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The spectra of protons (60 & E & 200 MeV) and deuterons (80 MeV & E„) produced by 100- and 220-MeV
sr+ and 7r on Al, Ni, and Ta targets were measured. The shapes of proton spectra are similar for 7r+ and

m, with absolute yields in -3:1 ratio; the yields vary as -A ".The exception is the forward-angle yield

at 100 MeV where the proton spectra with n+ are diA'erent in shape from 7r, the yield —5 times as high,

and the target dependence is —A ".This pattern is not readily understood at the present time.

NUCLEAR REACTIONS Al, Ni, ' 'Ta, (7r,p), and (m, g). E, =100, 220
MeV, 8=45, 94'; measured d crldQdE for 50& E&& 200 MeV and 80& Ed & 200 MeV.

I. INTRODUCTION

Our knowledge of the mechanisms ~hereby ener-
getic pions interact with complex nuclei is very
limited. We have some experimental information
on elastic scattering' and some on total reaction
cross sections. ' However, there are almost no
data which indicate how the reaction cross section
is divided between inelastic scattering and charge
exchange on one hand, and true absorption, where
the pion gives up its rest mass, on the other.
Some data on the spectrum of gamma rays seen
from pion interactions with complex nuclei indi-
cate that indeed a large part of the reaction cross
section is likely to be absorption. ' The only model
with detailed predictions concerning pion-nucleus
reactions is the intranuclear cascade calculation4
which has recently been modified. '

The spectrum of energetic protons emerging
from a nucleus is a good measure of the absorp-
tion process. The momentum of a 100-200-MeV
pion is small (corresponding to a 20-50-MeV nu-
cleon) and single-scattering collisions could not
produce many nucleons with energies higher than
50 MeV. Some work has been done studying coin-
cident collinear nucleons from pions interacting
with light nuclei, ' and from stopped m- beams. '
With 135-MeV 7t' on "C, Belotti, Cowall, and
Mateazzis find that in a large fraction (-559~) of
the pion absorption events more than two charged
particles are emitted, and fewer than 35% of the
absorption events give two energetic (F',,) 50 MeV)
charged particles. One recent experiment has

been carried out measuring protons from 235-MeV
on Ni without further coincidence requirements. '

The results were in rather drastic disagreement
with cascade calculations in that the yield of pro-
tons seemed to drop much faster with increasing
energy than the calculation predicted. 4 The more
recent cascade calculations' seemed to describe
these data somewhat better, though for 100-MeV
protons (the highest energy detected in Ref. 9)
there still seems to be a discrepancy of about a
factor of 2.

A proton spectrum in which the number of pro-
tons falls off more rapidly with energy than the
cascade calculations predict might suggest that
absorption does not proceed through the two step
(w+N-N*, V*+N- N+ N) process implicit in the
calculations. It was a desire to better understand
the absorption process and the overall pion-nucleus
reaction mechanisms that motivated the present
measurement. We attempted to measure the spec-
trum of protons to energies well above the 100-
MeV cutoff of Amann el, al. ' and to get some infor-
mation on the dependence of the proton yield on
target mass, pion energy, angle, and pion charge.

II. EXPERIMENTAL METHOD

The pion beam of the low-energy pion channel
at the Los Alamos Meson Physics Facility was
used. " The properties of this beam, the location
of the focus, the beam size, and the contaminants
are well known. At both 100- and 220-MeV pion
energy a beam of known purity and a spot size of
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-2 x3 cm (containing &95% of the beam) is obtained.
The momentum slits were adjusted for beam inten-
sities of -5 x10' pions/sec. Spectra were collected
with -2 @109incident pions.

A. Detector system

The proton detector was a conventional AE-E
counter telescope illustrated in Fig. 1. Scintillator
8 defined the solid angle for particles entering the
detector from the vicinity of the target and scintil-
lator A was the AF. counter. The E counter was a
12.7-cm-diam x 10.2-cm-deep NaI crystal. Pro-
tons with kinetic energy up to 190 MeV were
stopped in the telescope. %e report proton spec-
tra over the range 60-190 MeV, the lower limit
being set by the point at which the correction for
energy loss by protons in the target becomes
large. The detector solid angle was -30 msr.

