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Abstract

Cross sections for negative pion_pfoduction in 183 MeV/nucleon Ne + NaF and Ne +
Pb collisions have bee;l measured at laboratory angles from 20° to 90°. Almost
isotropic angulaf distributions in the nucleon—nﬁcleon c.m. frame are observed. The
energy spectra in thi.s frame are of an exponential type'with an inverse slopé of 25 MeV
for NaF and 26 MeV for Pb. No evidence of a bump prédicted to result from pionic
instability is obser‘ve.d. Possible mech‘anisms for producing high-energy pions are

discussed.
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In nucleus-nucleus collisions pion production at E22 /A < 290 MeV is of
substantial interest, because it is beyond the kinematic domain accessible in free
nucleon-nucleon (NN) collisions and therefore must involve either the nucleon Fermi
motion and/or effects which invelve more than two colliding nucleons. - So-far, détaﬂed
rﬁeasurements of p"mn spectra with these low-energy béams have been done only at 0°
and only for relatively low pion energies.! Clearly it is interesting to extend the

measurements into regions of larger angles and much higher pion energies. The first

goal of this experiment was to study the mechanism of subthreshold pion production

for such large-ahgle high-energy pions. It is chairned in Ref. 1 (espeAcially see the errata
of this reference) that the observed 0° cross sections at Ekeb /A = 80 MeV cannot be
explained by any conventional'rnrodtal‘."z-s and that they are a factor 5-10 larger than the
predictéd ones. We address a similar quésti_on with our data; namely, can conventional

models explain the data over awide kinematic domain of emitted pions?

The second goal of this experiment was to test a recent theoretical prediction of a
pionic instability effect related to i)ion condensation. ‘According to Gyulassy,* if this
effect exists, then it should reveal itself in the inclusive pion spectra. Namely, the
pionic instability induces an excess pion production at c.m. 90° and at a c.m.

momentum around 2 - 3 myc. The predicted invariant cross section of these excess

pions, E(d30/ d%p)g¢e, is approximately equal to 1 (mb-GeV)/ (sr(GeV/ ¢ )?) for Ne +.

NaF, and is almost independent of the beam energy. So far, pion production data that'
cover c.m. momenta of 2 - 3 m,c at c.m. 90° have been revported only at Eﬁgﬁ’,;l/A =
400, 80O, and 2100 MeV.s-s There the-yield of normal pions is much higher than that of
the predicted excess pions. Thus, ﬁe emphasized the importance of experiments at

much lower beam energies.

The experimental procedures are almost the same as those reported in Ref. 5..

. Neon beams of 200 MeV/m.icleQn were accelerated by the Berkeley Bevalac. Targets

were NaF (approximately equal in mass to the projectile) and Pb (heavy mass) with

thicknesses of about 0.5 g/ cm? The beam energy at the center of the target was 183



MeV/nucleon. Negative pions were measured with a magnetic spectrometer® at angles
from 20° to 90° in the laboratory frame and at momenta above 125 MeV/c. ‘Absolute

values of the cross sections are reliable to within £ 20 %. _

Fig. 1 shows the .observed morﬁenturn spectra. They are smooth as a function of
the pion momentum. We obtainel.d the highest statistics at 92t = rF?O". since this angle ‘\._)
corresponds to about 90° in'the NN c.m. frame for which the effects due to pionic |
instability are predicted to be thg largest. Aithough spéctrum shape is a’lmbst
identical for the two targets, the absolute yield is larger for Pb than for NaF by a féctor
of 7 at ¥2b = 90° and by a factor of 3 at 912> = 20°. Note that fhese factors are,
respectively, slightly above and below the value of (App/ Anar)?’ 3 =~ 4.6. Such a .
tend‘encyv is consistent with the A-de_pend'e_nce, of the pion production from'nﬁcleaﬁ‘

collisions at higher beam energies.”

