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Fission of 238U, 2”Bj, and '"’Au induced by both positive and negative pion beams at incident en-
ergies of 60 to 100 MeV is examined. Energy and mass spectra and angular correlations of coin-
cident fission fragments are compared to theoretical calculations and to other data. Excitation ener-
gies of the fissioning system in excess of 100 MeV are deduced, implying that the fission examined
in this study is caused primarily by true absorption of the pion. The masses of the coincident fission
fragments are found to have a wider distribution than those from fissioning systems of similar exci-
tation energy induced by nucleon beams. The fission cross sections are close to the reaction cross
sections for 2**U and scale with the fissility for the other nuclei studied.

I. INTRODUCTION

Recent interest has been directed to the question of how
the primary pion-nucleus interaction couples to collective
modes of nuclei. Resolution of this question requires
knowledge of all parts of the pion-nucleus reaction cross
section, og, that could lead to collective nuclear excita-
tions. A thorough presentation of data on the component
parts of the reaction cross section oy as they depend on
both target mass and pion beam energy has been pub-
lished by Ashery et al.! Theoretical calculations of og
and its component parts have used pion optical models
with a modified Kisslinger potential.>> In the present
work we have investigated the pathways which lead from
the primary pion-nuclear interaction through a compound
system to decay by fission.

Fission is a well-understood decay mode for heavy nu-
clei. An extensive review of fission studies involving a
number of targets and projectiles is given by Vandenbosch
and Huizenga.* However, published data on fission in-
duced by energetic pions are scant. Data for fission in-
duced by 300 MeV 7 incident on 23*U were reported® in
1958 when pion beams first became available. More re-
cent published data® have been limited to results from
stopped 7~. No comprehensive report for fission induced
by both 7% and 7~ over a range of energies has been pub-
lished.

The energy range of 60 to 100 MeV was selected for the
present study on the basis of calculations’ of the pion
mean free path, A, in nuclear matter. A pion with A< 1
fm, as expected at the delta resonance energy near 175
MeV, is less likely to interact with the entire nuclear
volume than is a 70 MeV pion with A~4 fm. Study of
the nucleus as a collective body is thus well suited to this
lower energy range.

One goal of the present study was to determine whether
there is a difference between the fission process induced
by energetic pions and conventional fission as induced by
neutrons or light-ion beams. A difference could indicate
reaction mechanisms leading to collective phenomena that
are specific to the pion-nuclear interaction. In order to
make a comparison with conventional fission, it is neces-
sary that the excitation energy of the compound nucleus
be determined, because fission is known to be sensitive to
this quantity. Hence, we first examine the kinetic features
of pion-induced fission.

Measured energy and mass spectra of the fission frag-
ments were analyzed in terms of the model formulated by
Nix® to infer the excitation energy of the fissioning sys-
tem. These measurements and analysis are described in
subsection A of the following sections. From the analysis,
it is deduced that the main contribution to pion-induced
fission is from true absorption of the pion which deposits
considerable excitation energy in the compound nucleus.

In a second experiment, pion-induced fission cross sec-
tions were measured. The measurements and analysis are
described in subsection B of the following sections. These
fission cross sections can be compared to those for fission
induced by protons at a beam energy that leaves the com-
pound nucleus with an excitation energy similar to the
rest mass of the pion. From this comparison, we conclude
that fission induced by pions is similar to conventional
nucleon-induced fission, with the exception that the
masses of the fission fragments have a much wider distri-
bution for pion-induced fission.

The present study differs from earlier fission measure-
ments in two important respects. First, the availability of
beams of pions of either charge state makes possible an
experimentally consistent examination both of the isospin
dependence of projectile-nucleus interactions leading to
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fission, and of fission of compound nuclear systems
differing only by two units of charge and produced from
the same target isotope. Second, as compared to other en-
ergetic hadronic projectiles, the small mass, zero intrinsic
angular momentum, and true absorption process of the
pion can lead to fission from a state of relatively low an-
gular momentum and high excitation energy.

