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Pion production excitation functions in proton-nucleus collisions
from the absolute threshold to 500 MeV
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Pion excitation functions in proton-nucleus collisions, from the absolute threshold to 500 MeV, have been
measured with 1 MeV beam energy resolution at the CELSIUS storage ring, operating in slow ramping mode.
Total yields, angular distributions, and target mass dependence ofp1 production are generally reproduced well
by QMD calculations. Thep1/p2 ratios are not reproduced equally well, obviously because the detailed
description of the pion interaction with the Coulomb field is very delicate.

PACS number~s!: 25.40.Ve, 24.10.Nz, 25.70.2z
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I. INTRODUCTION

The threshold energy (Eth) for ~charged! pion production,
which is 289 MeV in free nucleon-nucleon (NN) collisions,
decreases substantially in nucleon-nucleus collisions du
the Fermi boost@1# or collective~multinucleon! interaction.
Actually, a normal ground state Fermi momentum
260 MeV/c in, e.g., a Kr nucleus reduces the threshold
pion production in~off-shell! NN collisions, almost to the
fully collective p184Kr threshold, which is;141 MeV.

The description ofNN interactions in both mean-field an
cascade models is well established, and it is therefore ha
surprising that such models describe the gross feature
pion production at energies around and above the freeNN
threshold quite well. However, at lower energies, in the
called subthreshold region, details of pion and Coulomb
tentials as well as reabsorption properties are so delicate
it is a much harder task to describe existing data. On
other hand, only first-chance nucleon-induced collisions c
tribute and there were serious attempts already in the 19
by Sternheim and Silbar@2# to prescribe pion production
over a wide range of energies by the coherent isobar m
which were quite successful in describing data@3#. Very
close to the fully collective threshold even nuclear struct
starts to play an important role, and individual excited sta
of the target nucleus are probed rather than its aver
ground state properties. In nucleus-nucleus collisions thi
even more stressed, and one has, e.g., clearly observe
herent excitation of the delta resonance in the energy tran
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spectra of (3He,t), (20Ne,20Na), or (20Ne,20F) reactions@4#.
Even if these results show that peripheral, surfacelike, re
tions favor pion production at higher energies, it is obvio
that central collisions must dominate it in the subthresh
region not only because of the double Fermi boost but a
possibly because of compression, at least in reactions
tween heavy nuclei@5#. A thorough review of threshold phe
nomena in nucleus-nucleus collisions is presented in R
@6#.

In our first attempts to utilize the CELSIUS storage rin
for measuringp1 yields with a continuously increasin
beam energy we studied bothp-nucleus and nucleus-nucleu
collisions. The power of these excitation function data w
demonstrated in Ref.@7#. In the present paper we prese
more complete data on total yields, differential cross s
tions, angular distributions, and target mass dependenc
p1 production inp1N, Ar, Kr, Xe reactions and onp1/p2

ratios inp1Kr reactions from a series of experiments whe
the bombarding proton beam has an energy from below
absolute pion production threshold up to 500 MeV. Ev
though there exist data on both charged and neutral p
production at a number of beam energies, it is obvious t
such excitation function data can set much stronger c
straints on the proposed models. The different gas-jet tar
that were utilized make it possible to study the importance
collective phenomena, and the fact that we were able to
lect data on bothp1 and p2 makes it possible to set con
straints on the Coulomb field. Similar slow ramping expe
ments onp0 production would strengthen these conclusio
on Coulomb effects, and also make it possible to study, e
the validity in detail of the isospin decomposition when co
paring data to anyNN-based model. Comparisons to resu
©2000 The American Physical Society10-1
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J. MÅRTENSSONet al. PHYSICAL REVIEW C 62 014610
from cascade models@8,9# and Boltzmann-Uehling-
Uhlenbeck ~BUU! models @7,10# have already been pre
sented, and in this paper we concentrate instead our com
sons with theory first on a simple available phase-sp
estimate and then on a detailed, mean-field1NN, QMD
model.

II. EXPERIMENT

A. Celsius storage ring

The internal PIG source produces an H2
1 beam with an

electrical current up to 10e mA which is accelerated in the
Gustaf Werner Cyclotron~GWC! to 96 MeV and then trans
ported to the CELSIUS storage ring@11# where it is intro-
duced by stripping injection. About 131011 protons are typi-
cally stored in the CELSIUS ring. The beams can
accelerated up to energies of 1.36 GeV~protons! or
470A MeV (Z/A51/2). Electron cooling for beams with
velocities corresponding to an electron energy of 300 keV
possible. No cooling is, however, used in the slow ramp
experiments discussed in this paper.

