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Excitation functions have been determined for the formation of ten iodine nuclides
(" I—' I) in the interaction of 60—350 MeV m+ and m with ' I. The contribution of vari-

ous reaction mechanisms has been estimated from the systematic features of the excitation
functions and isotopic yield distributions with the aid of cross sections obtained for the pro-
duction of various isobaric xenon nuclides, cross-section results for 500 MeV proton bom-

bardment of ' I, and comparison with Monte Carlo cascade-evaporation calculations. It is
found that, with varying importance, mechanisms involving direct neutron knockout, pion
inelastic scattering plus evaporation, pion absorption, and pion charge exchange contribute
to the observed yields.

NUCLEAR REACTIONS ' 'I(m. —+,m.—xn), x =1—10, excitation func-
tions (activation), T„=60—350 MeV. KI targets. Deduced reaction

mechanisms.

I. INTRODUCTION

With the availability in recent years of intense
pion beams, the study of the interactions of energet-
ic pions with complex nuclei has attracted an in-
terest comparable to that of similar proton-induced
reactions. The occurrence of pion absorption as well
as inelastic scattering and the dominance of the (3,3)
resonance at intermediate energies are complexities
not found in the interaction of protons with nuclei.
The possibility of using both positive and negative
pions as projectiles introduces an added dimension
in the properties of this probe that is not available
for protons.

Most of the nuclear reactions induced by reso-
nance energy pions that have been studied to date
fall in one of the following two broad categories:
simple reactions, such as single nucleon removal, '

and spallation. ' The single theoretical model
with which all the data can be compared is the in-
tranuclear cascade-evaporation (INC) model. The
approach used in this model is to treat the interac-
tions of the incident pion as a series of independent
collisions with the target nucleons. The pion-
nucleon scattering can be either resonant or non-
resonant, the former leading to the formation of the
6 isobar. The subsequent decay of the isobar to a
nucleon and a pion corresponds to pion scattering,
while the decay to two nucleons results in pion ab-
sorption. The struck nucleons, in turn, can hit other
nucleons resulting, eventually, in the prompt emis-
sion of particles and the formation of an excited
residual nucleus. This residue decays in a slower
second step by particle evaporation. Both phases of
the reaction can be treated by the Monte Carlo tech-
nique. The most widely used cascade code is the

TABLE I. Reaction mechanisms in pion induced multineutron removal from ' 7I.

(1)127I+~+ ' ' "I+m++xn

'27 "I+p+(x —1)n

I+~ +p+(x —1)n

I+~ +xn

Direct neutron knockout (DKO);
inelastic scattering plus
neutron emission (ISE)
Pion absorption plus
nucleon emission
Charge exchange plus
nucleon emission (CEX)
DKO, ISE
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VEGAS code, " originally developed for incident pro-
tons but modified for pion reactions by Harp et al. '

in a version called ISOBAR, with additional refine-
ments added by Ginocchio. ' The evaporation cal-
culation has usually been performed with the DFF
code. The agreement between the ISOBAR —DFF
predictions and experiment has ranged from good to
poor, depending on the type of information being
compared, i.e., cross sections, m+/m cross-section
ratios, energy spectra, etc., as well as on the target
mass region, and the pion kinetic energy.

The current work focuses on a specific subset of
pion-induced spallation reactions, i.e., multineutron
removal reactions. The target is ' I, for which the

I(m-, X)' "I cross sections can be determined
for x =1—10. The possibility of determining as
many as ten different cross sections offers a unique
possibility to study the evolution of the reaction
mechanism with increasing reaction complexity
under conditions that are narrowly controlled by the
requirement that the products exhibit no net loss or
gain of nuclear charge. The various reaction
mechanisms likely to be involved in the formation
of iodine isotopes are summarized in Table I.
Mechanism I actually involves two distinct paths, a
one-step direct knockout process, (DKO) and a
two-step cascade-evaporation process involving pion
inelastic scattering (ISE). The DKO process has
been established for the single neutron removal reac-
tion and its signature is a peak in the excitation
function in the vicinity of the (3,3) resonance. '

The excitation functions of the multineutron remo-
val reactions should provide an indication of the im-
portance of a single step interaction in the increas-
ingly complex processes that occur as the number of
emitted neutrons increases.

Mechanism 2 involves pion absorption followed
by particle emission. As indicated in Table I, only
n+ absorption can lead to the formation of iodine
nuclides. The dependence of o /o+, the cross sec-
tion ratio for m and m+, on mass loss and pion en-

ergy permits us to deduce phenomenologically the
contribution of this process as a function of these
two variables. Additional information on this point
may be obtainable from a comparison of the isotopic
yield distributions obtained for n+and protons. . Al-
though the cross sections of the '

I(p,pxn) reactions
have been determined, ' the data are sufficiently old
that it was thought desirable to remeasure them.
We thus report results obtained for 500 MeV pro-
tons.

