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Gross and Fine Structure of Pion Production Excitation Functions
in p-Nucleus and Nucleus-Nucleus Reactions
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Slow ramping of the CELSIUS storage ring has been utilized to measure the yield of charged pions in
proton and heavy ion induced collisions with continuously varying beam energy. Boltzmann-Uehling-
Uhlenbeck predictions, including Fermi momenta of nucleons in nuclei, follow the general shape of the
p-nucleus excitation functions quite well except for a general overestimation of the backward emission.
For heavy ion reactions the calculated yield also falls off faster with decreasing beam energy than the
data. No statistically significant narrow resonances are observed. [S0031-9007(97)03152-9]
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Pions can be produced in hadron-nucleus and nucle
nucleus collisions, also at energies well below the fr
nucleon-nucleonsNNd threshold through the collective
interaction between several nucleons or through
boost from the internal nucleon momentum. Sugges
production mechanisms range from first chanceNN scat-
tering [1,2], full cascade prescriptions [3,4], dynamic
mean-field1 NN collision equations [5–8], predomi
nantly for reactions around and above theNN threshold,
to cluster-cluster interactions [9] and fully collectiv
pionic fusion models [10–12], for reactions close to t
absolute (collective) threshold. The strong rescatter
when pions or deltas propagate through the nuclei m
of course, be introduced in all models.

Many of these models predict the overall features
pion emission well but a detailed selection among them
hampered by the lack of systematic data. By combin
slow ramping operation of the CELSIUS storage rin
with the range telescope technique, complete excita
functions for p6 emission over wide ranges of bea
energy can be measured—from the absolute (collect
threshold to well above the (free)NN threshold.

Protons and fully stripped Ne ions were injected in
the CELSIUS storage ring [13], accelerated up to t
start energy, stored during slow ramping of the magn
with gas-jet target in operation until the final energy w
reached, and then finally dumped. The cycle time,
5 min, was governed by the requirement that at leas1
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of the stored ions should remain. Data were collect
continuously during 70–250 s. The start time for slo
ramping, the time when the event trigger appeared, a
the beam frequency at that time were stored to provide
collision energy. No electron cooling of the beams w
introduced. Data from two ramp cycles, one at low ener
(169–270 MeV forp and 50A 120A MeV for Ne) and
one high energy (250–500 MeV and100A 400A MeV),
were put together. The reproduction of the cycles was v
good and data could be added for several hours with
increasing the collision energy dispersion (, 0.8 MeV for
proton beams and, 0.9A MeV for Ne beams). Gas-jet
target thicknesses of between1013 and1014 atomsycm2 for
N, Ar, Kr, and Xe gases were employed.

Five 9-element plastic range telescopes were moun
outside thin steel windows in angular positions from 2±

to 120±. These telescopes [14] have increasing scintilla
thickness to obtain equally broad pion energy bin
The p1 is identified through pulse shape discriminatio
technique, utilizing the delayed muon energy signal fro
the 26 ns,p ! mn decay [14].

Since the instantaneous luminosity cannot be measu
high energy protons (52–161 MeV) were registered,
gether with pions, to obtain absolute normalization [la
term in Eq. (1)]. Since proton (1 heavy particle) rejec-
tion [14] was required in thep-nucleus experiment (99%
efficiency), calibration runs were performed with rejecte
and nonrejected protons registered simultaneously in
© 1997 The American Physical Society



VOLUME 78, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 19 MAY 1997

i
o
g
U

y
n
o

)
h
cy
%
n

n

h
e
a
g
s
ic
r
p

ro
g
b

le

e

g

o
n

o

y

nd
ree

ut-
c-

am

in

s

he
al-

par-

re
u-
in

so-
ean
identical telescopes placed at 90± on each side of the
beam direction. The total high energy proton yield
translated into absolute cross sections via empirical inf
mation [15,16] normalizing standard Boltzmann-Uehlin
Uhlenbeck (BUU) [8] or cascade calculations [17] (BU
finally used here). The pion cross section is given by

dsp

dV
­ feff

Np

Np
DV

µ
Nc

pnr

Nc
pr

Nc
pr

Nc
pnr

∂ Z 161

52

d2sp

dV dE
dE .

(1)

The efficiency factor,feff, contains corrections for deca
in flight and during slowdown in detector material, pio
scattering in the detector material, and geometry for mu
capture [18]. The quantityDV is the relative solid angle
correction,c stands for calibration telescope,r for data
where proton rejection is used, andnr for data without any
rejection. The rejection term, within brackets in Eq. (1
is individually estimated for each stop detector in t
calibration runs. The fact that the rejection efficien
for protons is the same in all telescopes within 10
variation was confirmed in a test where both rejected a
nonrejected protons were recorded everywhere.