The cluster gas-jet target@12# is able to produce a cluste
density in the target area with a thickness up to
31014 atoms/cm2 for light gases ~N,Ne! and 2
31013 atoms/cm2 for heavy gases~Xe!. These target fluxes
give typical half-lives of the proton beam from 1 to 5 mi
The beam lifetime depends strongly on the energy. After
injection phase, the beam is accelerated to the start en
for the data taking. At this moment the gas jet is switched
and the beam energy is continuously increased by s
ramping of the magnets. In the very first experiment of t
kind @7#, we utilized two~overlapping! ramp cycles covering
beam energies of 170–270 MeV and 250–500 MeV. In
second experiment, we used only one wider ramp cove
150–500 MeV. A typical ramp cycle lasts for 250 s; then t
gas-jet is switched off, the beam is dumped, and a new c
starts with proton injection~Fig. 1!. The cycles, chosen in
our experiments, were 300 s long, except for the low ene
cycles with Kr and Xe targets, where 120 s cycles were u
since we always required that>1/3 of the stored protons
should remain at the end of the cycle.

The luminosityL5n3f3t3 f varied between 1030 and
1031 cm22 s21. Heren is the frequency,f is the number of
stored protons,t is the target thickness, andf accounts for the
effective gas-jet/beam overlap. The beam energy in e
event is obtained by starting a clock in the data acquisit
~DAQ! at t5tstart ~see Fig. 1! and the time is then read ou
when an event trigger is obtained. The event time (tevent) is
then translated to beam energy via the frequency (n) table of
the cycle, monitored continuously in the accelerator cont
The individual collision energy is

Eevent~n!5S 1

A12~ns/c!2
21D M , ~1!

where s581.8 m is the circumference of the storage ri
andM is the mass of the beam particle.
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The high accuracy in the frequency determination and
good reproducibility of the ramping cycle make the precisi
in the event momentum determination quite high,Dp/p
;1.531023. In the first experiment@Fig. 1~a!# a linear
pbeam-time relation was used, whereas in the second exp
ment we operated with three differentdp/dt gradients in
order to assure collection of large enough statistics in regi
of special interest@Fig. 1~c!#. The first region of interest tha
is indicated in Fig. 1~c! is close to the absolute threshold an
the second region is the one where narrow resonances in
pion production have been reported@13,14#. Actually it
turned out that almost any forms of ramp cycles can be c
ated at CELSIUS and reproduced with high precision.

B. Range telescopes

Five ~NE102! plastic scintillator range telescopes we
installed to detect charged pions@15#. The telescopes were
placed at 20 °, 55 °, 75 °, 97 °, and 120 ° in the first expe
ment and in the second experiment at 20 °, 55 °, 75 °, 9
and 150 °. Each telescope consists of ten detectors, the
one operating in veto mode. The individual detector thic
nesses are chosen to cover approximately eq
(;8 MeV) energy bins. The energy signals are digitiz
with 10-bit analog-to-digital converters~ADC’s!, and if

FIG. 1. Principle sketch of the beam momentum cycle~a!, the
luminosity variation~b!, and the specific beam momentum cyc
utilized in the second experiment~c!.
0-2
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PION PRODUCTION EXCITATION FUNCTIONS IN . . . PHYSICAL REVIEW C62 014610
needed, proper response functions could be achieved w
would give higher pion energy resolution. We have, ho
ever, chosen to keep the 8 MeV binning since it gives r
sonable statistics for pion energy spectra when 1 MeV be
energy binning is introduced. It should be stressed that
rough pion energy binning does not affect anyp2p or p1

2p2 separation. Coincident signals from the first three
tectors form the trigger. All pions that stop in detectors 3
are included in the data. According to thicknesses and ran
energy tables, this corresponds to energy intervals of 11
MeV in the 20 ° telescope, 11–84 MeV in the 55 ° and 7
telescopes and 16–75 MeV~expt. 1! or 15–75 MeV~expt. 2!
in the 97 ° or 90 ° and backward telescopes. The first th
detectors were separated by several cm in order to get g
enough directional sensitivity to avoid background from p
ticles not produced in the beam-target overlap volume. P
ips XP 2020 photomultiplier~PM! tubes were used to rea
out all detectors except those in the forward telescope, wh
the limited space required 3/49 tubes~Hamamatsu R1166!.

This kind of range telescopes has proved earlier to b
powerful instrument for subthreshold charged pion stud
especially forp1 @15–17#. The main advantages are~i! fast
signals allow operation at high countrates,~ii ! good discrimi-
nation ofp1 vs p2 and very good discrimination against a
other singly charged particles, and~iii ! provision of a pow-
erful hardware trigger for pions.

C. Electronics

A block scheme of the readout electronics is shown
Fig. 2. The pion trigger requires a coincidence between
first three detectors in a telescope, each producing a si
above a discriminator level of;30 mV. The coincidence
overlap time for this trigger was set to 30 ns. All signals
detectors 1–7 are also compared to a second, high disc
nator threshold. A veto is created if any signal in detect
1, . . . ,S22 ~S stands for stop detector! is above this level.
This gives a direct, hardware rejection against protons
heavier particles. As a result of this rejection, the data c
lection could be performed at a rate nearly matching
maximum luminosity. The whole logic chain is produced
about 100 ns, and the analog signals for the ADCs have t
delayed by the same time in order to have the gate sig
arriving 10 ns before. If the particle has not been rejecte
this stage, a trigger is sent to open the ADC gates, unless
CAMAC readout system is busy and vetoes the new ev
The detector where the pion comes to rest~the stop detector!
is determined by a pattern unit which sets one bit for e
detector in which there is a signal exceeding the 30 m
discriminator level.

