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Systematics of proton-induced pion production at subthreshold energies
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A compilation of available data on proton-induced pion production is presented for the subthreshold region
Eprotor=275 MeV. In this energy range the transition from coherent to quasifree pion production occurs and
can be studied by observing the dependence on nuclear structure and proton beam energy. Large variations in
the pion cross sections were found. Within a single data set the variations can be accounted for on the basis of
energy(phase spageand isospin dependence. A scaling procedure was derived to relate the production prob-
abilities of w*, 7%, and«~ as functions of target mass and proton beam energy. A comparison of data sets
obtained by different authors shows inconsistencies that appear to a certain extent to be of experimental origin.
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[. INTRODUCTION simple isobar model. Altogether, this provides a method to
scale pion production data obtained for different targets and
Pion production in proton-nucleus reactions at subthreshenergies. Using this scaling it is possible to show the extent
old energies, i.e., at energies well below the threshold foef the inconsistencies between the various data sets. A sharp
production in  nucleon-nucleon  reactions Epfy,n  dip in the =" cross section is found for th&C and N
~275 MeV), has been investigated with a variety of moti-targets near the absolute” threshold. However, the data in
vations. Initially the large momentum mismatch at subthreshthis energy region originate from independent measurements,
old energies and the coherent production mechanism were @thich may indicate an experimental origin of this anomaly.
interest. For example, the energy dependence of pionic fu-
sion was measured near @he absplute threshold, populating Il. EXCITATION FUNCTIONS
specific final stategl]. With increasing proton energy a qua-
sifree or incoherent process such as in the intranuclear cas- First we consider the excitation function for proton-
cade approacke.g., Ref.[2]) should become dominant. By induced pion production ort*C and N targets. All data
observing the cross section dependence on target mass, tpeints are listed in Table I.
yield ratios o+:0 0.0, and the dependence on beam- We start with ther™ production. Particularly relevant are
energy, the production mechanism at subthreshold energié¢le results of Sogat al. [1]. These authors have measured
can be studied in detail. Few data are available for such the energy dependence of the population of final states in
program. Moreover, we will show that the existing data sets!C. For the lowest proton beam energies all kinematically
are not consistent with each other. Recently the CHIC Colallowed final states have been measured and the correspond-
laboration measured at CELSIUS the first complete excitaing angular distributions have been obtained as well. With
tion functions forz" production[3,4] on a number of tar- this the inclusive pion cross section was determined. An im-
gets. However, including the data on pionic fusion, we findportant aspect of the work of Sog al. is that they have
that the combined data sets imply an energy dependence thestablished the dominance of the population pfh states
is discontinuous. In addition, the first comparison at subdin the final nucleus. A particularly useful set of data was
threshold energies between inclusive charged and neutrabtained by Marrs, Pollock, and Jacdbs7]. Their =" cross
pion cross section§5] leads to the surprising result that sections are based on the observationudf decay. This
o,0>0,+, contrary to expectations based on isospin. Inwork provides the lowest energy point far" production for
view of these unexpected results, it is necessary to consideeveral targets including bottfC and *N. These data have
the dependence on target and beam energy of charged atite distinct advantage that they are independent of emission
neutral pion production in more detail and to evaluate toangles and energies of the parent pion. The most extensive
what extent the various data available in the literature can bexcitation function was measured by the CHIC Collabora-
combined to obtain a consistent data set. This is a prerequiion. These data have been obtained with range telescopes to
site for a theoretical description of pion production crossmeasure the pions. Two points in this energy domain were
sections. In this work we consider pion production fréf€  measured with a magnetic spectrograph in Orfgly and
and YN for which the beam energy dependence has beeinclude 7~ cross sections.
investigated most extensively. The mass dependence of pion The 7° cross section has been measured with photon
production is evaluated near 200 MeV beam energy wherspectrometers, identifying the neutral pion from its invariant
the cross section for all pion species has been measured omass. This is derived from the energy and angle of the two
variety of targets. We find a strong dependence on the pionidecay photons. The lowest energy point measured was just 2
fusion Q value. Together with the observed beam energyMeV above the absolute threshdlfl]; the two other mea-
dependence of pion production, the strong target to targeturements are the new TAPS data at 190 M&¥,11] and
variations in the pion cross sections can be described empirthe 200 MeV data of Bellinet al. [5].
cally. Also, the isospin dependence can be described using a A notable result is the consistent measurement®éfand
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TABLE |. Collection of all the data points used for the excitation function for pion production shown in
Fig. 1. The last two columns summarize the experimental method and the references, respectively.