Figure 1 presents examples of differentialsdsydVd
cross sections ofp1 emitted at 97± in p 1 40Ar and
p 1 natXe reactions. Figure 1(a) shows thep 1 Ar ex-
citation function with 1 MeV beam energy binning. A
rather large difference in statistics between the low e
ergy and high energy data sets forp 1 Ar introduces the
large differences in statistical fluctuations which is not t
case forp 1 Xe where statistics are comparable betwe
the data sets [Fig. 1(c)]. The normalizing procedure m
introduce different systematic errors for the low and hi
energy data, and therefore we normalize the data set
the overlapping region to the set with the highest statist
In no case is there a mismatch between the low ene
and high energy data sets exceeding 20%. The com
cated normalization procedure is bound to make the er
in the absolute yields larger than in classical fixed tar
experiments. The error in the absolute yield has contri
tion from feff (15%),

R161
52 sd2spydV dEddE (20%), the

r ! nr conversion (12%), theDV determination (4%),
the Np selection efficiency (4%), and the low/high cyc
matching (20%). This adds up to a total error of,35%
or slightly more at the lowest beam energies.

The long arrows in Fig. 1 mark the absolute (kin
matical) threshold for the reaction,p 1 X ! p1sEp .

Emin
p , Q ­ 97±d 1 · · ·, which is calculated from the

general threshold condition on the available c.m. ener
Eav . mp whereµ

Eav 1
X

mf

∂2

­ sgAmA 1 gBmBd2

2 s $bAgAmA 1 $bBgBmBd2. (2)

mf denotes here all final (baryonic) fragments. The sh
arrows denote the experimental cutoff. The backgrou
is very small and appears to be flat, which can be
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FIG. 1. DifferentialsdsydVd cross sections ofp1 emitted at
97± in p 1 40Ar and p 1 natXe reactions. The beam energ
binning is 1 MeV in (a) and (c), 2–4 MeV in (b), and 4–
8 MeV in (d). The arrows indicate the absolute threshold a
the experimental threshold, as explained in the text. The f
pp ! p1 · · · threshold is,375 MeV in (a) and (c). The
typical error bars in (b) and (d) are purely statistical.

served in Figs. 1(b) and 1(d) where the experimental c
off falls below the absolute threshold of pion produ
tion. Figure 1(b) also shows that pions withE . 57 MeV
are observed even at the lowest possible 1 MeV be
energy bin.

Figure 2 gives differentialp1 cross sections inp 1 Ar
collisions at three angles and in Ne1 Ar data at two
angles. It should be noticed that the systematic errors
the Ne1 Ar data are somewhat larger,,45%, than in the
p 1 Ar data. All data are compared to BUU calculation
performed with the code from [8,19].

The numerical BUU implementation is based on t
test particle method and uses the parallel ensemble
gorithm. 1000spd and 500 (Ne) test particlesynucleon
have been used. The Fermi momentum of each test
ticle is given a local value,PF ­ "f 3

2 p2rsrdg1y3. The
initial momentum is chosen either from a sharp sphe
homogeneous distribution or from a Gaussian distrib
tion that describes the high momentum components
heavy ion data on particle emission. Nucleons and re
nances propagate in a density dependent (Skyrme) m
field [Usrd ­ Asryr0d 1 Bsryr0ds with a parameter set
3829
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FIG. 2. Differential p1 cross sections inp 1 Ar collisions
at three angles (55±, 97±, 120±), and in Ne1 Ar collisions at
two angles (90±, 120±). The points represent BUU calculation
where the momenta of the test particles is taken from
Gaussian distribution (filled circles), a homogeneous spher
distribution (open squares), or is neglected (open circles).

typical for a hard,K ­ 380 MeV, equation of state]1
Coulomb potential. Pions, produced throughD and Np,
are treated as free particles interacting with the Coulo
potential only. Reabsorption is taken into account throu
the process, N1 p ! D, D 1 N ! N 1 N. Resonance
production and decay is isotropic and pions as well as
cleons face two-body elastic and inelastic collisions, tak
Pauli blocking into account. The calculations proceed
100 fmyc in 20 spAd or 10 sAAd impact parameter steps

The introduction of Fermi motion is necessary in ord
to reproduce the yields at low beam energies. This
obvious in Fig. 2(b). Generally, the BUU calculation
overestimate thep1 yield, particularly in the backward
hemisphere and more for heavy ion collisions than for p
ton induced collisions. Introducing a momentum depe
dent local potential should decrease the calculated y
substantially [20,21] and the omission of thes-wave (di-
rect) p production channel may also decrease it som
what [22]. A shift to a soft equation of state [21] or to
nonisotropicD decay distribution will not affect the yield
of pions much. Naturally other models should also
confronted with the data, before detailed conclusions
be made.