D. Pion identification

In order to separatep1 from p2 each analog signal is
integrated in two different~charge sensitive! ADCs with in-
dividually adjusted gates~Fig. 2!. The first gate is;100 ns
long and opens the ADC;10 ns before the maximum of th
analog pulse appears. The rise time of the signal from
~XP 2020! PM tube is 6–7 ns and the second gate,;90 ns
long, opens another ADC shortly after the maximum. F
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each event trigger these two ADC values and the event t
are stored by the~VME! DAQ system. Typical correlations
between the promptS andS21 signals come out as in Fig
3~a! when the stop detector is the sixth one. When
prompt stop signal is plotted versus the delayed one, sep
tion betweenp1 and p2 is obtained due to the additiona
muon energy signal from thep1→m1n decay with a life-
time of 26 ns@Fig. 3~c!#. A stoppingp2 is absorbed by a
nucleus in the detector material and therefore no extra m
signal is obtained in this case. The separation is quite g
but there is of course a certain efficiency in this method d
to the fact that in some cases only a part of the~monoener-
getic! 4.2 MeV muon energy is delivered to the stop detec
~see also Sec. II E 1!. However, thep2 absorption creates
the problem that charged decay products from the exc
detector nucleus will add up to the total integrated signal a
such distorted correlations can be observed particularly
Figs. 3~b! and 3~c!. Because of this, it is not possible to us
theDE2E correlation plot to identify charged pions. Instea
the sum ofp1 and p2 has to be identified from theDE
signals in the 1, . . . ,S21 detectors~in this exampleS21
55). The remaining proton contamination is small in th
case. A pion which stops in detector 3 will have only o
DE2DE correlation for its identification whereas a pion th
stops in detector 9 has seven possible correlations to uti

FIG. 2. Block scheme for electronics.
0-3
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which of course creates some difference in the error of
determined charged pion number~Sec. II E 2!. Finally we
explore in Fig. 3~d! a typical DE2E correlation plot after
both protons andp2 ~in the prompt-delayed plot! have been
removed.

In order to correct for the loss of pions due to scatteri
absorption, and decay, efficiency factors are introduced w
estimating the total number of pions~see Sec. II E 1!.

E. Normalization, statistical, and systematic errors

1. Normalization

The number of stored ions is decreasing during the be
cycle, due to losses in the target and rest gas, but as
frequency increases during acceleration the luminosity m
still increase@see Fig. 1~b!#. The absolute luminosity, which
depends on the beam intensity, target gas flow, and the o
lap between beam and target, could not be measured dire
Therefore, an absolute normalization monitor telescope
used. High-energy~52–161 MeV! protons emitted at 97 ° o
90 ° ~second experiment! were thereby registered in a sta
dard range telescope. The production cross sections for t
protons were calculated by a standard BUU code@10# and if
necessary and/or possible the absolute level was adju
from empirical information@18,19#. Since on-line proton re-
jection ~see Sec. II C! was introduced in all pion telescope
in the first experiment, special calibration runs were p
formed to control the proton rejection efficiency. This w
done by setting up two identical telescopes at the same an
97 °, one acting as an ordinary monitor/pion telescope
the other one with the proton rejection removed. In the s
ond experiment a prescaler was installed which allowed 1

FIG. 3. ~a! DE2E ~signal amplitude! correlation without proton
rejection.~b! Protons have been removed by cuts in the preced
DE2DE correlations.~c! Prompt signal-delayed signal correlatio
after proton removal.~d! DE2E correlation afterp1 selection in
~c!. All numbers refer to ADC channel numbers.
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of the events to be registered without proton rejection. T
pion cross sections are thus given in the first experiment

dsp

dV
5 f e f f

Np

Np
DVS Npnr

c

Npr
c

Npr
c

Npnr
c D E

52

161 d2sp

dVdE
dE ~2!

and in the second experiment by a simpler formula

dsp

dV
5 f e f f

Np

Np
DV

1

16E52

161 d2sp

dVdE
dE. ~3!

f e f f is here an efficiency factor which corrects for pion dec
in flight ~also during slow down in the detector material! and
for pion-nucleus collisions in the detector material@17,20#.
Forp1 it also accounts for the efficiency in the prompt/del
ADC signal identification method@21#. DV corrects for
~eventual! differences between the solid angles of the mo
tor telescope and the telescope in which the pions are re
tered.Np /Np is the registered pion to proton ratio which
corrected either from the special normalization run~denoted
c) through the expression within brackets in~2! (r stands for
rejected andnr for nonrejected particles! or through the
prescaling factor 1/16 in Eq.~3!. The integral term is the
proton cross section for the monitor telescope. Thus the o
difference in determiningdsp /dV in the two experiments
lies in the correction term. Since the emission of pions
55 ° and 75 ° fromp1Kr reactions has been measured
both experiments, and furthermore a modest extrapola
from a 97 ° to 90 ° differential cross section in the data fro
the first experiment can be performed easily, we can comp
data from the two normalization methods. Some differen
was found only in the high-beam-energy region which ma
us correct all data from the first experiment. Further deta
about this are given in Sec. III A and Fig. 4.

