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Measurements were made of the doubly differential cross sections for three inclusive pion reactions on
3He: =~ double charge exchand®CX), and =" and 7~ inelastic scattering. The cross sections for DCX
were measured at incident pion energies of 120, 180, and 240 MeV, and at angles of 25°, 50°, 80°, 105°, and
130°, while inelastic scattering cross sections were measured at 120, 180, and 240 MeV and scattering angles
of 50°, 80°, 105°, and 130°. In each case the outgoing pion energy spectra were measured from 10 MeV up
to the kinematic limit. The DCX spectra exhibit a double-peaked structure at forward angles that can be
understood as a consequence of a sequential single charge exchange mechanism. Model calculations based on
this mechanism are in rough agreement with the measured spectra. The doubly differential cross sections
measured for the inelastic scattering reactions exhibit a prominent quasielastic peak. A distorted-wave impulse-
approximation calculation of the quasielastic cross sections has been performed and a comparison made with
the measurementgS0556-28187)01204-1

PACS numbgs): 25.80.Ek, 25.80.Gn, 25.80.Ls, 27.3h

[. INTRODUCTION were inclusive double charge exchangéDCX),
SHe(w ,#%)3n, and inclusive inelastic scattering,
Much recent research has focused on the interactions ofHe(7,7~) and *He(7", 7 ™).
pions with individual nucleons. A complete description of The fact that, atA-resonance energies, positive pions
the 7N interaction, however, although useful in understand-scatter preferentially from protons while negative pions scat-
ing many of the interactions between pions and nuclei, ider preferentially from neutrons can be exploited to gain a
insufficient to explain all possible nuclear reactions. Pro-qualitative understanding of the amount of double scattering
cesses such as absorption, intermedlafropagation within 10 expect in each of these processes. The reaction
the nucleus, and multiple scattering all require the presencéHe(w~,7~) proceeds primarily through single scattering
of more than one nucleon. One motivation for the researcffom the sole neutron in*He. The DCX reaction,*He
described in this work is to gain a better understanding of thé7, 7 "), requires that at least both protons be involved to
role of double scattering in pion-nucleus reactions by comconserve charge. The simplest mechanism which can de-
paring reactions in a single nucleus to which double scatterscribe this reaction, the sequential single charge exchange
ing contributes different amounts. The reactions observeSSCX mechanism shown schematically in Figal is in-
herently a double scattering process. Fete(n",7 "), in
which the scattering takes place primarily from one or both
*Present address: Department of Physics, Northwest Nazarer the two protons, one expects both single and double scat-

College, Nampa, ID 83686. tering to occur. One therefore expects a much larger contri-
TPresent address: ROCS, Carlsbad, CA 92009. bution from double scattering processes 3He(w", 7 ")
*present address: Department of Physics, University of Coloraddhan in ®He(z~,7~), and the double scattering component

Boulder, CO 80309. of the inelastic cross section should be closely related to the

Spresent address: Pittsburgh Supercomputing Center, Pittsburgfagnitude of the DCX cross section.

PA 15213.
IPresent address: 93 Jackson St., Cambridge, MA 02140. II. PREVIOUS EXPERIMENTAL WORK
TPresent address: 7 Brattle Street #4, Arlington, MA 02174.

“Present address: The Rand Corporation, Santa Monica, CA A. Double charge exchangdDCX)

90406. The earliest inclusive DCX measurements were made at
"Present address: Thomas Jefferson National Accelerator Facithe JINR Synchro-cyclotron in Dubna by Batusetwal. [1]
ity, Newport News, VA 23606. using nuclear emulsions. Later experiments by Batwetal.

Hpresent address: P.O. Box 173, Captain Cook, HI 96704.  [2] and Gilly et al. [3] were performed in which total DCX
$8present address: Department of Physics, University of Michi-cross sections on a range of nuclei from He to Pb were mea-
gan, Ann Arbor, Ml 48109. sured. After this pioneering work, most inclusive DCX ex-
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shape of the DCX spectrum. The second experiment was
performed by Stetzt al. [11] at the Clinton P. Anderson
Meson Physics FacilitLAMPF) using the EPICS spec-
trometer. These results consist of doubly differential cross
sections at 140 MeV for laboratory angles of 20°, 30°,
50°, and 80°, at 200 MeV for 23.5°, and at 295 MeV for
30° and 120°. The double-peaked structure is also seen in
these measurements, although the resonance parameters
computed for the high-energy peak depend on the incident
energy and scattering angle, thereby virtually eliminating the
possibility of a tri-neutron resonance. These measurements
had relatively large uncertainties. Moreover, the measure-
ments of Stetzt al. and Sperindeet al. made at the same
incident energy and scattering angle disagree at high outgo-
ing pion energies.

An extensive study of the *He(s",7#~) and
*He(m~,m™") reactions, over the incident energy range 120—
240 MeV, with good statistical accuracy and complete cov-
(b) erage of the outgoing pion energy spectrum, revealed a
double-peaked structure at forward angles in this nucleus as
well [12,13. This result is in striking contrast to the spectra
seen in DCX on heavier nucletf0 to 2°%Pb) [14], in which
this structure is absent, and which roughly resemble the dis-
tribution of events in four-body phase space.

B. Inelastic scattering

As with the DCX measurements, the earliest measure-
ments of inelastic pion scattering were made with nuclear
emulsiong 15]. Later measurements were made on a variety
of target nuclei using cloud chambdi6—1§ and scintilla-
tion counters[19,2(] to detect the outgoing particles. The
first modern experiment to measure inelastic pion-nucleus
scattering was performed by Binat al. [21] at the CERN
Synchro-cyclotron.

Inclusive inelastic scattering of pions from th&He
nucleus has been studied near theesonance in three pre-

_ o ) vious experiments. The earliest results were published by
periments concentrated primarily on tfitle nucleus, using  \whitney et al. [22]. In this experiment, the doubly differen-
bubble[4—-6] and sparK7] c_hambers, often in a search for 5] cross sections for théHe(=",7") and 3He(m,7")
tetra-neutron states. The first modern measurerf@ndbf | eactions were measured using the EPICS spectrometer at
doubly differential cross sections for inclusive DCX was | AMPF at 60° and 120° for 200 MeV incident pions, and at
made at the Schweizerisches Institut fuklearforschung 1o0° for 295 MeV incident pions. A later experiment, per-
(SIN, now the Paul Scherrer Institute, or PSbr the  formed by Kleinet al.[23] at SIN (now PS), used the SUSI

O(m™,m") reaction. _ spectrometer to detect the outgoing pions. This experiment
_ Two previous experiments have examined the DCX reaCmeasured outgoing pion energy spectra at 170, 220, 270, and
tion in 3He. The first, published by Sperlr_ldﬂ al.[9]in 320 MeV incident pion energy over a broad range
1970, used the Berkeley 4.6 m cyclotron in a search for q45°-135°) of angles. Recently, a third experiment has been
three-neutron resonance. Only one spectrum was measurquorted by Khandakest al. [24,25 which measured inclu-
for 140 MeV incident pions at an average scattering angle ofjye inelastic scattering ofH, 3He, and“He at 96.5 MeV
about 30°, with detected outgoing pions having kinetic eneryng at angles from 40° to 125°. This measurement was made
gies be_twgen 40 and 125 MeV. The measured spectrum difst the Tri-University Meson FacilitfTRIUMF) using the
fered significantly from pure four-body phase spéw,h_lb_- QQD spectrometer. In all of the previous experiments, the
iting instead a double-peaked structure. This was originallyneasyred spectra exhibit a prominent peak located very near
interpreted as a possible tri-neutron resonance. It was latghe outgoing energy for scattering from a free nucleon. One
shown by Phillips[10], however, that interactions between can conclude therefore that the inelastic scattering process in
two of the nucleons in the final state could account for thesys is dominated by quasifree interactions with single nucle-
ons.

(e)

FIG. 1. Schematic diagram ¢8) the SSCX mechanisnib) the
meson-exchange mechanism of Germond and W{lkB, and(c)
the pn absorption mechanism of Jeannemtal. [6] for the
SHe(w~,7")3n reaction.

Phase space is the Cross secthn dlstrlbgtlon obtalneq if one as- ||| EXPERIMENTAL APPARATUS AND PROCEDURE
sumes that the matrix element, which contains the “physics” of the

problem, is constant. Thus, four-body phase space corresponds to The present experiment was performed at LAMPF using a
7+A—m7+N+N+(A-2). 180° vertical bend, double-focusing magnetic spectrometer.
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focuses in both the horizontal and vertical directions so the
detector system could be relatively small, and it requires no
detectors at the entrance to the spectrometer, allowing higher
luminosities to be used. The 180° vertical bend of the mag-
net provides stringent selection of the charge of the detected
particle. Finally, the short flight patk3.5 m), which was
entirely in vacuum except for a 2.5 cm interruption for a
midspectrometer wire chamber, allowed low-energy pions to
reach the focal plane with minimal corrections for scattering
and decay.

