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Differential cross sections forr™ + '2C elastic scattering in the energy range of 18—44 MeV for six scat-
tering angles have been measured with an increment in the incident energy of 2 MeV. The measured cross
sections are compared to calculations within the framework of a unitary scattering theory of the pion-nucleus
interaction. It is shown that the excitation function at angles around 90° is dominated by wave of the
pion-nucleus interactiof S0556-281®8)05605-2

PACS numbgs): 25.80.Dj, 25.80.Hp, 24.16.i

[. INTRODUCTION A large solid angle detector, the LAMPF BGO-ball, was
used to detect the reaction products for this study. Detailed
At energies near thes,3) resonance pions primarily probe information on the BGO-ball can be found in Reff$0,11].
the nuclear surface because of the strong pion-nucleon inteA rectangular array of nine Csl scintillators, DA1-DA9,
action and the consequent short mean free path. At lowewith a 10-mm-thick upstream plastic scintillator S2, down-
energies the pion mean free path in the nucleus becomesdream of the BGO-ball was used for beam composition de-
longer (~5 fm atT =50 MeV rather than~0.5 fm atT,  termination and normalization.
=180 Me\), and information about the nuclear interior can  The target was composed of Gvith a cross sectional
be obtained. At pion energies below 50 MeV the availablearea of X 1 cn? and an areal density of 0.469 g/énit was
experimental data are limited to only a few experiments andttached to a thin paper tube and placed in the center of the
do not give a complete picture of the behavior of the cros8GO-ball. The supporting tube was aligned along the beam
section. axis. The diameter of the tube was large enough to keep its
In this paper new data in the energy range between 18 andalls out of the beam. A thin 0.25-mm-thick plastic scintil-
44 MeV are reported. These data together with data frontator S1, with a cross section 0P8 mn? was placed im-
previous measuremerits—9] give a rather complete descrip- mediately upstream from the target. A coincidence between
tion of the energy dependence of the cross section for posthis scintillator and at least one detector of the BGO-ball
tive pion elastic scattering from carbon in this energy regionformed the event trigger. A coincidence of the beam scintil-
lator S1 with the central detector DA5 of downstream Csl
Il. EXPERIMENT array formed a beam trigger. One of every one thousand of
the beam events was read out and analyzed for pion fraction
The experiment was performed at the Low Energy Piondetermination and normalization.
channel(LEP) of the Clinton P. Anderson Meson Physics  The detectors of the BGO-ball were of pentagonal and
Facility (LAMPF). The main goal of the experiment was to hexagonal shape, tightly packed to form a truncated icosahe-
study the energy dependence of pion absorption on deutelron of 32 sides. The detectors were distributed at an inner
rium [10]. However, by using a single hit trigger and a €D radius of 6.1 cm from the center of the array to the center of
target, additional data for*1°C elastic scattering were ob- each crystal face, and were arranged in six rings centered at
tained atr™* energies of 21, 23, 25, 27, 29, 31, 33, 35, 37,laboratory scattering angles 6f37°, 63°, 79°, 102°, 116°,
39, 41, and 45 MeV. The momentum resolution of the pion142°. The time resolution of the detectors of about 1 ns was
beam was varied betweexp/p=1% at 45 MeV and 4% at sufficient to eliminate the accidental coincidence of particles
21 MeV. from different beam bursts arising from the LAMPF beam
5-ns structure. The array covered a total solid angle of
30/32<41 sr. Each detector consisted of a 3-mm-thick
*Present address: University of Minnesota, Minneapolis,NE102 plastic scintillator optically coupled to the front of a

MN 55455 5.6-cm-thick bismuth germanatBGO) scintillator and cov-
TPresent address: Department of Physics, College of William anegred a solid angle about 0.39 sr. Both scintillators were
Mary, Williamsburg, VA. viewed by a single photomultiplier. Since the decay constant
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FIG. 1. Contour plot of two-dimensional distribution AE (in FIG. 2. Ahscatteredn spectrl:]m forTWF43.5 MeV andfcm. ;
plastio andE (in BGO) obtained from BGO-ball phoswiches. Re- =142°. Dashed, dotted, and dash-dotted lines represent Gaussian fit