The occurrence of a triple coincidence A B (NaI)
caused the analog pulses from counter A and the
NaI to be gated into a pair of analog-to-digital con-
verters. Digitized pulse-height information was
stored in a 32 x 256 element array in a PDP 11/45
computer.

The Nal counter was equipped with a light-emitt-
ing diode (LED) light pulser. The light converter
was placed on the edge of the transparent plate
that adapts the flat surface of the NaI crystal con-
tainer to the curved surface of the phototube. From
this vantage point, the light from the converter
illuminated the entire photocathode. This con-
trolled light source was used in two ways: (1) to
measure variation in gain, and (2) to estimate de-
tector inefficiencies caused by pileup and other
rate-dependent effects.

B. Targets

The targets consisted of metal plates (-2.1x3.5
cm x1.8 g/cmm of &99% enriched '~Ni, 2. 1x4.0 cm
x0.88 g/cm' of ~~AI, and 2.1x3.9 cmx1. 33 g/cm2
of "'Ta) placed at 45' with respect to the incident
beam. The thickest of these, the "Ni target, cor-
responds (at 45') to the range of -42-MeV protons
and -56-MeV deuterons. Corrections had to be
made to the energy spectra obtained from the NaI
detector to compensate for the energy loss in the
target and in the scintillators A and B.

C. Beam monitoring

Two methods of beam monitoring were used.
One was to integrate the anode current of a photo-
multiplier that viewed a plastic scintillator placed
3.7 cm upstream from the target, and which was
slightly larger than the target in order to com-
pensate for the convergence of the beam. A cor-
rection factor (F15%) was applied to the integra-
tor counts in those cases where the beam and tar-
get geometry indicated that the target would inter-
cept an appreciably different fraction of the beam.
This scintillator was also viewed by a photomulti-
plier tube that could be operated at a higher volt-
age and count individual pulses. The integrated
current was calibrated at low beam against the
scaled counts in the scintillator. This system
was found to be stable to better than S%%d."The
second method was to place a piece of Pilot 8
plastic, the same size as the target, in the target
position, and counting the amount of "C activity
produced by a P'-annihilation radiation coinci-
dence measurement. The "C production cross
sections of Ref. 12 were used to calculate the flux.
The absolute number of incident pions as deter-
mined by these two methods agreed to within 5%.
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FIG. 1. Schematic diagram of the experimental lay-
out. The outer edges of the beam are shown by dashed
lines, T indicates the target. Counter M is the beam
monitor scintillator, H are halo counters used to moni-
tor the beam position. 8 and A are the solid-angle de-
fining and the bE scintillators, respectively, and scintilla-
tor p supplies pulses during the beam burst for the LED.

D, Energy calibration

In order to establish the energy scale in the NaI
detector several measurements were conducted.
The I.EP channel was run without an absorber,
thus providing protons of 56.8 MeV. These pro-
tons were scattered at 45' into the detector by a
0.2-g/cm' Fe target. Higher energy calibration
points were obtained at E~= 150 MeV, from the w'

+D- 2p reaction; a CD, target was used and an
18-cm x 18-cm scintillation counter was placed at
the appropriate angle with the NaI telescope in
order to detect the coincident outgoing protons. A
complication arose in the energy calibration be-
cause of the magnetic fringe fields around the I.EP
channel, which resulted in small gain shifts (615%)
in the NaI phototube when the channel settings were
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FIG. 5. A typical spectrum of protons obtained for
62Ni. Error bars in cross section and energy are shown
near the top and bottom of the spectrum.
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of target mass. The cross sections scale approxi-
mately as A' ', except for the 100-MeV z' data at
45' which vary more nearly as A' '. This point is
illustrated in Fig. 6.

(ii) The shapes of the proton spectra for a given
energy and angle seem to be approximately inde-
pendent of the incident pion charge as may be seen
in Fig. 7. The magnitude seems to be a factor of
-3 l.arger for m' than w . The exception again is at
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FIG. 7. Comparison of 7l and n data for 82Ni. To
emphasize the similarity the 71 cross sections were
multiplied by a factor of 3. Typical error bars are
shown.
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62Ni target.
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TABLE I. Cross sections in mb/sr (the errors are
about +20%) for producing protons with F&~ 60 MeV.

