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Energy spectra and angular distributions measured for *He and *He emitted from an Ag target bombarded
with 210, 300, and 480 MeV protons are analyzed in terms of rapidity and relativistically invariant cross
section. This analysis yields constraints on the possible velocities of any systems assumed to be deexciting by
statistical processes. Constraints on the masses of emitting systems follow from kinematics, with implications
for statistical theories: e.g., independent of the model used, the concept of evaporation is shown by this

analysis to be insufficient to explain all of the data.

NUCLEAR REACTIONS Ag(p,%He), (p,*He), E =210, 300, 480 MeV; 6 =20, 90,
160°; measured o(E, Ey.,0). Invariant cross section, rapidity analysis; deduced
nonevaporation components, constraints on statistical theories.

INTRODUCTION

For over a decade it has been apparent that
existing calculations based on the evaporation
process do not adequately explain the data on
fragmentation products from nuclei bombarded
with medium and high energy protons.*~* Various
models of additional mechanisms, some statis-
tical and others direct, have been invoked in an
effort to explain the data not accounted for by the
evaporation calculations.*~® The justification for
these additional mechanisms has, however, often
rested on the inadequacies of specific model cal-
culations of evaporation. Improvements in evap-
oration models and calculations have at times
significantly reduced previous discrepancies, for
example see Ref. 3 or 15.

It is therefore important to determine whether
the conventional evaporation mechanisms are
appropriate or not. By suitably modifying analysis
techniques recently applied in relativistic heavy-
ion work,!® a model-independent procedure has
been formulated to indicate which portions of
fragment spectra can and cannot be explained by
these evaporation mechanisms.

Helium isotopes have been chosen for this study
because large differences in the evaporation prob-
abilities of *He and “*He are expected and observed.
The “He spectra are dominated by a component
which is easily interpreted as due to evaporation,
while the ®He spectra are difficult to explain in
such terms. In addition, the intermediate energy
interactions of 200 to 500 MeV protons on a silver
target are well suited to study this problem since
they yield more tractable kinematic limits than

" the previous work conducted with GeV protons,~3
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This article will show that the model-indepen-
dent analysis presented here, coupled with kine-
matic limits from the moderate incident proton
energies, can give direct information on the mech-
anisms responsible for He fragment emission.

Not only does it show that a significant fraction

of the *He spectra as well as the majority of the
3He spectra cannot be due to a conventional evap-
oration mechanism, but it also indicates the range
of source velocities which any statistical theory
must incorporate if it is to explain the fragment
emission,

EXPERIMENTAL DATA AND DATA REDUCTION

The data used in this article were taken with
standard transmission silicon surface barrier
detectors mounted in a scattering chamber at the
TRIUMF accelerator. Most of the relevant experi-
mental procedures are outlined elsewhere.!* At
each of the proton energies involved, an absolute
normalization of the data was obtained by relating
the counting rate for 40 to 80 MeV “He fragments
in a monitor counter at 90° to the counting rate
from proton elastic scattering in a polarimeter??
mounted in the proton beam line approximately
1.5 m beyond our target. These absolute normal-
izations should be correct to'+25%, while our
internal relative normalizations at a given energy
should be within the error from the statistics of
counting (usually < 1%) plus a 4% uncertainty due
to the limited accuracy to which the energy win-
dows on the “He can be set. (In those cases where
there are identical runs separated in time by sev-
eral months, the differences in relative normal-
izations have been within this error.)
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The targets used were 2.3 mg/cm? natural silver
and approximately 100 pg/cm? VYNS film which
was used to obtain a correction for light mass
impurities on the Ag target. This correction is
included in our spectra but is of negligible impor-
tance to the analysis presented here. Corrections
to the He energy spectra from the finite Ag target
thickness are also of negligible importance in the
analysis here and have been applied only to model
evaporation calculations, .