II. EXPERIMENTAL METHODS

A. The LAMPF Biomedical Channel

The measurements of fission fragment energies and
masses were made at the Biomedical Channel of the Clin-
ton P. Anderson Meson Physics Facility (LAMPF).
These measurements will be referred to as data set A.
The incident pion kinetic energies in the laboratory for
these data were 65, 78, and 96 MeV. The pion beam in-
tensity was monitored with an ion chamber that enabled
relative normalization. An array of eight thin (< 150 um)
silicon detectors was placed in the scattering chamber on
either side of the target to detect coincident fission frag-
ments. The targets used were depleted (>99.8% en-
riched) 2*U (0.430 mg/cm?), 2®Bi (1.20 mg/cm?), and
Y7Au (0.844 mg/cm?). Energy and timing signals for
both fragments were recorded with standard electronics.
The energy signals were calibrated by using a thin 2>Cf
source. The instrumental coincident timing resolution
was less than 2 ns (determined by using a pulser) and the
energy signal was calibrated within £0.3 MeV at 185
MeV (using appropriate pulse-height defect corrections®).

Total contributions to the measured 23%U fission rates
from particles other than pions were determined to be less
than 1% of the measured events. Protons were removed
from the pion beam by an absorber in the channel. Elec-
tron and muon contaminants are known from time-of-
flight measurements to be each only about 10% of the
pion flux for the channel tunes used in this experiment,
and the lepton-induced fission cross sections for 23U (or
235U) are no more than about 2% of the pion-fission cross
sections.!” Thus no more than about 0.2% of the mea-
sured events were due to electrons or muons.

Neutron fluxes were measured for both pion beam po-
larities at points 0.5 and 1.4 m from the beam axis in a
plane perpendicular to the beam axis and intersecting the
target location. These measurements were made using a
Bonner sphere method previously described.!! The mea-
surements showed that there were typically 10° to 10*
neutrons/s cm? near (and presumably at) the target loca-
tion as compared to the incident pion flux of typically 107
to 108/s cm? on the target. The neutron flux was found to
be divided roughly equally into three energy bins, E, <1
eV,1eV<E <10keV, and E, > 10 keV. Thus it may be

concluded that the fast neutron fissions of ***U were no

more than 0.1% relative to the pion fissions, assuming the
same geometric cross sections for both reactions. Fission
events due to slow neutrons on the (<0.2%) ?*°U in the
target are estimated not to exceed 0.1% of the pion fission
of 2%U, even considering the 10° times greater than
geometric fission cross section of 23°U for slow neutrons.

Absolute cross section measurements were not made at
the Biomedical Channel because of uncertainties in abso-
lute normalization of the pion beam on the target.

B. The LAMPF LEP Channel

The relative fission cross section measurements for data
set A were normalized and extended by a second experi-
ment at the low-energy pion (LEP) line at LAMPF.
These measurements will be referred to as data set B. The
incident pion laboratory kinetic energies were 60, 70, 80,
90, and 100 MeV. The pion beam flux was measured by
using the '2C(7*,7N)''C reaction and absolute counting
of the radioactive ''C decay. This technique has been
described by Butler et al.'> The targets used were deplet-
ed 23U (0.630 mg/cm?) and **Bi (0.744 mg/cm?). Track
detector techniques!® were used to measure the fission
fragment yield from these targets. The track detector ma-
terial Cronar'* was mounted in the scattering chamber on
two circular arcs subtending angles of 160° on either side
of the target at a radius of 15.1 cm. The exposed Cronar
was etched in a 6.25 M solution of KOH for approxi-
mately 3 h. The solution was kept at 68°C and stirred
continuously.

The muon contamination of the pion beam at LEP is
small (< 10%) and is not expected to contribute more
than 0.2% to the fission cross section, as for data
set A. The electron contaminant flux, although larger
(~1 e~ /7~ at 60 MeV and ~0.1 e~ /7~ at 100 MeV) is
still expected!® to contribute only about 2% to the fission
cross section at 60 MeV and less than 0.3% at 100 MeV.
The proton contamination of the 7% beam was eliminated
by an absorber in the beam channel.

The flux of energetic and thermal neutrons in the LEP
beam is expected to be < 10~* of the pion flux from chan-
nel design specifications. This will contribute less than
0.1% to the measured fission rate for the depleted 2**U
target, as for data set 4. The expected negligible contri-
bution from neutrons of all energies was confirmed by
Bonner sphere measurements near the target, and by
measuring the fission rate when the 23¥U target and detec-

tor array were displaced 10 cm from the pion beam.

