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An imaging plate has been used as a useful detector of energetic electrons in laser electron
acceleration and laser fusion studies. The absolute sensitivity of an imaging plate was calibrated at
1 GeV electron energy using the injector Linac of SPring-8. The sensitivity curve obtained up to
100 MeV in a previous study was extended successfully to GeV range. © 2008 American Institute
of Physics. �DOI: 10.1063/1.2940217�

Recently, there has been remarkable development in the
field of high-intensity short-pulse laser technology. By focus-
ing such laser light on materials, interaction intensities of
over 1018 W /cm2 can be obtained. At such intensities, the
laser-plasma interaction can produce strong x rays, � rays,
fast ions, and relativistic electrons. In laser fusion studies,
the fast ignition scheme is a reliable method for achieving
ignition. Relativistic electrons of a few MeV that are gener-
ated by the laser-plasma interaction play an important role in
fast ignition scheme.1,2 Moreover, in laser acceleration stud-
ies, extremely energetic electrons can be generated by excit-
ing a coherent plasma wave with an ultraintense laser
�known as a laser wakefield�.3 In the past few years, rapid
progress has been made in laser acceleration studies. Quasi-
monoenergetic electron beams have been generated using la-
ser wakefields.4–7 Last year, Leemans et al. generated quasi-
monoenergetic electrons of over 1 GeV,8 while our group
observed electrons of over 600 MeV that had a continuous
spectrum.9 In these studies, electron spectrometers �ESMs�
are used for estimating the absolute number of electrons in
an energy spectrum. ESMs are subjected to very strong elec-
tromagnetic pulse �EMP� noise that originates from ultrain-
tense laser-plasma interactions. Ultrashort high-peak-power
lasers, which have pulse widths in the picosecond or femto-
second region, can generate a lot of energetic electrons
within an extremely short time. This sudden generation of
energetic electrons results in strong EMP noise. It is thus
difficult to use electronic devices as detectors for ESM when
they are placed in the vicinity of the electron-generation
point. Then we have used an imaging plate �IP� that is non-
electronic detector such as photographic film.10 IPs make use
of the photostimulated luminescence �PSL� effect and are

time-integrated detectors for radiation such as x rays, elec-
trons, positrons, and ions. Calibration of IP sensitivity is es-
sential in order to obtain the absolute electron number using
ESM. In a previous study, an IP was calibrated for electron
energies up to 100 MeV using a �-ray source �147Pm� and a
linear accelerator �Linac� in Osaka University. Even in this
previous study, the sensitivity of IP was observed to be
gradually decrease with increasing the electron energy from
10 to 100 MeV, while it should be flat from the energy depo-
sition estimated by Monte Carlo simulation.10 Then, IPs need
to be experimentally calibrated above 100 MeV if we esti-
mate the total number of GeV-class electrons with IP.

In this study, we performed the calibration of IP for
1 GeV electrons with SPring-8 Linac. To our knowledge,
this is the first time that a film-type detector has been experi-
mentally calibrated using GeV electrons. It was proved that
IP is sufficiently sensitive for GeV electrons.

A 1 GeV electron beam was generated from a Linac,
which was the electron injector of SPring-8, an 8 GeV syn-
chrotron radiation facility.11 The experiment was performed
at the L3 beam transport line in SPring-8 Linac. The electron
energy was tuned to 1.0 GeV. The error for the electron en-
ergy 1.0 GeV is �0.3% or less. The total charge of a pulse
was adjusted to be less than usual and tuned to be 0.01 nC in
order to prevent the IP becoming saturated. The total charge
was estimated by monitoring with a current transformer.12

