spectra than

in the 20° spectra. Beyond carbon, the change

at 20° becomes comparable to that at 90° while the
change at 160° becomes less pronounced.

The positions of the maxima in the energy spec-
tra at a given angle are the same within an MeV
for all three incident beam energies. The position
of the maxima at 90° for the “He spectra is the
same as that reported® for “He from 5.5 GeV pro-
tons incident on silver. The maxima at 90° for our
Li and Be isotopes are 1 to 2 MeV higher than
those listed for the 5.5 GeV data, but direct comp-
arison is difficult since we have not adjusted our
data to compensate for target thickness effects.

It appears that the maxima in single particle in-
clusive spectra are controlled by the Coulomb
barrier and that this barrier is affected little by
differences in incident proton energy from 0.2 to
5.5 GeV. Our two-component fitting procedure
yields good fits to the 5.5 GeV *He data using a
reasonable extrapolation of the excitation energy
parameter values found for the work here. In
particular, the evaporativé component requires
no use of fractional Coulomb barriers in contrast
to the original® analysis.



IV. ANALYSIS USING INVARIANT CROSS SECTIONS
AND RAPIDITIES

The failure of evaporation calculations to explain
the entirety of fragment production from both ener-
getic proton interactions and relativistic heavy ion
interactions with target nuclei has been apparent
for some time. As a result, a number of other
mechanisms for fragment production have been
proposed in the literature of this field. Some of
these mechanisms are direct in nature, Refs. 31—
35, for example; others are statistical in nature,
Refs. 9 and 24-26, for example; and others are
more exotic, Refs. 27, 28, and 37-41, for example.
In this section, we apply to our data a model-
independent analysis which is useful in studying
the statistical components of our spectra. The
technique is described in more detail in Ref. 43
and is an extension of techniques explored in
earlier relativistic heavy ion work.*® Related
techniques are being used with increasing fre-
quency in relativistic heavy ion work and have also
been applied to previous high energy proton
work.38'5°'54

Figure 10 shows our "Li, "Be, and C data for
480 MeV incident protons plotted as sets of data
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C
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FIG. 10. Sets of data points of constant invariant cross
section in the (y,p,c/mc?) plane for C, "Be, and "Li
fragments from 480 MeV protons incident on Ag. Fits
for isotropic emission from sources moving in the beam
direction are shown with labels indicating the logj, of
the invariant cross section in nb/[(MeV/c)(MeV sr)].
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points of constant relativistically invariant cross
section (1/p)(d%0/dQdE) in the (y,p,c/mc?) plane
where

y=3In[(W +pc)/(W - pyc)]

is the fragment’s rapidity and W,p, and p, are its
total energy (including rest mass mc?), parallel
momentum, and perpendicular momentum. For
the combined C isotopes, the mass of *C has been
used in the calculations. Lines which intersect the
negative rapidity axes are fits to the data assuming
isotropic emission from sources moving in the
beam direction. They are labeled with the base
ten logarithm of the invariant cross section of the
data points they intersect. These and similar fits
are used as input to the remainder of the analysis
as in our previous He work.* Dashed lines are
fits using 90° and 160° data points, while other

fits use the 20° and 160° data points. The remaining
three contour levels shown are for the maximum
values of the invariant cross section at 90° for
each fragment. The shapes of these last three
contours are not well defined by the present data
and the points have arbitrarily been fitted with the
appropropriate curves for isotropic emission;
these curves are useful in conveying the nature of
the data but are not used:in any further analysis.
Valuesof the parameters used in these calculations
are taken from smooth curves which, when cor-
rected for target thickness effects, yield good fits
to the actual momentum versus invariant cross
section data.