III. DATA

A. Energy and mass measurements

The measurements from data set 4 are summarized for
78 MeV 7 incident on 238U in the spectra shown in Fig.
1. The energy spectrum from one detector is shown in
Fig. 1(a). Fission fragments are easily distinguished from
the light ions that have only a small energy loss in passing
through the thin detectors. The relative time between
detection of the two fission fragments is shown in Fig.
1(b). The sum of the energy signals from two coincident
detectors results in the total kinetic energy, Er, spectrum
shown in Fig. 1(c). In Fig. 1(d), the correlation between
the signals of Fig. 1(b) and (c) is shown; the low energy
signals are randomly distributed in time and the fission

fragment signals are well separated from this background.

Similar spectra are seen in Fig. 2 for 78 MeV 7+ incident
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FIG. 1. Data for 78 MeV 7™ incident on 2**U: (a) energy spectrum of one fission counter for coincidence events, (b) relative timing
between two counters giving an event, (c) total kinetic energy spectrum of the two coincident fission fragments, and (d) two-
dimensional plot of the total kinetic energy versus the time-of-flight difference.

on 2Bi; the results for '®’Au are similar but are not
shown here.

The parameters of particular interest for later compar-
ison with calculations are the average values of Ey and
widths AE;. These parameters can be represented by the
centroid and the full width at half maximum (FWHM) of
a Gaussian fit to the summed fission fragment energy
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peak. These values are listed in Table I for the targets and
beam energies used in data set A. It is of interest to note
that there are essentially no counts above about 200 MeV
in the Ey spectra. This shows that the absorbed pion rest
mass is not manifested in Kinetic energy of the fission
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FIG. 2. Data for 78 MeV 7 incident on **Bi. Parts (a)—(d) are as in Fig. 1.
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TABLE 1. Comparison of measured and calculated values for the mean total kinetic energy E; and its width, AE7, and for the
width of the mass distributions. The calculated values assume a compound nucleus of the target plus the pion and an excitation ener-
gy resulting from true absorption of the pion. All terms are defined in the text.

T Er?*exp) AE7%exp) AMP(exp) E(calc) E% 2] AEr(calc) AM(calc)
Target Beam (MeV) (MeV) (MeV) (w) (MeV) (MeV) (MeV) (MeV) (w)
252¢f 186.5+0.3 28.84+0.6 185.0 0.0 (25.5)°
23y at 65 167.4+0.4 30.7+0.8 67.5+1.2 171.6 183 2.50 28.8 46.6
78 164.9+0.3 29.3+0.5 66.2+1.2 171.6 196 2.58 29.1 47.4
96 167.9+0.3 31.2+0.6 65.5+1.4 171.6 214 2.70 29.7 48.3
T 65 161.8+0.3 27.3+0.5 63.3+1.7 165.3 216 2.17 28.6 46.8
78 161.4+0.2 27.2+0.3 66.2+1.9 165.3 229 2.79 29.0 47.5
96 161.9+0.4 27.4+0.8 62.8+1.4 165.3 247 2.90 294 48.4
209B; ot 78 142.9+0.3 23.6+0.6 60.6+1.5 149.5 190 2.72 26.4 41.7
197Au 7Tt 65 141.6+3.1 140.0
78 141.2+1.0 21.6+3.0 46.5+3.3 140.0 187
96 141.8+0.9 24.8+1.5 48.7+2.8 140.0 205 291 27.1 42.0
w 65 (120.0+10) 134.2
78 136.3+4.7 134.2
96 132.5+2.8 134.2

Values are corrected for fission fragment energy loss in the target. Only fitting errors are listed; errors not included are +0.3 MeV
for calibration; +0.7 MeV for pulse height defect corrections; and +0.9, +3.0, and +0.8 MeV for 2**U, 2®Bi, and "’Au, target thick-
ness corrections, respectively. Corrections have not been made for post-fission neutron emission.

®Only fitting errors are listed; an additional overall error of £0.7 MeV due to calibration and pulse height defect uncertainties is not

included.

°For targets with Z2/ A greater than that of **®*Np, the calculations of Nix (Ref. 8) become of questionable accuracy.
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FIG. 3. Mass distributions of the fission fragments as de-
duced using Eq. (1).

deduced from the energy measurements by using the ap-
proximate relation'®

M, E,
MM, " E\+E,

where the subscripts refer to one or the other of the binary
fission fragments having mass M or kinetic energy E.
The mass distributions obtained in this way for spontane-
ous fission of 2°>Cf and for samples of data set A4 are
shown in Fig. 3. To produce these data, gates were set on
the fission fragment peaks in the relative timing and total
kinetic energy spectra [see Figs. 1(d) and 2(d)]. The
widths of the mass distributions, AM, as given by the
FWHM for a Gaussian fit, are also listed in Table I for
later comparison with calculations.