Y .
gions corresponding to different particle types are labeled on théeSUItS for 9“?””9' St?te'TState' andm"d elastic pea,k’ respec-
plot. tively. The solid line is the sum of these three Gaussians.

dence between the target detector S1 and at least one BGO
crystal in anticoincidence with DA5 was used as an event
trigger.
The pion flux was kept below f@/s to limit pile-up in
' the BGO-ball detectors and to allow the beam particles to be
directly counted. Pulse height and timing information from
the S1, S2, and DA5 detectors was used to determine the
pion fractions. A cut was placed on the time between S1 and
AE=(AEnix— Emix' Rlnix— AEoised - Gak » (1) S2 to eliminate accidental coincidence between particles
from different beam bursts. Another cut was applied to a
two-dimensionalAE — E distribution (pulse height from S2
E=(Emix— AEmix' R2mix— Eoftsed - GE (20 and DAY to eliminate positron events. Modified Moyal
functions[14] were used to describe the shape of the energy

where AE,,, is a charge integrated over sh¢B0 n9 gate, |0ss distribution in S2:

Enmix is a charge integrated over loiig50 ng gate,Gg and P

G, are calibration coefficient®1,,, andR2,,, are a frac- F(E)=P,el Ps(E-Pa)—e "= 2] 3

tion of a slow component in AE,,, signal and a fast com-

ponent in &€ signal, respectively. The paramet&E .t  whereE is the energy loss in S2 arfé,— P, are adjusted
and Egset determine the zeros oAE and E scales. The parameters. The spectrum was fitted with a sum of two such
mixing parameters and offsets were obtained by using sigfunctions, one for pions, and the other for muons. The fitted
nals from neutral particles which have no fast componenpion distribution was integrated to obtain the pion fraction.
and particles stopped in plastic which have no slow compoFor the two lowest energie®1 and 23 MeY some pions
nent. The parametds g was set to give the correct energy lost all of their energy in S2 and did not hit DA5. The cor-
deposited in the plastic scintillator for protons with kinetic responding pion peak has a different, more complicated
energies above 50 MeV where the light output from the plasshape. In this case only the muon peak was fitted and pion
tic scintillator is approximately a linear function of the de- fraction was determined as the result of a subtraction of
posited energy12]. The energy calibration of the BGO crys- muon fraction from the integral number of beam particles.
tals was obtained by using the elastic peak fram+ °C A Monte Carlo simulation of beam particles passing
scattering. An alternate calibration using thé d—pp re-  through the setup using th&EANT code[15] has been per-
action gives similar results. Adjustments 8E andE gains formed. Corrections for energy loss, straggling, multiple
as well as mixing parameters and offsets were performedcattering and decay were calculated from this simulation.
continuously during on-line and off-line analysis because ofThe resulting correction to the normalization is 7% for the
the temperature dependence of BGO scintillator light outpuhighest beam energy and 44% for the lowest one. For beam
and the decay constantl3]. An example of the two- energies of 21 and 23 MeV this correction accounts for
dimensional spectruldE—E is shown in Fig. 1. A coinci- pions, which passed through the target but did not hit DA5

of the BGO scintillator is much longer than that of the plastic
scintillator (250 ns vs 1.5 ns the anode signal was time
sliced to provide botAE (fast and E (slow) signals for
charged particle identificatioripions, protons, deuterons
etc), and for identification of neutrons angdrays. TheAE
andE signals were separated using
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TABLE |. Differential cross sections. Overall systematic uncertainty of 5% is not included in total error.

