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We have used the (~,m. ) reaction at a beam energy of 475 MeV on targets of 'H, H, C, and Zr
to examine excitations near 300 MeV. At this excitation energy, delta production is expected to
occur by charge exchange on a nucleon. Our (m, m ) results for delta production in complex nuclei
are compared to those for photoabsorption, (p,n), and ('He, t) reactions. The target mass dependence
of the absorption for the three charge-exchange reactions is found to be similar.

I. INTRODUCTION

The ( He, t) (Refs. 1 —4) and (p,n) (Refs. 5—9) charge-
exchange reactions on complex nuclei display a broad,
prominent peak at an excitation of 300 MeV. Due to its
similarity in excitation and width to free delta-particle
production, this feature is interpreted as a delta particle
(resulting from a spin-isospin excitation of the nucleon to
the T = —,, J= —,, 3-3 or delta isobar). The present exper-
iment uses another single-charge-exchange reaction,
(n, vr ), to study this delta-excitation region in complex
nuclei to complement the baryonic experiments. The five
possible diagrams for a m incident on a nucleon to form
a delta particle and also a ~ are shown in Fig. 1, along
with a generalized diagram for labeling purposes. The
first vertex might occur, for instance, through p exchange.
Note that both an "extra" tr (variously called a direct ~
or spectator vr ) and a "decay" sr may be produced. The
generalized diagram is similar to that used previously for
analyses of (p,n) and ( He, t) data. '

The (tr , n ) reaction —gives new information not avail-
able from nucleon-induced charge exchange. For the
spin-zero pion the spin transfer must be transverse, while
a longitudinal excitation is permitted for protons or He.
Thus, if in fact the charge exchange is to a delta particle,
the "extra" (m, sr ) cross section must vanish at zero de-
grees. This could give an added confirmation that the ob-
served bump is a delta particle, or serve to separate "ex-
tra" and "decay" contributions. Another advantage is
that (m+, sr ) and (tr, sr ) charge-exchange reactions can
be easily compared, unlike nuclear charge-exchange reac-
tions. Recent excitations of delta states by heavy ion
beams have compared both directions for charge ex-
change, " but these results cannot be compared in detail
since the final ejectiles contain different arrays of bound
states.

II. THE EXPERIMENT

The (sr, sr ) experiment was performed at the Clinton
P. Anderson Los Alamos Meson Physics Facility
(LAMPF) using the high-energy pion beam line (P ) with

a sr beam energy of 475 MeV (k =3.0 fm '). The pion
flux used was 1)&10 to 2&&10 pions per second with
bp/p (the momentum acceptance of the beam as set by
the channel slits) ranging from 0.5% to 0.8%. This flux
was periodically determined by "C activation measure-
ments, using the cross sections of Butler et al. ,

' and was
checked during the runs by counting beam particles with
a sampling grid scintillator two meters downstream from
the target. The agreement between these two methods
was within 5%.

Four targets were used with several areal densities:
CH2 (0.3—1.7 g/cm ), CD2 (0.7—1.1 g/cm ), C (0.5—3.1

g/cm ), and Zr enriched to 97.7% (1.8 g/cm ). In all
cases the measured cross section was found to be indepen-
dent of target thickness, ruling out a contribution from
multiple ~ scattering in the thick targets used.

The m. 's were detected using the LAMPF ~ spectrom-
eter that has been described in detail elsewhere. ' ' The
spectrometer was used in the "two-post" configuration,
where the scattering angle is in the vertical plane. The
first converter in each detector arm was set 90 cm from
the target. The detection crates were centered at a scatter-
ing angle of 25' and actually detected ~ 's between about
10' and 40. The crates were set at three different opening
angles to look at three overlapping regions of the ~ ener-

gy spectrum with acceptance peaks centered at 70, 130,
and 190 MeV. This gives ~ laboratory energy losses of
405, 345, and 285 MeV, respectively, to cover the expected
delta region found in ( He, t) and (p, n) reactions. The re-
quirements on opening angle and total energy select two
photons from a single vr, and discriminate against un-
correlated photons from two ~ 's, as from reaction 1 in
Fig. 1.