The angular correlations of the fission fragments for 96
MeV 7+ incident on ***U and '°’Au are shown in Figs.
4(a) and (b), where Gaussian fits have been drawn through
the data. The centroids of these fits are close to the values
indicated for full linear momentum transfer (FLMT) of
the incident pion momentum; this is expected and ob-
served for conventional fission process.” The widths of
these angular correlations are determined mainly by the
angular resolution of the experimental setup which was
limited by the beam spot size, typically 5 cm in diameter.
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FIG. 4. Angular correlations for 96 MeV 7+ incident on (a)
28U and (b) '’Au. Arrows have been placed at the angles calcu-
lated for full linear momentum transfer (FLMT).

B. Fission cross sections

Differential cross sections for fission of 2**U induced by
7~ and 7w at the incident energies used for data set B are
shown in Figs. 5(a) and (b). An angular distribution of
the form

W(60)=A(1+B cos’6) )

is expected!®* for conventional fission. A fit to the data
with this functional form is shown by the solid curves in
Fig. 5. Only statistical errors are plotted in this figure.
The angular distributions are nearly isotropic as expect-
ed!” for conventional fission, especially for a high excita-
tion energy of the fissioning nucleus. The total fission
cross sections, o, were obtained by integrating the angu-
lar distribution over solid angle to give

O'F:4—21T“A

1+2

3|’ (3)

where the factor of 2 in the denominator is because there
are two fission fragments per event. The values deter-
mined for A4, B, and o are listed in Table II, where the
small values for B are consistent with expectations for the
low momentum pion beams.

IV. ANALYSIS

A. Energy and mass distributions

The total kinetic energy release for binary fission in-
duced by many different projectiles and beam energies has
been tabulated for a range of targets.!®* From this compi-
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FIG. 5. Angular distributions of the fission fragments for a
range of 7+ and 7~ energies. The curves are fit to the function
A (14 B cos®0) where 4 and B are given in Table II.

lation it is seen that the average value of the fission frag-
ment total kinetic energy can be described by
ZZ

(Ep)= 0.1071;—1—/—3+22.2 MeV (4)

for all of the data (Z and A4 refer to the charge and mass
number of the compound nucleus). The compound nu-
cleus for fission induced by pions will initially have the 4
of the target nucleus, and either the Z of the target nu-
cleus for inelastic scattering leading to fission, or Z +1 for
true absorption of the m*. However, the values of 4 and
Z may change by a few percent for heavy nuclei due to
preequilibrium emission of particles. The calculated
values (Er(calc)) are listed in Table I under an assump-
tion of true absorption of the pion. These calculated
values agree rather well with the measured values of Er,
also in Table 1. This is the first part of the evidence that
the fission studied here stems mainly from true absorption
of the pion, in that the charge of the fissioning system is
determined from the data on fission fragment kinetic en-
ergy.

The model formulated by Nix® has proven adequate in
predicting the widths of both the total kinetic energy and
mass distributions of the fission fragments for conven-
tional fission. In Nix’s model, these widths can be
described by

AEg(calc)=(FWHM)g X [coth(#w,/20)]'/? (5a)

and
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TABLE II. Total fission cross sections, o', along with the constants used in Eq. (3).

T,,- A U'Fa
Target Beam (MeV) (b) B (b)
B8y T 60 0.453 0.113 2.96+0.37
70 0.470 0.049 - 3.00+£0.30
80 0.434. 0.051 2.77+0.28
90 0.349 0.083 2.26+0.23
100 0.366 0.090 2.36+0.24
ot 60 0.262 0.070 1.68+0.17
70 0.308 0.049 1.97+0.20
80 0.305 0.063 1.96+0.20
90 0.305 0.049 1.94+0.19
100 0.337 0.041 2.14+0.21
20984 T 80 0.0147 0.096 0.10£0.01
L 80 0.0438 0.001 0.276+0.028

*Uncertainties are <5% for statistical and fitting errors, <7% for pion beam flux normalization

(=~10% for 60 MeV 77), and 5% for target thickness.