IO I I I

r+ Ni d+ x
6P.

g, g
(M'ev)

'2C
r'

Al 6 Ni
r' r

181Ta
r' r

100,45
100, 94'
220, 45'
220, 94'
220, 120'

39 6.5
16.3 4.0
48 14.5
19.6 6.7

57 11.0
26 7.0
70 26
33 12.2
35

78 17.8
48 13.8

130 46
66 24

100 MeV, especially at 45 . This may also be seen
in Table IL

(iii) The angular distributions of protons over
the whole proton energy range seem mildly for-
ward peaked (Fig. 8).

Deuteron spectra were also obtained, though the
incomplete separation from the protons introduces
a slightly larger uncertainty here. Because of the
thickness of targets and detectors the deuteron
spectra are meaningful only above 80 MeV. The
shapes of the spectra are again independent of the
target and both the magnitudes and shapes of the
spectra seem to be approximately independent of
pion charge. The angle and energy dependence of
the deuteron spectra are shown in Fig. 9, the rela-
tive cross sections as a function of target mass
are shown in Table III.

III. DISCUSSION

A. Some simple considerations

z„e
(Mev) Al ts&Ta

100,45'
100, 94'
130
220, 45'
220, 94'

6.0
4.1

3.3
2.9

5.2
3.8

2.7
2.7

4.4
3.5

2.8
2.7

' From Ref. 8.

It is not clear what relative yields to expect of
protons from w' and m absorption in nuclear mat-
ter. If absorption occurs on a pair of nucleons,
with a probability independent of the spin or iso-
spin of the pair, and if one neglects nucleon-nu-
cleon correlations, then one would expect 5 times
as many protons from w' as from w . [n-P pairs
are twice as abundant as n-n (or P-P) pairs, and
a m' yields two protons when it absorbs on an n-P
pair and only one from an n-n pair, while a m

only yields a proton when it absorbs on a P-P pair. ]

TABLE II. Ratio of cross sections for producing pro-
tons: 0'~, to'~ . The uncertainties in these ratios are
about +20%.

ill

Cl p
E IO—

UJ

b
OJ a

IO—

I

IOO 200
E (Me V)

FIG. 9. Deuteron spectra from the ~2Ni target with
typical error bars shown. The spectra are indistin-
guishable between r' and r, the difference in integral
yields in Table III is barely significant.

If the absorption depends on the spin-isospin of
the nucleon pair, and if correlations are intro-
duced, this ratio becomes modified. The ratio
would be 3 if absorption could only take place with
a pair of nucleons in an initial 7' = 1 state and no
change in isospin; it would be infinite for the T =0
state. There is no reason to expect the T =1 state
to dominate.

If, on the other hand, one assumes that absorp-
tion proceeds by the pion first forming a b, (-,', —',)
resonance, and then by a subsequent 0-nucleon
collision yielding two nucleons, one would expect
a ratio of 11:1 for N~Z. (The cross section for
m'+P-6" is 3 times that for m'+n-~', while
the ratio for the three processes 6" +n-2p:b, '
+P-2P:6'+n-P+n is 3:1:2from simple isospin
considerations. The 11:1 ratio follows upon noting
that the number of protons from p absorption is,
by charge symmetry, equal to the number of neu-
trons from w' absorption. )

The interpretation of the observed 3:1ratio of
w'/w yields depends critically on whether the
spectrum of emerging nucleons is characteristic
of the primary absorption event or whether it is
modified by considerable scattering and cascading
(including nucleon charge exchange). Several facts
support the argument that the observed nucleon
spectrum is likely to be dominated by the primary
nucleons from the pion absorption.

(a) It is fairly well accepted" that the mean free
path of a nucleon of -100 MeV in a nucleus is -5
fm for undergoing any inelastic collision. " The
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TABLE III. Cross sections in mb/sr (uncertainties in these cross sections are about +25%)
for producing deuterons with E&~ 80 Mev.