The detector system had five components: a wire chamber
(WCO) placed in the mid-plane of the spectrometer, two wire
chambers(\WC1 and WC2 near the focal plane that were
used to reconstruct trajectories, behind these, a 1.6 mm scin-
tillator (S1), that provided an accurate time reference for the
trigger as well as pulse height information useful in the iden-
tification of particles, and lastly a fluorocarbdiFC-88
Cerenkov detector that distinguished electrons from pions.
The anode and one of the cathode planes of each wire cham-
ber [27] consisted of orthogonal arrays of wires. Position
information in two dimensions was obtained from a delay-
line readout of individual wire signals.

The trigger was a fourfold coincidence among the three
wire chambers and the scintillator. The information recorded
in each event comprised the pulse heights of the signals from
the scintillator and the €enkov detectors and the delay
times of the signals from the wire chambers. Inclusion of the

FIG. 2. Drawing of the 180° vertical bend, double-focusing Midspectrometer wire chamber guaranteed that a particle had

magnetic spectrometer. Pions travel through vacuum from the taP@ssed through the spectrometer, which accomplished a cru-
get, through two 90° dipole magnets, to the focal plane. There is &i@l reduction of the trigger rate due to room background.
2.5 cm break in the vacuum for WCO, the midspectrometer wirel he timing information available from this chamber was also
chamber, which is used to require that a particle traverses the entit¢sed to distinguish pions from very slow protons.
spectrometer. Particle trajectories are traced back to the focal plane Liquid *He was condensed from a closed volume into the
using information from two wire chambers, WC1 and WC2. Thetarget flask by passage through condensing coils immersed in
scintillator is used to distinguish positive pions from protons, asa “He bath maintained at a temperature belowxt@oint by

well as to provide TOF information. TheeBenkov detector sepa- pumping. The*He reservoir could be replenished continu-
rates pions from electrons and positrons.

ously from a 500 | storage Dewar through a “helitran” trans-
fer tube, allowing uninterrupted operation of the target cry-

The experimental apparatus and procedure are very similar fwstat for several days at a time. The target flask was a
those of Woockt al.[14,26].

The 120-240 MeV incidentr= beam from the high-

vertical cylinder 25 mm in diameter and 75 mm high with a
51 um thick Mylar wall. It was surrounded by 4 layers of

energy pion channgl* P3”) first passed through an ioniza- 0.64 um aluminized Mylar superinsulation and, at a radius
tion chamber, which was used to determine the relative fluxof 19 cm, a 13um aluminum heat shield maintained at lig-
Since this device was sensitive to all charged particles in theid nitrogen temperature. The insulating vacuum of the cry-
beam, it was necessary to normalize the flux measuremewtat was contiguous with that of the spectrometer vacuum
each time the beam transport elements were adjusted. Tlehamber.

size(about 1.6 cm in diametgand position of the beam spot

The pressures of the saturated vapor in equilibrium with

were continuously monitored by a small multiwire propor- the liquid in both the bath and the target flask were measured
tional chamber placed downstream of the ionization chambeby redundant precision gauges. These measurements were
and 30 cm upstream of the target. Downstream of the targetecorded continuously throughout the experiment to establish

the pion beam striica 6 mmthick polyethyleng(CH,) tar-

the density of the’He liquid in the target.

get. Three-element plastic scintillator telescopes were placed The target flask, an identical empty flask, and a Gty-

on each side of the CHtarget to detect pions scattered at rofoam) cylinder of the same dimensions as the flasks were
90°. These telescopes were used to monitor the position @frrayed vertically on the axis of rotation of the spectrometer.
the incident beam, as well as to provide a check on the flusAn elevator mechanism could position each of the three tar-
determined by the ionization chamber. The response of thgets in the path of the beam, permitting convenient measure-
telescopes was sensitive essentially only to pions, since beament of the empty target background andmgé scattering,
contaminants are very unlikely to scatter at 90° into the telewhich was the reference cross section in this experiment.

scopes.

To measure the doubly differential cross sections the tar-

The spectrometeishown in Fig. 2 has an effective solid get was exposed to an incident pion beam and events were
angle of about 16 msr and a momentum bite of about 8%. Itollected at given spectrometer momentum settings until sta-
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tistical uncertainties of approximately 5% in the number ofabout 156 MeW, where the protons were just reaching the
detected pions were achieved. Data were collected at 1€cintillator, however, many of the protons deposited the
MeV intervals in outgoing pion energy. In addition to each same amount of energy as the pions in the scintillator. In this
complete set ofHe observations, a series of observationscase, the protons were distinguished by their longer time-of-
was made measuring the background from the empty targdlight (TOF) between WCO and S1. .
walls. This process was repeated for each spectrometer angle Since pions, as well as electrohgmit Cerenkov radia-
and incident energy. Each time the incident energy, andion at spectrometer settings greater than 180 MeV/
hence the normalization of the beam monitors, was changedT =88 MeV), it was not possible to use theefenkov de-
a series of CH normalizations at different spectrometettector to distinguish electrons from pions on an event-by-
angles was performed. event basis. Instead, a more indirect method was used. In
Doubly differential cross sections for théHe(w, 7 ") general, the number of pions can be written:
reaction were measured for outgoing pion kinetic energies o
from 10 MeV up to the kinematic limit at incident energies N— N™—fe Niggal @
of 120, 180, and 240 MeV for scattering angles of 25°, T f:—f: ’
50°, 80°, 105°, and 130°, and 25° and 50° at an incident
energy of 210 MeV. The’He(w",#") and *He(m~,7m~)  whereN,, is the number of pions to be determinétf; is the
cross sections were measured over the same outgoing pi@stal number of particles that emit less than a certain amount
energy range, at incident energies of 120, 180, and 240 Me¥f Cerenkov light,N,,, is the total number of events, and
for scattering angles of 50°, 80°, 105°, and 130°. Observaf; andf: are the fractions of electrons and pions, respec-
tion of the inelastic scattering reactions at 25° was preventegve|y, which emit less than the chosen amount ef€hkov
by a large background due to the spectrometer interceptingyht given a pure electron or pion source. A similar equation
the beam. exists using the number of particles that emit more than the
selected amount of €enkov light,N~. The dependence of
IV. DATA ANALYSIS the random uncertainty i, on the Grenkov light cutoff
was shown to be relatively flat over a large range of channels
differential cross section for each reaction, incident pion en{zg]’ and the cutoff corresponding to the minimum uncer-
. ; S . tainty was selected. The fraction of electrofis, was deter-
ergy, scattering angle, and outgoing pion energy studied. The . . )
doubly differential cross section is related to observablem'ne.d at a spectrometer setting of 53.8 Me,\M/h_ere it was
quantities as follows: pOSSIble.to separate th_e eIecFrons from the pions using the
pulse heights in S1. This fraction was used for all spectrom-
eter settings, since at these momegtal for electrons, and
(1)  the Cerenkov spectrum depends only gn The pion frac-
tion, =, was determined for each spectrometer setting by
observing inelastic scattering and assuming the spectrum to
be purely pions with no electron contamination. This as-
sumption is reasonable, since the cross sections for reactions
which produce electrons are much smaller than the quasielas-
gc scattering cross section.

d’o _ Nget€c
de E,n. B NincAQAwapfdfl ’

whereNye; is the number of pions detected,,. is the num-
ber of pions that were incident,is the effective thickness of
the targetp is the density of the targef() is the effective
solid angular acceptancAE . is the range of outgoing pion
energy,e. is a correction of the spectrometer acceptance du
to multiple scattering and energy losf, is the correction

due to pion decay, anf| is the dead-time correction. C. Acceptance and dispersion
The analysis proceeded in eight steps. The momentum acceptancap/p, and dispersion were
determined by scanning a peégither a *He quasielastic
A. Wire chamber calibration and phase space definition peak or amp elastic scattering peak from the CH target

Calibration constants relating time differences of signals?grr?]ie:h:]aSanCt?gofrig?éer_l_;c;cglhgrlla?ﬁ bgcggatg%'g]g atgreossspfk?é
from wire chambers to position were established by placing 9 L ging P
ocal plane resulted in changes in the observed area of the

collimated %°Fe source at precisely measured positions in : X
peak. The relative acceptance as a function of focal plane

front of the chambers. For each event, the position informat osition was determined by this method, and was used to

tion from WC1 and WC2 was used to reconstruct the particléc)orrectN The effective total MOMENtum acceptance was
trajectory back to the focal plane of the spectrometer. Recond_etermingd 10 be about 8% by intearation acroSS the entire
structed trajectories were tested for conformity with the dis- 0 by 9

tribution in phase space of particles that could have bee{faclarl]g;rg;'tyn?asiﬁi rélserg(t) (()afsttzzlii?\ctehp;angrefo?;f;rﬂ:r:agloef ?ﬁg'
transmitted from the target to the focal plane by the spec- P

t spectrometer when associated with the extensive measure-
rometer. o ) ) .
ments of the magnetic field configuration that have previ-
o ously been made for these magnets. These show the configu-
B. Particle identification