Mechanism 3 involves pion charge exchange
scattering. Again, this process can only form iodine
products when m.+ are used. The formation of I nu-
clides then involves the emission of a proton and
(x —1) neutrons. This process has a probability

II. EXPERIMENTAL

The pion irradiations were performed in the P3
and LEP channels of the Clinton P. Anderson
Meson Physics Facility (LAMPF) with m+ and m

TABLE II. Decay properties of iodine and xenon nu-

clides.

Nuclide

126I

125I

124I

123I

122I

121I

120I

120Im

119I

118I

118Im

117I

127X

125Xe

123Xe

122Xe

121Xe

13.0 d

60.2 d
4.2 d

13.04 h
3.6 min
2.12 h
1.35 h

53.0 min

19.3 min
14.3 min

8.5 min

2.2 min
36.41 d
17 h
2.08 h

20.1 h

39 min

y ray
(keV)

388.6
666.3
27.3 (E x ray)
27.3 (IC x ray)

602.7
27.3 (EC x ray)

159.0
564.0
212.5
560.4
560.4
614.7
257.5
605.2
599.8
605.2
325.9
202.8
188.4
148.7
148.8
350.1

212.5 .

Abundance

(%)

35
34
34
56.5
61
46.8
82.9
18
84
73

100
67
90
95

100'
100'
100b

68.1

55
49
3.16
8

84

'Relative abundance.
Assumed abundance.

comparable to that of the emission of x neutrons
and zero protons, which results in the formation of
Xe nuclides. %e have accordingly measured the
cross sections for the production of these nuclides by
m+. The energy and mass dependence of the
o+(Xe)/0+(I) ratios provides a qualitative measure
of the importance of charge exchange and allow us
to distinguish between this mechanism and pion ab-
sorption. The ' l(m+, m ) reaction is of special in-
terest since the charge exchange process is restricted
to a fairly narrow range of final states.

The experimental procedure is described in Sec. II
and the results presented in Sec. III. Section IV
deals with the systematics of the data and with the
interpretation of the results in terms of mechanisms.
The results are also compared in this section with
the ISOBAR-DFF intranuclear cascade code. Our re-
sults for the (m.,~N) reaction were published previ-
ously.
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TABLE IV. Cross sections (mb) for the production of Xe nuclides in the interaction of ' I with ~+.

T (MeV)
Nuclide

127Xe

125Xe

123Xe

122Xe

121X a

60

4.71+
1.05

18.2+
2.4
7.81+
1.14

16.3+
4.7

10.8J
4.2

1.63+
0.40

13.1+
1.1

18.7+
2.5

11.6+
3.3
7.66+
1.89

120

13.8+
0.8

17.9+
1.0

140

1.16+
0.26

12.3+
0.4

15.3+
0.7

21.2+
6.0

14.0+
6.6

180

1.83+
0.33
9.402
0.28

12.6+
0.6

12.2+
2.9
8.061
3.59

210

1.45+
0.21
8.09+
0.29

10.4+
0.7
7.76k
2.68
5.12+
2.62

250

0.85+
0.14
6.78J
0.22
8.50+
0.50
5.69%
1.95
3.75+
1.91

0.87+
0.16
5.58+
0.22
8.04+
0.49
5.62%
2.17
3.71+
2.00

350

1.09+
0.13
5.44+
0.18
7.66+
0.58
4.91%
1.27
3.24+
1.48

'Only the 100 MeV datum was measured; other results are based on scaling of the ' Xe cross sections.

ranging in energy between 60 and 350 MeV. The I'
beams had a momentum bite of +6%o while the
LEP beams (60 MeV) had a +4% bite. Protons
were removed from the n+ beams by differential en-

ergy degradation. The irradiations with SOO MeV.
protons were also performed at LAMPF.

The targets consisted of KI pellets made by
compressing the powder to a thickness of -120
mg/cm . They were circular, had a diameter of 1.5
cm, and were mechanically stable and of good uni-
formity (-2%). The target stack consisted of a pel-
let surrounded by thin Mylar guard foils and preced-
ed on the upstream side by a beam intensity monitor
foil of the same diameter. The identity of the moni-
tor was dictated by the length of the irradiations.
Depending on the half-lives of the products of in-
terest, the irradiations had a duration of approxi-
mately 7 h, 1 h, or 3 min. The beam intensity in the
3 min runs was monitored by assay of the "C activi-
ty induced in thin carbon foils. For the longer

200 "

l50-
E
I

IQO-

thr
50~

IOO-

b 50-

TABLE V. Independent production cross sections (mb)
of I and Xe nuclides from the interaction of ' I with 500
MeV protons.