E, (MeV) o (ub) Method Ref.
p+ 2Cc ot
150.1 0.056:0.025 p-decay [6]
151.1 0.085:0.025 u-decay [6]
152.2 0.1720.025 u-decay [6]
154.7 0.65-0.04 u-decay [7]
156 1.5:0.2 magnetic spect. [1]
159 2.4-0.2 magnetic spect. [1]
166 5+1 magnetic spect. [1]
180 4+1 magnetic spect. (8]
201 63t7 magnetic spect:- range telescope (8]
p+ oy
146.87 0.0732:0.0032 Lead-glass array [9]
153.5 0.192-0.008 Recoil detectioh [12]
189 21+5 BaF, spectrometef [10,11]
200 70+7 Lead-glass telescope array [5]
p+UN— 7t
143.5 0.075:0.008 u-decay (6]
144.6 0.0950.010 u-decay (6]
147.0 0.22-0.02 u-decay [6]
148.6 0.56-0.06 u-decay [7]
152.2 1.9-0.2 u-decay [6]
173.1-500 exc. fct. range telescopes [3]

aSpectrum incomplete, data f&,<9.50 MeV only.
®Only the ground state has been measured, i.e., this value is a lower limit.
‘The average of two independent measurements; the error indicates the assumed systematic uncertainty.

13N recoils from pionic fusion producing ™ and=°, respec-

tively [12]. The N data correspond to the population of the

ground state, as this is the only bound state®®f. This 103

result has been included as a lower-limit cross section. These

cross sections are also relevant because the ground states of

the mirror nuclei*3C and **N should be populated in accor- 107

dance with isospin symmetry. This is indeed observed if one

compensates for the difference @value by an equivalent

change in the beam energy. 1o g
The excitation functions for pion production frohC and )

1N are shown in Fig. 1. The data fdfN have been scaled &

by a factor (12/14%° according to the mass dependence dis- 1

cussed in the next section. We show the data as function of

the energy available to the pion, i.&€; 1, — Enreshole Which -1

is the center of mass energy minus the absolute threshold

energy for pion production. In terms of proton beam energy
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freshold” ZMtarget ’ FIG. 1. The energy dependence of subthreshold pion production

by protons incident on &C target. The carbon data points are from
With this the available c.m. energy is given in good approxi-the different sources. They are listed in Table I. The excitation
mation by function for the'“N target combines the * measurements of Refs.
[6,7] and the direct measurement of REF]. The two data sets are
indicated separately. Both are scaled as described in the text. The
(T— Tihreshold - 2) solid line assumes a power law dependence with an exponent
recoil ™ My =2.5. Incomplete measurements are indicated as lower limits.
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With this scale one takes into account the dependence on the 30

ground state to ground sta@ value of the reaction. This + +

procedure is well established at energies near the absolute Py

threshold, e.g., by the comparison of the ground state popu- o813

lation of 13C (#r*) and N (#°) mentioned above. B o g:i]”
At the lowest beam energies the pion cross sections show 20r + ng [10,11]

a rapid monotonic increase up to about 20 MeV available & ¢ ©8l

energy. Although these points are the result of individual & 15 4

measurements using very different techniques, the data ap- = =

pear to be quite consistent with each other. Above 20 MeV o o °®

the cross section data again increase smoothly with only little 16 [

scatter. However, to connect these two data regions the data . iy

would have to drop suddenly near 20 MeV available energy. 5F mu : @ ool

This is observed for the data obtained both wht@ and 1N ' :

targets. Because the data above 20 MeV have been measured . . . . .