To calculate cross sections it was necessary to separate
the pions from the other particle species that also caused’Electrons or positrons, depending on the charge setting of the
triggers. Protons were generally eliminated by their largespectrometer. The word “electron” will be used generically
pulse heights in the scintillator. At a spectrometer setting othroughout this discussion.
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ration to be unchanging over a range of fields extending to An effect that is commonly observed to distort inelastic
over 18 kG. A typical acceptance function is shown in Ref.scattering spectra, particularly in the large energy-loss re-
[14], which also cites references to previous studies of theion, is so-called “slit scattering,” in which an elastically

properties of the spectrometer. scattered particle penetrates or scatters from an aperture and
appears in the low-energy region of the spectrum. Since the
D. Normalization spectrometer used in this experiment had no entrance slit, we

did not expect this to be a problem. As a check, the pion
yields from a CH, target and from a puré?C target of equal
thickness were measured. The ratio of the yields of pions
lastically scattered froM??C was unity, verifying the target

The absolute number of incident piorn;,. in Eg. (1),
was obtained by comparison afp elastic scattering mea-
surementgfrom the CH target with known cross sections

determined by interpolation using the energy-dependeq ickness equality. For outgoing pion energies below 70
phase shift progranscATPI [29] . The effective total solid MeV. a ratio on(éH YY(12C) —1.05+0.01 was found
1 2 - 4. . 1]

angle, A0}, and the effective target thickness, were in- dependent of energy. This result implies that around 5% of

. . N : i
cluded in this calibration. This procedure was repeated atﬂe inelastic yield in this energy region is due to the presence

several scatt.erlng angle; for each setting of the beam trangf the mp elastic scattering peatat 90 MeV, in this case
port system in order to improve the accuracy of the normal-_. . S ala . .
- Since this correction is small and it is not obvious how to
ization, as well as to check for the presence of angle- . 3 PR . )

apply it to the*He(7~,7~) spectra, it was ignored. Such a
dependent effects.

correction would have a negligible effect on the magnitude
of the differential and total cross sections and on the uncer-

E. Background subtraction tainties in these quantities.
The pions counted with the empty target were primarily
those scattered from the walls of the target cell. For DCX the G. Integrated cross sections

background was typically only about 8%, and never more |neqration of the doubly differential cross sections over
than 15%, of the full-target rate, and was measured to abowtgoing pion energy yielded an angular distribution. This
30% accuracy. For inelastic scattering the background wagtegration was carried out using the trapezoid rule. The
typically 15-30 % of the rate with the full target, and was cross section was assumed to be negligible at 0 MeV, and,
measured with an uncertainty of less than 10%. The meawyhen required, the high-energy end point was extrapolated
surements with the empty target were treated in the samgnearly from the last two measured points. Since in
manner as those with the full target, and properly normalized ==, 7=) it was desired to determine the angular distribution
background data were subtracted point by point from thdor inelastic scattering only, the elastic peak was excluded.
full-target data. Also excluded were the lowest-energy points in the 50°
spectra where the cross section appears to rise. It is believed
E. Corrections that this increased yield arises from muons which the analy-

i sis procedure failed to eliminate. The uncertainty in each
Corrections were made to account for other effects thafjitterential cross section was calculated as the sum in

would change the shape and magnitude of the cross sectiQagrature of the uncertainty in each trapezoid’s area. The
distributions. The number of pions detected was reduced ancertainty in the extrapolation of the end points to zero
decay as they traveled from the target to the detectors. Afcross section was estimated to be one-half of the contribution
proximately 80% of the pions survived at 200 MeV, while attg the integral from the end point regions. In all cases these
10 MeV only 30% survived. Some of the decay muons trauncertaintie§28] were small compared with the systematic
versed the spectrometer, while others did not. In fact, it isuncertainties discussed in the next section.

possible for pions that would not have traversed the spec- The total reaction cross sections were determined by fit-
trometer to decay into muons that could. Since the detectding the angular distributions with sums of Legendre polyno-
system could not separate the muons from pions, these efrials. The regions at forward and backward angles were
fects were accounted for by Monte Carlo methods whichextrapolated by linearly extending from the extreme mea-
produced the factdfy in Eq.(1). This procedure is described sured angles with the slope given by the derivative of the
in greater detail in Ref.14]. Muon contamination from pion Legendre polynomial sum at that point. Pauli blocking
decay in the spectrometer was simulated with dieAy  should become important and suppress the cross section for
TURTLE [30] code. The fraction of muon contamination forward angle inelastic scattering. To account for this, for-
ranges from 1% at 10 MeV to 20% at 200 MeV outgoingward angle inelastic scattering was extrapolated to 0° at the
pion kinetic energy. A different Monte Carlo program, value of the most forward cross section that was measured.
MucLOUD [12,26], was used to simulate decays in the scat-The uncertainty in the total cross section was determined by
tering chambermucLouD used the uncorrected cross sec-fitting the Legendre polynomials to the angular distribution
tions in an iterative procedure to obtain the correctionsplus and minus the uncertainty at each angle. The uncertainty
which were typically 0—30 %. Energy loss and multiple scat-in the extrapolation was determined according to the pre-
tering in the target and in WCO changed the effective accep-

tance of the spectrometer; these were corrected for by the

factor €., which was determined by simulation to be differ- 3All corrections were applied to these data. In particular, the
ent from unity only for outgoing pion energies less than 30“cloud muon” correction was different for the spectra from the two
MeV. The maximum value oé. was about 1.3. targets.
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TABLE |. Systematic uncertainties in the experiment.

Systematic Uncertaintie®6)
Reaction Energy Angle dependent Overall normalization
(MeV)  Thick® I.CP Total scatpi  3He® CHY Total Overalf

SHe(n™,7") 120 4.2 3.0 5.2 2.0 2.0 2.5 3.8 6.4
180 7.6 2.1 7.9 2.0 2.0 25 3.8 8.8
210 <1.0 3.9 3.9 2.0 2.0 25 3.8 54
240 4.5 0.8 4.6 2.0 2.0 10.0 10.4 11.4

SHe(m™,77) 120 4.2 2.4 4.8 2.0 2.0 2.5 3.8 6.2
180 7.6 14 7.7 2.0 2.0 2.5 3.8 8.6
240 4.5 0.8 4.6 2.0 2.0 10.0 104 114

SHe(nt,7") 120 1.9 1.0 21 2.0 2.0 25 3.8 4.4
180 3.3 0.5 3.3 2.0 2.0 2.5 3.8 51
240 <1.0 3.2 3.2 2.0 2.0 2.5 3.8 5.0

@Uncertainty in target thickness due to possible misalignnieee text

®Normalization uncertainty due to variation in ionization chamber resptseetext

®Uncertainty inHe target density.

dUncertainty in CH target density.

€Includes angle-dependent and normalization uncertainties only. The uncertainties which depend on the
energy of observation are included along with the statistical uncertainties in the plotted error bars.

scription of Kinney[12]. These uncertaintid8] were less response, due to changes in ambient temperature and pres-
than or comparable to the systematic uncertainties discussetire, was monitored by continuous comparison with the

in the next section. downstream scattering measurement. Since these variations
were observed to occur on roughly the same time scale as did
H. Systematic uncertainties changes of spectrometer angle, they were included with the

There are systematic uncertainties of three types: thos@ngle-de.pendent urjcertainty'. Variation in the target density
that depend on the energy of observation and on the angle ¥{@S estimated by interpolation between recorded observa-
observation, and those associated with the overall normalizdlons of the target pressufeemperaturg The absolute scale
tion_ The uncertainty that depends on the energy Of Observé).f the cross section involves measurement of the CH target
tion includes contributions from the electron-pion separatiorfiensity, which was accurate to 2.5@xcept for the thick-
procedure, which typically contributed 2.5%, together withness used with the 240 MeV negative pion beam, for which
contributions from estimates of the corrections for energythe CH target density was known only to 1%nd mea-
loss and multiple scattering in the target and in the midspecsurement of the energy of the incident pions which influ-
trometer wire chamber, and for effects of pion decay ancenced the accuracy of the interpolated cross sections derived
muon contamination, which contributed an additional 5%.from sCATPI[29]. The predictions of the code are accurate to
The uncertainty in the correction for energy loss and multiple2%. The uncertainties due to the determination of electronics
scattering was estimated to be equal to one-half of the codead time, spectrometer dispersion, and wire chamber effi-
rection applied. The uncertainty in the corrections for pionciency were insignificant compared to those listed above.
decay and muon contamination was estimated to be one-half
of the difference between the correction derived from the V. RESULTS
simulation described earlier, and that given by accounting
only for the loss of pions by decay within the spectrometer.