AM (cale)=(FWHM) ; X [coth(%w;/260)]'/%,  (5b)

where (FWHM)g, (FWHM) 4, #iw;, and #iw, are constants
for a given compound nucleus and 6 is the nuclear tem-
perature at the saddle point (the nuclear temperature is re-
lated in general to the excitation energy E* by®
E*=06>—0, where a =A/8 MeV~! is the level density
parameter). Nix compares® the calculated AE; and AM
widths with the values observed for fission induced by
many different projectiles and energies from a range of
targets. These widths are plotted versus the fissility in
Figs. 19 and 20 of Ref. 8. The AEy and AM widths from
several sources,® divided by the bracketed terms in Egs.
(5a) and (5b), fall into a definite line for both the AE; and
AM widths in these figures. The AE; data of Ref. 8 are
described nicely by Nix’s calculations, although the calcu-
lated (FWHM) are about 20% lower than the data. The
calculated (FWHM) 4 do not follow the data; however, an
empirical value of (FWHM);, can be extracted by drawing
a smooth line through the data plotted in Ref. 8. A value
of (FWHM) , can be obtained in a similar fashion.

Using these phenomenological values of (FWHM); and
(FWHM) 4, and the %w4 and #iw; given by Nix, the widths
for AE; and AM can be calculated for a given excitation
energy of the compound nucleus. The excitation energy at
the saddle point for fission induced by pions is given,
under an assumption of true absorption of the pion, by

Esp=m,c’*+T,—E;+V¢, (6)

where m_c? is the rest mass of the pion, T, is the pion
kinetic energy, E, is the fission barrier, and V¢ is the
Coulomb barrier. The computed Egp, and the resulting
predicted AE; and AM from Nix’s model, are listed in
Table I, where the (small) correction for preequilibrium
nucleon emission has not been included.

The AEy(calc) widths for pion-induced fission of 233U
correspond remarkably well to the measured AE; widths

in Table I. Thus the assumption of true absorption of the
pion used for the excitation energy in this calculation
seems to be reasonable. In general, the measured AE;
widths for 2®U plus 7+ appear to be consistently 1 MeV
higher than the calculated width AE7, and for ***U plus
7~ the measured AE; values are consistently 1 MeV
lower than the calculated AE; values. A larger width
corresponds to a higher excitation energy, and a smaller
width corresponds to a lower excitation energy. Because
the shape of the curve compared to the data in Fig. 20 of
Ref. 8 is fixed to the shape calculated by Nix, a relative
comparison of the zero-temperature energy widths
(FWHM) for different nuclei would likely have less error
than the absolute errors in normalizing the curve to the
data. Assuming small relative errors for the calculated
AE7 values, a conclusion may be reached, based on the
Nix calculations, that for 238U the 7+ deposits more exci-
tation energy in the nucleus than does the w—. However,
the Nix calculations become of questionable accuracy for
nuclei heavier than 2**Np, and so this conclusion may be
questioned.

The measured AE; widths for 2Bi and '"’Au are
somewhat less than the calculated AE;. The excitation
energy corresponding to these measured widths can be ex-
tracted with the result that for both nuclei a nuclear tem-
perature of 6~2.1 MeV is needed to match the calcula-
tions to the measured widths. This value of 6 corresponds
to an excitation energy of about 100 MeV. This indicates
that most of the fission processes are initiated by true ab-
sorption, followed by emission of a few nucleons.

The measured mass widths AM given in Table I are
seen to be consistently larger than the calculated AM
widths for all targets. A larger mass width corresponds to
a higher excitation energy. This result is surprising in
light of the excitation energies of about 100—200 MeV de-
duced from the comparison between the energy widths
measured and those calculated (the same temperature 6
was used to calculate both the AE energy widths and these
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AM mass widths). The phenomenological AM widths as-
sume the temperature dependence predicted by Nix, even
though the calculated curve in Ref. 8 does not follow the
trend of the data. However, because the data in Ref. 8
cover a wide range of excitation energies, it is reasonable
to assume that the procedure used to divide out the tem-
perature dependence should be valid at the excitation en-
ergies resulting from pion absorption. Nonetheless, the
nuclear temperatures needed to fit the mass widths AM
measured in this study along with the other data in Ref. 8
are unreasonably high (4 to 5.5 MeV). A direct compar-
ison of the AM given in Table I to the mass width for fis-
sion of %*®U induced by 150 MeV protons,19 measured as
52+1 u, shows the AM for 2*®U plus 7+ to be about 13 u
larger. Furthermore, the mass width for fission of 1*’Au
induced by?® 45 MeV *He, measured as 31+1 u, compares
closely with the predicted width of AM =30 u. Because
the same methods (even the same detectors) were used for
those earlier *He measurements and the present study, one
might expect similar reliability in extracting the mass
widths for the present results. Hence, the conclusion is
reached, based on direct comparisons with other data and
on the Nix calculations, that the fission fragment masses
are more widely distributed for fission induced by pions
than for fission induced by light ions.