without explicit focus on very small cross sections and low %% 50 100 150 200 250 300

pion energies, the observed discontinuity may be of experi- Mass Number

mental origin. A physical origin of the discontinuity can not G, 2. pion-production probabilities for proton-induced reac-
be excluded: the opening of the isospin=3/2 channel, tions at 200 MeV, scaled to equivalent eneigly=60 MeV (see
where 77~ production starts, occurs near the energy of theext). The #* and =~ cross sections were scaled according to the
discontinuity. However, a mechanism that leads to strongsobar model to yield equivalent® cross sectiongsee text The
absorption of ther* and7° mesons at this threshold has not #° data are from Ref5] (full circles) and from the TAPS Collabo-
been discussed in the literature. Also an enhanceccross  ration[10,11] (open circles The =" data are from the CHIC Col-
section has not been observed. laboration[3,4] (full square$ and from measurements at Orsay,
In the next section we will discuss the target mass deperl8,13 (open squargsThe latter measurements are also the source
dence of pion production, which requires the comparison off the 7~ data(stars.
cross sections at various beam energies and with diff€pent
values. To eliminate to first order the dependence on availFg, /(E. ,,— Eqresnoii Vo) 1" Eo iS taken to be 60 MeV,
able energy, we parametrize the global behavior of the exciwhich is a typical energy over threshold when using a 200
tation function, ignoring the discontinuity. We assume aMeV proton beam. It is well above the discontinuity in the
smooth energy dependence of the form,=a(E.n  excitation function observed in Fig. 1. In Fig. 2 we show the
—Ethreshold*- We choose=2.5 anda is a free parameter mass dependence of the pion production probability. We de-
adjusted to describe the™ excitation function at high en- fine the pion production probability as the pion cross section
ergy. The dependence obtained this way is given by the solidivided by the geometrical cross sectionR? using the
line in Fig. 1. It describes the™ data both at low and high nuclear radiuR=1.2AY® fm. The importance of the energy
energy, but of course not in the energy region where thecaling can be immediately recognized from the fact that it
discontinuity has been found. The availabfécross sections removes the large target-to-target variation of the individual
also included in Fig. 1, follow closely the energy dependenceion cross sections obtained at the same proton beam energy.
found for#*. This is to be expected as the production prob-This can be seen most clearly by considering the cross sec-
ability for ° should be at most 50% of the probability for tions obtained for different isotopes of a certain element: the
m" for these targets on basis of isospin invariance. Othedifference in ther® cross section fot*8Sn and'?*Sn is 13%
mechanisms will only reduce the differente below. [5] and the difference for the isotope combination %6Ni
Here we do not seek further justification for the observedand 8“Ni is 16% for the #* and 72% for thew~ cross
energy dependence. The power-law parametrization is onlgections, respectivelyl3]. Using the energy scaling with
used to discuss the mass dependence. It removes the bia 5 these differences are reduced by an order of magni-

from the Q-value differences. tude. It has been found that the range )offor which a
smooth mass dependence can be obtained is between 2.0 and
IIl. MASS DEPENDENCE 3.5. Therefore, the uncertainty in the excitation function does

not affect the conclusions in the following.

We consider the target mass dependence of the various The data in Fig. 2 have also been scaled for isospin de-
pion production cross sections at beam energies near 2Qfendence. The probabilities in Fig. 2 are given as the equiva-
MeV, where most experiments have been carried out. It is$ent ° probability, P r0eq, DY applying the isobar model of
important to take into account the differe@tvalues for the  Sternheim and Silbaftl4], i.e.,
various pion and target combinations. Typically the variation
is of the order of 20 MeV, which is significant in view of the 27 + 4N
energy dependence discussed previously. As we include tar- P 0ed mt)y=——P_+
gets with higher atomic number we also take the pion Cou- 102+N
lomb barrierV¢ into account. Therefore all cross sections are
scaled to an equivalent ener@y using the scaling factor and
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27+ 4N nuclei and with increasing beam energy. They have been
Proem )= — P observed at energigd4,2] above the free pion threshold
where the pion production ratios are smaller than predicted
This model assumes first-chance quasifree pion productiofy the isobar model.
Using this isospin scaling gives a basis for the comparison of Note that with the present energy and isospin scaling the
the smallz~ cross sections with the much largef and 7 * 70 probabilities of Belliniet al. [5] are too large by a factor
cross sections. of 2 as compared with the Orsay and TAPS data. This dis-
We now discuss the differences between the various datfepancy may indicate a systematic error in tHedetector
sets. Most striking in Fig. 2 is the difference betweentie ~ acceptance or efficiency for the data in Rid]. The effi-
data obtained by the CHIC Collaboratif®,4] (full square$ ciency calulation is non-trivial in this energy domain, requir-
and the data obtained with the “Mathusalem” spectrometeing & method to estimate the yield where the set of photon
at Orsay[8,13] (open squarés The CHIC Collaboration detectors does not cover the pion distributjao].
made use of range telescopes for the pion measurements. In