Nuclide

0
(c)

126I

125I

124I

123I

122I

121I

119I

118I

127xe

'"Xe
123xe
122xe

121Xe

59.4%3.6
90.2%8.9
33.7+2.8
41.2+2.5
16.8+2.8
27o2 k2.3
15.0+0.9
6.77+0.40

1.05+0.12
5.47+0.34
4.21+0.45
2.83+0.59
1.45 +0.74

4& eye

l000 200 500
T (Mev)

FIG. 1. Excitation functions for the formation of "I
by m (top panel) and m.+ (middle panel). Solid points, ex-
periment; open points ISOBAR-DFF calculation. The ar-
row indicates the reaction threshold for m . The lines are
drawn to show the trends in the points. The m /m+
cross-section ratios are displayed in the bottom 'panel.
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runs, the beam intensity was monitored by assay of
the Na activity produced in 120 mg/cm thick sil-
icon discs by means of the Si(m, x) Na reaction,
whose cross sections have been determined. ' The
proton beam intensity was determined by means of
the Al(p, 3pn) Na reaction. ' The fluctuations in
the pion intensity were monitored by means of a
scintillation counter located near the target. The re-
sults were corrected by at most 5% for the effect of
these fluctuations. Because of the shorter duration
of the proton bombardments, no corrections for this
effect were made to the proton data.

Following irradiation, the target and monitor
discs were separately assayed with calibrated Ge(Li)
y-ray spectrometers, intrinsic Ge x-ray spectrome-
ters, or in the case of the carbon monitor foils, with
a NaI annihilation y-ray coincidence spectrometer.
The iodine and xenon products were identified by

l50

IOP-

thr
0

IOO-

Cl
E

50-

II

Ig

(n)-

200-
2

(c)

0 I

IOO 200
T~{MeV)

I I

500

l00-
FIG. 3. Excitation functions for the formation of ' I.

See Fig. 1 for details.
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0
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FIG. 2. Excitation functions for the formation of ' 'I.
See Fig. 1 for details.

0
4

b
0 4P ~

0 s & s s

0 100 200
T (M6V)

FIG. 4. Excitation functions for
See Fig. 1 for details.

(c3
~'I

Q I
g
I I

300

the formation of ' I.
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FIG. 5. Excitation functions for the formation of '2'I.

See Fig. 1 for details.
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their characteristic y rays or x rays and half-lives, as
summarized in Table II (Ref. 19). The y-ray and x-

ray spectra were analyzed with the code sAMpo
(Ref. 20) and the decay curves were fitted with the
cLsQ code. The y-ray intensities were corrected
for y-y coincidence summing using a code based on
the analysis by McCallum and Coote. This correc-
tion amounted to only a few percent in most in-
stances, but to approximately 20% for " I and ' I
due to a combination of high counting geometry and
complex level schemes.

Because of a lack of sufficiently intense y rays,
the activity of ' I was assayed by means of the Te
I( x ray associated with the decay. This same x ray
is also emitted in the decay of 58 d ' Te . Since
the half-lives of these nuclides are nearly the same,
the two activities could not be separated on the basis
of gross assay. Accordingly, iodine was radiochemi-
cally separated from the long run targets approxi-
mately one month after the end of bombardment by
means of a standard procedure. The samples were
mounted for x-ray assay in the form of AgI pellets.
Since there was significant absorption of the x rays
by the Ag atoms in the sample, a correction factor
had to be applied. This factor was determined by
comparison of the x-ray intensity of a carrier-free

I source with that of a sample in which the same
I aliquot had been incorporated in AgI. The cross

sections determined in this fashion for ' I, which

b (
(c) il

a '~a

100
I I

200
T (MeV)

300

FIG. 6. Excitation functions for the formation of ' 'I.
See Fig. 1 for details.

also emits x rays in its decay, were in excellent
agreement with those obtained on the basis of y-ray
measurements.

In order to assess the importance of radioactive
growth due to the decay of xenon precursors, several
runs were performed in which xenon was volatilized
from the dissolved samples prior to assay. Compar-
ison of the decay curves of specific y rays deter-
mined with and without this separation was of value
in the determination of independent iodine forma-
tion cross sections.

The possible contribution of secondary reactions
was investigated in experiments performed with 350
MeV n.+ in which the target thickness was varied by
a factor of 3. Because of the irradiation conditions,
only long-lived products (t&&z ) 13 h) were assayed.
From the constancy of the cross sections we con-
clude that any net secondary contributions to either
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FIG. 7. Excitation functions for the formation of '2 I.
See Fig. 1 for details.
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FIG. 9. Excitation functions for the formation of " I.
See Fig. 1 for details.

III. RESULTS

target or monitor reactions must be less than 2%%uo.