B. Total fission cross sections

The total fission cross sections from data set B may
also be compared with cross sections for fission induced
by protons at beam energies greater than 140 MeV
(=m,c?). This comparison is most easily seen when the
fission cross sections are divided by their respective reac-
tion cross sections, og. The values of o listed in Table II
for incident pions at 80 MeV were divided by the oy cal-
culated with the pion optical model using parameter set C
of Stricker, Carr, and McManus.?! The resulting values
are plotted along with the data for 156 MeV (Ref. 22) and
190 MeV (Ref. 23) protons in Fig. 6. Also plotted in Fig.
6 are points in parentheses for pion-induced fission of
Y7TAu. These points were obtained by normalizing the
values of the oy for 2**U at 78 MeV from data set A to
the o for U from data set B at 80 MeV; using this
normalization factor in conjunction with the relative
values from the beam monitor in the setup for data set A4,
the o for “"Au at 78 MeV was obtained. The
parentheses around these points denote the indirect nor-
malization method for ’Au. The data in Fig. 6 for pions
have been plotted assuming a Z and 4 of the compound
nucleus resulting from true absorption. Under this as-
sumption, the data for both pions and protons agree quite
nicely for equivalent excitation energies available from the
beams.

Calculations of pion-induced fission cross sections were
accomplished in two sequential steps. The first follows
the initial interaction of the pion with the nucleus through
to a thermally equilibrated nucleus and the second deter-
mines the probability of fission for this nucleus. The va-
lidity of this approach rests on the success of present cal-
culations of pion-nucleus interactions (for the first part),
the success of statistical fission calculations (for the
second part), and the connection between the two parts as
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FIG. 6. Comparison of the proton-induced fission data at
156 MeV (Ref. 22) and 190 MeV (Ref. 23) with the pion-induced
fission data at 80 MeV from the present study. The dashed line
guides the eye. '

discussed in the following.

One of the main assertions from the present data on
average kinetic energy release, angular corrections, and
angular distributions of the fission fragments is that fis-
sion induced by a beam of energetic pions is not much dif-
ferent from fission induced by a nucleon beam that leaves
the nucleus with similar excitation energy. A basic as-
sumption in calculations for nucleon-induced fission is
that the nucleus is in thermal (statistical) equilibrium
when fission occurs. Thus, because no unusual mecha-
nism for pion-induced fission was observed, there seems
to be no problem in connecting the two parts of the calcu-
lations already described. The two calculations presented
in the following are either based on the cascade model.or
the optical model in conjunction with statistical fission
calculations by the computer program ALICE.?*

Cascade calculations have been successful in predicting
general features of fast emitted particles.”’> The pion cas-
cade code ISOBAR (Ref. 26) was used to thermalize the nu-
cleus in the calculations presented here. Although ISOBAR
has done well in reproducing pion-nucleus cross section
data?® near delta resonance energies, the code is largely
untested in the 60 to 100 MeV energy range. Further-
more, ISOBAR assumes that all pion-nucleon interactions
proceed through the A resonance, without inclusion of
s-wave interaction terms. Nonetheless, ISOBAR is possibly
the best pion cascade code presently available. The output
from ISOBAR gives the excitation energy, E*, and angular
momentum, J, of the residual nuclei. These values of E*
and J were used in fission calculations with the ALICE
code using only the option for the standard Bohr-Wheeler
model with fission-neutron emission competition and fis-
sion barriers from the rotating liquid-drop model. The re-
sults of these calculations for 2*8U are presented in Figs.
7(a) and (b) for two values of the level density ratio,
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FIG. 7. Comparison of the fission cross section for 33U to
calculations for 7~ (solid line) and 7w+ (dashed line) using the
ISOBAR and ALICE codes with values of the level density ratio
R =ay/a, equal to (a) 1.0 and (b) 1.1.