g
FIG. 4. Comparison between differential,ds/dV, cross sections

of p1 at 90 ° inp1Kr collisions measured in experiments 1 and
0-4
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2. Systematic errors

Based on comparisons between overlapping data ta
both with low- and high energy ramps in the first experime
and on comparisons betweenp1Kr data from the first ex-
periment and the second~single ramp! experiment, we esti-
mate the uncertainty in the determinedNp /Np ratio to be at
most 20%. The latter comparison is exploited in Fig. 4. Ot
systematic errors, mainly coming from the correction facto
are similar for the two experiments. Computer dead-time
luminosity variations do not contribute to the errors due
the fact that we use ratios between yields of two kinds
particles, registered under identical conditions. The loss
p1 in the analysis is connected to the resolution in
delayed-prompt method which depends on how accurate
gate setting is made for the pulse shape analysis. Dela
the start of the second ADC gate improves thep1/p2 reso-
lution but then thep1 efficiency decreases because of t
increasing number of pions that decay before the dela
gate is opened.

The efficiency of the muon registration has been m
sured directly for the backward (97 °,120 °) telescopes@21#
to be 90%. Monte Carlo calculations give efficiencies for t
55 ° and 75 ° telescopes of 82% and for the 20 ° telescop
77%. The differences come essentially from the different
ometries of the telescopes. The corrections for pion deca
flight, setup geometry, and scattering of pions give a to
systematic uncertainty of 15%. A systematic error of 4
arises because of the uncertainty in the solid angles of
different detectors. The BUU calculations for the prot
cross section introduce a systematic error of 20%. In the
experiment, an additional 12% systematic error is estima
for the efficiency calibration of the proton monitor. The e
ficiency in the pion selection process of the data analy
contributes to the systematic error with 7% for those st
ping in detector 3 and 2% for those stopping in detector

When integrating double differential cross sections, to
total yields of pions, we extrapolate the pion energy dis
bution both below and above the energy range of the t
scopes. These extrapolations were determined by the nor
ized BUU calculations which were also used to interpol
between the measured angles in order to performds/dV
integration. The uncertainties in these estimations contrib
with 20% to the systematic error of the absolute pion cr
section.

All systematic uncertainties add up to a total error
35%, except for the lowest beam energies, very close to
absolute pion production threshold. Here, the total erro
;50%, mainly because of an increasing uncertainty in
estimated proton cross sections and to the determinatio
the general~flat! background in thep/p ratio which is im-
portant only here~see Sec. III A and Fig. 4!. The estimation
of the systematic errors seems well confirmed by comp
sons to earlier data, obtained in fixed-target experiments~see
next section!. Because of the complicated absolute norm
ization procedure, the systematic errors are thus larger
in conventional experiments, where they are often repo
to be between 20% and 30%. Most of the conclusions
draw in this paper are not affected seriously by this fact
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in those cases where it may be a problem we will discus
specifically.

3. Statistical errors

The statistical errors have contributions from both pio
and protons since the ratio between the yields of these
ticles are introduced in Eqs.~2! and~3!. The contribution to
the error from protons is, however, nearly negligible. T
statistical errors are presented in the figures only for a
points as typical examples. Normally the statistical fluctu
tions are easy to recognize in the excitation function figur

III. EXPERIMENTAL RESULTS

A. p¿ production cross sections

Table I presents the list of data sets to be discussed in
section. The differences between experiments 1 and 2
explained in the previous section. It must be noticed that d
in expt. 1 were collected in two parts, with a low-beam
energy ramp, 169–270 MeV, and a high-energy ramp, 25
500 MeV. In expt. 2, all data were collected in one sing
ramp covering the energy interval 150–500 MeV.

In Fig. 4, the absolute differential cross sectionds/dV of
16–75 MeVp1 emitted at 90 ° inp1Kr reactions is pre-
sented from the two different experiments. An extrapolat
of expt. 1 data from 97 ° to 90 ° has been made but t
should affect the result very little since the angular dep
dence is very smooth at these angles. Actually, the 55 °
75 ° data were obtained at the same angles in the two exp
ments but the statistics are lower so it is assumed that
90 ° data sets are the most proper ones for eventual nor
ization. A slightly stronger beam energy dependence in
data of expt. 2 is found in the region of the high-ener
ramp. The comparison in the region of the low-energy ra
shows very good agreement. The 55 ° and 75 ° data con
these tendencies. The most plausible explanation for the
ference at high beam energies is that there is a differenc
the absolute normalizing procedure, which is simpler a
more reliable in expt. 2. Even if all data agree within t
systematic errors~see@7# and Sec. II E 2 above! we therefore
renormalize all data from expt. 1 by the beam-energ
dependent ratioR12(Ebeam), determined from the data of Fig
4.

