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Abstract An inbuilt compound target composed of carbon and tungsten is designed, and optimized by
realistic GEANT4 Monte Carlo simulation. Also, we do a Monte Carlo study for single-pion photoproduction
at the target. The results are presented from the simulation of pion yield, angular distribution and spectrum
(at Oiab,0cm=41°). These efforts are important to the coming measurement of the differential cross section for

Y+ N—m+N.
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1 Introduction

The BEPCII (Beijing Electron Positron Collider)
provides an electron beam available at BTF (Beam
Test Facility) of THEP (Institute of High Energy
Physics), the maximal energy is 1.89 GeV, and the
maximal average intensity is 1.6 A. The experiment
of measuring the cross section for single-pion photo-
production at BTF, y+N — mm+ N, help us to un-
derstand the global scaling behavior” at \/s=1.4—
2.1 GeV. It is a simple process and will bring light
for the study of strong interaction. It has larger cross
sections at high energy than other exclusive channels
due to the slow decrease of the cross sections with
energy, i.e., do/dt ~ s 72 In the experiment, high
pion production target is required, and pion yield,
angular distribution, spectrum (at 6,.p,,0.,=41°) and
other dynamical properties are also concerned. An
inbuilt compound target is designed, and its param-
eters were optimized through GEANT4 Monte Carlo
simulation in this paper.

We use the GEANT4 simulation toolkit® for par-
ticle physics and other applications* %, In addi-
tion, the hadronic physics model that is used in the
simulation is QGSP_BERT!?. This is based on a
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Quark-Gluon String model and is recommended by
GEANT4 physicist use-case for the majority of the
energy range (see details in GEANT4 user’s guide!®).
And the model has successfully been used to sim-
ulate pion photoproduction, and the results! agree
well with the experimental data. So it is very flex-
ible and has the capability for the calculation and
simulation of the complex physical processes of pion
photoproduction.

2 An inbuilt compound pion produc-
tion target

High pion production is very important to single-
pion photoproduction. However, simple pion pro-
duction designed targets are always used as shown
in Fig. 1(a)—(c). But these targets have some de-
fects. First, it could not make good use of high energy
photons from bremsstrahlung radiator for Fig. 1(b)
and Fig. 1(c) especially in the longitudinal direction.
From the physical processes of pion from electron
striking on target, it is found that the real photon
process of pion photoproduction is dominant, because
there are two physical processes to produce pion. One
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is virtual photo process of pion photoproduction, the
other is real photon process of pion photoproduction.
The relationship™® between the two processes is:

Tte
Y:/irtual/}/real - Tq (teq ~ 0017) (1)

Here Yiirtua and Yi.. are pion yield of the virtual
and real photon process of pion photoproduction re-
spectively, and t., is thickness of equivalent radia-
tor. Therefore it could not yield more pions with the
same energy and intensity electrons. Second, the pion
production target made by liquid LD, and “He (see
Fig. 1(c)) costs too much, and always needs to be
cooled in order to keep temperature steady. Third,
for single material target (see Fig. 1(a)), it can be
divided into two parts: radiator and pion production
target which are made by the same material. As to
low Z single material target, the efficiency of radia-
tor is low, while the pion production efficiency is high.
Nonetheless, what happens to high Z one is reverse
and the energy absorption per pion produced is higher
accordingly. Compared with them, the moderate Z
target bears hardly any predominance in efficiency of
radiator or pion production.
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Fig. 1. (a) and (b) show two simple pion pro-

duction targets used in BTF in the past. (a)
is a single material target; (b) is a compound
target; (c) schematic view of the experimen-

tal pion production target for JLab E94—104[2];
(d) section plane of the inbuilt compound tar-
get, a new design target for BTF.

In order to improve these defects, an inbuilt com-
pound target with tungsten and C-12 is designed.
Fig. 1(d) shows a section of the model in the lon-
gitudinal direction. It is a cylinder target and has
two parts: bremsstrahlung radiator and pion produc-
tion target; four parameters: r, ¢, (the radius and the
thickness of the radiator), R and L (the radius and
thickness of pion production target). And the tar-
get will be optimized by changing four parameters in
Section 3. High Z material always works as radiator.
Tungsten is chosen as the bremsstrahlung radiator.