both cases_pion spectra have been extrapolated to account _for IV. CONCLUSION
the slow pions that could not be detected. The systematic
error in the pion production probability of the CHIC Col-  In conclusion, we have considered the systematic depen-

laboration could be as large as 50% in this energy regiomlence of proton-induced pion production at subthreshold en-
[15]. The high energy end of the differential cross sectionsergies. Combining data from different authors obtained with
from Orsay[13] were compared to data measured elsewheregjifferent methods, we notice large inconsistencies in the pub-
e.g., Ref[16]. It appears that this absolute normalization islished cross sections. Nonetheless, these data illuminate the
satisfactory. Therefore, any missing cross section in the Orerucial role of the available phase space for the pion yield.
say result should be associated with the low-energy piono obtain a smooth target mass dependence of the pion pro-
that could not be measured. Comparison with the model ofluction cross section, it is necessary to take into account the
Scholtenet al. [17], which predicts a pion spectrum that re- large differences iQ value between different targets. By
flects phase space and the density @f1h final states, evaluating the beam energy dependence of the pion cross
shows that the shape of the extrapolated spectrum in Re$ection, an empirical energy scaling was found, which allows
[13] is consistent with the shape of the model spectrum; aone to scale for the cross section differences du® t@lue.
most a 30% increase of the cross section could be arguedhe isospin dependence can be explained with a simple iso-
Therefore, the difference between the Orsay and CHIC rebar model. Within this empirical framework and considering
sults due to systematic errors is probably at most 80%. Thighe energy region near 200 MeV beam energy, the only two
is still insufficient to explain the large differences betweenindependent measurements that appear to be consistent with
the two data sets. In view of the good comparison of theeach other are the recent TAPS results and the spectrometer
Orsay pion energy spectrum with those in REl6], this  data of Orsay[8,13]. New and more accurate charged and
points towards large experimental uncertainties of the CHIQeutral pion production cross sections are needed to provide
data in the subthreshold energy region. a systematic consistent set of data. Of particular importance
Next, we compare ther® and =" cross sections: taking is to clarify whether the excitation function near 20 MeV
the energy scaling into account the difference between thavailable energy behaves anomalously or if this anomaly is a
0 data of Belliniet al. [5] and the Orsay measurements of symptom of the experimental problems identified in this
7+ [8,13] remains unexplained, i.e., the® production is work. An improved excitation function would allow the
stronger than ther™ production. In contrast, it appears that study of the threshold behavior in more detail, in particular
the set of7° cross sections of the TAPS Collaboration andwith respect to nuclear structure and the transition from a
those obtained at Ors&§,13] are consistent, i.e., the equiva- coherent to an incoherent production mechanism, and illumi-
lent 7° production probabilities fall within a narrow band. nate the role of absorptive processes.
Of course, this observation depends on the validity of the
isgbar_model. The isobar model works well to explain the ACKNOWLEDGMENTS
7 /7~ ratio observed by the Orsay group. Note that the
isobar model predicts the largest possible difference in the This work is part of the research program of the “Stich-
pion production probabilities; it ignores charge exchange reting voor Fundamenteel Onderzoek der Materi@OM)
actions and the absorption of pions in the target mediumwith financial support from the “Nederlandse Organisatie
These processes will play a role, especially for heavy targetoor Wetenschappelijk OnderzoekNWO).
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