When the data for Ne + NéF are pl‘otﬁéd in 'the form of contour lines of invariant
cross sections in the plane of parallel and trans,Ver_se momenta in the NN c.m. frame, |
we note that the cross-section contours are almést;, cifcular espeCiélly for high-energy
pions. This indicates that the angular distributions of these pions are almost isotropic
in the NN c.m. frame. For low-enevrgy pions the cross secti_ons have a slight forward. |
peaking. Inthe data for Ne + Pb, a slight forward-backward asymmetry is observed
(within a factor of 2), but the gross features are more or less the same even for such a
heavy-mass target. | |

In Fig. 2 the energy spectra of 7~ at c.m. 90° observed for Ne + NaF collisions are
displayed together with the previously published data®® for the same projectile and
target comSination but at different beam energies. The spectra are ap’pr"oximétely
exponential with an inverse slope, Eqo ~ 25 MeV at E§22., / Ai = 183 MeV. As the beam , Y
energy increases the ﬁalue of £y monotonically increases. When we plot'the present
data for Ne + Pb in the NN c¢.m. frame, the spectrum shapé is again almost exponential

witﬁ Ey in this case being ~ 26 MeV.
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In Fig. 2 we notice two features in the data at.E}2b /A = 183 MeV. The first one is

that f.hey do not show any evidence of the pionic.instability effect predicted by

~ Gyulassy. The observed pion yield is almost two orders of magnitude smaller than the

predicted excess pionyield. It is of course possible that the Ne + NaF systerh contains
too few nucleons for collective'ph‘enomena tooccur. However, the data for.Ne ‘+ Pb
collisions also fail to show any evidence of the bump. Therefore, the present data do

not support the theoretical prediction by Gyulassy.

' The second feature of the data is the production of enei*’geiic pions. The kinetic
energy of the observed pion extends up to 250 MeV in the NN c.m. frame, and the
spectrum shape is almost purely éxponential over the entire energy region. In 6rder to

create the highest-energy pions a total energy (including the 140 MeV rest mass) of 390

‘MeV has to be supplied. If we ignore the Fermi motion, a large number'of nucleons (up

to 9) would have to sum their kinetic energies, since each nucleon carries 45 MeV

kinetic energy in this frame. In terms of single NN collisions a large Fermi momentum

has to be assumed. For example, if both projectile and target nucleons carry the same
Fermi momentum in opposite directions, then pr & 350 MeV/c¢ for both nucleons would
be needed. Some possible mechanisms for producing such high energy pions are

discussed in the rest of the paper.

First, we discuss a phase space model,2® which has been quite successful in ﬁtﬁng
the existing pion data at higher beam éne_rgies. as shown in Retf. 9. The assumptions
involved in this model are as follows: The nuclear collision is divided into several tube-
tube collisions and the contributions from-the various tubes are incoherently added. If

one tube containsn = np + nr nucléons. where np originates from projectile and ny

from target, then the emission of the pions is govefned onlyvby phase sbace

considerations!® within this n-nucleon system. Here, the probability of finding np and
nr nucleons is calculated by the Glauber theory.!! The mémentum distribution of np
nucleons inside the projectile (and that of ny inside the target) is of a Gaussian type.

The Gaussian widths were obtained from fits to the observed momentum spectra for



projectile fragments. 12 This mpdel contains one adjustable parameter related to the
density of the n—nucleon system. which determines the absolute scale of the cross
section. In our cése the value of this parameter was chosen to be the same as that
used in Réf. 9. Actual calculations were done for a beam energy of 200 MeV/nucleon,
but the ;nain'featurés of the results (absolute value and slope) change only slightly Y
when the beam energy is 183 MeV/nucleon. -The cross section calculated with this -

rqodel is ‘:shown by the dashed line in Fig. 2. The agreement with the data is reasonably

good. A_c:cording to this c_:alculation, an raverage of <n> = B nuéleons are needed to

create 250 MeV pions.. This number is: almost the same as what we guessed on the basis

" of s1mp1e energy conmderatlons as descrlbed above.

- ,Second. we examine a model in which the pions are produced in single NN

. collisions (hard-scattering model). Accordxng to the isobar model, ' pions are created
most.ly through Asz resonances. At:a nucleon energy of around 183 MeV, the probability
of forming Ags is small, but as the beam energy 1ncreases thls probability rapidly
1ncreases One consequence of this fact is that even 1f the probability of finding hlgh-

. momentum tails in the nuclear wavefunction is small, the contribution from these tails
is likely to be important. Using the experimental data of pp -+ m and pn - m, together
with a Fermi enérgy distribution of the Woods-Saxon shape, 1/[1 + exp(—(E-EFf)/ AE)],
. we have calculated the cross sec,tjon for pion prodgction. Here, Er = 36.5 M?V' and the
parameter value of A was determined from fits to the (e.e’) data'* to be AE = 6.6 MeV.
The calculated pioﬁ. speptrum is shown by the dotted curve in F‘lg 2. In thg low energy
region the model overestimates the cross section by a factor of up to 10. Furthermore,
~ the calculated siopé in the high energy region falls off much more steeply than the |
data. We have tried to estimate effects due to both pion absorption and rescattering. ()
For the pion absorption, the time dependence of the system was neglected and the

- calculation was done ivn a static geometry. The pion meén free path was taken from Ref.