An angle-dependent uncertaintyee Table)l arises from The doubly differential cross sections measured for the
possible misalignment between the axis of the target and thaiHe(w,7*) reaction at incident energies of 120, 180, and
of the spectrometer, which will produce changes in both the240 MeV for laboratory angles of 25°, 50°, 80°, 105°, and
thickness of the liquid®He seen by the beam and in the 130°, and at 210 MeV for 25° and 50° are displayed in Figs.
effective acceptance of the spectrometer. These uncertainti@s-6. A double-peaked structure similar to that observed in
were estimated together by comparison between the obtHe(w™,7%) [12,13 is clearly seen at forward angles. The
served angular variation of the differential cross section fordouble peak disappears with increasing angle, a behavior
mp scattering and that predicted from interpolation of thewhich was also seen ifHe. In the case ofHe, the height of
known cross sections. the higher-energy peak diminished with decreasing incident

Normalization uncertaintie§see Table )| are of two  pion energy until it completely vanished somewhere between
kinds; those that are due to slowly varying changes in thel50 and 120 MeV. In*He, however, two distinct peaks re-
response of the ionization chamber and the density of thenain even for energies as low as 120 MeV, although the
3He target, and those that involve the determination of theelative size of the high-energy peak does seem to be dimin-
absolute scale of the measured cross sections by normalizished. The differential cross sections at each angle are shown
tion to wp scattering. Variation in the ionization chamber in Fig. 7, and the total DCX cross sections for each incident

A. DCX cross sections
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FIG. 3. Doubly differential cross sections féHe(r, 7 ") at
120 MeV for laboratory angles 25°, 50°, 80°, 105°, and 130°. The
uncertainties indicated include the statistical uncertainty and the

systematic uncertainties which depend on the outgoing pion energyn 5 severely constrained phase space. Even in the 210 and
240 MeV DCX measurements, the contamination could ap-
pear only at the lowest outgoing pion kinetic energies.
energy are listed in Table Il. For comparison, Table Il also To estimate the contribution from PIPP, doubly differen-
gives the DCX cross sections fGHe. tial cross sections for theHe(w*, 7 ) reaction at 240 MeV
In the present experiment, because only the outgoingvere measuredsee Fig. 8 With incident ™, there is no
7" is detected, it was not possible to distinguish betweercorresponding DCX reaction. Also plotted in Fig. 8 are the
DCX [3He(w~,#")3n] and pion-induced pion production corresponding®He(w~,7*) doubly differential cross sec-
(PIPP [3He(w,# ") pnn]. Pion production is not ex- tions for comparison. Integration of th#He(7*,7 ) spec-
pected to be a significant source of contamination belowrra yields differential cross sections of 5:9.9 ub/sr at
about 200 MeV, however, since this reaction can only occu@5°, and 1.58-0.4 ub/sr at 130°, for 240 MeV incident
at energies above the threshold at about 170 MeV, resultingions. Since*He(#*,7~) is at most only about one-tenth of

FIG. 4. Same as Fig. 3 but at incident pion energy 180 MeV.
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[
0 t t
the 3He(w,w") cross section, one would expect the é
y ’ 1F Qi o J
SHe(s~, 7= )7 pnn reaction to make up only about one- #® ii‘. 105
fifth of the He(s~,7") cross section. Because pion pro- f“ ™
duction is seen to be so much weaker than DCX, and limited Py
to a small range of low outgoing pion energies, no correction °
for this effect has been made to the DCX cross sections 0 t & |
presented. ¢ P
Doubly differential cross sections for inclusive DCX in 1| gt @ 130°
intermediate mass nuclei are found to have a shape similar to ¢
that predicted by the four-body phase space, corresponding QQ '.
to a pion, two knocked-out nucleons, and the residual f e
nucleus in the final state. Figure 9 compares the present re- °
sults for 3He(s~, ") at 180 MeV for laboratory angles of 0 L —
25° and 130° with the predictions of three-body phase space, 0 100 200
i.e., the reactionr™ +3He— 7" +n+(2n), where two neu- T+ (MeV)

trons recoil together with no internal motion, and with the
predictions of four-body phase space, i.e., the reaction
7~ +3He— 7" +n-+n+n, where three neutrons recoil inde-
pendently. As was the case féHe [12,13, the data do not
agree with either phase space prediction.

Figure 10 compares the doubly differential cross section
for 3He(s~,7") with those for*He(w~,7") measured by

. o . . (28.3 MeV).
Kmn_ey et al. [12,13. The most s_trlkmg dlfferen_ce is the . The double peaks at forward angles were seen in the ear-
relative size of the two cross sections. In these simple nucl e

. . . 8lest DCX experiments orfHe [9]. One early interpretation
DCX must result in changing the two available protons ¢ e sirycture was that the higher-energy peak resulted
neutrons and one would naively expect the probability of the

reactions to be about the same. Apparently, competing pro—

cesse¢31] promoted by the presence of a single additional 4anough it is difficult to quantify the exact amount the peaks are

-
neutron suppress the DCX cross section’ke. The other  gpified with respect to each other, the difference in the high-energy
major difference between the doubly differential cross seCend points of the spectra, especially at 130°, is approximately 20

tions for 3He and “*He in Fig. 10 is that the spectra for pev.

FIG. 6. Same as Fig. 3 but at incident pion energy 240 MeV.

“He appear to be shifted approximately 20 MeV downward
‘L‘n energy, consistent with the difference between the binding
energy of He (7.7 MeV) and the binding energy ofHe
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\ FIG. 8. A comparison of doubly differential cross sections for

SHe(w*,7") (squares with He(sw,7") (circle at 240 MeV

210 MeV for laboratory angles 25° and 130°. The uncertainties indicated in-
240 MeV clude the statistical uncertainty and the systematic uncertainties

100 ] which depend on the outgoing pion energy.

180 MeV

do/dQ (ub/sr)

extremely unlikely. For a review of the evidence collected
"—'\-\.\. 120 MeV for the existence ofn bound states and continuum reso-
nances up to 1987, see RE35].
%, B 160 50 In order to test whether or not the high-energy peak in the
present data is caused by a resonance, the four-body phase
0.y (deg) space distribution for each reaction times a normalization
constant was fitted to the lower peak of each DCX spectrum.
FIG. 7. Angular distributions foPHe(m—, ") at 120, 180, 210, A Gaussian distribution was fitted to the higher-energy peak,
and 240 MeV. The uncertainties indicated include the statisticaffom which the centroid and width of the peak were deter-
uncertainty, the uncertainties arising from the extrapolation and inmMined. The missing masses determined for the higher-energy
tegration procedurésee Sec. IV G and the systematic uncertain- P€ak varied greatly over the range of energy and angle stud-
ties which depend on the outgoing pion energy and angle. ied. The excitation energy, which Williani83] found to be
15 MeV and Sperindg9] found to be 12.5 MeV, was found
from the existence of either bound states or broad continuuri the present work to vary from 19.5 MeV for 25° and 120
resonances in the three-neutron system. A three-nucledjeV to 68.4 MeV for 80° and 240 MeV. The excitation
resonance with an excitation of 15 MeV had been adduced tnergy seems to increase both with increasing scattering
explain the continuum neutron spectra in the charge ex@ngle and increasing incident energy. Because the variation
change reactiorfHe(p,n)3p measured by Williamst al.  in the excitation energy is much larger than any possible
[33], and the first DCX measurements were undertaken, ifincertainty in the measurement, one must conclude that there
part, to look for it. Sperindest al. [9] found a double- is no evidence that_the high-e_nergy peak is a resonant state of
peaked structure at forward angles similar to that observed ifiree neutrons in the final state of the reaction
the present experiment, and interpreted it in terms of a three-He(m ™, 7).
neutron resonance at an excitation of 12.5 MeV. Later mea-
surement$11] of the 3He(w—, 7 ") cross section for a wider ~ B. Comparison of DCX results with theoretical calculations

range of incident energies and observation angles showed the simplest mechanism that accounts for DCX is se-
similar features, but it was found that they did not imply quential single charge exchan¢@SCX), as depicted in Fig.

resonance parameters consistent with those of Speeindle 1) The double-peaked structure in the DCX spectrum at
or Williams et al. Phillips [10] demonstrated that the high

outgoing energy peak could be explained by an interaction
between two of the neutrons in the final state, and a laterg 2
theoretical study by Offermann and @lde [34] showed %
that a low-energy resonance in the three-neutron system was;i

130°

21

TABLE Il. Total cross sections for théHe(w,7") reaction E
including statistical and all systematic uncertainties. For compari- 3
son, *He(n",7w~) and *He(~, 7 ") total cross sections from Ref. o o
[12] are also listed.