A vr beam was used for the present work in order to
avoid the proton contamination that would accompany a
~+ beam. The isospin change of the targets is thus oppo-
site to that induced by (p,n) and ( He, t) reactions„but
comparable to that for the (n,p) or (d,2p) reactions. The
angle chosen for the present study is based upon an ex-
pected zero cross section at zero degrees for the "extra" ~
and a rapid decrease at larger angles due to the large
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the photon energy is related to the fraction of the charged
particle shower contained in the lead-glass block calorime-
ter. A minimum value of 3 radiation lengths was used to
determine positions for photon conversion in the conver-
sion planes that gave acceptable containment in the
calorimeter. These software constraints gave an energy
resolution ranging from 6 MeV at the low end of the ener-

gy spectrum to 13 MeV at the high end of the energy
spectrum.

The data were divided by software into three laboratory
scattering angle bins: 0'—22', 22'—28, and 28'—50'.
From Monte Carlo simulations the average angles for the
bins were 18', 25, and 33', respectively, with an overall
average of 27'. Variances for the angular resolution for
each bin were also computed from the Monte Carlo simu-
lation, and data are plotted with these uncertainties.

The spectrometer solid angle used for cross-section cal-
culations was found using a Monte Carlo simulation, with
the results for the three spectrometer settings shown in
Fig. 2. In combining data from the three spectrometer
settings the 45—100 MeV spectra were taken from the
70-MeV setting, the 100—160 MeV spectra were taken
from the 130-MeV setting, and the 160—400 MeV spectra
were taken from the 190-MeV setting. As can be seen in
Fig. 2, there is some overlap between spectrometer set-
tings. Before combining the spectra, it was noted that the
spectra matched well in this overlap region, except for Zr.

FIG. 1. Possible reaction diagrams for a ~ incident upon a
nucleon to form a delta particle and either an "extra" or
a "decay" m . 20-

momentum transfer to the high-lying state. In an eikonal
model, ' the cross section for the "extra" m. depends upon
t9 and q as

—2n.aq
~sin 0

q

With a =O. SO fm as a typical nuclear diffuseness, this
cross section is maximum near 25'. Delta-particle pro-
duction by pions on hydrogen has much this expected
dependence. '

The "decay" m need not follow this angular depen-
dence, and direct production of nucleonic excitations of
spin —,, not requiring a spin excitation, also need not agree
with this expectation. A complete angular distribution
could distinguish these options for the origin of the m 's,
but was not available in the present experiment.

+ ~o-

III. DATA ANALYSIS

During analysis of the data the software constraints
were set liberally to gain the most events over a broad en-
ergy acceptance. The energy from ~ decay is shared be-
tween two decay photons. For the present work the ener-
gy sharing parameter X=(E, Eq)/(E&+Ez) was —limit-
ed to 0.4 or less. One possible inaccuracy in determining

0
0

I
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lO0 200 400
T (~')
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FIG. 2. The m -spectrometer acceptance as calculated from a
Monte Carlo simulation. The spectrometer solid angle is given
as a function of m. energy for the three spectrometer settings
used.
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In that case the normalized spectrum of the 70-MeV set-
ting was about 20% higher than that for the 130-MeV
setting where they overlapped, although the two spectra
did match within the error bars. We note that at 400
MeV the solid angle is down to 5% of the 190-MeV max-
imum. It is questionable how well the Monte Carlo simu-
lation models the spectrometer acceptance below 20'7o, so
the accuracy of the spectra between m energies of 340 and
400 MeV is uncertain.

As a check on detector efficiencies, data were taken on
the p(~, m. )n reaction with 165 MeV m. and the spec-
trometer at the 190-MeV setting. The ray tracing effi-
ciency, E„, was adjusted to give cross sections in agree-
ment with the cross sections computed from the SP86
phase shifts. ' We conclude that the normalization is ac-
curate to within +9%.