The main data telescope used consisted of four
data detectors of increasing thickness (12.9, 76,
476, and 1065 pm) followed by a veto counter for
particles not stopping in the detector stack. The
measured fragment energy ranges were extended
by use of 319 and 639 mg/cm? aluminum absorbers
in front of this telescope. Identification of the
fragments followed procedures previously des-
cribed™ using the 76 um detector for A E (consid-
ering the 12.9 ym detector as part of the absor-
ber), except for the lowest energy fragments

where the 12.9 ;m detector was used for A E. The
A E, E identification of 3He and *He with the
76 um A E is essentially unambiguous; 10 to 1 to
300 peak-to-valley-to-peak is seen in typical
particle identification (PI) spectra. The identifi-
cation of *He with the 12.9 ym A E in the low en-
ergy region is complicated by the inherent de-
crease in PI resolution with thin detectors coupled
with a dramatic increase of “He relative to He at
low energies; for equal 3He and *He peaks in PI
spectra from absorber modified data, 3 to 1 to 3
ratios are seen. Since our target contaminant
correction is also no longer negligible for 3He at
the lowest energies, we have not included 3He
data below 10 MeV in the analysis undertaken in
this article. i

DATA ANALYSIS

An interesting method for analyzing fragment
spectra measured in relativistic heavy-ion studies
has been published recently.’® We feel the method
is also well suited for analysis of proton induced
fragmentation, leading easily to some conclusions
not readily apparent in more conventional treat-
ments of fragment data.

Rather than using the ordinary inclusive double
differential fragment cross sections and fragment
energies, we work with the fragment momentum
p and the relativistically invariant cross section

1 d?¢g
p dQdE "’

f:

Typical fragment spectra then appear as in Fig. 1.
The solid curve is drawn through the data to ex-
pedite and smooth the remaining analysis. The
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-FIG. 1. Relativistically invariant cross section versus
fragment momentum for “He fragments from 300 MeV
protons incident on Ag. Relative errors are generally
less than or approximately equal to the size of the points.
The dashed curve is the sample cascade-evaporation
calculation discussed in the text; in the region of the

maxima, it is indistinguishable from the solid curve
drawn through the data.

dashed curve is typical of our best cascade-evap-
oration results from a calculation similar to one
described previously.® This calculation assumes
that the excited residual nuclei resulting from an
initial cascade have Maxwellian distributions of
excitation energy and that the forward momentum
of a residual nucleus is proportional to its excit-
ation energy. The principal difference from the
previous calculation is the use of a better inverse
compound nucleus cross section calculation.*® The
details of this sample calculation are unimportant
to the remaining analysis; it is not necessarily the
final description of the evaporation component and
has been included merely to point up one of the
questions being addressed by this article.

From the detector angle and the invariant cross
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FIG. 2. Sets of data points of constant invariant cross
section in the (v, p,c¢/mc?) plane for *He and ‘He frag-
ments from 300 MeV protons incident on Ag; p, is the
transverse momentum of the fragment, m is its mass,
and y =3 In[(W+p,c)/ (W — p, c)] is its rapidity, where W is the
fragment total energy. Fits for isotropic emission
from sources moving in the beam direction are shown
with labels indicating invariant cross section in nb/
[(MeV/c)(MeV sr)]. Solid circular curves are fits to
20° and 160° data points; dashed circular curves are
fits to 90° and 160° data points.

section spectra, we obtain sets of values of the
fragment’s perpendicular momentum p, and rap-
_idity y at constant values of the invariant cross
section. The rapidity variable!*

y =% In [(W+PHC)/(W—‘D”C)],

where W is the total energy of the fragment in-
cluding its rest mass energy, has the convenient
property that it merely changes by a constant
value if expressed in a frame moving in the beam
direction. For our data, it is convenient to carry
the normalization of p, a step further than Ref. 10
by using p,c/mc?, where m is the fragment mass,
since the two variables being used then become
the fragment’s parallel and perpendicular velo-
cities (in units of ¢) in the nonrelativistic limit,
Although in fact our data are essentially nonrela-

tivistic, the relativistic quantities are used be-
cause their explicit transformation properties
are very convenient.