We can therefore reasonably conclude that secon-
dary production is unimportant for all our data ex-
cepting the ' Xe cross sections. This nuclide is
readily made by low-energy protons in a (p, n) reac-
tion and the secondary effect reaches saturation in
thinner targets than those used in this experiment.
We estimate an upper limit of 10% for the secon-
dary contribution to the yield of this nuclide. More
complete details of the experimental procedure are
given elsewhere.

0
0 lOO 200

T„(Mev)

I

300

FIG. 8. Excitation functions for the formation of " I.
See Fig. 1 for details.

The measured cross sections are listed in Tables
III—V, where Table III summarizes the results for
iodine products, Table IV those for xenon products,
and Table V those obtained in 500 MeV proton
bombardment. The tabulated uncertainties (+ lo)
are due to those from the SAMPQ and CI.SQ fits, the
y-ray or x-ray abundances, the various correction
factors, and the monitor reaction cross sections,
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FIG. 10. Excitation functions for the formation of " I.
See Fig. 1 for details.

0

combined in quadrature.
All the tabulated iodine cross sections represent

independent yields. In some instances (' I, ' I,
I) the xenon precursor is either stable or much

longer-lived than the irradiation or counting time

r r r r r r r r t

2QQ-

hC

IQQ-

I I r I r I t I I r I

I I8 I 22 126

FIG. 11. Peak energies in the excitation functions of
neutron removal reactions on ' 'I. 0, m reactions; X,n.+

reactions. The curves show the trends in the data. The
shaded area delineates the energy interval in which the
unobserved peaks for ' I and ' I due to the ISE mecha-
nism must lie.

I

1 00
I I I I I I I

0 200 400
T~(MeV)

FIG. 12. Energy dependence of the summed iodine
cross sections. The solid curves show the trend of the ex-

perimental data (0, m.+; 4, m ); the dashed curves show
the behavior of the ISOBAR-DFF values (0, m+; Q, n ).
The ISOBAR values of the total reaction cross sections Oq

are shown by the dashed curves at the bottom of the fig-
ure (V, m+; H, ~ ). Note that the cr~ values are offset by
a factor of 10.

500

and consequently no correction was necessary. In
other instances (' I, "9I, " I, " I) the y rays of the
corresponding xenon precursors could not be detect-
ed in the spectra. Furthermore, the decay curves of
the y rays associated with these iodine products
showed no evidence of radioactive growth. We con-
clude on this basis that the contribution of xenon to
the observed iodine activities in the above mass
range is less than 5%, the cross sections being in-
dependent at this level of accuracy. Finally, the de-
cay curves of ' I, ' I, and ' 'I showed evidence for
growth from the decay of the corresponding xenon
precursors and the cross sections obtained from the
decay data represent cumulative yields. Since the
cross sections of ' Xe, ' Xe, and ' 'Xe could be ob-
tained directly, the tabulated independent iodine
cross sections were obtained by subtraction of the
corresponding xenon values. It should be remarked
in this connection that the ' 'Xe cross section could
only be reliably determined at 100 MeV. The values
listed at the other energies were obtained by scaling
the ' Xe cross sections by the factor determined at
100 MeV. Since xenon isotopes cannot be formed
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FIG. 13. Mass dependence of the o. /0. + cross section
ratio for iodine nuclides as determined at 250 MeV and
higher. Closed points, experiment; open points, ISOBAR-
DFF calculation.
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A

FIG. 14. Isotopic yield distribution of I nuclides ob-
tained with 100 MeV m+ and m . Solid points, experi-
ment; solid histogram, ISOBAR-DFF calculation; dashed
histogram, pion absorption contribution to the calculated
yield distribution.

by the (n, nucle. us) interaction (none were detect-
ed), the above corrections are only applicable for n+
and proton bombardment.

The cross sections reported for ' I represent the
sum of the measured yields of 1.35 h ' P and 53
min ' I . The cross sections of ' I could be
directly determined on the basis of the 614.7 keV y
ray. The 560.4 keV y ray, which is emitted in the
decay of both isomers, decayed with a 1.35 h half-
life and did not exhibit the growth expected on the
basis of the disintegration rate of the 614.7 keV y
ray. The observed results are consistent with an in-
tensity ratio for the 560.4 and 614.7 keV y rays of

I of 0.8, substantially smaller than the value of
1.5 derived from the level scheme. ' The 560.4 keV
decay curve was analyzed on the basis of the experi-
mentally determined intensity ratio.

The 8.5 min " I component was not successfully
separated from the 600 keV y-ray activity because
the decay curve was unusually complex. On the
other hand, the 605.2 keV y-ray decayed as a single
component with the 14.3 min half-life of " Ig. The
results reported for " I are based on the assumption
that the yield of " I is negligible compared to that
of 118Ig

The results reported for " I are based on an as-
sumed abundance of unity for the 325.9 keV y ray.
To our knowledge, an absolute abundance has not as
yet been reported in the literature. The cross sec-

tions of all the other nuclides of interest could be
determined in a straightforward manner.