The raw data histograms were adjusted as follows: (1)
the several runs for each spectrometer setting and target
were added; (2) data for the empty target frame were sub-
tracted (this amounted to subtracting about 15% of the
raw data); (3) the histograms were corrected for spectrom-
eter acceptance as computed by the Monte Carlo simula-
tion; (4) the histograms were normalized based on pion
flux, efficiencies, and target thickness; (5) the three spec-

HYDROGEN

trometer settings were combined; and (6) carbon events
were subtracted from CH2 and CD2. (About two thirds of
the error bars for the 'H and H spectra are from this C
subtraction. )

Cross sections were calculated using
d2o. Y 1 1 1

dQdE IX' bAMC AE ~AEJkEm p,E„
where Y is the yield, P is the pion flux, X, is the number
of target nuclei per cm, AAMc is the Monte Carlo calcu-
lated solid angle, bE is the size of the energy bin (10
MeV), r is the computer live time (76—96%), A corrects
for the decay-photon attenuation in the target and detec-
tors (83—92%), E~k is the joint detection efficiency in the
two spectrometer arms (29% at low energies to 45% at
high energies as calculated using the equations of Ref. 14),
E ~ is the wire-chamber efficiency (66—84%), and E„,
is the ray tracing efficiency [80% based on normalization
to the p(~, ~ )n reaction]. It should be noted that E„
was 90% when the energy-sharing parameter, X, was lim-
ited to 0.3, as is more standard when data at low excita-
tions are analyzed and higher resolution is necessary.

IV. RESULTS
The laboratory frame ~ spectra from 'H, H, C, and

Zr for the three angle bins separately are shown in Figs.
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FIG. 3. Laboratory n. energy spectra from hydrogen for the
three angle bins.

FIG. 4. Laboratory ~ energy spectra from deuterium for the
three angle bins.



3S DELTA PRODUCTION BY PION CHARGE EXCHANGE ON. . . 1031

3—6 with the spectra for each target summed over the an-
gle bins shown in Fig. 7. The m. 's in the spectra between
about 1'00 and 300 MeV are expected to be mainly due to
delta production, whether we use the kinematics for
quasifree scattering to a delta particle or the kinematics
for excitation of a bound delta-hole state. Using free pro-
ton kinematics for quasifree scattering, the "extra" m

centroid is at 116 MeV and the maximum "extra" m. en-
ergy is 305 MeV. Using mass 90 kinematics for produc-
ing a bound delta-hole state in Zr, the "extra" m. cen-
troid is at 186 MeV and the maximum "extra" m. energy
is 344 MeV. (The "extra" mrna. ximum energy occurs
when the delta has a minimum mass of 1074 MeV—the
sum of the masses of its decay products. ) It is found that
the "decay" m energy is also in the 100—300 MeV range
for either kinematic assumption.

The m. 's below 100 MeV and above 300 MeV must be
due mainly to some source other than delta production.
We therefore look at some other possible sources of m 's.
As mentioned above, the Monte Carlo modeling is uncer-
tain above about 340 MeV, so the actual number of m 's at
the high end of the energy spectrum is questionable. A
possible source of n. 's in the high energy region is from

quasifree nucleon scattering, without delta excitation. For
the scattering angle we are looking at, the m 's would have
a mean energy as low as 420 MeV, and the tail of this
broad quasifree peak would enter our spectra.

Another possible source of n. 's is the (n. ,m. ) produc-
tion of an N*(1440) instead of a delta particle. At the low
energy end of our spectra the edge of the broad peak for
the "extra" m. produced in this reaction will appear with
the half-maximum position of the peak occurring at about
100 MeV. For these low energy events there is also a
kinematic compression. For inclusive m scattering at 5
GeV a complete inelastic spectrum is shown in Fig. 7 of
Ref. 18. The overlap of the broad delta (1232 MeV) and
N*(1440) peaks is clear, with the strength of the latter
such that many low energy m events would be anticipated
in our spectra. At the high energy end of our spectra a
"decay" rr can be produced from the N'(1440) with the
energy centroid larger than 400 MeV and the half-
maximum position of the peak occurring at about 215
MeV. N*(1440) production could thus contribute m. 's at
both the low and high energy end of our spectra.

In analyzing the m spectrum between 100 and 300
MeV, we have assumed quasifree scattering to the delta
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FIG. 7. Laboratory ~ energy spectra summed over the three angle bins (for an average angle of 27'). A peak shape (solid line) is

fit to the data using the sum of an "extra" m. peak (dashed line) and a "decay" ~ peak (dotted line). The resulting cross sections are
given in Table I.