T, (MeV)
Incident Total cross section
energy SHe(w ™, 7") He(m™,77) 4 He(r™,7") FIG. 9. A comparison of doubly differential cross sections for
(MeV) (ub) (ub) (ub) SHe(w~,7") with the prediction of three-bodydashed ling and
four-body(solid line) phase space at 180 MeV for laboratory angles

120 39528 128+13 — 25° and 130°. The phase space predictions have been normalized to
180 1210-95 489+23 418+ 25 have the same singly differential cross section as the data. The
240 2061230 1014-37 1075-76 uncertainty indicated includes the statistical uncertainty and the sys-

tematic uncertainties which depend on the outgoing pion energy.
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§ ; 1) FIG. 10. A comparison of the
- g ¥ . 1) 2%,% L] doubly differential cross sections
% 1l il o 1 5* ‘“‘ig * u #, 1 for He(w,#%) (squares and
= .o -.-u'.. - g;n"“ Y “He(w~,#") (diamond$ at 180
g i“ s ,memE®, ‘ﬁO'O"’ pS * and 240 MeV for laboratory
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b, . R N . g‘ ’.. . and 130°. The'He data are taken
Lt ) A P . L e from Kinney et al.[12,13.
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forward angles can be explained as a consequence of tlslown that when one includes also the contact pion produc-
p-wave nature of the single charge exchafg§€X) interac- tion amplitude with the pion-pion scattering amplitude, the
tion in the A-resonance region, where the SCX cross sectiotiatter mechanism is greatly reduced in strength. The quasi-
is forward and backward peaked. There are three ways ideuteron absorption mechanism of Jeannereal. [6],
which SSCX can produce DCX at forward angles: successivehown in Fig. 1c), is quite successful in predicting DCX
(a) forward-angle SCX reactions(b) intermediate-angle cross sections ofiHe at energies above the resonance. In
SCX reactions, or(c) backward-angle SCX reactions. For this model, a pion is first produced through the reaction
forward-angle SCX, the cross section is large while the enas*n— 7" 7~ p, and then one pion is absorbed opmpair.
ergy loss is small, s@a) will lead to a high outgoing energy The success of this model at energies above about 280 MeV
peak. Similarly,(c) will lead to a low outgoing energy peak, leads to the conclusion that this three-nucleon process is a
since the most energy is lost by pions which scatter backmajor contributor to the DCX cross section above the
ward. In caseb) the cross section for scattering at interme-resonance. Jibuti and Kezerashy#i5] have made predic-
diate angles is relatively small, leading to suppressed DCXions using a model which includes SSCX, meson exchange,
cross sections at intermediate outgoing energies. The aland more complicated mechanisms. In their calculation, the
sence of a double-peaked structure in the spectra from heawitial and final GHe and*He) nuclear states were expanded
nuclei[14] is presumably the result of initial- or final-state in a hyperspherical basis, and three- and four-body nonlinear
interactions, which will be much more probable in heavydifferential equations were solved. However, their results are
nuclei and will tend to smear out these peaks. rather difficult to evaluate, as they appear to agree with data
The SSCX model has been the basis of a variety of calf7] which were later shown to be incorrect, as well as with
culations of DCX[26,36—41. Almost all have used the fixed other, presumably correct, ddtal.
scatterer approximation, in which the specific dynamics of The semiclassical SSCX calculation f6He of Kinney
the 7N interaction are not included, thereby neglecting the[12] took into account several important nuclear medium ef-
propagation of the intermediate within the nucleus as well fects, and predicted doubly differential cross sections that
as ignoring the critical impact of Fermi momenta on theagreed quite well with measured cross sections. We have
scattering amplitudes. The influence of binding energy is intepeated this calculation fofHe. In this model, which is
troduced only into the calculation of phase space. Differenbased on formalism developed earlier by Thies andnkiu
approximation schemes have been applied, such as classi¢dD,46], the incident pion interacts sequentially with the two
and semiclassical cascade calculati¢86,37,4] and ap- protons only. Hence only the leading, or “double scatter-
proximate solutions to the Boltzmann equatiptO], with ing,” term in the transition matrix is used, i.e.,
varying degrees of success. To date, only the cascade calcu- A A
lations of Osett al.[41,42 attempt to include the effect of
the nuclear medium on the intermediatepropagation. In Tzzl ; tiGot;, ©)
the lightest element studied by Osé@Be, a double-peaked
structure is clearly evident, although the shape differs signifiwhere thet; are the in-medium transition operators for scat-
cantly from that measurefd2]. tering from theith nucleon, and3, is the in-medium pion
Other reaction models besides SSCX have been proposegkopagator. The in-medium transition operator is approxi-

One such is the meson exchange mechanism of Germongated by the freerN transition operator evaluated at an
and Wilkin [43] shown schematically in Fig.(). In their  effective relative energ47):

calculation, the DCX reaction proceeds through scattering

from exchange mesons in the nucleus. This calculation com- ti(E)=thed E-Tem—Ui—Ha—1), 4
pletely ignored spectator nucleon effects, but nevertheless

showed agreement with the energy dependence of the totalhereH,_; is the nuclear Hamiltonian with the dependence
“He DCX cross section better than any other early calculaen theith nucleon separated ouf, ,, is the center-of-mass
tion. Later calculations of Robilotta and Wilkii#4] have  kinetic energy of the system formed by thé& nucleon and
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the incident pion, andJ; is the nuclear potential felt by the larger angles. At incident energy 180 MeV, the calculations
ith nucleon. The nuclear potentibl; is approximated by a generally overestimate the measured cross sections. This is
single constant valu&, which is treated as a phenomeno- presumably due to the approximation of using plane waves
logical parameter. Using a harmonic oscillator model forfor the pion and knocked-out nucleon wave functions and
3He, the central depth of the potentidl was determined neglecting pion absorption. At 240 MeV the sensitivity to the
from the *He binding energy to be about 29.4 MeV, while potential depth is small, and the calculations provide a good
the volume expectation value of the potential is about 17.5epresentation of the data for angles forward of 90°.
MeV. The transformation of the reaction angle was treated as Given the approximations that have been made in the
suggested by Len47]. The free transition matrix element present SSCX calculation, it is probably not reasonable to
used in the present calculation was derived from the fre@xpect better agreement with experiment. The fact that the
7N cross section predicted by Arnf#8], which is an em- shape and magnitude of the measured cross sections are
pirical energy-dependent phase shift representation of theoughly consistent with the predictions leads to the conclu-
cross sections. sion that SSCX is the most likely primary mechanism in-

In order to simplify the calculation, several approxima- volved in the DCX reaction.
tions were necessary. The most severe was neglecting pion
absorption. This process is thought to be surface peaked and C. Inelastic scattering cross sections
is assumed to affect the cross section simply as an overall
decrease in magnitude, i.e., a reduction of incident flux. . ! R
Thus, one expects the outgoing pion energy dependence d *He(r", ") reactions are d|§played in Figs. 13-18.
the calculated doubly differential cross sections to be mor ese spectra are seen to be dominated by a brpad pe?"‘ near
accurate than their absolute magnitudes. Effects from COl}-he outgoing pion I_<|n_et|c energy for freeN scattering. This
pling to absorption channels in the intermediate or final Statguasmlastlc peak is interpreted to be the result of incoherent

are also neglected. However, DCX must involve an isospiﬁcattering from each of the nucleons in the target nucleus. In
T=1 nucleon pair, and absorption is not thought to be im-Some spectra an elastic scattering peak is also seen at the

portant in pion interactions witif=1 pairs [49]. Plane highesF outgoing pion energies. Evidence fqr multiple scat-
waves are used to describe the pion and neutron continuuffi"ng s fguno:c I'S] the en_halmcte_zd crosks_set(;]tlor; on ﬂ;le IOV:"
states, neglecting distortionss-state harmonic oscillator ener?y Slt 1988 dezigal\ille\?s'l'lﬁ peak In the olrwar -angle
wave functions corrected for nuclear center-of-mass motioryPccta & an eVv. These more complex processes

were used to describe the protons; the oscillator paramet(¥YIII b_e dISCU.SSGd "’%ter- .
was determined to be 1.61 fm by reproducing the root-mean- Itis pQSS|bI¢ to interpret s!mply some of the featgres of
square radius ofHe measured in elastic electron scatteringthe qua5|_elast!c peak by a kinematic analysis that includes
[32,50. The success achieved by describing quasifree pio?‘Ee F_erml motion OT the struck nucleon. The energy loss of
scattering as a single nucleon knock-out prodéds23,24 the pion can be simply related to the momentum of the
leads to the approximation of treating the intermediatenUCkaonS as follows, yvhe_rg the struck nucleon has been as-
nuclear state as one hole plus one free particle. sumed to be nonrelativistic:

Selecting the specific amplitude for scattering from

nucleon 1 to nucleon 2, as is shown in Fig. 11, we may write 2
w=-—+—+=F¢, (6)

Doubly differential cross sections for théHe(w~,7")

AR, 51,53 K)= [ o [ @bk B4ltaId 52005 20

1
X
E—g?/2m,—(py)?/2My—E;

where o is the energy loss of the piof®; and P; are the
final and incident nucleon momenta,is the “separation
energy,” andq=P;—P; is the momentum transfer. This
translates to a quasielastic peak centeregf&M + e with

XJ dp1(q,piltaK,p1)(P1l h1s),  (B)

whereE;, is the energy of nucleon 1. This amplitude can be k N P1

calculated numerically. To simplify the computation, how- AN

ever, the intermediate pion is constrained to propagate clas-— N 52'

sically through the nucleus by performing a Wigner transfor- P1 )\

mation[46] and taking the classical limfi—0. q \/
Figure 12 shows the results of this calculation in compari- ’}',z <

son with the data; the different curves represent different N

choices for the average nuclear potential. For DCX occurring N

in the nuclear interior, the mean potential is approximately *

29.4 MeV (dot-dashed curveswhereas DCX occurring pri-
marily near the nuclear surface would require a mean poten-
tial near zerodashed curvgs The predicted spectra exhibit ~ FIG. 11. Diagram of the SSCX process showing the intermedi-
features qualitatively similar to those seen in the datapte pion momentung and the incident and knocked-out nucleon
namely, a double peak at small angles and a single peak atomentap;, p,, p;, andp;.
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3 at 120, 180, and 240 MeV for laboratory angles
25°, 50°, 80°, 105°, and 130° using the average
% nuclear potentialsU;=U,=0 MeV (dashed
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a width of 2qP;/My. The width of the quasielastic peak, “He are compared in Fig. 19. The scale has been adjusted to
o, and difference between the center of the peak and thgive both spectra the same maximum to allow easy compari-
average outgoing pion energy for freeN scattering,e, son of the shape. The width of thtHe quasielastic peak,
which have been determined by fitting a Gaussian distribudetermined by fitting a Gaussian distribution to the data, is
tion to those doubly differential cross sections greater thar20.2 MeV, which is narrower than the width of thele peak
one-third of the height of the quasielastic peak, are listed if25.7 MeV), and is consistent with the 40% difference seen
Table Ill. The uncertainty ire was estimated to be either the in electron scattering experimerits4]. Indeed, one expects
change ine when only cross sections greater than two-thirdsthe *He peak to be wider, since the nucleons*ide have a
of the quasielastic peak were included in the fit, or thehigher Fermi momentum. ThéHe quasielastic peak is
change ine required to increase thg? of the original fit by  shifted by 5.2 MeV toward higher energies with respect to
one, whichever was greater. the “He peak, presumably reflecting the difference in sepa-
Moniz [52,53 has shown for electron scattering that aration energy(the binding energy per nucleon itHe is 2.6
simple Fermi gas model is sufficient to describe the generalleV, while in *He it is 7.1 MeV}, plus effects which cause
features of the quasielastic peak, wiltbeing the “average € to vary with incident energy.
separation energy,” anB; related to the Fermi momentum. Angular distributions for the inelastic scattering processes
For pion scattering, however, a constant “average separatioimave been obtained by integrating the spectra of Figs. 13-18
energy” is not sufficient to describe the behaviorepfvhich  over outgoing pion energy, as described in Sec. IV G. The
varies with incident pion energy. In fadk-hole calculations resulting differential cross sections are shown in Fig. 20. It
predict that the value o should increase with increasing will be important to keep in mind, in making comparisons
scattering anglg51]. with empirical models and theoretical calculations, that these
Cross sections for quasielastic scattering fréhte and data represent all inelastic, not just quasielastic, processes.
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FIG. 13. Doubly differential cross sections foie(w,7") at
120 MeV for laboratory scattering angles 50°, 80°, 105°, and
130°. The lower-energy arrow indicates the average outgoing pion

FIG. 14. Same as for Fig. 13 but for 180 MeV incident pions.

energy for freerN scattering, while the higher-energy arrow indi- deE N[ do | . do .
cates the outgoing pion energy for elastic- *He scattering. The O] 2d—Q(Tr‘ p—m7=p)+ d—Q(ﬂ-—n—> Tn),
results of the DWIA calculation using the IE@ashed ling and @

FEP (solid line) are also shown. Only the statistical uncertainty and
the systematic uncertainties which depend on the outgoing pion

energy are indicated. where the left side represents the cross section for

m*—3He quasielastic scattering and the differential cross
sections on the right side are the fre®l cross sections. A
To compare the differential cross sections for inelastiocvalue of A"was determined forr™ and =~ scattering at each
scattering from 3He with those for scattering from free incident energy by dividing the measured inelastic scattering
nucleons, normalized free cross sections were obtained. Theross sections at 105° and 13@thgles where multiple scat-
normalization factor,V, is defined via the relation tering should be negligibjeby the average freerN cross
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FIG. 15. Same as for Fig. 13 but for 240 MeV incident pions. FIG. 16. Same as for Fig. 13 but fdHe(= ", 7).

sections[see Eq.(7)] given by scaTpP [29] and taking the ably reflecting the presence of multiple scattering. At 50°,
weighted means of the results at the two anglésvas found the cross sections are below the curves. Although multiple
to vary between 1.6 and 2(6ee Ref[28]), with the smallest ~Scattering is certainly preseitsee the prominent “shoul-
values occurring at 180 MeV, where the cross section foflers” on the low-energy sides of the peaks in Figs. 17 and
pion absorptionthe dominant effect reducing/ below the ~ 18), the overall cross section is reduced by Pauli blocking.
“free” value of 3) is the largest. This latter effect is particularly evident at incident energy

The dotted curves in Fig. 20 represent the cross sectionk20 MeV, where multiple scattering appears, from the shape
given by Eq.(7). For = scattering at 180 and 240 MeV, the of the spectrum, to be small.

measured cross sections at 80° lie above the curves, presum- ) ) ] )
D. Comparison of inelastic scattering results

with theoretical calculations

SCharge symmetry was assumed, i.e.,do(dQ)(7"n The earliest attempt to model inelastic pion scattering
— a7 n)=(do/dQ)(7* p—77p). used the so-called “pole-mechanisrB5], in which the ma-
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FIG. 17. Same as for Fig. 13 but fHe(=*, =) at 180 MeV. FIG. 18. Same as for Fig. 13 but f8He(=",7") at 240 MeV.

. . . . Pion inelastic scattering has also been calculated using the
trix element is expre;sed in tgrms of a wrtqal decayA-hole approach, which allows thk to propagate through,
A—(A—1)+N (determined experimentally from pickup re- 5. interact with, the residual nucleid?,58—63, but so far
actions and freewN scattering. Later, semiclassical models there has been no fult-hole calculation for inelastic scat-
[56,57] were used in which the pions followed straight-line tering on 3He. Calculations for®0 [51,63 and “He [64],
paths through the nucleus, along which they were attenuateflgever, seem to indicate thatpropagation and interaction
The standard method for describing pion inelastic scatteringre important effects which must be considered if one is to
in the fixed scatterer approximation, however, is the distortethave a complete picture of the interaction of pions with nu-
wave impulse approximatio(DWIA). In these calculations, clei.

the wave function of the incident and final pion, and of any The general factorized DWIA codeHREEDEE of Rees,
knocked-out nucleons, are distorted by the optical potentiaChant, and Roog65,66 has been previously applied to the
of the residual nucleus. 3He nucleus by both Kleiret al. [23] and Khandakeet al.
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TABLE lIl. Positions and widths of quasielastic peaksis the 3 - - 3 v 4
difference between the average outgoing pion energy for e 0 He(" 2 T ) ‘ ‘He(” o W ),
scattering and the energy of the centroid of the quasielastic peak, 120 MV / 120 MoV e

and o is the Gaussian width parameter determined by fitting the e /,4
data as described in the text. \ ay P
\\//‘.ﬁ' 10 N2

Incident SHe(w ", 7") SHe(w ™ ,77) 5 ‘ ’
energy € o € o
(MeV) Angle  (MeV) (MeV) (MeV) (MeV)
120 50° 3.80.7 4204 3910 8.6:1.3

80° 14.8:2.4 11.2+1.8 12.9-04 14.0-1.8 =00

105° 19.661.4 12.2-1.8 18114 13.53.8 }

130° 23.9£0.5 10.4:0.7 245-11 13.7#2.2 \E/ s
180 50° 3.#04 9.6£1.0 5203 12.0-0.8 o