Figure 2 shows a selected set of data points of
the type described in the preceding paragraph for
the cases of *He and *He fragments from 300 MeV
protons incident on a silver target. Solid circular
contour lines centered about the rapidity axis are
shown connecting 20° and 160° data points with the
same invariant cross section; dashed circular
contour lines are shown connecting 90° and 160°
data points with the same invariant cross section.
For these plots, a change of reference frame
from the laboratory to any other frame moving in
the beam direction merely shifts the rapidity
axis by a fixed amount, all other quantities being
relativistically invariant.

The value of plots like Fig. 2 when working with
distributions likely to have significant contributions
from statistical reaction sources becomes clear
from the following: Excited nuclei with rapidity
€ statistically deexciting by emission of a given
fragment would result in contours on plots such
as Fig. 2 which were symmetric about y =¢, If
the emission was isotropic, such contours would
be, in the nonrelativistic limit, circles centered
about y =e¢, In this simple case of fixed source

‘rapidity, the quantity v =ec is merely the source

velocity (nonrelativistically) as used in numerous
previous discussions of fragment emission and
target recoil experiments.

To the detriment of simplicity, in fragmentation
reactions almost all quantities involved are dis-
tributed over a range of values which leads to
complications that cannot be lightly regarded.
This means that one cannot, for example, directly
associate the value s, about which an experimen-
tally determined contour of constant invariant
cross section f happens to be symmetrie, with a
unique value ¢ of emitting system rapidity. Nor,
for that matter, can one associate the contour
with a unique source mechanism,

In spite of the preceding reservations, plots of
s as just defined versus f are very instructive,
allowing one to draw both analytically sound and
speculative conclusions. Two sets of such plots
are shown in Fig. 3 for 3He and *He from 210,
300, and 480 MeV protons incident on silver. The
upper curves are s versus f, where s is the point

‘about which an isotropic distribution passing

through the 20° and 160° data points would be cen-
tered; the lower curves are s’ versus f, where
s’ is the point about which an isotropic distribu-
tion passing through the 90° and 160° data points
would be centered. The cutoff in the maximum
value of f for these curves is 0.9%f,,,(160°) be-
cause analysis of this nature becomes sensitive
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FIG. 3. Invariant cross section versus source rapidity
as defined by fitting isotropic distributions from moving
sources to data points of the given invariant cross sec-
tion (as in Fig. 2) for *He and ‘He from 210, 300, and
480 MeV protons incident on Ag. Source rapidities based
on 20° and 160° data points are called s and those based

on 90° and 160° data points are called s’. An arbitrarily .

normalized curve is shown for a typical evaporation cal-
culation for ‘He from 300 MeV protons in which distri-
buted excitation energies and forward momenta are

used for the residual system formed by the cascade.

to experimental errors near the maximum in
invariant cross section, The lower terminations
on f are determined by the value of £(20°) or £(90°)
at the highest and lowest values of fragment mo-
mentum for which we have determined f with suf-
ficient accuracy for this analysis. The two sets
of curves for “‘He are essentially identical at low
values of s and s’, a reflection of the isotropic
appearance of the contours in Fig. 2 for low “He
momentum., The curves begin to diverge slightly
before the 20° data are cut off, a reflection of the

slight nonisotropy seen in Fig. 2 at high “He mo-
mentum, The two sets of *He curves have dif-
ferent values everywhere, reflecting the noniso-
tropy of the He data. As is reasonable, the *He
curves indicate increasing source rapidities for
increasing beam energies in the high cross section
region where evaporation from a moving residual
source is expected to be the dominant process. -

Interpretation of other aspects of these curves
is complicated by the previously mentioned dif-
ficulty of associating s or s’ with a unique source
rapidity e. However, if one assumes the observed
invariant cross section is due to an integral over
the product of the distribution of source rapidities
involved in fragment emission and a function at
each source rapidity symmetric about the source
rapidity, the data imply that the distribution of
source rapidities is somewhere nonzero at or
beyond the maximum values for s in Fig. 3, While
a somewhat more detailed connection between s
and source rapidities may be possible for the case
of symmetric fragment emission, the above con-
clusion is sufficient to place significant constraints
on statistical theory models purporting to explain
the data. '

IMPLICATIONS FOR STATISTICAL THEORIES

Among other consequences, the conclusion of the
preceding paragraph is sufficient to rule out stan-
dard evaporation concepts as an explanation for