TABLE I. Laboratory differential cross sections (in mb/sr) for the (~,~ ) reaction at 475 MeV are
listed. They were calculated from the spectra of Fig. 7. The "extra" and "decay" cross sections result
from integrating the fitted peaks in Fig. 7 between 25 and 290 MeV and the "fit" cross section is the
sum of these two. The "data" cross section results from summing the data between 45 and 300 MeV.
The "fit" cross sections have an uncertainty of 20%. A =3N +Z for these reactions.

Region
do
dQ

do
dO

Hydrogen "extra"
"decay"

CC fit% 9

"data"

1.91
0.71
2.62
2.60

1.9
0.71

2.6

Deuterium "extra"
"decay"

CCfit09

"data"

1.49
0.88
2.37
2.46

0.37
0.22

0.61

Carbon 24 "extra"
"decay"

ccfi

"data"

4.46
2.66
7.12
7.10

0.19
0.1 1

0.30

Zirconium 190 "extra"
"decay"

CC fits%

"data"

8.50
4.43

12.9
15.8

0.045
0.023

0.083
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TABLE II. Laboratory '*data" differential cross sections (in mb/sr) for the energy spectra in Figs.
3—6 obtained by summing the data between 45 and 300 MeV.

Hydrogen
Deuterium
Carbon
Zirconium

18'+4

2.62+0. 14
2.45 +0.17
6.32+0. 16

13.3 +0.7

25'+3

2.86+0. 14
2.51+0.17
7.20+0. 16

16.6 +0.6

33'+4'

2.41+0.12
2.42+0. 14
7.47+0. 13

16.6 +0.5

90

b

I

IO 40

FIG. 8. Cross sections for the four targets as a function of
angle obtained by summing the data in Figs. 3—6 between 45
and 300 MeV. The values plotted are listed in Table II.

particle. For a laboratory scattering angle of 27' this re-
sults in a centroid at 116 MeV for the "extra" m and 206
MeV for the "decay" ~ . The laboratory widths of the ~
peaks are 170 MeV and 155 MeV, respectively, corre-
sponding to the free 120-MeV (center-of-mass) width for
the delta particle as used in Ref. 10. Due to Fermi
motion and Pauli blocking a width different from 120
MeV could be obtained for the C and Zr spectra, as in the
detailed calculation of Ref. 10 for the ( He, t) spectra. We
note that the two ~ peaks could be separated by using a

beam with energy much larger than 475 MeV. For
example, with a 760 MeV m beam the centroids for the
"extra" and "decay" ir 's in the laboratory frame would be
372 MeV and 222 MeV, respectively, and the half-
maxima of the two peaks would no longer overlap. The
spectra would then resemble those obtained by the high
energy (p,n) and ( He, t) reactions. In Ref. 10, the ex-
istence of a decay neutron in the spectra for the (p,n) reac-
tion was isolated, but not treated quantitatively.

If we had assumed the excitation of a bound delta-hole
state instead of quasifree delta production, kinematics at a

scattering angle of 27' give the centroids of the "extra"
and "decay" m. peaks, respectively, as 151 and 183 MeV
for H, 180 and 151 MeV for C, and 186 and 158 MeV for
Zr.' These peak separations are much smaller than for
quasifree scattering (with hydrogen kinematics) and would
be expected to give a more pronounced bump rather than
the broad yield between 100 and 300 MeV that we in fact
see.

Based on the above discussion, we fit the data in Fig. 7
between only 100 and 275 MeV with curves calculated for
m. 's from quasifree delta production. The curves are ex-
tended beyond this, but are not intended to fit the data.
Several approximations were made in the peak fitting pro-
cedure. Since the kinematics of all five reactions in Fig. 1
are about the same, only the first reaction was used. The
average value of 27' was used for the scattering angle of
both the "extra" and the "decay" m . The delta resonance
was assumed to have a I.orentzian shape with a centroid
of 1232 MeV and a width of 120 MeV in the center of
mass. With these values the shape, centroid, and width of
the two m. peaks are determined. The spectra were then
fit by varying only the two peak heights (independently),
with the results shown in Fig. 7.