80° 9.8:09 1409 9.~412 15411 3 £

105° 14405 12.0:1.0 13.8:0.2 15.3:0.2 _g wr

130° 19.2:0.2 13.0:0.8 19.2:1.8 14.x05
240 50° 5408 14°#17 4907 15214

80° 8.4t45 18.9-0.3 5931 182:1.1

105° 11.x09 18516 7.6-1.4 20.8-3.5 5 |

130° 15.6:1.2 15.6:1.0 12.3t0.9 17.3-1.6

240 MeV
240 MeV

[24,25. These DWIA calculations forHe were found to

agree quite well with the measured shape and magnitude of o P e o s
the quasielastic peak, except at forward angles where the
calculations generally overestimated the cross section. 610 (deg)

This code has been used to predict the doubly differential
cross sections for inelastic scattering frotide in the kine- FIG. 20. Angular distributions for *He(z~,=~) and
matics of the present experiment. In this formulation, which®He(=",7*) compared with the normalized free nucleon cross
assumes a quasielastic mechanism, the knocked-out nucleggctions(dotted line, see texand with the DWIA calculation using
(N) and spectator systemS) are explicitly included: the IEP_(dashed ling an_d _the FEP(soI_id ling). The unc_ert_aintie_s_
3He(7-r,7-r’N)S. The knocked-out nucleon phase space is inShown include the _statlstlca_tl uncer_talnty, the uncertainties arising
tegrated to produce an inclusive cross section for quasielast/fP™ the extrapolation and integration procedure, and the system-
scattering. The cross sections from protons and neutrons agélglsncertamtues which depend on the outgoing pion energy and

100 150

K 1200

125 | then weighted by the number of each species present in
3He, and summed to form the total quasielastic cross section.
The (7, 7'N) cross section is determined by evaluating
the transition matrix for specific initial and final states by
factorizing according to the standard DWIA prescription

[66], using the single nucleon wave function féde of Lim
[67]. The incident and final distorted pion wave functions are
calculated with a modified Klein-Gordon equatid68]
where the potential has the Kisslingd9] form, using the

. energy dependence of thle and p-wave parameters given

1 50 by Cottingame and Holtkamf¥0] and the*He charge dis-
tribution of Ref.[32]. The knocked-out nucleon wave func-
tion is distorted according to a Woods-Saxon parametrization
of the optical potential in a semirelativistic Schinger
equation[71], where only the real part of the optical poten-
tial is used to describe the inclusivéle(s, ) cross section
[72]. The half-off-shell transition matrix is approximated by

FIG. 19. Comparison of quasifree pion scattering bte and ~ the N phase shifts of Rowe, Salomon, and Landag]
“He at 240 MeV and scattering angle 130°. The circles are the crosgccording to two simple prescriptiofi§6]. In the initial en-

sections for*He(w*,7*) (right-hand scalgfrom the present ex- €rgy pr_escriptior(IEP), the half-off-shell transition matrix is
periment, while the diamonds are those fete(z*,7") [12] (left- ~ approximated by the on-shell matrix evaluated at the initial

hand scalg pion energy, while the final energy prescriptidfEP evalu-

100 ¢ 1150

75 | ¢ g [,

50 r

d%s/d0dT (ub/sr MeV)

25T

100
T, (MeV)
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T y T TABLE V. Total inelastic scattering cross sections for the
SHe(w*,#") and °He(w ,7") reactions, and predictions of
PWIA and DWIA calculations. The uncertainties quoted are dis-

750 130° 7 cussed in the text.
%‘ Incident s (mb)
= beam Data PWIA DWIA
3 500 1 (MeV) (IEP  (FEP  (EP)  (FEP
~Q
3 120 7~ 603 117+14 72+ 8 91+21 5713
= 120 7* 1165 177£26 118-18 140+54 95-38
% 180 7~ 98+ 8 186-14 177+12 130-8 120+8
N} 250 1 180 7+ 169+10 326:28 313+t25 16034 156+29
o 240 7~ 93+13 114+10 139+10 86+9 108t 10

240 7t 144+11 19617 23418 95-15 116:£17

0 50 100 150 The angular distributions predicted by the DWIA calcula-
T, (MeV) tion are shown in Fig. 20 as the dash#8P) and solid(FEP)
curves. In comparing the results with the data, it must be
FIG. 21. Comparison of the results of the PWidashed ling  remembered that the model assumes a single pion-nucleon
and the DWIA (solid ling calculations using the IEP for jnteraction, whereas the measurement includes all inelastic
He(m",7") at 180 MeV and scattering angle 130°. scattering processes. The calculated and measured differen-
tial cross sections are in better overall agreementfoithan
for % scattering. This agreement may be fortuitous, how-
ever, since the calculation did not reproduce the shape and
magnitude of the quasielastic peak fef scattering. The
ogxeess of measured over calculated cross sectionrfor
Scattering at intermediate angles for 180 and 240 MeV can

by previous authori23—25, the calculation reproduces the be traced to the “multiple scattering tail” below the quasi-

o . . . lastic peaKsee Figs. 17 and 18At 50°, it appears that the
shapes, positions, and magnitudes of the quasielastic peagﬁects of multiple scattering and Pauli blocking conspire to

fairly well, except at 50°. Here the calculated cross section is . :
larger than that measured, presumably due to the neglect g{oduce a largely fortuitous agreement between experiment
: : ! : and theory. At 120 MeV, the large difference between the
Pauli blocking. The positions and widths of the peaks Calcu'c:alculated results using the IEP and the FEP casts doubt on
lated form" scattering are in generally better agreement with o . g the T=F
the validity of either approximation.

the measurement than is the case 4or scattering, where T
the calculated peak@articularly at 120 and 180 Me\vare In Table IV th? pred|9t|ons of the PWIA and DWlA mod
els for the total inelastic scattering cross sectiang, are

too narrow and occur at too low an energy. Experimentally . . . .
: o . o fcompared with the experimental results, obtained by inte-
the r= peak positions and widths are more nearly similar; if

there is any difference it is in the opposite direction: TablegratIng the f_:mgula_r d|str|but|ons_ as descrlbed_ n Se(_:. VG.
lll reveals a tendency for a larger widin and smallere The uncertainties in the theoretical cross sections arise from
(thus higher energyfor 7~ scattering the extrapo_lat_lon pro_cedures use_d, which were_3|m|Iar to
In the energy region below the qﬁasielastic peak the Calt_hose used in integrating t_he experimental data._lt is seen that
. the PWIA grossly overestimates the cross sections, whereas

“the DWIA predictions ar nerally consistent with the mea-
larly at forward angles. This is almost certainly due to mu"sueiement predictions are generally consiste € mea

tiple scattering with large energy loss, which is not explicitly
included. Secondary interactions enter implicitly through the
distortions of the outgoing wave by the optical potential,
which will redistribute strength from the quasielastic peak to
lower outgoing pion energies. The use of an optical potential Simple isospin arguments can be used to predict the rela-
for 3He is at best naive, especially for the final-state distortive strengths of the inelastic scattering and DCX reactions.
tions where the pion is in fact interacting with a two-nucleonFor example, using the isospin Clebsch-Gordan coefficients
system following quasifree scattering, and should not be exebtained formN total isospin states, neglecting the=1/2
pected to reproduce the measured spectrum in detail. Thehannel, and assuming quasifree scattering, yields a ratio for
most important feature of the distorting potential is its largew™ to 7~ inelastic scattering cross sections e of 1.73.
imaginary part arising from pion absorption, which has the Table V shows the ratios of the differential and total cross
effect of reducing the cross section overall by a large factorsections for3He(s",7") to those for®He(w,7 ). One

This is illustrated in Fig. 21 in which the PWIA result is sees the best agreement with the value of 1.73 at the center
compared with the DWIA result and with the data foi of the A resonancél80 MeV), as expected. The ratio moves
scattering at incident energy 180 MeV and scattering anglaway from 1.73 at higher and lower incident energies. This
130°. tendency is also exhibited in the data of Kl&ihal. [23].

ates the on-shell transition matrix at the fifafter scatter-
ing) pion energy.

The results of the calculation are shown as the dash
(IEP) and solid(FEP curves in Figs. 13—18. As was found

E. Comparison of (", w™"), (w~,@7), and (7w~ ,w ")
cross sections
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TABLE V. Ratios of *He(w",7") to 3He(w~,# ") differential and total cross sections. Statistical and
all systematic uncertainties are included.