15.’ This. absorption effect reduces the pion yield by a factor of 2-5, depending on the

pion energy. However, the calculated cross section is still too large and the slope in
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the high energy region is still too steep. The pion rescatteriﬁg was treated using a
cascade calculation. The piqn;nﬁcleon cross section in nuclear matter was assumed to
be the same as that in free space. \The result is shown by the c_iash—dc}t curve in Fig. 2.
Although thg overall crosé_ section is overestimated by a factor of 2 the shape is now in
reasonabie agreement with the data. This calculation which includes both absorption

and rescattering also agrees fairly well with data at 400 and BOO MeV/nucleon.

It is also interesting to compare the results of these two calculations with the

. existing data of subthreshold pion production at 0°.! We discuss the data for 80

MeV./nuéleon Ne + NaF collisions, since there the previous conventional models®*® do
not reproduce the data. The hard-collision model used in the present analysis
reproduces the observed cross sections reasonably well.!® On the other hand, the
preserit p‘h‘ase-spacevmodel predicts a steeper slope in pion energy than the data. Also
tl/le absolute value of the cross section is underestimatéd, but it can be brought into
agreement by readjusting the free parameter of the model. For a detailed comparison
of the phase-space model, see Ref. 17. Finally, we point out the experimental fact that
the obseﬂrved cross section at 0° (with 80 MeV/nucleon beams) is about 300 times -

larger than the cross section of the present 90° data at ™ ~ 250 MeV (with 183"

MeV/nucleon be ams).

In conclusion, we have observed high-energy pions at subthreshold beam energies

in nuclear collisions down to cross section of & 1 (ub-GeV)/ (sr-(GeV/ ¢)3). We have

~ found no evidence for the pionic instability effect predicted by Gyulassy. The

production mechanism of high-energy pions has been studied using both hard-collision

-and phase-space models. A naive hard-collision model without rescattering effects

does not explain the data when conventional internal momentum distributions are
assumed. However, if both pion absorption and rescattering are included, then the
model agrees to within a fac‘tor of about 2 with the data. For the production of high-
energy pions it turns out that tjhe nN rescattering is especially important. The phase-

space model also fits the present data reasonably well. From the qualitative agreement
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ofv the data with both of these models it seems likely that processes involving more’

than two nucleons play an important role for producing énergetic pions at

subthreshold beam energies. The relatibnship’ between 'these' two models is still not

clear, butvit may be that the microscopic rescattering and absorption effects can be

effectively replaced by the statistical behavior of a rather large number of nucleons. _ J
S.tivmuiating discussion with M. Gyul‘ass.y’ and continuous encouragemerit by O '

Chamberlain are gratefully acknowledged. This work was supported by the Director,

Office of Energy Research, Division of Nuclear Phys’icsj of the Office of High Energy and

Nuclear Physics of the U.S. Department of Energy under Contract W-7405-ENG-48. It

was also supported by the INS-LBL Collaboration Program.
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FIGURE CAPTIONS

FIG. 1 Pién momentum spectra for 183 MeV/nucleon Ne + NaF (left) and Ne + Pb
(right). ‘

FIG. 2 Energy spectra of 7~ at ¥°™ = 90° in Ne + NaF collisions at four beam energies,
0.18, 0.4, 0.8, and 2.1 GeV/nucleon. FEy is the inverse slope factor when the cross
sections are parametrized by exp(- ;?"‘;'/ E}). The solid curve is the predicted
Cross éection for pionic instability as calculated by Gyulaésy (Ref. 4). The dashed

 line is the result of a phase-space-model calculation for E‘B’é‘;‘,’n/ A = 200 MeV. The
dotted line is the calculation of a simple hard-éoilision model and the dot-dash

~ line is the result from the hard-collision model which includes both pion

absorption and rescattering. .
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