IV. DISCUSSION

A. Excitation functions and cross section ratios

The excitation functions for the ' I(a-+,X)' "I
reactions are plotted in Figs. 1 —10. For each reac-
tion, we display the m cross sections, m+ cross sec-
tions, and m /m+ cross section ratios obtained both
experimentally and by means of the ISOBAR-DFF
code.

The experimental excitation functions vary in a
fairly complex yet systematic way with product
mass number. Let us first consider the m induced
reactions. The (m, n n) reaction displays a peak at
the resonance which has been attributed to the DKO
process. The increase in cross section observed at
the lowest energies reflects the contribution of the
ISE mechanism. The calculated cross sections,
which exhibit a similar energy dependence, confirm
this division according to mechanism.

The (n, n 2n) excitation function, in contrast,
decreases monotonically with increasing pion energy
over the entire energy regime. There is no evidence
for a peak in the vicinity of the resonance. The cal-
culated excitation function displays a similar energy
dependence and yields a 1% upper limit for the
direct knockout of two neutrons with no subsequent
evaporation.
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Starting with the (ir, m 3n) reaction, all the exci-
tation functions display a peak which shifts to
higher energies with increasing number of emitted
neutrons and correlates with the reaction threshold.
This behavior is expected for a cascade-evaporation
(ISE) mechanism and is similar to that observed for
(p,pxn} reactions in the same energy regime. is The
calculated excitation functions for the even-mass
isotopes (A &122) are in good agreement with the
data while those for the odd-mass isotopes are con-
sistently low. This dependence on detailed nuclear
properties is suggestive of a deficiency in the eva-

poration calculation, e.g., incorrect pairing energies.
In addition, the calculation consistently underesti-
mates the yields of the lightest iodine nuclides. This
discrepancy cannot be attributed to the evaporation
code since the calculated probability of proton eva-

poration is low. Instead, it appears that the ISOBAR

cascade code underestimates the probability of pion
inelastic scattering involving the emission of only
neutrons, once the number of emitted neutrons is
seven or more.

A convenient way to display the evolution of the
excitation functions is in a plot of peak energy as a
function of the number of emitted neutrons, as
shown in Fig. 11. The peak energies decrease with
increasing mass number as expected from the above
considerations. The peaks expected for ' I and 'i I
lie below 60 MeV, the lowest pion energy for which
data are available, and so are unobserved. As men-
tioned above, the peak observed for ' I at 180 MeV
results from a different mechanism and so does not
belong on the same curve as the other points.

The excitation functions for the (tr+, m+xn) reac-
tions are similar to those of the corresponding
(m, ir xn} reactions when the number of emitted
neutrons is small. The (mr+, tr+n) reaction thus
displays a peak at the resonance energy which has
been attributed to the DKO process. The
(mr+, tr+xn} excitation functions for x =2—7 are
also similar to the corresponding m -induced reac-
tions and are consistent with an ISE mechanism.

When the mass loss is larger than seven units, a
new feature becomes apparent for a+reactions. .
The trend observed for the peak energies of reac-
tions involving x =2—7 reverses itself and the peaks
now occur at increasingly lower energies. This trend
is most clearly seen in Fig. 11. We believe that the
larger cross sections observed at the lower energies
reflect a contribution of pion absorption. Recent
studies of this process indicate that, for medium to
heavy element targets, the cross section for pion ab-
sorption attains its highest value in the energy inter-
val of 80 to 150 MeV. This is precisely the regime
where the excitation functions in question exhibit
their highest cross sections. It is likely, in fact, that

the absorption cross section leading to iodine iso-
topes as the final products has a steeper dropoff at
higher energies than the total absorption cross sec-
tion, since more than just one proton is likely to be
emitted at these energies. This behavior accentuates
the observed downward shift of the m+ cross sec-
tions. In view of the large energy transfer resulting
from pion absorption, a contribution of this process
to reactions involving little mass dissipation is un-
likely. The excitation functions for the production
of the heavier iodine isotopes are therefore similar to
those obtained with m.

The calculated excitation functions of the
(m.+,m.+xn) reactions agree with the data to approxi-
mately the same extent as the calculated (tr, n xn)
cross sections. The same conclusions about the
comparison may be drawn.

The cross sections of the (tr, trxn) reactions may
be summed in order to obtain the total yield of
iodine isotopes. The resulting excitation functions
are plotted in Fig. 12. Included for comparison are
values obtained by means of the isoB&R code. Both
experimental and calculated excitation functions
peak in the vicinity of 140 MeV. In view of the
variation in peak energies discussed above, this value
has no particular significance. While the calculated
excitation functions have a shape similar to the ex-
perimental ones, the magnitudes are substantially
lower. This discrepancy has already been noted
above.

