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We have measured the gas bremsstrahlung photon energy from the 2.5-GeV electron storage ring
at the Pohang Light Source (PLS). Gas bremsstrahlung was generated in the straight section of the
beam-diagnosis beamline 1C1 with an effective length of 5.3 m. We present the measurement results
for the bremsstrahlung photon energy spectrum and the photon flux, which were obtained by using
a CeF3 calorimeter. The calorimeter consisted of nine CeF3 blocks, each being 3.3 × 3.3 × 33
cm3 , stacked into a 3 × 3 array. The bremsstrahlung photon flux above 40 MeV was measured to
be 218 s−1 at an electron beam current of 180 mA.
PACS numbers: 29.40.Vj, 41.60.Ap
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I. INTRODUCTION

II. EXPERIMENT

Bremsstrahlung is produced in the Pohang Light
Source (PLS) through electromagnetic interactions of
circulating electrons with storage ring components
and/or with residual gas molecules in the vacuum. Gas
bremsstrahlung can cause an electromagnetic shower in
any beamline component, which can, in turn, generate
photoneutrons from high-Z materials, thus causing a radiation hazard for the beamline personnels. On top of
that, bremsstrahlung photons can carry polarization information on the electrons circulating in the storage ring
[1]. The time evolution of the electron polarization due
to spin-flip synchrotron radiation is known to depend on
the electron energy; thus, we should be able to measure
the electron beam energy by using gas bremsstrahlung.
Gas bremsstrahlung from electron storage rings has been
extensively studied at KEK [2], Frascati [3], APL [4], and
SPring-8 [5]. Although the elementary bremsstrahlung
process can be understood by using quantum electrodynamics, a practical bremsstrahlung energy spectrum
may be different because of a different electron ring
structure. There has been no previous measurement
of gas bremsstrahlung at the PLS, which is a thirdgeneration synchrotron facility with a beam emittance of
18.9 nm·rad [6–8], so the gas bremsstrahlung was measured at the new beamline 1C1 for beam diagnosis by
using a CeF3 fast scintillator crystal array.

Measurement of gas bremsstrahlung was performed at
the 1C1 beamline of the PLS. The 1C1 beamline views
a straight section with an effective length of 5.3 m between two bending magnets in the storage ring, as shown
in Figure 1. The average vacuum pressure was kept at
a level of 0.5 nTorr (67 nPa). The residual gas component was analyzed by using a residual gas analyzer, and
the results are shown in Table 1. The photon transport
channel was 6.3 cm in diameter and 13.6 m in length, and
its vacuum pressure was kept at the level of a few nTorr.
The beam-end of the transport channel had two 2-mm
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Fig. 1. Schematic view of the 1C1 beamline at the Pohang
Light Source.
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Table 1. Summary of residual gas measurements.
Component
H2
N2 /CO
CH4
CO2
H2 O

Mole fraction (%)
90
5
3
1
1

Weight fraction (%)
41.86
32.55
11.16
10.23
4.18

Pb slabs for discriminating soft-X rays from synchrotron
radiation.
A cerium-trifluoride (CeF3 ) scintillation crystal, with
its fast decay time of 30 ns, is well suited for high-rate
photon detection. Nine CeF3 crystal blocks were stacked
into a 3 × 3 array. Each block was composed of three
crystals; the three crystals were optically coupled to each
others, each had a cross section of 3.4 × 3.4 cm2 , and
their lengths were, respectively, 9, 11, and 13 cm. The
total length of the crystal block was 33 cm (19.6 radiation length). Each block was wrapped with reflec-
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tive teflon tape and a light-tight black sheet. A 1-inch
photomultiplier tube (XP2978, Photonis) was attached
to each block with BC-600 optical grease. The entire
3 × 3 array was movable both vertically and horizontally in 1-mm steps and was positioned at the center
of the bremsstrahlung photon beam. The gain calibration for the photomultiplier tubes was performed using
minimum-ionizing cosmic-ray particles. The high voltages applied to the photomultiplier tubes ranged from
−1000 V to −1100 V.
Figure 3 shows a schematic view of data acquisition
system for the CeF3 array detector. Signals from individual photomultiplier tubes are read out into CAMAC
ADCs through a cable with a 100-ns delay. The signal
from the central detector is split into two signals, one of
which is used to generate the gate signal to the ADCs.
A discriminator threshold of 40 MeV is set to eliminate
low-energy events, and digitized data are transferred to
a PC running on linux through a PCI-CAMAC bus.

III. RESULTS AND DISCUSSION
The beam current of the storage ring ranged from 180
mA to 150 mA with a lifetime of 19 – 30 h. Due to synchrotron radiation hitting the inner wall of the storage
ring, the vacuum pressure varied with the electron beam
current. The pressure ranged from 0.5 nT(67 Pa) to 1.0
nT(133 Pa).
Uncorrected ADC spectra from the CeF3 crystal detector are shown in Figure 4. The central crystal

Fig. 2. Schematic view of the CeF3 calorimeter and experimental setup for the gas bremsstrahlung measurement.

Fig. 3. Data acquisition system for the gas bremsstrahlung
measurement.