The amount by which the 90° points deviate from
the isotropic fits based on the 20° and 160° points
provides a measure of how well the assumption of
isotropy holds. As was found in a similar analy-
sis®® (equivalent in the nonrelativistic limit applic-
able to these data) of fragments from 5.5 GeV pro-
tons on U, isotropic contours fit the data quite
well except for the previously analyzed case® of
3He. The most significant variation in these fits
is in the rapidities about which these isotropic con-
tours are centered. For a given value of invariant
cross section, we shall define the rapidity about
which the fit to the 20 and 160° data points is cen-
tered as B, and refer to it as the effective source
velocity associated with the given contour (B, is
actually an effective source rapidity and is equiva-
lent to velocity only if nonrelativistic). A true
one-to-one correspondence of source velocities
and invariant cross section is of course not feas-
ible because of the distributed nature of the true
source velocities and the various reaction mechan-
isms involved. The significance of B, in light of
the distributions involved is discussed in Ref. 43
(where this parameter is called simply s).

Figure 11 shows invariant cross sections versus

/
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FIG. 11. Invariant cross section versus effective
source velocity 8¢ as defined by fitting isotropic distri-
butions from moving sources to 20° and 160° data points
of the given invariant cross section (as in Fig. 10) for
7Li, "Be, Be, C, and O from 210, 300, and 480 MeV
protons incident on Ag. The arrows indicate the veloci-
ties of the p+ Ag compound systems. Uncertainties in
relative normalizations yield errors in this analysis
whose typical magnitudes are indicated on the "Li curves
for the 480 MeV. case.

effective source velocity B, for several of our
measured fragments at all three incident proton
energies. Error bars corresponding to the uncer-.
tainty in relative normalization between angles are
shown on the "Li curves for the 480 MeV case,

and these are representative of the errors for all
cases. The data at low B, values (shown for "Li
and "Be only since the others are similar) are
derived from those parts of the energy spectra

at energies below those corresponding to the maxi-
ma in the distributions; these low B, groups
give a general indication of the appropriate
values, but the errors in B, are larger than

the structure in the shapes of these curves and
neither these structures nor differences be-
tween fragment types have significance for these

low B, groups. The high g, curves correspond to
the high energy portions of the fragment spectra
and the range of B, values encompassed here leads
to interesting constraints on'statistical models.
Coupling of kinematic limits due to the incident
proton energies involved with the 8, values derived
from fragment data is discussed in Ref. 43. Ap-
plied to the data in Fig. 11, these arguments yield
conclusions similar to those of this previous He
isotope work. For example, under the assumption
that the entire momentum of the incident proton
is transferred to the emitting system, values of
Bs=0.02 imply part of the systems assumed to be
statistically emitting the fragments must have
masses less than 36, 44, and 58 u for 210, 300,
and 480 MeV incident protons, respectively. Even
in the extremely unlikely case at the absolute
kinematic limits where all other matter is ejected
at 180° to the incident beam, values of B,=0.03 are
consistent with statistical emission of 75 MeV
fragments (a typical energy associated with g,
values in this region) only if some of the systems
have masses less than 0.83, 0.91, and 0.96 times
the target mass for 210, 300, and 480 MeV inci-
dent protons respectively. Evaporation from a
fully equilibrated nucleus with a mass near the
target mass is thus ruled out as an explanation for
the entirety of the fragments observed, independent
of the evaporation model assumed. The increas-
ing mass limits as the beam energy increases
shows the importance of using modest beam

~energies for this type of argument.

Figure 11 displays information on 8, in such a
way that the relative proportion of systems having

- a given B, is apparent, but it does not display cor-

relations between the fragment kinematics and
source kinematics. An interesting correlation be-
tween fragment and source kinematic properties
is discussed in Ref. 50 where the relation is found
to hold for a variety of initial systems. Figure