Total reaction cross sections were obtained from
ISOBAR and are also displayed in Fig. 12. The
curves have a broad peak in the vicinity of the reso-
nance. The steeper dropoff of the iodine excitation
functions indicates that the fraction of On resulting
in iodine products decreases with increasing pion en-

ergy. At 100 MeV the fractions are thus 0.44 and
0.35 for mand tr+, r.espectively, while at 300 MeV
the corresponding values are 0.27 and 0.23. This de-
crease results from the fact that channels involving
additional charge loss become increasingly impar-
tant at higher energies.

The ratios of ir to m+ cross sections are plotted
in the bottom panels of Figs. 1—10. For the simpler
reactions, the ratios tend to be nearly independent of
pion energy. However, for x & 7, the ratios increase
with energy up to perhaps 250 MeV, at which point
they become constant. This trend is a reflection of
the contribution of the m+ absorption process to
these reactions at low energies.

Since all the ratios appear to be constant at ener-
gies of 250 MeV and higher, it is convenient to ex-
amine the dependence of the cross section ratios on
product mass at these higher energies. Figure 13
displays the average experimental and calculated ra-
tios obtained from the data at 250 MeV and above.
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Fig. 15. Isotopic yield distribution of I nuclides ob-
tained with 180 MeV m+ and m. . See Fig. 14 for details.
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Both experiment and the ISOSBAR-DFF model show
that the o iver+ ratios decrease with decreasing
mass number. This trend can be understood on the
basis of the fact that, by virtue of the difference in
charge, m+ tend to favor the formation of more
neutron deficient products than n. . Since the
iodine nuclides become increasingly neutron defi-
cient with decreasing mass number, the observed
trend follows. The data show that the loss of four
or less neutrons is accompanied by larger ~ than
m+ cross sections, while the opposite is the case
when six or more neutrons are emitted.

FIG. 17. Slope of the iodine isotopic yield distribution,
S=d logo /d log(A-116). Solid points, experiment; open
points, ISOBAR-DFF calculation.

B. Isotopic yield distributions

The isotopic yield distributions of iodine nuclides
obtained at a few selected energies are displayed in
Figs. 14—16. While all the distributions feature a
nearly monotonic decrease in cross section with de-
creasing mass number, some interesting differences
may be noted. The distribution obtained for 100
MeV m+ thus displays a relatively smaller dropoff
in yield than the higher energy curves, presumably
refiecting the importance of pion absorption in the
production of low-mass iodine isotopes at low ener-
gies. The m. distributions drop off more sharply

! & f I & I I I I I
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FIG. 16. Isotopic yield distribution of I nuclides ob-
tained with 300 MeV m+ and m. . See Fig. 14 for details.
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FIG. 18. Mass dependence of the iodine cross section
ratio at 350 MeV, designated R(350) in the text. The
solid line represents a least-squares fit.
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than the m+ curves at the same energy and the slope
of the curves appears to decrease with increasing
pion energy. The latter trend is expected for an ISE
process in which the amount of excitation energy in-
creases with pion bombarding energy.

Although the cross sections for the formation of
products in the vicinity of the target display consid-
erable scatter, the dropoff observed below A =122 is
more regular. The above trends in this mass region
can be quantified in terms of a power law fit to the
data. Figure 17 shows a plot of the slope S obtained
by a least squares fit to a logo vs log(A —116) repre-
sentation of the data. The difference in the behavior
of the isotopic yield distributions obtained with m. +

and m is readily apparent in this representation.
The effect of m+ absorption is seen in the increase in
slope observed up to —150 MeV. By contrast, the
slope of the ncurv. e decreases precipitously in this
same energy interval. Although the two curves ap-
proach each other at the higher energies, the dropoff
in yields at low mass numbers is always greater for
m . This difference presumably reflects the above
mentioned effect of the pion charge state on the
yield distribution.

The calculated slopes display the same qualitative
behavior as the experimental values. However, the
actual values are substantially higher than the latter,
particularly in the case of m . As seen more clearly
in Figs. 14—16, this difference ineans that the cal-
culation severely underestimates the yields of the
lighter iodine isotopes.

C. Estimate of the pion absorption contribution

as discussed in the following section, the charge ex-
change (CEX) contribution to iodine formation de-
creases with increasing m+ energy. This factor re-
sults in an overestimation of the contribution of ab-
sorption to iodine production. However, since CEX
makes a relatively small contribution to iodine for-
mation, the error is likely to be small. Furthermore,
our procedure also possibly underestimates the ab-
sorption cross sections because of the assumption
that this mechanism no longer contributes at 350
MeV. The absorption yields will therefore be larger
than indicated to the extent that this assumption is
incorrect. Since the above two factors work in op-
posite directions, any errors may cancel.