E, g

(MeV)

12C Al 181Ta

7r'

1OO, 95 a

100, 94'
220, 45
220, 94
220, 120'

0.34 (35)

1.0(25)
O.4O {24)
1.5(31)
O.6S(36)

0.9
0.38
1.6
0 ~ 60

1.5(26)
0.9(33) 0.56
2.9(41) 2.7
1.3 (39) 1.1
1.0

2.9(37)
1.5(33) 1.2
4.6(3S) 4.9
2.7(40) 2.2

The numbers in parentheses are the ratios of deuterons to protons, multiplied by 1000,
in the respective energy ranges covered by the detector.

mean free path for a hard collision, where the
nucleon loses an appreciable fraction of its kinetic
energy to another nucleon, must be even longer.
Thus the observed proton spectrum is likely to be
a relatively good representation of the primary
nucleon spectrum.

(b) No A-dependence is seen in the w'/w ratios.
If the initial ratio were much larger, then the pro-
tons actually observed with n incident would
come from secondary processes and their number,
relative to those from m', may be expected to
vary with the size of the nucleus. No such differ-
ences are seen.

(c) With the exception of the 100-MeV 45' data,
no significant dependence of the w'/w ratio on
outgoing proton energy is observed (Fig. 7). One
would expect secondary scattering processes to
significantly degrade the energy of the nucleons
originating from pion absorption and thus to have
an increasing effect on the w" /w ratio with de-
creasing proton energy. In particular, it seems
unlikely than an appreciable fraction of the highest-
energy protons (which carry off roughly half the
kinetic plus rest mass energy brought in by the pions)
could result from secondary scattering; here, the
main effect of a cascade would be simply to drain
a given fraction of the primary high-energy proton
flux, the fraction being independent of the absorbed
pion charge, so that the w'/w ratio is still charac-
teristic of the absorption process.

(d) It is also interesting to observe that a heavy
nucleus, such as "'Ta, has almost 50% more neu-
trons than protons, and this difference tends to be
accentuated on the surface. One may expect con-
sequent differences in z'/w ratios between heavy
and light nuclei, if the nucleon production mechan-
ism is dominated by cascades. Such a trend is not
evident in the data shown in Table II. The m'm ratio
was also estimated for 130-MeV pions on ~C from
the bubble chamber experiment of Belotti et al. '
They used momentum reconstruction to estimate
the neutral spectrum. The ratio of protons to neu-
trons must be the same as the w'/w- ratios for pro-

tons. These data include all angles and only ener-
gies above 60 MeV were used.

The above arguments do not convincingly rule out
a significant role for pion cascades prior to absorp-
tion, since the pion mean free path in the nucleus
may be considerably shorter than that of a high-en-
ergy nucleon, and the energy degradation in such
a cascade is likely to represent a small fraction
of the total (kinetic plus rest-mass) pion energy.
Thus pion charge-exchange may contribute to the
observed w'/m ratio. Another possible explanation
of the 3:1 ratio which is consistent with the above
observations is that the pion absorption occurs pre-
dominantly on a cluster larger than two nucleons.
Were the initial process m+a- 4N, for example,
the 3:1 ratio would follow immediately.

The A dependence of the yield is of further inter-
est because it gives some measure of the extent
to which the processes responsible for energetic
protons are surface peaked. The cross section
for a process where the nucleus is transparent to
both incident and outgoing particles should be pro-
portional to A; if the mean-free path becomes
short for either the incident or outgoing particle
an A' ' dependence may be expected; if absorp-
tion is important in both channels then the cross
section would change from an A' ' dependence at
back angles to A' ' in the forward direction, where
only a ring on the periphery of the nucleus could
contribute. In Figs. 10 and 11 the A dependence is
summarized. It seems that the dependence at 220
MeV is about A' ', while at 100 MeV the rather
large forward yield varies approximately as A~'.
The observed A dependence is thus consistent
with the interpretation of a mean free path which
is short for the incident pions but relatively long
for the high-energy nucleons.