T,2 Oc.m. do/dQ¢m Statistical Normalizatiofi Total®
(MeV) (deg (mb/sp error error(%) error
18.8 37 18.28 1.13 5.0 1.46
65 3.79 0.36 0.41
83 3.93 0.42 0.46
103 5.19 0.56 0.62
118 7.39 0.76 0.84
142 8.02 0.64 0.75
20.9 37 13.27 0.94 4.2 1.10
65 3.89 0.37 0.41
83 4.19 0.23 0.29
103 5.14 0.43 0.48
118 6.48 0.39 0.48
142 7.78 0.38 0.50
22.9 37 9.44 0.60 4.5 0.73
65 4.39 0.35 0.40
83 4.60 0.47 0.51
103 5.48 0.29 0.38
118 7.85 0.38 0.52
142 8.54 0.36 0.52
25.0 37 11.23 0.76 4.1 0.89
65 4.08 0.36 0.40
83 4.28 0.37 0.41
103 6.00 0.34 0.42
118 8.45 0.33 0.48
142 8.99 0.37 0.53
27.1 37 7.88 0.58 3.7 0.65
65 3.14 0.29 0.32
83 4.13 0.28 0.32
103 6.37 0.32 0.39
118 8.67 0.37 0.49
142 7.87 0.36 0.46
29.2 37 6.59 0.66 3.6 0.70
65 3.28 0.31 0.33
83 3.96 0.34 0.37
103 6.87 0.34 0.42
118 8.06 0.42 0.51
142 8.40 0.34 0.45
31.2 37 6.77 0.71 35 0.75
65 3.26 0.26 0.29
83 3.77 0.25 0.29
103 6.32 0.38 0.44
118 7.64 0.35 0.44
142 8.66 0.43 0.52
33.3 37 4.94 0.53 4.2 0.56
65 3.20 0.30 0.33
83 3.40 0.25 0.28
103 5.62 0.30 0.37
118 7.57 0.35 0.46
142 7.61 0.36 0.46
35.4 37 4.23 0.38 4.0 0.41
65 2.44 0.19 0.21
83 3.19 0.20 0.23
103 5.02 0.26 0.33
118 6.64 0.24 0.36

142 7.13 0.27 0.39
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TABLE I. (Continued.

T,2 Oc.m. do/dQ¢ Statistical Normalizatiof Total®
(MeV) (deg (mb/sp error error(%) error
37.4 37 4.68 0.40 4.9 0.46
65 3.02 0.37 0.39
83 4.00 0.24 0.31
103 6.75 0.32 0.45
118 8.51 0.38 0.56
142 8.88 0.40 0.59
39.5 37 5.05 0.47 3.4 0.50
65 3.13 0.27 0.29
83 4.47 0.26 0.30
103 6.98 0.31 0.39
118 8.21 0.35 0.44
142 8.02 0.38 0.46
435 37 571 0.49 3.8 0.53
65 3.37 0.27 0.30
83 4.53 0.21 0.27
103 7.39 0.34 0.44
118 8.22 0.29 0.42
142 7.63 0.26 0.37

®Energy in the center of target.
bSame value for all six angles at given energy.
“Total error is the statistical and normalization error summed in quadrature.