The discussion in Sec. II E 1 of corrections introduced
obtain absolute cross sections omitted the eventual remai
background after all conditions on the ADC signals ha
been set. Thus the data in Fig. 4 still contain ‘‘random
background of this kind. Since the data taken in this c

TABLE I. List of data sets.

Reaction Angular position Beam energy Comme

p1N 55 °, 75 °, 97 °, 120 ° 169–500 MeV expt. 1
p1Ar 55 °, 75 °, 97 °, 120 ° 169–500 MeV expt. 1
p1Kr 55 °, 75 °, 97 °, 120 ° 169–500 MeV expt. 1
p1Kr 20 °, 55 °, 75 °, 90 °, 150 ° 150–500 MeV expt. 2
p1Xe 55 °, 75 °, 97 °, 120 ° 169–500 MeV expt. 1
0-5
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even extend to beam energies below the absolute thres
for producing a 16 MeV pion at 90 °, it confirms that there
such a background. Further investigations of this backgro
for pions with higher energies, i.e., those stopping dee
down into the telescope, thereby moving the product
threshold to higher beam energy~e.g., to 182 MeV for pions
that stop in, or after, detector 7!, confirms this background
and indicates that it has a weak beam energy depende
This ‘‘random’’ background must be related to uncorrelat
particles from the beam halo hitting material far away fro
the target position since our directional sensitivity towa
the beam/target interaction point is quite high. It should
stressed that this background is important only close to
absolute threshold, say, below 200 MeV, even if some
crease with increasing beam energy might appear. In exp
it is difficult to set this background level in the data repr
senting pions that stop in detector 3 due to the fact that
absolute threshold is lower than the experimental cutoff
169 MeV. Therefore the signal/background ratios are de
mined from stop detectors 4–8 only and the same ratio
used for stop detector 3. In all subsequent figures this ‘‘r
dom’’ background has been subtracted.

Figure 5 shows the total cross section ofp1 in p114N,
p140Ar, and p1natKr reactions. Other data for reactions
close as possible to those measured in this experiment
were found in the literature@22# are shown for comparison
To obtain total yields from our data, the differential cro
sections have been extrapolated below and above the ex
mental cutoff. We use the method described in@7# which is
based on theoretical predictions with additional absolute n
malization to data in the measured energy region. The an
lar dependence is finally described byds/dV5a cos2Q
1b cosQ1c with a ~beam energy-dependent! set of a, b,
andc parameters obtained in least squares fits. This form
the angular dependence is actually suggested by the stan

FIG. 5. The total cross section ofp1 from p1N, p1Ar, and
p1Kr collisions. Previous data points and available phase-sp
calculations~curves! are further discussed in the text.
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BUU calculations which we used again to confirm the e
trapolations.

The comparison to previous data shows in general g
agreement~Fig. 5! except in the subthreshold region whe
in one point up to a factor of 2.5 times larger yield is o
tained in our experiment. We stress that the target mass
ference (p1C compared top1N) is responsible for;20%
of the difference in the deep subthreshold region (;10% in
the high-energy region! and that the systematic errors a
here as large as up to 50% and 30%, respectively. Statis
errors of the order of 20% are reported for the spectrom
experiments. This means that up to about a factor of 2
ference would be acceptable as nonsignificant in sin
points. Thus we must conclude that in the region 200–3
MeV we do obtain significantly larger total cross sections
p1 than reported earlier@22#, although the agreement is ver
good both at higher and lower energies.

The p1Ar and p1Kr cross sections can only be com
pared to one single experiment above the measured rang
585 MeV @3#, which, however, compares well to a reaso
able extrapolation of our data. Forp1Kr we also present the
expected increase of the cross section with increasing b
energy if just the available phase space is considered.
solid curve represents the probability that both nucleons
p N→NN p scattering have momenta after the scatter
which are not Pauli blocked. Only at the highest energies
two-pion reactions need to be introduced. This particular c
culation represents a sharp Fermi sphere with rad
260 MeV/c and isotropic scattering, but small differenc
are obtained if a diffuse sphere of a Woods-Saxon ty
and/or nonisotropic scattering is introduced. The das
curve includes also the possibility for reabsorption of t
pion ~as described in Sec. III D!. Both curves are normalized
to the data at 250 MeV beam energy. Even if reabsorptio
introduced properly, one cannot expect agreement in
deep subthreshold region where collective phenomena
an important role. At higher energies where the increas
available phase space is important, it still appears as if
cross section increase is significantly larger. Before turn
to detailed comparisons with a complete pion product
model one should, however, remember that the increa
available phase space for pion production is a natural ing
dient in nearly all such models, and definitely in the one
are to describe now.