The differential cross sections calculated for each target
are listed in Table I. The "extra" n. and "decay" m cross
sections were found by integrating the fitted peaks in Fig.
7 between 25 and 290 MeV. The "fit" cross section is the
sum of these two. The "data" cross section was found by
summing the data between 45 and 300 MeV including
events at the ends of the spectra not included in the fits.
The assigned uncertainty of +20% for the "fit" cross sec-
tions is made up of +9% due to normalization and
+18% for the peak fitting.

"Data" differential cross sections were also found for
the separate angle bins by summing the data between 45
and 300 MeV in Figs. 3—6. The results are listed in Table
II and plotted in Fig. 8.

V. DISCUSSION

Theoretical studies of longitudinal excitation of delta-
hole states on complex nuclei find two modes in the spin
response, only one of which is observable in the timelike
region (co & q). ' ' This peak is shifted lower in excita-
tion for complex targets than is found for the free proton.
Just this effect is found by experiment for ( He, t) reac-
tions. " For the transverse mode [as excited by (n., m )]
only one delta-hole state is expected, shifted but little
from the free delta excitation, ' ' but that shift is to
higher excitations. ' Our data are inconclusive as to
whether this shift is observable, due to overlapping peaks
from the "extra" and the "decay" pions at the low beam
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energy used. Thus, we cannot use kinematic shifts to
determine whether we are seeing a bound delta-hole state
or quasifree scattering.

We compare our cross sections to the data compiled by
Olsson and Yodh. In their Fig. 2 they show total inelas-
tic cross sections for 475 MeV ~ on hydrogen summed
over all angles as follows:

+p~m +n +n: 2.3 mb

(our Fig. 1, the first reaction)

+p~vr +m +p: 1.6 mb

1OG

90-

80-

70-

60-

50- —I.O

(our Fig. 1, the second and third reactions). Their total
cross section over all angles for producing one observed ~
is 6.2 mb (2.3+ 2.3+ 1.6) for rr +p. We integrate our
differential cross sections for hydrogen in Fig. 8 over the
small angular range of 14 —37' to give a (partial) total lab-
oratory cross section of 2.8 mb for the same reaction.
Our cross section for the small angular range 14 —37' is
thus about half the cross section of Olsson and Yodh for
all angles, so evidently our experiment was run near the
maximum differential cross section.

From Ref. 22 the ratio of "extra" to "decay" rr 's over
all angles could be anywhere from (2.3)/(2. 3+ 1.6)=0.6
(using only the first and second reactions) to
(2.3 + 1.6)/(2. 3)=1.7 (using only the first and third reac-
tions). In our fits for hydrogen, this ratio is
1.91/0.71=2.69. This comparison confirms that the "ex-
tra" pion yield is enhanced at our angle of observation.

Next we compare our results to data and calculations
for photoabsorption, since the spin response for both pion
charge exchange and for photoabsorption must be trans-
verse. The photoabsorption data for targets from Li to U
show very much the same cross section per nucleon, and
the delta peak is broader and a bit weaker than found for
photoabsorption on the proton. These results are shown
in Fig. 9, where they are compared to our pion charge-
exchange data on 'H, C, and Zr from Fig. 7. Our data
are converted from the laboratory frame to the center-of-
mass frame (using quasifree delta-production kinematics)
and plotted as a function of energy loss, co. Since we are
unable to separate the contributions of the two m. 's in our
data, we have approximated the ~-N kinematics by using
only the "extra" ~ -N kinematics in the conversion for all
targets. The angle selected for the experiment should
select this "extra" ~ .

Finally, we compare our pion absorption results with
those from several other reactions, particularly ( He, t) and
(p,n). In the quark model, Suzuki and Kohno have de-
rived a sum rule for spin-isospin excitations of delta-hole
states in the (rr, rr ) reaction:

h, h 2A

leading to an expectation of pion charge exchange
(neglecting absorption) proportional to A = 3N +Z.
These weightings for neutron and proton contributions to
the delta peak may also be obtained directly by applica-
tion of the Wigner-Eckart theorem in isospin to a non-
resonant reaction diagram, as in our Fig. 1, incoherently

E

~ Oo-
90Z ci

30-
b

20-

-08
E

-0.6

—0.4
b

IO— — 0.2

00 t 00 200 300 400 500
~ ( Mev)

FIG. 9. The data of Fig. 7 replotted in the center-of-mass
frame (assuming quasifree 'H kinematics for all targets) as a
function of energy loss. The lines are data from Ref. 23, Fig. 1

for the total photon absorption cross section per nucleon. The
dashed line is for data from H and the solid line is for data from
Li to U.