Because tungsten is a better material working as the
bremsstrahlung radiator than copper and iron, it can
produce more photons above 1 MeV, and has high
melting point (3680 K), and smaller absorption co-
efficients per radiation length (roughly proportional
to A=*? where A is atomic weight). Low Z mate-
rial always works as pion production target at lower
electron energies (<5 GeV), because of its maximum
pion production yield and lower threshold of photonu-
clear reaction. In addition, low Z materials have low
beam energy deposited in the target for a given radi-
ation length because the energy deposition per unit
volume is small with low Z low density. Deuterium,
beryllium and carbon are three important materials
for photonuclear reaction, because of their low thresh-
old. Carbon is the best choice. Carbon target may be
ok up to the temperature of 2100 °C. In contrast, the
beryllium will be melted at 1278.0 °C. And the nuclear
absorption coefficient 7 per radiation length of carbon
is smaller than beryllium’s (15.=0.375, 7.=0.234"")
for pion. Moreover, the result of GEANT4 simulation
shows that carbon cylinder target could produce more
pions than beryllium cylinder target with the same
parameters and photon energy, as shown in Fig. 2
and Fig. 6 (see details in Section 3.2), even the cross
section of beryllium in photonuclear reaction is larger
than carbon’s. As to deuterium target, it has no at-
traction for us because of its high cost and compli-
cated cool system.
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Fig. 2. nt (a) and = (b) yield as a func-

tion of photon energies (1—1.9 GeV) with the
same parameters of two cylinder targets (car-
bon and beryllium).
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Fig. 3.

3 Optimization of the inbuilt com-
pound target and GEANT4 simula-
tion

3.1 Optimizing the inbuilt compound target

As the inbuilt compound target has been de-
signed, it can be optimized by changing its parame-
ters (r, t, R, L) in order to get appropriate pion yield.
In this section, pion yields depending on the param-
eters of the compound target will be studied respec-
tively. The pion yields as the function of the parame-
ters values are shown in Fig. 3(a)—(d). It can be ob-
served that the pion yields approach the maximum at
r=2 mm, R=0.5 cm when other parameters are fixed.
From Fig. 3(d), it can be found that the number of
pions increases when the thickness of target increases,
but the increasing rate of the number decreases. We
always choose the thickness of carbon target to be
approximately 100 mm. Because if the target is too
thick, the more energy of pion will deposit in tar-
get although the pion yield also increases. As to the
thickness of radiator, Y. S. Tsai and van Whitis!""!
point out that practically all the high-energy pho-
tons are produced by radiator from ¢=0 to t=0.75rl
(t is the thickness of radiator, 7! is radiation length),
and after t=0.75rl, the intensity of the photon is at-
tenuated by the absorption factor e~7/9(¢t=0-7%  In-
tensity of the photons whose k/E. >0.75 (k is the
energy of first generation photon, E, is the energy
of incident electron) will be maximal at t=2.4 mm
(t=0.69rl, 1ri=3.5 mm for W). And the pion yield
reaches maximum almost in all the regions of incident
electron energy at t=2.4 mm when other parameters
are fixed, as shown in Fig. 4 by GEANT4 simulation,
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Pion yields versus the parameters (r, t, R, L) of compound target at E(e”)=1.6 GeV.