B. Comparison to QMD calculations

Well-established microscopic—as well as mean-fie
1NN—models have been developed to describe the full
namical evolution and the particle emission in bo
p-nucleus and nucleus-nucleus collisions. The Dubna c
cade model@8# produces pions both in directNN interactions
and in two-step reactions including an intermediateD or off-
shell nucleon. Good agreement between ourp1Ar data and
these calculations has been presented in Ref.@9#. The BUU
model @10# was the first mean-field model that was intr
duced to describe pion production data. The dynamical e
lution is here prescribed through equations that contain in
action with the mean field as well as with individu

ce
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nucleons~or rather test particles!. It was shown in@7# that
this model generally overpredicts the pion yield, particula
in the backward hemisphere, and it was suggested@7# that
this discrepancy comes from the omission of the direct p
production channel and/or from the fact that no loc
momentum-dependentNN potential has been introduced.

In this paper, we chose to compare the pion product
data with molecular dynamics calculations@23#, in which the
direct production channels are introduced. The mean-fi
dynamics follows the nucleon molecular dynamics presc
tion in @24#. Nucleons are represented by Gaussian w
packets moving in a self-consistent mean-field potential
cording to the classical~Ehrenfest! equations of motion. The
Hamiltonian of the interacting system is written as

H5(
i 51

A pW i
2

2m
1

1

2 (
i 51

A

VSkyrme~rW i !1
1

2 (
i 51

Z

(
k51,i 5” k

Z
e1e2

urW i2rWku
,

~4!

with a Skyrme potential describing a soft equation of sta

VSkyrme~rW i !52356S r~rW i !

r0
D 1303S r~rW i !

r0
D 7/6

. ~5!

HereA andZ are the nucleon and charge numbers of
nucleus,pW i andrW i are the individual nucleon momentum an
position vectors,m is the nucleon mass,e1,2 the charge~ei-
ther e or 0!, r(rW i) the local density, andr0 the normal
nuclear matter density (0.165 fm23). When two nucleons
come to a relative distance closer thanAse f f /p they scatter
and are given momentum vectors in theNN c.m. system
according to an isotropic phase-space distribution. P
blocking prevents scattering of nucleons into already oc
pied phase space. All pions produced in directNN collisions
propagate in the mean Coulomb1nuclear potential of the
surrounding nuclear matter. There they may be reabsorbe
rescattered in inversepNN reactions with an energy
dependent mean free path~see Sec. III D!.

Figure 6 presents the beam energy dependence of di
ential, ds/dV, p1 cross sections. Thep1Kr data in the
beam energy region 300–400 MeV show smaller fluctuati
in the data points and thus larger statistics. This comes f
the part of the ramp with slower increase of the beam ene
~see Sec. II A and Fig. 1! and reflects the demand from
search for narrow resonances which will be reported e
where. It should be noticed that the cross sections have b
integrated over the pion energy region 16–75 MeV, for 90
120 °, and 150 °, over 11–84 MeV for 55 ° and 75 °, a
over 11–60 MeV for 20 °.

Figure 7 shows the total integrated cross sections ofp1

from all four reactions that were studied. Extrapolations
cross sections below and above the region of detected p
are performed in the way described in Sec. III A. The QM
calculations describe the general tendency of the beam
ergy dependence quite well except at the lowest ener
where the collective phenomena become important. It a
appears, from the 150 °p1Kr data~Fig. 6!, as if the QMD
calculations vastly underestimate the backward productio
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pions. A careful investigation of the choice of theNN
→NN1p angular distribution ~here isotropic! and the
choice of mean free path and dynamics for the reabsorp
should, however, be made before further conclusions fr
this discrepancy can be made.

C. Target mass dependence

The ~target! mass dependence on the total yield ofp1 is
exploited in Fig. 8. Heret is the exponent of an assume

FIG. 6. Beam energy dependence of differential (ds/dV)p1

cross sections inp1At reactions. Large symbols represent molec
lar dynamics calculations. The slightly different pion energy int
vals for the different angles are presented in the text.

FIG. 7. The beam energy dependence of the total cross se
of p1 in p1N, p1Ar, p1Kr, and p1Xe reactions. The arrow
marks the freeNN→NNp threshold.
0-7
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power law dependences;At. The mass dependence
stronger for light nuclei as observed earlier both inp-nucleus
and nucleus-nucleus reactions@15#.

Actually, t is .1 at the lowest beam energies,Ebeam
,200 MeV, because the difference in absolute threshold
different targets becomes important in this region. In
beam energy region where this effect is negligible, it appe
as if t decreases from 1 close to the threshold, naively in
cating a strong collective~volume! effect in the pion produc-
tion mechanism, to an asymptotic level varying between
for the heavy target nuclei to 2/3 or even more for lig
target nuclei~Table II!.

The quality of these results is of course dependent on h
well the extrapolation procedure~see Sec. III A! can be
trusted. We therefore varied the set of parametersa, b, andc

FIG. 8. The exponentt ~see text! as a function of the beam
energy for six different target~X! combinations inp1X reactions.