Figure 3 shows the total yield ofp1 from p 1 N and
p 1 Ar collisions. The necessary correction for missin
low and high energy pions (5% at low and 50%
high beam energies) is introduced from BUU calculatio
with a Gaussian internal momentum distribution. Th
adds another contributions,20%d to the systematic error
which is here increased to,40%.

The experimental ratio between thep 1 14N and the
p 1 40Ar yield decreases from 2.9 (corresponding to
3830
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FIG. 3. Energy and angle integrated yield ofp1 from p 1 N
(stars) andp 1 Ar (diamonds) collisions. The solid square
are data taken forp 1 C reactions [23], in earlier experiments
Note the typical statistical errors in twop 1 N points.

A1.01 dependence) at the lowest energies to 1.5sA0.40d at
the highest, indicating a trend to go from a strict volum
dependence to nearly a disk dependence, character
for peripheral interactions. A comparison to the mo
systematic data set, reported in the literature forp 1 12C
collisions [23], is made. The agreement between t
p 1 12C data and thep 1 N data is satisfactory for
higher beam energies, but below the freeNN threshold
(290 MeV) there is up to a factor of 2 difference althoug
an A2y3 dependence would predict only a factor o
1.11. The combined statistical (shown in the figur
and systematic errors can explain the difference for ea
p 1 12C point except possibly the one at 240 MeV.

Data on yields from a continuously varying beam
energy, are ideal in the search for sharp resonanc
provided that high enough statistics can be obtained a
that both the initial and final states are well enoug
defined. In this experiment the initial state is well define
with a beam energy dispersion of,1 MeV, whereas
the other two conditions can be questioned. The m
intriguing experimental reports on resonances report
p1 emission at 90± in p 1 Cu reactions with a peak at an
energy of350 6 1 MeV [24–27]. The first explanation,
that of dibaryons [24], has later been rejected due to
narrow width of the peak,,1.5 MeV, which does not
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agree with the width due to the nucleon Fermi motion
Cu. More recent explanations include two-pion [28] a
two-D [26] or D-ball [29,30] states.

The phenomenon was first observed in the experime
as an enhanced integrated yield ofp1 [24] but later it
was stressed that the signal is strongest in the low ene
yield, and the low energy to high energy pion ratio w
investigated [25,27]. We followed this prescription, an
in Fig. 4 we plotted R ­ Np s16 38 MeVdyNps38
75 MeVd for p1 emission at 97± in p 1 Ar andp 1 Kr
reactions. Figures 4(a) and 4(c) show the ratio w
1 MeV beam energy binning, in those regions whe
statistics allow it s.250 MeVd, whereas a larger bin
width (4–12 MeV) is presented in Figs. 4(b) and 4(d
The general trends of decreasingR with increasing
beam energy and especially the high value ofR at low
beam energy inp 1 Ar are natural consequences of th
kinematics but apart from this, there appears a num
of peaks, the most intriguing being the one at 355 M
in the p 1 Kr reaction [Fig. 4(c)]. This is, however
totally washed out in the 4 MeV binning represent
tion [Fig. 4(d)]. The peak point hasR ­ 0.95 6 0.22,
with a “background” level ofR ­ 0.49 6 0.08. The
peak is thus only 2 standard deviations above the n
mal level while the peak-to-background ratio is 2.
as compared to the ratio 1.3 reported in [27] for t
Np s14.4 32 MeVdyNp s38 80 MeVd ratio in p 1 Cu.
Thus higher statistics is needed to settle this question.

In conclusion, we have demonstrated the power of
periments with slowly ramped beams and gas-jet target
storage rings. The pion production excitation function
both in p-nucleus and nucleus-nucleus collisions, ag
with the beam energy dependence of the BUU predictio

FIG. 4. Ratio between 97± p1 with a kinetic energy of 16–
38 MeV and 38–75 MeV. The beam energy binning is 1 Me
in panels (a) and (c), 4–12 MeV in panels (b) and (d).
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if (degenerate) Fermi momenta are introduced. The ab
lute yields are, however, overestimated which possibly c
be due to the omission of a momentum dependent inter
tion potential and/or thes-wave contribution. No statisti-
cally significant peaks that indicate narrow resonances
observed, although one candidate—p1 emission at 97± in
p 1 Kr reactions at 355 MeV—has been discussed.
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