R =ay/a,. This parameter, R, represents the ratio of the
density of levels at a given excitation energy above the
saddle point to the level density at an equivalent excita-
tion energy above the ground state. In the Fermi gas
model, R =1 with af=a,~A4/9 MeV~!. The value of
as=a, used in Fig. 7(a) predicts that the fission cross sec-
tions of 238U are approximately equal for both incident
w7 and 7. The reason for this is that the reduction in
the fissility due to a decrease in charge for 7~ incident on
28U just offsets the increase in og for 7 (also, a
Coulomb effect). Clearly, this does not reproduce the
data well. Better agreement is obtained for R =1.1 as
shown in Fig. 7(b). This latter value was found necessary
to reproduce the data of “He incident on 324235y tar-
gets.’” Good fits to those data are obtained only for
values of R >1.1, suggesting that the -levels are
compressed over the fission barrier. Even better agree-
ment might be obtained by adjusting the fission barriers
used in the ALICE. These would on the average need to be
slightly lower (by 10 to 20 %) than the fission barriers cal-
culated from the liquid drop model with shell corrections.
However, experimental fission barriers are not known for
many of the nuclei from which fission takes place (the
compound nucleus may emit several neutrons or protons
before fissioning). Similar modifications to the code
would be needed in order to fit the data for fission in-
duced by light ions.

The pion optical model has given excellent fits?! to elas-

tic scattering data for a range of targets at incident pion
energies below 100 MeV. This model has also been used
recently?® to calculate with reasonable success true pion
absorption cross sections, o, for a range of targets. For
the present calculations, the pion optical model calcula-
tions from the code DWPIES (Ref. 29) provided the o
and the o for pions incident on 2**U. The excitation en-
ergy of the fissioning system will differ greatly depending
on whether the incident pion was absorbed or inelastically
scattered. The division of oy into o, and a quasielastic
part, o, using the pion optical model (see the Appendix),
gives the necessary information from which to calculate
the contribution to o from high or moderate excitation.
Once the contributions are known, the exciton model®’
can be used to bring the nucleus to thermal equilibrium.
The exciton model is incorporated in the ALICE program
via the preequilibrium nucleon emission option. The pre-
equilibrium parameters used were taken from a study for
stopped 7~ by Blann.’® The results of these calculations
are presented in Figs. 8(a) and (b) for two values of the
level density ratio. As for the cascade calculations, the
DWPIES-ALICE calculations, as shown in Fig. 8(a), predict
oF to be nearly equal for 7+ and 7~ when R =1 is used.
Again, much better agreement with the data is obtained
for R =1.1 as shown in Fig. 8(b). These calculations do
marginally better than those shown in Fig. 7(b) in repro-
ducing the energy-dependent total fission cross sections.
The DWIPES-ALICE calculations were also used to
predict the mass dependence of the fission cross sections.
The values of o for *3U and 2*°Bi at 80 MeV from data
set B, and the renormalized values for '’Au at 78 MeV
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FIG. 8. Comparison of the fission cross section for 2**U to
calculations for 7~ (solid line) and 7+ (dashed line) using the
DWPIES and ALICE codes with values of the level density ratio
R =ay/a, equal to (a) 1.0 and (b) 1.1.
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from data set A are shown in Fig. 9 along with calcula-
tions for several values of R =ays/a,. Here a value of
R =1.1 does not do well. The best description of the data
is obtained for R~1.03. Although this result disagrees
with the value of R needed for 2**U, an earlier study?® for
45 MeV *He also finds a best fit to the data for R~1.03
when the Z2/A dependence of o is examined. We con-
clude that, as before, the basic statistical fission parame-
ters must be modified in the same way needed to fit the
data from fission induced by light ions in order to
describe our data. The difference between the value of R
obtained for 238U fission cross sections and that for a gen-
eral range of Z and 4 might be attributed to differences
in the nuclear structure of the different targets (such as
the ground state deformation) or may be due to problems
in calculating fission barriers using the rotating liquid
drop model.