The measurement error for the total charge is �15%. The
spot of the electron beam was also expanded as much as
possible for avoiding the saturation and the diameter of this
beam is �1 cm. This diameter is small enough compared to
a vacuum flight tube �3.2 cm�. Therefore, the electron beam
can pass through the flight tube without any significant
charge loss in beam transport. The experimental setup is
shown in Fig. 1. The electron beam generated from Linac
makes a 90° turn to L3 beam transport line with bending
magnet, as shown in Fig. 1�a�. IP was irradiated after the 90°
turn. To expose the IP, the electron beam was taken out from
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the vacuum flight tube through a 5-mm-thick aluminum
window. A motorized array of IPs was placed 20 cm away
from the vacuum window, as shown in Fig. 1�b�. The 1 GeV
electron beam passed through the IP and entered the vacuum
flight tube again, which was terminated by a beam dump.
The current transformer measures the charge at 4 m in front
of the vacuum windows. The energy spread of the electron
beam is limited to less than 1% by the 90° turn and the
size of the vacuum flight tube. The IP used for this calibra-
tion was BAS-SR2025 �FUJIFILM�, and the reader was
BAS-1800II �FUJIFILM�. The IP was covered with a
15-�m-thick Al foil to ensure that it was not exposed to
visible light, which can result in data stored on the IP being
erased. 80 min after irradiation by a 1 GeV electron beam,
the stored information was read out by the reader. During
these 80 min �termed the fading time�, the room temperature
was maintained at 23 °C. Fading is the phenomenon in
which the PSL value decreases in time after exposure to
radiation. The damping rate of the PSL value has been al-
ready studied.10,13 The sensitivity has been corrected for this
fading time.

An obtained image in the calibration experiment is
shown in Fig. 2. The spatial distribution of the electrons is
nonuniform since the beam size was adjusted to be as large
as possible to avoid saturation. The linear response of the
output of the IP to electron number has already been shown
for a different type of IP �FDL UR-V�,14 while our group
verified the linear response of the IP used in this calibration
�BAS-SR2025� by using a �-ray source. Therefore, the total
PSL value can be evaluated by integrating the spatial distri-
bution of PSL value. The total PSL value was 2.6�105 PSL.
The statistical fluctuation of total PSL value is �11% �rms�.
There were three shots in this calibration experiment. The

absolute sensitivity of an IP is defined as the PSL value per
electron; it can thus be derived by dividing the integrated
PSL value by the total number of electrons that irradiated the
IP. The sensitivity for 1 GeV electron was 4.1�10−3 PSL/
electron. The open circle indicates the sensitivity value with
this error ��18% � in Fig. 3. In Fig. 3, the sensitivity of an IP
up to energies of 100 MeV is plotted by making use of data
given in Ref. 10.

The contribution of bremsstrahlung x ray from alumi-
num vacuum window was checked using Monte Carlo simu-
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FIG. 1. �Color online� �a� Setup for the calibration of an
imaging plate for 1 GeV electrons. �b� The close-up of
the experiment at the vicinity of imaging plates.
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FIG. 2. �Color online� Electron beam profile recorded on the IP.
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lation �EGSnrc code�.15 The effects for photon and electron
were evaluated on IP. The IP sensitivity for photon was esti-
mated at a separate experiment using gamma-ray sources.16

The photon sensitivity is one order smaller at a few MeV and
two orders smaller at 10 MeV than the electron. The energy
spectra of photon and electron were obtained by Monte Carlo
simulation when 1 GeV electron beam pass through the
vacuum window. From estimated photon spectra, 97% of the
photons is below 10 MeV. From these spectra and the sen-
sitivities of electron and photon, the bremsstrahlung x-ray
contribution to our absolute calibration can be estimated to
be 3%.

We have examined possible reasons how to explain the
sensitivity reduction at 1 GeV compared to the 10–100 MeV
points. These could be �1� the contribution to charge from a
low energy tail filtered by the aluminum vacuum window, �2�
beam transport error, and �3� x-ray contribution. As de-
scribed earlier in the text, we conclude that these sources do
not explain the sensitivity reduction. This slow reduction in
electron energy is left for a future study.

Phosphor screens such as Lanex �Kodak� are often
used8,17 as time-integrated detectors since they are not af-
fected by EMP noise. The fluorescence image on the phos-
phor screen is detected using a second detector such as a
charge-coupled-device camera. The fluorescence image is re-
layed to the second detector by relay optics. EMP noise can
be avoided by inserting the second detector in the shield
area. By using this detection system, it is possible to obtain a
shot by shot spectrum by using an electronic device as the
second detector; in contrast, an IP cannot monitor shot by
shot. However, since relay optics have to be inserted between
the phosphor screen and the second detector, an absolute
calibration has to be performed for the total system.18 It is
thus very difficult to perform a universal calibration for the
ESM using a phosphor screen. On the other hand, ESMs that

use an IP as a detector are capable of providing an absolute
calibration by estimating the sensitivity of the IP.