TABLE II. The exponentt for target mass dependences;At.

Cross section ratio tasympt t250 t200

N/Ar 0.6860.05 0.7060.08 0.8060.09
N/Kr 0.7060.05 0.8360.08 0.9760.09
N/Xe 0.6260.05 0.7460.07 0.9560.07
Ar/Kr 0.6160.06 0.7360.07 1.0860.07
Ar/Xe 0.7060.07 0.9060.08 1.160.1
Kr/Xe 0.4060.1 0.6060.15 0.9560.20
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describing the angular dependence, within reasonable lim
and confirmed that this does not change our main con
sions. Thus there is a volume dependence—or at least a
duction process that simulates a volume dependence at
energies—which turns into a surfacelike behavior at hig
energies. The fact that the black-disk behavior for the ligh
nuclei is replaced by a peripheral behavior for heavier nuc
t<1/2, is probably essentially due to the increasing imp
tance of the reabsorption of pions. A general conclusion
the energy region well above the threshold could thus be
a first-chanceNN collision model with short mean free pat
for pions in nuclear matter may work well for light targe
nuclei but must be replaced by a completeNN scattering
model of cascade type@25# or by mean-field prescriptions
@10,23,24# when heavier targets are involved.

D. Angular distributions

The velocity of the system in which pions are emitt
ranges from that of the~global! p1A system to that of the
NN system. The limited available pion energy region and
limited number of angular points in the data make presen
tions of angular distributions in systems with high veloc
~or invariant cross sectionpi2p' contour plots! of little use.
Therefore only angular distributions in the~global! p1A
system are presented in Fig. 9. It is important to notice t

FIG. 9. Angular dependence of the emission of 18–64 MeVp1

for different beam energies~labels in upper left figure!. The target
in the reaction is shown in the lower left corner. The solid curv
are simple fits to the 500 MeV beam energy data and the das
curves represent the distributions before reabsorption@26#.
0-8



.m
op
rip

m
ck

en

he

e
am
c

le
in
b

ea
ing
rs
b

a
a
am
e

n
b
u

t
b
in
a

ed
t
ol
o

T
f

b
th
C
-
ns
g

eV

.

m-

the
rrors
uite

he
the

he
ions

ted
-

t

es

he

f

ata

PION PRODUCTION EXCITATION FUNCTIONS IN . . . PHYSICAL REVIEW C62 014610
the same pion energy interval, here 18–64 MeV, in the c
system is used in each case. For the forward (20 °) telesc
an extrapolation has been introduced following the presc
tion in Sec. II E 2.

The following conclusions can be drawn.
~i! The forward peaking is quite strong at lower bea

energies but this shifts to symmetric or even a slight ba
ward peaking at high beam energies.

~ii ! The backward emission exhibits a stronger beam
ergy dependence than the forward emission.

~iii ! The forward/backward emission ratio is larger for t
light target reactions at each beam energy.

As shown in Sec. III C, the QMD calculations can neith
reproduce details in the angular distribution nor in the be
energy dependence close to threshold. Improvements
certainly be made in the choice of potentials,NN scattering
distributions, and reabsorption processes. Apart from col
tive processes very close to threshold, the pion emission
p-nucleus collision at low energies should be governed
the mean free path and the kinematics of the firstNN scat-
tering and the subsequent reabsorption of pions. An incr
ing role of the cascading will then appear with increas
beam energy. In order to sort out the reabsorption effect fi
we performed calculations according to the prescription
Ericsson and Jakobsson@26#. There the production position
is determined by the penetration of the proton from
energy-dependentNN mean free path combined with
Woods-Saxon density of the nucleus. Proper impact par
eter weighting is of course also introduced. The pion th
propagates inside the nucleus~in its rest system! and collides
either elastically or inelastically~absorption! with probabili-
ties given by mean free paths taken from optical calculatio
In each angular distribution at 500 MeV the effect of rea
sorption is shown by the curves in Fig. 9. It is thus obvio
that the primary angular distributions~dashed curves!, i.e.,
those before reabsorption, are rather independent of the
get mass and have only weak forward peaking in the glo
c.m. system. This fact, plus the fact that the forward peak
gets more pronounced with decreasing beam energy, m
the following general interpretations plausible:

The dominating part of the 18–64 MeV pions is produc
in first-chanceNN collisions inp-nucleus collisions even a
energies of 500 MeV, i.e., substantially above the thresh
With decreasing beam energy a gradually increasing imp
tance of collective, multinucleon, processes is observed.
decreasingly available phase space makes, however, the
ward peaking of the pion emission increase.

E. pÀ emission

The selection ofp2 is made indirectly from the differ-
ence between the number of charged pions and the num
of p1. Therefore it depends critically on the resolution bo
in the DE2DE correlations and the prompt-delayed AD
signal correlations~see Sec. II D!. Only the second experi
ment (p1Kr) had good enough resolution and only pio
stopping in detectors 6–9 can be identified with high enou
confidence, since normally severalDE2DE correlations are
needed. This provides a pion energy interval of 44–70 M
01461
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Differential cross sections for thesep2 are presented in Fig
10 together with the correspondingp1 cross sections.