From Table I one may estimate that at E„=220
MeV on Ni, all neutrons and protons above 60 MeV
correspond to a cross section of 750+200 mb.
The estimates of the total proton yields are given
in Table IV. The neutron yield with m' incident is
assumed equal to the proton yield for m, and vice
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For 220-MeV n' on "Ni the 120' yield is included,
for the others the weights imply a constant da/dQ
backwards of 90'. A comparable value estimated
from the bubble chamber work of Ref. 8 is also in-
cluded for 130-MeV m' on ~C. Do these rather
low cross sections for nucleon production imply
that the pion absorption cross section is small
(-370 mb for Ni) with two energetic nucleons em-
erging for each absorption event, or is the absorp-
tion cross section large (-'t50 mb) but with only
one energetic nucleon produced per absorbed pion,
or are nucleons so heavily degraded by multiple
scattering (a very short mean free path after all)
that on the average only one emerges from the
nucleus with more than 60 MeV'P The answer is
not clear.

The number of deuterons seen provides an addi-
tional piece of information. If these deuterons
were produced by pickup reactions induced by the
emerging nucleons (as suggested in Ref. 9) one
would expect the same spectrum of deuterons with
7[ as with 7t if the target has an equal number of
neutrons and protons and if their spatial distribu-
tions are the same. But in a heavy nucleus there
is a substantial neutron excess, in '"Ta there are
almost 50% more neutrons than protons. Thus
with an incident m, where the primary process
produces more high-energy neutrons than protons,
one would expect fewer deuterons than with 7[' in-
cident. This difference will be enhanced by the
fact that the neutron distribution extends to a
larger radius than the charge distribution. There
is some evidence for such an effect in Table III.

4)
X
O
CO

h 2
UJ

B. Comparison with cascade calcu)ations

Some guidance on the importance of multiple
scattering processes comes from Monte Carlo
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TABLE IV. Estimated total cross sections (mb) for
producing protons with E&~ 60 MeV. The uncertainties
are those implicit in this averaging procedure, perhaps
PI+i 30%

FIG. 11„Same as Fig. 10 for some of the deuteron
data, from 100- and 220-MeV pions.

From Ref. 8.
From the 90 yield only, assuming the same angular

distribution as was seen for Al.
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calculations using a program that treats the inter-
action of both the pion and any high-energy nu-
cleons resulting from pion absorption by consider-
ing subsequent scatterings in terms of a statistical
cascade, using the free n-N and N-N scattering
cross sections. This program was described in
the literature some time ago' and was modified
recently. ' This type of calculation is limited by
statistics but it could still provide a useful model
of the expected results. Comparisons of proton
spectra are made in Fig. 12. Figure 10 shows a
comparison of integral yields. The shapes of the
proton spectra are more or less reproduced though
the statistics in the calculations are much worse
than in the data. The total number of events above
60-MeV proton energy in the calculation for a
given angle is -300 for m' and -100 for m, so that
detailed comparison with the shape of the mea-
sured spectra is not very meaningful. As seen in

Fig. 10 the absolute cross sections are smaller
than the observed ones. The 3:1 m'/g ratio is
more or less reproduced, the A dependence in the

calculations is somewhat less steep than the ob-
served trend. The calculated proton spectra
shown in Fig. 12 were corrected for the finite
thickness of the detector. The amount of energy
deposited in the NaI detector by the higher energy
protons was computed and the appropriate number
of events were added in the corresponding lower
energy bin. These corrected points are shown by
open circles.

Two points are worrisome about the cascade
calculation. One is that the assumption of free
nucleon-nucleon cross sections for the nucleon
cascades is likely to result in a much shorter
mean free path (1-2 fm) than is generally ac-
cepted" from the demonstration of nuclear trans-
parency by the nuclear Ramsauer effect. " The
second is that the calculated pion absorption cross
sections are generally very low (e.g. , the calcu-
lated' cr.b. of -190 mb for "Al at both 100 and 220
MeV may be compared, for instance, with v,b,

=220 mb measured by Belotti etal. ' for the much
smaller "C with 130-MeV w').
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C. Anomaly at 100 MeV

The discrepancies between the 220-MeV mea-
surements and the cascade calculation are not so
glaring that one would feel the need for qualitative
remedies to the model. The observed similarity
in proton spectra with different targets and pion
charge is difficult to check because of the in-
herently poor statistics in the calculation. Over-
all, the calculated yields are -4(Pjo low for Ta and
about correct for "Al.