The values of R (350) are plotted as a function of
mass number in Fig. 18. Because there is some
scatter in the ratios, we used the fitted line to
represent them. The results obtained by means of
Eq. (1), expressed as a percent, are displayed in Fig.
19. The contribution of m.+ absorption decreases in
a systematic manner with increasing mass number
and pion energy. At the lowest energies, m+ absorp-
tion accounts for most of the yield of the lightest
iodine isotopes, but by 300 MeV this process no
longer appears to contribute to their formation. The
absorption yield, summed over all iodine nuclides, is
shown as a function of the pion energy in Fig. 20.
The most noteworthy feature of this plot is the steep
dropoff observed between 100 and 150 MeV.

Figures 19 and 20 also show the absorption yield

t t t t I

250 MeV—

The preceding discussion indicates that m+ ab-
sorption makes a significant contribution to the
yield of iodine isotopes at low energies but not at
high ones. We can then estimate the contribution of
absorption to the yield of the various iodine isotopes
as a function of energy on the assumption that at
350 MeV, the highest energy studied, this mecha-
nism does not contribute. The cross section for the
formation of some particular isotope by absorption
is then estimated by means of the simple expression

0
o~ 50-
b -% g~i

cO

a 50- I

ISO MeV—

i@0 MeV

o,b,(m+)=0(m+) — o(vr ),

where
IOO Mev—

0(~,350 MeV)

o(m+, 350 MeV)
(2) i I I I I i~—' - ~ I

I I 8 I 22 126
and cr(m+) and o(m ) are the experimental cross
sections. This procedure assumes that the various
factors, other than absorption; that lead to a differ-
ence in m+ and m cross sections are independent of
energy. This assumption is not strictly correct since,

FIG. 19. Percent contribution of m+ absorption to the
yield of iodine isotopes at the indicated energies. Points,
obtained from the experimental cross sections by means of
Eq. (1); histograms, ISOBAR calculation.
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FIG. 20. Energy dependence of the pion absorption
yield of iodine products. , values derived from experi-
mental cross sections by means of Eq. (1); O, ISOBAR-
DFF predictions.

predicted by the ISOBAR code. %hile the calculated
results display the same qualitative features as the
data, the magnitude of the absorption yield is con-
sistently overestimated. This discrepancy may be
connected to the fact that the calculation assumes
that absorption occurs on a pair of nucleons. If ab-
sorption actually involves a larger number of nu-

cleons, and some evidence to this effect has been
presented, 7 the resulting distribution of residual nu-

clei would presumably be affected.

D. Pion charge exchange

The formation of xenon isotopes in reactions in-
duced by a+occurs pr.imarily as a result of pion
charge exchange, i.e. (n.+, m. xn). The excitation
functions for the formation of various xenon iso-
topes are displayed in Fig. 21. The curves have the
shape expected for reactions in which neutrons are
emitted either promptly or by evaporation as a result
of a cascade involving charge exchange, i.e., a peak
that moves to progressively higher energies with in-
creasing neutron loss. The ISOBAR calculation is in
generally good agreement with the data.

The isotopic yield distribution of xenon obtained
at several energies is compared with the ISOBAR dis-
tribution in Fig. 22. Both experiment and calcula-
tion show the occurrence of a maximum correspond-
ing to the emission of a few neutrons. The calculat-
ed contribution of pion absorption is seen to be rath-
er small, even for the lighter isotopes at low ener-

0 100 200
T (Mev)

300

FIG. 21. Excitation functions for the formation of xe-
non isotopes in m+ reactions on ' I. 0 experiment; 0,
ISOBAR calculation.
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FIG. 22. Isotopic yield distribution of xenon in reac-
tions induced by m+ with the indicated energies. , exper-
iment; 4, corrected '2'Xe cross sections; histogram,
ISOBAR calculation; dashed histogram, calculated absorp-
tion contribution.
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gies. This result is not surprising since the forma-
tion of xenon by m+ absorption requires a second-
order process in which an energetic proton under-
goes charge exchange on its way out of the nucleus.

An estimate of the contribution of pion charge ex-
change to the formation of iodine isotopes can be
obtained from an examination of the xenon and
iodine isobaric yield ratios. We have seen that the
production of xenon can occur only as a result of
charge exchange, while that of iodine involves a
variety of reaction channels. The isobaric yield ra-
tios constitute a valid measure of the CEX contribu-
tion to the iodine cross sections to the extent that
the emission of one proton and (x —1) neutrons
occurs with the same probability as that of x neu-
trons. Since the probability of proton evaporation is
much smaller than that of neutron evaporation be-
cause of the high Coulomb barrier in this mass re-
gion, the relative contribution of CEX to I and Xe
nuclides is determined by the probability of proton
emission in the cascade. The ISOBAR model indi-
cates that for a mass loss M ) 1 the occurrence of
CEX cascades involving the emission of a single
proton is of a probability comparable to that of
CEX cascades in which no protons are emitted. The
isobaric yield ratios consequently constitute a
reasonable measure of the CEX contribution to the
iodine yields except for ' I.