Ioo

0.0[

Ipg A

FIG. 10. Closed circles, open circles, and crosses show the
27' cross sections divided by A =Z+3N for the (~,m. )d~,~

and (~,~ ),„„,reactions and the full (m. , m ) spectra, respec-
tively. The data are from Table I. Squares and triangles show

the zero-degree cross sections divided by A =3Z+N for the
( He, t) (Refs. 2—4) and (p,n) (Refs. 5, 6, 8, and 9) reactions,
respectively. The data are from Table III. The lines shown are
a fit of the data to A with a=0.5920. 16 for (~,~ )d,„,
a =0.55+0. 14 for (m, a )„„„a=0.52+0. 10 for the full

(~,vr ) spectra, a=0.48+0. 12 for ( He, t), and a=0.45+0.03
for (p,n).
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TABLE III. Zero-degree laboratory differential cross sections (in mb/sr) to the well-defined delta bump in the (p,n) reaction at 800
MeV and in the ( He, t) reaction at 2 GeV. A =N +3Z for these reactions.

(p,n)

do
dO

A Ref. do
dQ

('He, t)
do
dQ

Ref.

H
Li
Li
C

Ca
T1

'4Fe

CU

Y
~Zr
W
Pb

zo8Pb

U

3
4

12
13
24

53

80
91.9

106

121.5
167
170
331.9
371.2
372
422

33+4.3
67+8.7

108+14
121+16
189+19

271+38
308+31

372+52

425+ 59

696+97
695+97

768+108

11.0+1.4
16.8 +2.2
9.0+1.2
9.3+ 1.2
7.9+0.8

5.1+0.7
5.8+0.6

4.0+0.6

3.5+0.5

2.1+0.3
1.9+0.3

1.8+0.3

50+8

45+9
40+ 10

86+24

130+26
102+31

165+33
160+45

129+36

17+2.3

1.87+0.37
1.67+0.42

1.07+0.30

1.23+0.29
0.96+0.29

0.99+0.20
0.94+0.26

0.35+0.10

added for neutrons and protons.
Absorption of the pion on complex targets may be in-

corporated by the geometrical model,
o.o~A

For a black disk, the exponent a is —,. Figure 10 shows
the pion differential cross sections, divided by A, plotted
vs A. The model fits the data at 475 MeV on complex
targets quite well if we use a=0.55+0.14 for the "extra"

and a=0.59+0.16 for the "decay" m . If all the data
(even beyond the fits to the specific peaks) are plotted, the
fit has the exponent a =0.52+0. 10. Our kinematic
decomposition of the spectra thus has no influence on the
mass dependence of the cross sections. The hydrogen
point was not included in the fits since no absorption pro-
cess can occur on this target.

Zero-degree cross sections to the well-defined delta
bump in the ( He, t) reaction at 2 GeV (Refs. 2—4) and in
the (p,n) reaction at 800 MeV (Refs. 5, 6, 8 and 9) may
similarly be compared to the expression

do =doo(N +3Z)A
to match the pion results. We now use X+3Z =A. In
the laboratory frame this yields a=0.48+0. 12 for ( He, t)
and a=0.45+0.03 for (p,n). (The data are given in Table
III and plotted in Fig. 10.) All three charge-exchange re-
actions to nuclear delta production thus scale much the
same with the target mass at the angle where the cross
section is greatest. For photoabsorption a=0 since the
cross section for delta production is constant per nucleon.

In the pion charge-exchange reaction to the isobaric
analog state (IAS) (a nonspin mode), Rokni et al. find
this geometrical model gives values for a of 0.93+0.05 at
425 MeV and 0.82+0.01 at 500 MeV. These exponents
are strikingly different from that obtained in the present

work to the delta peak at a similar pion energy, showing
that the mean free path of the projectile is not the deter-
mining factor for the absorption. Rather, the similarity
of all exponents, for either longitudinal or transverse exci-
tation of the delta, points to the role of the nuclear form
factor for the large momentum transfers. The IAS result
is measured at very small momentum transfer.