even it is not obvious in Fig. 3(b). As discussed above,
the pion yield of the target is comfortable (the pion
yield is higher, and the energy absorption of pion is
smaller) at =2 mm, R=0.5 c¢m, t=2.4 mm (0.69r1),
L=102.4 mm. In addition, pion spectrum of the in-
built compound target is shown in Fig. 5. From the
picture, we find that pion yield shows some oscillating
characteristic, especially in 7t™ spectrum, which indi-
cates there are abundant hadron-resonances in the
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Fig. 4. The detailed comparison of pion yield
between ¢=1.8 mm (0.514r!), 2 mm (0.57rl)
and 2.4 mm (0.69r]) when other parameters
fixed at =2 mm, R=0.5 cm, L=102.4 mm re-
spectively and (a) is for positive pions and (b)
is for negative pions.
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Fig. 5. Pion (n" and ™) yield versus incident

electron energies (0.7—1.9 GeV) for the opti-
mized compound (W/C) target at r=2 mm,
R=0.5 cm, t=2.4 mm (0.69r!), L=102.4 mm.

energy region ranging from 0.7 to 1.9 GeV. In addi-
tion, the ratio of positive pions to negative pions is
larger than 1.

3.2 Comparison of simulation results with
other targets

We have also optimized other different material
targets in the same way: a single material cylin-
der carbon target (R=0.5 cm, L=102.4 mm), a
single material cylinder beryllium target (R=2 cm,
L=102.4 mm), another inbuilt compound cylin-
der target is made up of tungsten and beryllium
(R=2 cm, L=102.4 mm, t=1 mm, r=2 mm). And
Fig. 6 shows the results of the simulation with the
incident electron beam energy in the range from
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Fig. 6. 7' (a) and 7t~ (b) yield versus incident

electron energies (0.7—1.9 GeV) for different
material targets.

0.7 GeV to 1.9 GeV. Comparing the simulation re-
sults of four different material targets, we find that
the W/C inbuilt compound target performs better
than others. Because the pion (positive and nega-
tive) that yields from the W/C target is larger than
other targets almost in all the region of incident elec-
tron energy, therefore the inbuilt compound target
has more advantages compared with single material
target.

4 Pion angular distribution and spec-
trum at 6.y, 0.m, = 41°

4.1 Pion angular distribution

Pion angular distribution is an interesting feature
in the single-pion photoproduction experiment. The
off-axis angle of the outgoing pion with respect to
the Z axis of the target will be studied. The pion
distribution calculated using GEANT4 by 1.8 GeV
incident electron beams is plotted in Fig. 7. From
the plot, we see that the counts of ™ are approach-
ing maximum approximately at §=33° in contrast to
0=39° for . As electron beam energy ranges from
1 GeV to 1.9 GeV, there exist unobvious changes re-
garding the angular distribution. It is very important
to us for choosing the position and angle of received
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Fig. 7. Pion angular distribution from the in-
built compound target with incident 1.8 GeV
electron beam.

4.2 Pion spectrum at 6,,,,0.,, = 41° respec-
tively

The next interesting point is pion spectrum at
fixed angle: pion yield at 6),,,0.,=41° versus inci-
dent electron beam energy at the optimized inbuilt
compound target. The electron energies range from
0.6 GeV to 1.9 GeV, corresponding to center-of-mass
energies from 1.41 GeV to 2.11 GeV by using a photon
energy close to the incident electron beam energy just
like in Ref. [2], as shown in Fig. 8. From the plot, it
can be seen that pion yield at 6.,=41° is larger than
that at 60),,=41°, no matter what kinds of pion it is.
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Fig. 8. Pion spectrum at 61,,=41° and Ocy=

41° from the inbuilt compound target with
the incident electron beam energies ranging
from 0.7 GeV to 1.9 GeV, corresponding to the
center-of-mass energies (1/s) from 1.41 GeV to
2.11 GeV for y+N—m+N.

In addition, pion spectrum has some oscillation which
may exhibit the oscillation of the differential cross

section around the scaling value predicted by CCR?
(Constituent Counting Rule).

5 Conclusion

A cylindrical inbuilt compound target composed
of tungsten and carbon has been optimized with
Monte Carlo simulation. The target not only has
higher pion production, but also has the features of
heat-resistance and lower energy deposit. In addition,
the pion yield and angular distribution are also stud-
ied. Moreover, the pion spectrum at 6,,,0.,=41°
exhibits oscillation. These results in the paper are
important to the coming measurement of the differen-
tial cross section for y+N — m+N and update of BTF.
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