A direct comparison between the values of o for 23U
from data set B with other published reaction cross sec-
tion data can be made using the approximation op~0py.
This approximation is expected, on the basis of light-ion-
induced fission,”3! to be quite good for 7+ incident on
238U, and fairly good for incident 7. The data of Ashery
et al.! and Navon et al.’? for 2”Bi are plotted in Fig. 10
along with pion total cross sections for *Pb from Carroll
et al.3® and the oy for 2%U. Only for =+ at 85 MeV may
a direct comparison be made between oz and or. In this
case, the op is about 50% higher than the corresponding
or. However, the large uncertainty for the inelastic cross
section measured by Ref. 1 (0j,q=1.18+0.92 b) makes
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FIG. 9. Total fission cross sections at 80 MeV as a function
of the compound nucleus Z?/A4 along with calculations using
the DWPIES and ALICE codes for several values of the level densi-
ty ratio as/a,. The points in parentheses are normalized from
data set A4 as described in the text.
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FIG. 10. Comparison of the measured fission cross sections
for 2®U with other pion-nucleus cross section data on heavy nu-
clei. The total cross sections and the solid curves are from Ref.
33. The absorption cross sections at 50 MeV are from Ref. 32;
the absorption cross sections at higher energies and the reaction
cross sections are from Ref. 1. The uncertainties on the reaction
cross section data are large and not shown.

any definite conclusion difficult. At 50 MeV, the o, for
7~ of Ref. 32 is almost a factor of 2 above the 60 MeV
7~ op for 228U, It seems rather unlikely that pion ab-
sorption would not lead to fission of 23¥U, and the o, for
233U should be slightly larger than the o, for 2°Bi. In
addition, the o,, for 7~ from Ref. 32 is very close to the
measured total cross section, o, of Ref. 33, whereas
about half of the o is expected to be made up of elastic
scattering. Both the or and o7 comparisons indicate that
the o, reported in Ref. 32 is too high and should be
checked by further measurement.

V. CONCLUSIONS

The present study has revealed information on at least
two important points. First, measurements of oy can es-
tablish approximate o for pion interactions with heavy
nuclei; these oy are not yet completely determined from
other experiments. Second, some insight has been ob-
tained on coupling of the pion-nucleus interaction to col-
lective modes of the nucleus.

Few differences between fission induced by pions and
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by nucleons or light ions were seen. The excitation energy
of the fissioning system was deduced in the model given
by Nix,® with the indication that most of the fission
comes from compound nuclei with excitation energies
greater than 100 MeV for pion kinetic energies of 60 to
100 MeV. This requires that true absorption of the pion
is a main contributor to the fission measured in our study.
One significant difference seen is that the mass distribu-
tions are significantly wider for pion-induced fission than
for conventional fission at a similar excitation energy. At
present, no satisfactory explanation for this phenomenon
is apparent.

The total fission cross sections have similar magnitude
(see Fig. 6) for pion-induced fission at 80 MeV and
proton-induced fission at 156 and 190 MeV. Calculations
of the o in our study have resulted in conclusions similar
to those drawn from light-ion-induced fission. The level
density ratio, R =ay/a,, must be increased from the sim-
plest value of R =1.0 to R > 1.1 for fission of 2**U, and
tozR ~1.03 in order to reproduce the oy as a function of
Z°/A.
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APPENDIX

Only part of the imaginary optical potential for pions
represents true absorption. In this appendix we demon-
strate how the cross section due to such true absorption
may be computed.

In order to calculate the reaction cross section one
starts from the wave equation to derive the continuity
equation. This gives the time rate of flux loss in a volume
as

W:—%(‘I’*’HmV[‘I’*) R

where W7 satisfies the boundary condition (with no
Coulomb potential)

Wt sel® Ty £(0)e* /r .
For a potential of the form??2?

QE/#)WVY¥t=_f(r)¥Wt+4+V-g(r)V¥+,
the reaction cross section is expressed as

=(E/hk)W

:%[mﬁ | Imf () | )

+{(V¥* |Img(r) | V¥T)].

The first term can be evaluated numerically in a
straightforward fashion by using the partial wave expan-
sion

,u,( r)

Wt — \/_21/_2_—1 Yy (6,6) .

The second term makes use of the relation

A
IxLwt
=TT VPt ==
,

A\

where L is the angular momentum operator. With some
simplifications the expression for the reaction cross sec-
tion becomes

=T srnm | [ ro+ g0
X | uy(r) | %dr
du, up g

+J, e

The shape factors for the potentials are divided into one
part which represents the quasielastic processes and one
which represents the true absorption:

S () =Fqe(r)+ faps(r) (real)
g(r)=gqe(r) +gaps(#) + (imaginary) .

Since the reaction cross section is linear in the imaginary
potentials, the true absorption cross section, o,,,, may be
calculated by substituting only the imaginary potential
which represents the true absorption into the above ex-
pression. The necessary integrals are calculated numeri-
cally using the distorted wave functions calculated in the

DWPIES (Ref. 29) program.
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