and were lost from the beam trigger. This simulation alsowith 2—3 Gaussians to separate quasielastic scattering on
was used for calculating the pion energy at the center of thearbon [the excitation of the 2(4.44 Me\) level] and
target. " d-elastic scattering fromr**?C-elastic scattering. Since
The cross sections were also corrected for counting ratéhe resolution of the detectors was about 3.5 M&aW width
losses due to dead time. A typical value of the dead time waat half maximum, least-squares fitting using the known lo-
5%. The uncertainty in the normalization is 3—5% and it iscations of the quasielastic and” d-elastic peaks with re-
mainly due to fitting error, the statistical error is less thanspect to ther " *°C-elastic peak was used to extract the elas-
1%. tic cross sections. Using the same widths for all peaks
Most of the pions stopped in a BGO scintillator decay viaallowed overlapping peaks to be reliably separated. Figure 2
7T+—>,u,++v'u and muons subsequently by —e*+v,  shows the pion spectrum in the sixth ring (142°) of the
+7v, with lifetimes of 26 and 2.2us, respectively. Energy BGO-ball. The differential cross section at each angle was
deposﬂed in the BGO by the decay products during integracalculated taking into account the angular acceptance of the
tion time (250 n3 will be detected. Within that time almost detectors, pion decay between the target and the detector,
all pions decay, resulting in a muon which deposits 4.1 MeWpion nuclear reactions in the detecter;» u— e decay in the
kinetic energy in the crystal. This additional energy does nogletector, and the scattering of the pion out of the detector
affect the energy resolution. However, the positron frombefore it is stopped.
muon decay, which has a kinetic energy between 0 and 53
MeV, produces the high-energy tail which can be observed
in Fig. 2. This tail contains about 9% of all stopped pion
events. The measured differential cross sections are presented in
The largest background in this experiment is due to nonTable | and in Fig. 3. The statistical errors include contribu-
target-related events originating from beam pion decay neaion from peak fitting. The total error was obtained by adding
the S1 detector where the decay muon triggers the detectidhe statistical and normalization errors in quadrature. An
system. For the 21-45 MeV pions, the decay rate of theverall systematic uncertainty of about 5% in the efficiency
beam is about 21-14 %/m. This background is most imporealculation is not included in the total error. This affects the
tant for the first ring of the BGO-ball located at small scat-global normalization of all measured differential cross sec-
tering angle since th@*’s are confined in a narrow cone tions but does not change their relative values. A comparison
with an opening angle of<30° for our pion energies. An- of cross sections for the *d— pp reaction, measured in the
other source of background is the beam particles scatteringame experiment, with the partial wave analy4i3] demon-
on the beam scintillator S1 and its surroundings. Backgroundtrates that our estimate of systematic uncertainties is reason-
measurements made with only the target removed were sulable.
tracted from the measurements with the target in place. We compared the measured cross sections with calcula-
After background subtraction the pion spectrum was fittedions within the framework of a unitary scattering theory

Ill. RESULTS AND DISCUSSION
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FIG. 3. Differential cross sections. Black squares are the datghannel, and at energies around 50 MeV one can observe a

from this experiment. Solid lines are the UST calculations. strong interference between pure potential scattering chan-
nels and the pion absorption channel. Impressive agreement

(UST) [16] of the pion-nucleus interaction. The UST ap- between the earlier UST calculatiofs6] and the recently
proach has been specifically designed for the description aheasured pion-carbon reaction and total cross sections at en-
scattering of low-energy piontelow 80 Me\j by nuclei.  ergies from 42 to 65 MeV has been demonstrated in Ref.
This approach is based on the method of evolution of th¢17].
system with respect to the pion-nucleon coupling constant The basic quantities which are calculated in the UST ap-
which ensures the consistency of the theory to the unitaritproach are the pion-nucleus scattering partial phase shifts
condition. The latter is very important at low energies where
pion-nucleus dynamics is strongly influenced by the pion 8.a(k) = 8"%(k) + 5255 k). (4)
absorption channel. For example, at the energies bel@®
MeV the reaction cross section dominated by the absorptiohlere, 5°* is the part of the pion-nucleus phase shift that is
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due to the multiple scattering of a pion by the nuclear nucle- ' ' ' "%
ons, ands?*sis the absorption correction. 7t - SP

There is a multiple-scattering seri¢$6] for a micro- :f\ﬁf/es
scopic calculation ofs?% in terms of pion-nucleon phase o e [34]
shifts and nuclear ground-state characteristics such as 61 1

nuclear form factors and correlation functions. It has been
shown in Ref[16] that at energies below 70 MeV it is suf-
ficient to calculate only the lowest two iterations of this se-
ries. The only free parameter of the theory is an average
excitation energy parametdr. This parameter is introduced