12 shows part of our data displayed in terms of
the appropriate variables B, and B,, where g, is
the radial velocity (in units of c) of the fragment
in the source frame having the given B,. As in the
previous work, we find the relation between B and
B, to be nearly identical for all fragments except
low energy “He. In fact, it is nearly the same
relation previously found for fragments from 5.5
GeV p on U as can be seen from the dashed line
taken from Ref. 50 for the locus about which the
various B, versus f; curves were located. The
incident energies involved in the data discussed

in Ref. 50 are too high to successfully apply the
kinematic arguments used here and in Ref. 43 to
limit evaporation as a sole explanation of the data,
but the authors of Ref. 50 argue that the data they
analyze is not from a thermal type of source since
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FIG. 12. Effective source velocity versus fragment
radial velocity for 4He, "1i, 7Be, Be, C, and O frag-
ments from 480 MeV protons incident on Ag. The ve-
locities B, and B are taken from fits to the data such as
those in Fig. 10. The previous relation found by Ref.
50 for fragments except He from 5.5 GeV protons inci-
dent on U is indicated by the dashed line.

fragment emission from a source characterized
by B, appears to involve a characteristic radial
velocity B, instead of a characteristic energy as
one would expect from a thermal source.

V. SUMMARY AND CONCLUSIONS

The general shapes of the inclusive particle
spectra presented here are similar to those ob-
tained at higher beam energies, even though the
total cross sections are rapidly rising functions
of beam energy for beams under a GeV. Spectra
in all cases have exponentially decreasing high
energy components reminiscent of evaporation
spectra. The positions of the maxima in the spec-
tra are independent of incident beam energy and
have values implying they are governed by a
Coulomb barrier appropriate to nuclides near the
silver target. However, we have been able to show
that a major fraction of the cross section cannot
be attributed to the conventional evaporation mech-
anism by both the inability of our evaporation cal-
culation to fit the data in a self-consistent way and
by the results of an analysis of source rapidities
implied by the data. When our evaporation plus
nonevaporation calculation is extrapolated to 5.5
GeV incident protons, consistent and similar
agreement with data from Ref. 2 is obtained. In
general then, on the basis of single particle inclu-
sive spectra, there appears to be no evidence for
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radical changes in.the mechanisms for production
of fragments as the incident beam energy is
changed from 0.2 to 5.5 GeV, but there is strong
evidence of major nonevaporative processes in-
volved at all incident energies.

When the data are analyzed in terms of evapora-
tive and nonevaporative components we find that
whereas the evaporative component is strongly
dependent on which isotope of a given element is
considered (reflecting the relative separation
energies) and is mildly forward peaked due to the
source kinematics, the nonevaporative component
is a more slowly varying function of fragment mass
but is highly forward peaked in all cases. In fact,
the varying shapes of the spectra for different
isotopes of a given element are largely due to the
changes in the relative amounts of evaporation
involved. However, both components are governed
by the Coulomb barrier; the evaporative component
is affected by the total barrier, whereas the
nonevaporative component seems to be affected
by ~75% of the barrier expected for emission from
a nucleus near to the target. It is also readily
apparent that with the larger number of emitted
particles and the stronger dependence of the
heavier fragments on evaporative emission con-
ditions, the study of heavy fragment emission is
a much more stringent test of the evaporation pro-
cess. As is discussed in our detailed description
of the evaporation calculation,** these data have
already suggested that the excitation energy dis-
tribution required to explain the evaporation com-
ponent is considerably lower than that predicted
by the conventional cascade calculations to be
present at the end of the cascade step.

Finally, these inclusive particle spectra can
aid in the determination of the physical parameters
of a number of the models currently suggested for
particle emission. In some cases the models may
not explain the single particle inclusive data for
any physically reasonable choice of parameters.
In one such case involving the quasi-two-body
scaling model®! used to explain backward proton
emission, the model failed when applied to *He
emission.®® In other cases where physically rea-
sonable parameters are found for the models,
these can be used in making further predictions
which can then be tested in more selective experi-
ments. The greater restraints imposed on vari-
ous models by measurements of the emission of
multinucleon particles, it is hoped, will be an aid
in separating the probable from the plausible
models.
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