Incident

energy o(mH)o(m7)

(MeV) 50° 80° 105° 130° Total
120 1.78:0.15 1.970.15 1.99-0.15 1.96-0.15 1.93:0.14
180 1.78-0.18 1.90:0.19 1.93:-0.19 1.59-0.16 1.72:0.18
240 1.46-0.19 1.88-0.23 1.44-0.18 1.43-0.18 1.55-0.24

One can examine the dependence of this ratio on outgoingt 50° and 80° for 180 and 240 MeV can be discerned.
pion kinetic energy. At the quasielastic pe@specially near The ratios formed from the doubly differential cross sec-
the center of the\ resonance at incident energy 180 MeV tions at 240 MeV(as in Fig. 22 might be affected by pion-
one would expect the ratio to be close to the predicted valughduced pion productionPIPP. Summing the measured
of 1.73, since at this energy multiple interactions are presumsingle-nucleon PIPP cross sectidid—76 and distributing
ably relatively unimportant. Figure 22 shows these ratios dethjs total cross section according to four-body phase space to
termined at each angle for 120, 180, and 240 MeV. Thesgpproximate the doubly differential cross sectigee Ref.
ratios are in the general region of 1.73 over most of the ranggz7)) produces an increase in the ratio of about 5% at an
of outgoing pion energy, with close agreement at the quaSic')utgoing pion energy of 20 MeV for scattering at 50°.
elastic peak(indicated by arrows One can calculate the The reduction ob-(7*)/a(7) may be due to the effect

v e . AT
o(m")/o(") ratio assuming only double scattering in the o¢ 5y apsorption following quasifree scattering#& will

T=3/2 channel, with the result 4.48. On the assumption thal ayer predominantly from a proton, ejecting it from the
double scattering becomes increasingly important as the ouf; ~jaus leaving @n pair, which can absorb the*. A

going piop energy decr_eases, one might expect the measur , on the other hand, will scatter predominantly from the
ratio to rise towarq t_hls value with decreasing energy. In eutron, leaving app pair. Since absorption off =1
general this behavior is not observed, although a rising tren ucleon pairs is strongly suppressed, the has a larger
probability of surviving to appear in the spectrum.
120 MeV 180 MeV 240 MeV The decrease in the ratio seen at very low outgoing pion
' ’ ‘ ' ' energies may arise from Coulomb distortions, as the repul-

e 50° 507 sive (attractive interaction “pushes out”(“pulls in” ) the
: } i 7*(7™) spectra to higheflower) energy.
? Feocpp Hugrdtt T Q-.*.--_ff}jﬁiﬁ, SO ] Comparison of the PWIA and DWIA calculations de-
o) & S U ol tiag scribed previously can be used to obtain a better understand-
o . | 1 , { ing of the effects ofT =1/2 scattering and distortions of the
4 so° T s0° T s0° 1 outgoing pion and nucleon waves on the ratio. In the PWIA
{ } the ratio remains very nearly 1.7:_'5, showing that The1/2
~ z2f_. L I dhﬁii " Lt *hms /] channel has little effect on the ratio even down to the lowest
e ", v i ¢ DA measured outgoing pion energy. On the other hand, distor-
< ¢ \ * | '. */; tion of the outgoing waves, which is included in the ratios
;\~ o ' =T ' T ‘ ; calculated in the DWIA, seems to be quite important, caus-
£ 105° 105° 105° ing the ratio to decrease rapidly with decreasing outgoing

0

: )Z pion kinetic energy. Some evidence for this behavior is seen
gﬁﬁé*}“* T H;m}** 7 "'“;ﬂiﬁf ] in the data, although the calculated effect is generally far too
¥ ' Y 4 to, $ large. This could be due to the choice of pion optical model

!

parameters. To check the validity of the Cottingame-

" 130° 1 Holtkamp parametrization, ther™ —3He elastic scattering
cross sections were calculated and compared with data at 120
1 | and 180 MeV(see Ref[28]). The calculated cross sections
o, LT L) are about a factor of 2 too low, suggesting that the absorptive
. |t i et part of the potential is too strong. If absorption were overes-
P oo 200 timated, o(7")/o(7~) would be reduced, as discussed

above. In a previous study of elastic and inelastic scattering
on 3He at 100 MeV, Khandakd®5] found that the potential
FIG. 22. Ratio of the doubly differential cross sections for that best fitted the elastic data had reduced absorption com-
3He(m*, ) to 3He(r~,7~) determined from the datéoints, pared with the Cottingame-Holtkamp parametrization, but
the PWIA calculation(dashed ling and the DWIA calculation that the inelastic cross section was relatively insensitive to
(solid line). The dotted line at 1.73 is the value given by isospin the choice of optical model parameters.
assuming purel =3/2 scattering. The uncertainties indicated in- One can assess the probability of double scattering by
clude statistical and all systematic uncertainties. comparing the inelastic and DCX data. If much of the

T, (MeV)
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T get. To this end, doubly differential cross sections have been
50° measured for the’He(s~,7") reaction, and the inelastic
SHe(w™,#") and 3He(s~,7~) reactions at 120, 180, and
. 240 MeV for scattering angles of 50°, 80°, 105°, and
130°. The DCX cross sections were also measured at 25°,
i and at 25° and 50° at an incident energy of 210 MeV. Out-
going pions were detected from about 10 MeV up to the
kinematic limits. The doubly differential cross sections have
. been integrated to obtain both angular distributions and total
reaction cross sections.

The data have been compared with phenomenological cal-
culations for both the DCX and inelastic scattering reactions.
For DCX, a calculation was performed using the semiclassi-
cal SSCX model of Kinney12]. The results of the calcula-
105° tion agree reasonably well with the measured cross sections,

' considering the nature of the approximations made. The
100 | 1 modest success of this calculation in describing the data
leads one to believe that SSCX is the dominant mechanism
1071 ] by which the DCX reaction proceeds in this energy range.
For inelastic scattering, a DWIA calculation using the
method of Chant and Ro¢65,66 has been performed. The
10l | 130° . results of this calculation agree well with the measured cross
sections. At low outgoing pion energies, the DWIA calcula-
109 + i tion underestimates the cross section. This can be understood
as a possible effect of multiple scattering, since the DWIA
calculation explicitly allowed the pion to interact only once.
10~2 : The ratio of the®He(w", 7 ") to *He(w~,7~) cross sec-
10 100 tions is found to be close to 1.73, the value expected assum-
Tr (MeV) ing quasifree scattering and=3/2 dominance. The energy
dependence of this ratio is better reproduced by the PWIA
than by the DWIA calculation, indicating that distortions
have been overunder) estimated form* (7 ~) scattering,

d%/dEdQ (ub/sr MeV)

FIG. 23. Comparison of the doubly differential cross sections.
for *He(w*,#") (solid circles, *He(w~,7 ") (solid squares and

SHe(sr~, 7 ") (diamonds at 50°, 80°, 105°, and 130° for 180 MeV .
incid(ent pio%s(. ThéHe(iT+ 7*) and *He(r~, ) cross sections or that the measurest™ cross section has been enhanced by

have been divided by the isospin factors 25.75 and 5.75, respe@gltiple scattering.effects, as' expected. Additional empiri.cal
tively (see text evidence that multiple scattering is occurring at low outgoing
energies is found in the comparison of the inelastic and DCX

spectra. Multiple scattering is expected to be an important
effect in pion-nucleus reactions because of the strength of the

strength at low outgoing pion energies is due to double scapion-nucleon interaction. In fact, if one assumes that the
tering, then the low-energy inelastic cross section, scaled tgouble scattering component of the inelastic scattering cross
account for isospin, may be similar to the low-energy DCXsection is consistent with the DCX cross section scaled ac-
cross section, which requires interaction with both protons inorging to isospin considerations, then double scattering
tShe H‘i nugleus. Figure 23 is a plot of tiele(7~,77) and  geems to account for up to 20—30 % of the inelastic strength.
anzg_: +g S(;;?(gtsesrlngsgcrf[)iz?]ssec:tlonsjl_ 8((:)0mf\)/|aer\e/d t(')rhtge The DCX and inelastic scattering processes are reason-
3He(7-r*’7r*) cross sections have been divided by a.factor ofably _weII understooql phenomenologically. Howe_ver, a more
' detailed understanding of the spectra must await more rigor-

3 + .+ i .
?ézgjrznsrethc?bg?rfg d f:;rr)w t%rgs':ozegr?ocr}th;{hz-%Z?dat:izeegus self-consistent calculations that describe the production
: ISOSpI and propagation of an intermediate as well as its interac-

ficients assuming that each reaction proceeds via two steps : .
the T=3/2 channe[78]. One sees that foF ,< 50 MeV the fion with the nuclear medium.
spectra have roughly the same shape and magnitude. The
fact that the ¢, 7 ") and (m~,#") cross sections are gen-
erally lower than those for«#~,7~) can be attributed to

absorption competing with the second scattefiogcharge )
exchanggin each of the former cases. We would like to thank N. Chant and P. Roos for supply-

ing us with theirTHREEDEE code, and M. Khandaker for his
modified version for’He. We would also like to thank R. P.
Redwine for many helpful comments. This work was sup-

Both DCX and inelastic scattering yield information ported in part by funds provided by the U.S. Department of
about the effect of pion multiple scattering in a nuclear tar-Energy.
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