&
Yol
to take into account the excited states of the nucleus when E4
the closure approximation is used for the calculation of the & g
imaginary part of6°% . Therefore, this parameter determines !g 3|
a threshold behavior of the inelasticity parameters ©
Im 6°%~Kk,, (5 2t
where the momentunk, is determined by the equation
Eo(k) —Eg(ky) —A=0, Eo(k) = w (k) + wa(k) is the colli- 1t
sion energy. In the nonrelativistic cade,= Vk?—2M ,AA,
M ;A is the pion-nucleus reduced mass.
As it has been shown in R€f16], the parameteA can be 06 20 25 30 35 a0 45 50
determined using the data on the reaction and total cross T, (MeV)
sections, and the best description of the data is provided by
A=15-25 MeV. In our calculations we uge=20 MeV. It FIG. 5. Excitation function a#. ,,=83°. Black squares are the

should be noted that the 5 MeV variation of the value oA data from this experiment. Open circles are the data from Refs.
around this value has a very weak effect on differential cros§3—9] for the angles close to 83°. The solid line is the UST calcu-
sections at energies below 50 MeV because of a dominartions including all partial waves, the dashed lineSisiave only,
contribution of the pion absorption term in the formation of the dash-dotted line iS+P waves, and the dotted line B+P

the imaginary part of partial phase shifts (BIm sPt  +D waves.

+1m 629,
The absorption part is expressed in terms of the absorgare the data with the calculations for the excitation func-
tion parameter8, andC; tions at different scattering angleg=37°, 65°, 83°, 103°,

118° and 142°. Although an overall quantitative description
l+e ., . o ~ ., - of the data presented in Fig. 4 is satisfactory, one can see an
OTAk) =A(A-1) 1+26/Apz(q)[80(k) +Co(K) (&7 K], obvious discrepancy at the angles around 90°. The measured
(6)  data hint at some oscillating structure at angles65°, 83°
and 103° for the energies from 25 to 35 MeV, while the
where,e=w (K)/2M, w, is the pion energyM is the mass calculated excitation functions vary rather smoothly.
of a nucleong)z(c-i) is the Fourier transform of the square of ~ Figure 5 shows the calculated contributions from the dif-
nuclear density(r) (normalized to unity, (izE’—IZ is the ferent partial waves to the excitation functionéat 83°. At
- -, : . angles close to 90° the excitation function is dominate&by
momentum transfer, and and ' are the pion momenta in -
.and D waves, and thé wave contribution starts to deter-

the 7~ 2N center-of-mass system. As has been shown Mhine the shape of the excitation function at the energies

Ref. [.16]’ one can neglect the energy dependence of the abébove 20 MeV. Therefore, the data at angles close to 90°
sorption parameters at the energies below 50 MeV, and the%a rovide information on the pion-nuclelswave inter-
values are determined from the data on the strong interactiogct?gﬁ Since the calculated aFr)tiaI waves @, and D)
shifts and widths in the 1S- and 2P-levels of pionic atoms. : P ’

The set of the absorption parameters given in R&6, show smooth energy dependence it is difficult to understand

) : L : . the irregular behavior of the data in this angular region.
which provides a good description of the scattering data is Since the previous data from Ref&,6,7] are not of suffi-

cient precision to support or rule out this suggestion, more
data are needed before a detailed discussion of a possible
- explanation of the oscillating structure in the excitation func-
Co(k)=(—2.8+i1.0) fm°=(-0.35+i0.13m_°. (7)  tion at angles near 90° and the energy range 25—35 MeV can
be given.

Bo(k)=(—0.1+i0.1) fm*=(—0.025+i0.025m__*,

Figure 3 shows the good agreement of the data forithe
+12C differential cross sections measured in this experiment
W|:)hat2e calculations within the framework of the UST ap- IV. CONCLUSIONS
proach.
The present measurements of the differential cross sec- We presented experimental data on the differential cross
tions with an increment of 2 MeV make it possible to com- sections form* +12C elastic scattering at the pion energies
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between 18 and 44 MeV. The measured cross sections wetke excitation function is dominated by tlewave at ener-
compared with the UST calculations. Agreement betweemjies above 20 MeV, and the data at angles close to 90°
measured and calculated cross section is rather good excgpiovide us with the information on the pion-nuclddswvave

for the angles close to 90°. It is shown that at these anglemmteraction at low energies.
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