Fig. 4. Uncorrected ADC spectra from nine CeF3 blocks.
The central block (No. 5) contains approximately 78 % of
the energy deposited. A lateral energy spread is seen in all
surrounding blocks.
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Table 2. Characteristics of CeF3 , lead glass, and PWO scintillators
CeF3
CeF3
6.16
1.68
2.63
5−9
5, 30

Compositon
Density (g/cm3 )
Radiation length (cm)
Molliere radius (cm)
Relative light yield
Decay time (ns)

lead glass
PbO 51 %/SiO2 41 %/K2 O 7 %

∼4.5
2.6
3
∼ 0.03
∼ 20

PWO
PbWO4
8.2
0.92
2.2
0.3
<3

Fig. 5. ADC spectrum simulated with Geant4. The overlaid line shows a best-fit of the spectrum.

block aligned with the photon beam path shows a
bremsstrahlung energy spectrum with a characteristic
1/Eγ dependence. The endpoint knee corresponds to
the maximum energy of the electrons in the storage ring.
The low-energy cutoff is due to the discriminator threshold.
An energy calibration was performed using the gas
bremsstrahlung beam. Each crystal module was exposed
to the photon beam. A Geant4 simulation showed that
77.6 % of the incident photon energy was deposited in
the central crystal of the CeF3 detector and 19.4 % in the
surrounding eight crystals. Three percent (3 %) of the
energy leaked out of the volume of the CeF3 detector.
The endpoint energy of each crystal block was individually calibrated to be 1.94 GeV by using the following
functional form:
dF (N, C, σ0 )
d(ADC)
Z Eγmax
=N
Eγmin

1
3/2

Eγ

(
exp

)
−(Eγ − ADC/C)2
dEγ ,(1)
2σ02 Eγ

where Eγ represents the photon energy, ADC denotes the
measured ADC channel. N is the normalization factor,

Fig. 6. Fitted spectra of nine CeF3 detectors at three HV
settings.

C is the energy scaling factor, and σ0 is the resolution of
the calorimeter. The functional form is deduced from a
convolution of the bremsstrahlung energy spectrum with
the Bethe-Heitler cross section, dσ/dEγ ∝ 1/Eγ , and
Gaussian smearing due to the finite energy resolution of
the calorimeter.
To test the fitting of the bremsstrahlung spectrum
with the functional form, we performed a Geant4
simulation to generate an ADC distribution for gas
bremsstrahlung, folded with 1000pADC channels/GeV
and an energy resolution of 10 %/ Eγ . Figure 5 shows
the simulated ADC spectrum with an overlaid line obtained by using the functional form to achieve the best
fit.
A gain calibration was performed by varying the high
voltage applied to each crystal detector. The gain difference between crystal detectors was kept within a few
percent. Individual calibration constants (C in Eq. 1)
were again obtained by fitting each ADC spectrum with
the functional form. According to the Geant4 simulation,
an average energy of only 1.94 GeV was deposited in a
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is given by
Fγ =

E
max
X

∆Fγ
∆Eγ

Emin

!
· ∆Eγ ,

(2)

where ∆Eγ denotes an energy bin. The bremsstrahlung
photon flux was estimated to be 436 (s · nT)−1 between
40 MeV and 2.88 GeV. For hadron photoproduction, the
photon energy should exceed the respective threshold energy [9]. The integrated photon flux in the energy region for pion photoproduction was 168 s−1 above 0.14
GeV. The total bremsstrahlung energy radiated in units
of (GeV/s/nT) can be written as
!
E
max
X
∆Fγ
tot
Eγ
Eγ =
· ∆Eγ ,
(3)
∆Eγ
Emin

Fig. 7. Summed bremsstrahlung spectrum of the nine
CeF3 crystals of the calorimeter.

where Eγ represents a nominal energy value at a given
energy bin. The total bremsstrahlung energy was estimated to be 265 GeV/s/nT.

IV. CONCLUSION
We have measured for the first time the gas
bremsstrahlung photon energy from the 2.5-GeV electron storage ring at the Pohang Light Source. Gas
bremsstrahlung was generated in the straight section
of the 1C1 beam-diagnosis beamline with an effective
length of 5.3 m. We employed a CeF3 calorimeter which
consisted of 9 CeF3 blocks, each being 3.3 × 3.3 × 33
cm3 , stacked into a 3 × 3 array. The bremsstrahlung
photon flux above 40 MeV was measured to be 218 s−1
at an electron beam current of 180 mA. Thus, the gas
bremsstrahlung beamline can be used for both electron
beam diagnosis and R&D studies of particle detectors.

Fig. 8. Gas bremsstrahlung photon flux at the 1C1 beamline of PLS is shown as a function of photon energy.
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single crystal block, thereby making Eγmax 1.94 GeV. A
minimum energy cutoff Eγmin of 0.5 GeV was determined
arbitrarily.
The summed bremsstrahlung energy spectrum of nine
CeF3 crystal blocks is shown in Figure 8. The energy resolution of the
p CeF3 array detector was obtained
as 3.59 ± 0.41 %/ Eγ from Eq. 1. Events beyond
the endpoint of the spectrum were due to multiple
bremsstrahlung. The probability of producing double
bremsstrahlung photons was estimated to be less than
0.073 % for a gate width of 800 ns.
The bremsstrahlung photon flux in units of (s · nT)−1
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