Comparisons can be made to the time-of-flight spectro
eter data of Crawfordet al. @3# at 585 MeV~large symbols!
after integrating these double differential,d2s/dVdE, cross
sections over 44–70 MeV pion energy and interpolating
mass and charge dependence of the target. Statistical e
are in both cases small but the systematic errors are q
large in ourp2 data~40–60 %! while they should be of the
order of 20–30 % in the data of Crawfordet al. In view of
this, the agreement between our data and those of Ref.@3# is
quite acceptable.

Figure 11 shows theNp1 /Np2 ratio for pions in this re-
stricted energy interval, 44–70 MeV, as a function of t
beam energy. The solid histogram represents the yield in
directly measured 55 ° –150 ° angular region while t
dashed histogram includes interpolations and extrapolat
of the angular distribution~Sec. III A! to obtain the total
angle integrated yield. Both points at 585 MeV are extrac
from the data of Ref.@3#, and since no important beam en
ergy dependence ofp1/p2 is expected between 500 MeV
and 585 MeV, it appears as if thep1 excess is somewha
larger in the data of Crawfordet al.

A direct estimate of the total yield ratio, fromNN scat-
tering decomposed into different isospin components, giv

Np1

Np2

5

Zt

At
@s011s01~d!1s11#1

1

2

~At2Zt!

At
~s011s11!

1

2

~At2Zt!

At
~s011s11!

.

~6!

Here s01 stands for one neutron and one proton in t

FIG. 10. The differentialds/dV cross section as a function o
beam energy forp2 ~open symbols! andp1 ~solid symbols!. The
pion energy interval is 44–70 MeV. The large symbols refer to d
from Ref. @3#
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final state while thes01(d) is the corresponding bound deu
teron state. Thes01(d) is dominating only very close to
threshold@27# where theNp1 /Np2 ratio would approach
infinity according to Eq.~6!. The combination of large sta
tistical errors and large systematic errors in the thresh
region makes, however, any comparison, say, below
MeV, of limited value. In the 300–500 MeV region whe
errors are reasonably small one may instead use the app
mation s01(d)'s01 and neglect thes11 component, which
gives Np1 /Np2'4Z/(A2Z)11, and thus gives a ratio o
4.5 for p1Kr. At even higher beam energies thes01(d)
component could be neglected and there theNp1 /Np2 ratio
would approach 2.5.

Our data thus exhibit a smallNp1 /Np2 ratio as compared
to the simple first-chanceNN scattering prescription, but i
should be stressed that the 585 MeV data@3# show that the
p1/p2 ratio is substantially smaller in the 44–70 MeV r
gion than that for the total pion yield. The effect of the pio
interaction with the Coulomb field is obvious. The ener
shifts in opposite ways forp1 andp2, in combination with,
e.g., a Boltzmann1 exponential distribution has a delica
impact on thep1 to p2 ratio. This is explored very clearly

FIG. 11. Np1 /Np2 ratios of the yield in the 44–70 MeV pion
energy interval as a function of the beam energy. The points at
MeV are from Ref.@3#. The solid histogram and the lower poin
represent the 55 ° –150 ° data, and the dashed histogram and
point represent the total angle integrated yields.
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in @3# where it is shown that the 44–70 MeV region forp2

falls on either the increasing side of the energy distributi
or the decreasing side, depending on the emission angle.
correspondingp1 region falls instead always on the expo
nentially decreasing side. The cascade approach@9# does re-
produce ourp1/p2 ratio data well whereas in the QMD
approach some difficulties with this are observed. Any mod
for p-nucleus reactions, claiming to reproduce details
thesep1/p2 ratios, must obviously include both the time
dependent Coulomb field and the absorption process of b
p1 andp2 properly.

IV. CONCLUSIONS

Excitation function data ofp1 production in p-nucleus
collisions from the absolute threshold to 500 MeV, i.e.,
the region dominated byD excitation, have been presented
Continuous data taking during slow ramping of a stor
beam that interacts with an ultrathin gas-jet target is prov
to be possible.

The target mass dependence evolves from;At
1 to ;At

2/3

or even;At
1/2 for heavy targets when increasing the bea

energy. This indicates a gradual development from a volu
like ~pionic fusion! mechanism to a surfacelike~individual
NN scattering! mechanism. In addition details in the targe
mass dependence show that reabsorption plays an impo
role, especially for heavy targets.

The beam energy dependence of the cross sections is
sonably well described by QMD calculations except for d
tails in the forward/backward production ratios, and an ob
ous difficulty in dealing with the collective processes at th
lowest beam energies, very close to the absolute thresho

The p1/p2 ratio in the limited energy interval 44–70
MeV deviates strongly from the simple prescription of iso
pin decomposition ofNN scattering. It is suggested that thi
is mainly caused by the interaction of the pions with th
Coulomb field.
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