VI. CONCLUSIONS

For the first time we have looked at delta production in
complex nuclei by a pion beam. We have tried to make
several comparisons between proton and complex targets.
Since the beam energy was not high enough to separate
the "extra" and "decay" pions and demonstrate a single
clear peak in the spectra, our data are inconclusive as to
whether there is a kinematic shift for complex targets.
However, one other comparison is possible. In both pro-
ton and complex targets, we see a widely spread yield be-
tween 100 and 300 MeV as kinematics predict for quasi-
free scattering to a delta particle.

Perhaps the most striking feature found in our analysis
is the very similar mass dependence of charge-exchange
cross sections, divided by the weighted number of partici-
pants A, for all three reactions, (n, m ), (p,n), and ( He, t).
Although the data set for the (m, vr ) reaction is sparse,
the A ' dependence of the reduced cross sections is
clear. It remains to be understood in detail why both
longitudinal and transverse charge-exchange reactions for
delta production behave in such similar fashions.

ACKNOWLEDGMENTS
We would like to thank H. Baer for assistance in setting

up the experiment and J. D. Bowman for assistance in set-
ting up the sampling grid scintillator. This work was sup-
ported in part by the U.S. Department of Energy.



1036 B. L. CLAUSEN et al. 35

'Present address: P3 MS D-449, Los Alamos National Labora-
tory, Los Alamos, NM 87545.

'D. Contardo et al. , Phys. Lett. 168B, 331 (1986).
C. Gaarde, in Proceedings of the Symposium on Delta-Nucleus

Dynamics, 1983, edited by T.-S. H. Lee, D. F. Geesaman, and
J. P. Schiffer, Argonne National Laboratory Report PHY-
83-1-CONF-830588 1983, p. 395.

C. Ellegaard et al. , Phys. Rev. Lett. 50, 1745 (1983).
4C. Ellegaard et al. , Phys. Lett. 154B, 110 (1985).
5B. E. Bonner et al. , Phys. Rev. C 18, 1418 (1978).
C. W. Bjork et al. , Phys. Lett. 63B, 31 (1976).
P. J. Riley et al. , Phys. Lett. 68B, 217 (1977).
R. G. Jeppesen, Ph. D. thesis, University of Colorado, 1986 (un-

published).
C. G. Cassapakis et al. , Phys. Lett. 63B, 35 (1976).

' H. Esbensen and T.-S. H. Lee, Phys. Rev. C 32, 1966 (1985).
D. Bachelier et al. , Phys. Lett. 172B, 23 (1986).
G. W. Butler et al. , Phys. Rev. C 26, 1737 (1982).
H. W. Baer et al. , Nucl. Instrum. Methods 180, 445 (1981).

J. L. Ullmann et al. , Phys. Rev. C 33, 2092 (1986).
~5J. R. Shepard and E. Rost, Phys. Rev. C 25, 2660 (1982).

J. V. Beaupre et al. , Nucl. Phys. B66, 93 (1973).
' R. A. Amdt and L. O. Roper, program sAID (Scattering

Analysis Interactive Dialin).
S. Jonsson et al. , Phys. Rev. C 21, 306 (1980).
R. Cenni and G. Dillon, Nucl. Phys. A422, 527 (1984).
V. F. Dmitriev and T. Suzuki, Nucl. Phys. A438, 697 (1985).

'M. Ericson, in Lectures Given at the International School of
Nuclear Physics, Erice, 1983, 7th course: Mesons, Isobars,
Quarks, and Nuclear Excitations, Organisation Europeenne
pour la Recherche Nucleaire Report TH.3625-CERN.
M. G. Olsson and G. B. Yodh, Phys. Rev. 145, 1309 (1966).
J. Ahrens and J. S. O' Connell, Comments Nucl. Part. Phys.
14, 245 (1985).

24T. Suzuki and M. Kohno, Frog. Theor. Phys. 68, 690 (1982).
~5M. B. Johnson, Phys. Rev. C 22, 192 (1980).

S. H. Rokni et al. , submitted to Phys. Rev. Lett.