The isobaric yield ratios, summed over the four
isobars A =121—123 and 125, for which both xenon
and iodine cross sections are available, are plotted as
a function of m+ energy in Fig. 23. The ratios de-
crease from approximately 0.3 at 60 MeV to 0.15 at
200 MeV, at which point they level off. The IsoBAR
calculation is in good agreement with the experi-

40-

I I I I I I I I I I

I I I I I I I I I

I I8 l22 l26
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FIG. 24. Comparison of iodine isotopic yield distribu-
tions obtained with 500 MeV protons (L) and 350 MeV
m+ (). The histogram is the result of the VEGAS-DFF
calculation for 500 MeV protons.

mental values, particularly below 200 MeV. Within
the limits of error, all the individual isobaric ratios
display a behavior similar to that shown in Fig. 23.
The results show that the CEX contribution to the
production of iodine nuclides generally amounts to
20% or less. This result is consistent with simple
considerations based on the use of free n+-nucleon
cross sections. When two or more nucleons are re-
moved from the target, n+ pscatterin-g can lead to
iodine production in view of the fact that the struck
proton can undergo charge exchange. The ratio of
isobaric Xe/I cross sections can then be estimated as

0'xe No(m+n~m p)
Zcr(n'+pn+p)+¹r(m+& ~n+& )

o~ 30-0
4l

0-
- ~

in approximate agreement with the observed ratio.
Note that the single nucleon removal reaction is spe-
cial in this respect since the CEX contribution to the
formation of ' I by m+ can be as large as 70% (Ref.
15).

4I
4l E. Comparison with proton results

IOO
I I I I I

0 200 300
T~(MeV)

FIG. 23. Ratio of isobaric Xe and I cross sections
summed over A =121, 122, 123, and 125. 0, experiment;
0, ISOBAR calculation.

The iodine isotopic yield distribution obtained
with 500 MeV protons is compared with the 350
MeV m+ results in Fig. 24. Since absorption does
not appear to contribute at this high a pion energy, a
comparison at the same total projectile energy has
no special significance. In view of the fact that the
pion excitation functions are fairly flat at the
highest energies and as the total reaction cross sec-
tions are nearly equal at the energies in question, the
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comparison is not inappropriate. The close agree-
ment between the two isotopic yield distributions in-
dicates that the cascade-evaporation process for the
two projectiles is quite similar in terins of the distri-
bution of emitted neutrons. Similar qualitative
agreement is obtained between the xenon isotopic
yield distributions. Also shown in Fig. 24 are the
results of a cascade-evaporation simulation run with
the VEGAS-DFF code. The underestimation of the
yield of the most neutron deficient iodine isotopes is
similar to that obtained for pions, and indicates that
the problem in the cascade code does not depend on
the representation of the n-N interaction.

V. CONCLUSIONS

The excitation functions for the formation of"I—' I in the interaction of ' I with 60—350
MeV m.-+have been determined. Similar results were
obtained for a number of isobaric xenon nuclides.
An estimate of the contribution of different reaction
mechanisms can be made on the basis of these data.
The (sr, urn) reaction is the only one for which a
one-step direct knockout process (DKO) is of impor-
tance. The signature of this process is a peak in the
excitation function at the resonance energy. Since
the cross sections at both low and high energies
remain sizable, it is concluded that a two-step ISE
mechanism makes a significant contribution to this
reaction. The ISE mechamsm is the only one of sig-

nificance for the other (sr, m xn) reactions and the
principal one for the corresponding m+-induced re-
actions.

Two additional mechanisms are of importance in
reactions leading to the formation of iodine nuclides
induced by m+. Pion absorption is important for the
formation of light products (M )7) at low energies
(T & 180 MeV) and accounts for the bulk of the ob-
served yield of these products at 100 MeV. Pion
charge exchange appears to make a small
(-10—20%) contribution to all the products over
the entire energy interval of interest.

The results have been compared with the ISQBAR-
DFF cascade-evaporation code. The calculation is
generally in qualitative but not quantitative agree-
ment with the data. The most serious failure of the
calculation is the consistent underestimation of the
yields of light iodine isotopes. It appears that the
calculation grossly underestimates the probability of
pion inelastic scattering involving the emission of
only neutrons, once the number of emitted neutrons
is seven or more.
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