But at 100 MeV the discrepancy becomes more
glaring. The calculation predicts an almost iso-
tropic proton yield, while the observed yield is
sharply forward peaked for m' and somewhat less
so for m . At 45'the observed yield is three times
higher than calculated with v'. This suggests a
qualitative difference in mechanism. Could the
longer pion wavelength at this lower energy en-
hance the sensitivity to correlations between nu-
cleons and give rise to a different mechanism for
absorption? More data are needed to explore
this behavior.

I

250
I

I OO
0.01

50
I

150

(MeV)

FIG. 12. Comparison of the Ni spectra at 220 MeV
with the calculated spectra from cascade calculations.
The measured cross sections (crosses) should be
compared with the open circles, which contain a cor-
rection for the finite detector thickness. The uncorrected
calculated spectrum is shown by solid dots. The error
bars in the calculations are about twice as large as in the
data; the experimental errors are not shown.

IV. SUMMARY

The following observations can be made regard-
ing our results.

1. The pr oton spectra with n and m at a given
energy and ~ngle are usually similar in shape.

2. The proton yields for E~& 60 MeV are in the
ratio of -3:1 for p' vs p bombardment. This is
not easy to understand.

3. The increase in proton yield with target is
roughly proportional to A' ', suggesting strong
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absorption in one of the two channels and trans-
parency in the other.

4. None of these features (l, 3, and 3) seem to
be correct at 45' with 100-MeV pions incident:
The proton spectra with m' and with n have dif-
ferent shapes and the integral yields in the ratio
5:1, the dependence on target is -A' '.

5. The angle-integrated cross section for "Ni
for the emission of a, nucleon with E» 60 MeV is
estimated at 750+ 200 mb at 220-MeV and 550
+ 200 mb at 100-MeV pion energy.

6. One energetic deuteron (E, & 80 MeV) is seen
for about every 30 outgoing nucleons (E» 60 MeV).

Clearly as more and more information is ac-
cumulated our picture of the pion's interactions
with complex nuclei becomes better defined. Some
of the questions raised by the present results that
could readily be answered by simple further ex-
periments are as follows:

A. If the measurements are extended to lighter
nuclei ("C and 'He), will the proton spectra con-
tinue to look the same? Will the m'/g and deu-
teron/proton ratios remain roughly constant?
Such data will help to elucidate the mechanism of
nucleon production and the question of how much
nuclear matter participates in the primary ab-
sorption process.

B. The 100-MeV pion data look significantly
different from those at 220 MeV. Is this the re-
sult of a different mechanism in the primary ab-
sorption process? Could correlations become
increasingly important at lower energies? Some
measurements of proton spectra at F-, =—50 MeV
would be extremely interesting.

C. Data on the precompound spectra of protons
have been obtained in the present experiment for
60' E~ ~ 200 MeV. It would be of interest to ob-

tain similar information on nucleon spectra below
60 MeV and down to the evaporation yield, as well
as at the higher energies where the relatively un-
scattered protons from absorption on two nucleons
might be expected.

D. The study of prompt y rays and radioactivi-
ties following fast-pion interactions in the Ni re-
gion' " indicate that the distribution of strength
among evaporation residues is essentially un-
changed between m' and r- bombardment of a
given target, while it changes appreciably with the
neutron excess of the target. This observation
suggests that the isospin difference between the
~'-target and w -target systems is eradicated dur-
ing the precompound pion absor ption processes,
which precede evaporation of any substantial num-
ber of nucleons. This would occur, for example,
if the same set of nucleon clusters (e.g. , T=0 two-
nucleon pairs or n-like clusters) participated in
both w' and m absorption, and all the nucleons
produced by the absorption escaped from the nu-
cleus. If this feature is generally correct, then
it further constrains our picture of the absorption
process.

Note added in proof. Some of the quantitative
differences between the observed proton yields and
more recent cascade calculations are reduced over
those shown in Fig. 10, but the qualitative discrep-
ancy is still present. We are indebted to J. N.
Ginocchio for these results.

We are indebted to J. N. Ginocchio for numerous
discussions and for supplying us with the results
of his calculations before publication. We also owe
thanks to a number of our colleagues for helpful
discussions, in particular to M. Peshkin, T. S. H.
Lee, H. J. Lipkin, and J. E. Monahan.
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