" the entirety of our data. If our data were all due

to evaporation from equilibrated nuclear species,
one would expect fragment emission symmetric
about 90° in the frame of the emitting nucleus.
Consequently, we would then have to conclude

that the laboratory rapidities of the emitting
nuclei extend beyond, for example, € =0.06. At
our proton incident energies, this kind of emitting
system rapidity implies severe constraints on the
mass of the emitting system. Based purely on
kinematics, for example, a 100 MeV “He fragment
(approximately corresponding to a contour in Fig.
2 centered about y =0.06) from 300 MeV protons
on %°Ag could be evaporated from a nucleus of

e = 0.06 only if the mass of this nucleus was

A <64 (with equality only for the very improbable
case that all other particles were emitted exactly
backwards with identical e¢.m. velocities). Under
a more reasonable physical assumption that the
emitting system momentum is less than or equal
to the incident proton momentum, one finds A, <14
for € =0.06. Clearly these emitting masses require
mass removals in the cascade step of the cascade-
evaporation model which are not compatible with
any standard concepts of these processes. This
result is important because of its model-indepen-
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dent nature; it is not surprising since the various
attempts?~* to explain heavy fragments produced
from high-~energy proton bombardments on the
basis of evaporation invariably have failed to
explain all portions of the data. The source of

' this failure, as explained above, is illustrated in
Fig. 3 where the same cascade-evaporation cal-
culation used in Fig. 1 is shown, here with arbi-
trarily displaced magnitude.

The isotropic appearance of the *He data suggests
that it may be profitable to be less rigorous and
examine the implications of associating the mea-
sured curves of Fig. 3 with emitting system rapid-
ities, and then associating these, under some
reasonable assumptions about the momentum
transfer from the proton to the residual system,
with a mass distribution of these residual systems.
This mass spectrum for the emitting systems
ranges from near the target mass down to a few
times the fragment mass. The light mass emitting
systems are predominantly associated with high- -
energy fragments but are not believed to be due to
evaporation from true light nuclei because we do
not observe the additional cross section below the
silver region Coulomb barrier cutoff that would be
implied from attributing the high-energy cross
section to light nucleus evaporation.

One possible interpretation of such a range of
masses involved in fragment emission is that the
_incident proton has an initial interaction involving

a few nucleons which then interact with ever in-

creasing numbers of other nucleons until the
energy is distributed amongst all nucleons re-
maining in the system and that fragment emission
can take place from the subset of interacting nu-
cleons at any point between the initial and final
points. This scheme views the nonevaporation
source of fragments as a fast but statistical pro-
cess, a very different kind of preequilibrium de-
cay than conceived of in typical exciton models®
which suffer the same fate as evaporation when
the analysis in this article is applied to them.
This kind of idea has been suggested previously*
and encouraging results have been obtained for
600 MeV protons incident on various targets with

a two point approximation to this concept where,
in addition to evaporation, fragments are consid-
ered to arise in the initial interaction of the pro-
ton with a small subset of the target nucleons via
Hagedorn statistical thermodynamics.?*

Other models, such as quasifree scattering off
various momentum components of preformed
clusters® are of course not automatically ruled
out by this analysis. On the other hand, they do
not automatically give rise in any obvious way to
the observed features in Fig. 2 and 3.

CONCLUSIONS

In summary, analysis of fragment emission
data in terms of contours of relativistically in-
variant cross section in a plane of rapidity versus
p.c/mc? provides a convenient graphic represen-
tation of the data, which succinctly displays the
important features. Model-independent informa-
tion on source velocities is obtained from such
an analysis and this can be of value at the concep-
tual stage when choosing between possible model
calculations. Such plots may also be used to
readily identify areas where more data are needed
to suggest the proper shape of these contours, e.g.,
for our 3He cases it would clearly be beneficial to
have more angular information. For the *He cases,
it appears that the most interesting information
would come from extending the upper end of the
energy range. Either suggested extension of the
data would help choose between alternate mech-
anisms being proposed as an explanation of non-
evaporation fragments. The study of heavier
fragments should also be beneficial in this regard.
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