The authors thank Dr. Tampo at ILE, Osaka University
for helpful discussions. We also thank Mr. Aratani at Univer-
sity of Hyogo for experimental support. This research is sup-
ported by grants: �A� type B �No. 18340120� by MEXT, �B�
“High Energy Density Plasma Photonics” by CREST, JST,
�C� the Global COE Program, “Center for Electronic Device
Innovation,” by MEXT, �D� the Core-to-Core Program
“High Energy Density Science” by JSPS, and �E� type A
�No. 19206099� by MEXT.

1 R. Kodama, P. A. Norreys, K. Mima, A. E. Dangor, R. G. Evans, H.
Fujita, Y. Kitagawa, K. Krushelnick, T. Miyakoshi, N. Miyanaga, T.
Norimatsu, S. J. Rose, T. Shozaki, K. Shigemori, A. Sunahara, M. Tampo,
K. A. Tanaka, Y. Toyama, T. Yamanaka, and M. Zepf, Nature �London�
412, 798 �2001�.

2 R. Kodama, H. Shiraga, K. Shigemori, Y. Toyama, S. Fujioka, H. Azechi,
H. Fujita, H. Habara, T. Hall, Y. Izawa, T. Jitsuno, Y. Kitagawa, K. M.
Krushelnick, K. L. Lancaster, K. Mima, K. Nagai, M. Nakai, H.
Nishimura, T. Norimatsu, P. A. Norreys, S. Sakabe, K. A. Tanaka, A.
Youssef, M. Zepf, and T. Yamanaka, Nature �London� 418, 933 �2002�.

3 T. Tajima and J. M. Dawson, Phys. Rev. Lett. 43, 267 �1979�.
4 E. Miura, K. Koyama, S. Kato, N. Saito, M. Adachi, Y. Kawada, T.
Nakamura, and M. Tanimoto, Appl. Phys. Lett. 86, 251501 �2005�.

5 S. P. D. Mangles, C. D. Murphy, Z. Najmudin, A. G. R. Thomas, J. L.
Collier, A. E. Dangor, E. J. Divall, P. S. Foster, J. G. Gallacher, C. J.
Hooker, D. A. Jaroszynski, A. J. Langley, W. B. Mori, P. A. Norreys, F. S.
Tsung, R. Viskup, B. R. Walton, and K. Krushelnick, Nature �London�
431, 535 �2004�.

6 C. G. R. Geddes, Cs. Toth, J. van Tilborg, E. Esarey, C. B. Schroeder, D.
Bruhwiler, C. Nieter, J. Cary, and W. P. Leemans, Nature �London� 431,
538 �2004�.

7 J. Faure, Y. Glinec, A. Pukhov, S. Kiselev, S. Gordienko, E. Lefebvre,
J.-P. Rousseau, F. Burgy, and V. Malka, Nature �London� 431, 541 �2004�.

8 W. P. Leemans, B. Nagler, A. J. Gonsalves, Cs. Toth, K. Nakamura, C. G.
R. Geddes, E. Esarey, C. B. Schroeder, and S. M. Hooker, Nat. Phys. 2,
696 �2006�.

9 N. Nakanii, K. Kondo, Y. Mori, E. Miura, K. Tsuji, K. Takeda, S.
Fukumochi, M. Kashihara, T. Tanimoto, H. Nakamura, T. Ishikura, M.
Tampo, R. Kodama, Y. Kitagawa, K. Mima, and K. A. Tanaka, Proceed-
ings of Fifth International Conference on Inertial Fusion Sciences and
Applications, 2007 �unpublished�.

10 K. A. Tanaka, T. Yabuuchi, T. Sato, R. Kodama, Y. Kitagawa, T.
Takahashi, T. Ikeda, Y. Honda, and S. Okuda, Rev. Sci. Instrum. 76,
013507 �2005�.

11 T. Asaka, H. Hanaki, T. Hori, T. Kobayashi, A. Mizuno, H. Sakaki, S.
Suzuki, T. Taniuchi, K. Yanagida, H. Yokomizo, and H. Yoshikawa, Nucl.
Instrum. Methods Phys. Res. A 488, 26 �2002�.

12 K. Yanagida, H. Yoshikawa, A. Mizuno, S. Suzuki, T. Hori, Y. Itoh, and
H. Yokomizo, Jpn. J. Appl. Phys., Part 1 35, 5530 �1996�.

13 H. Ohuchi and A. Yamadera, Nucl. Instrum. Methods Phys. Res. A 490,
573 �2002�.

14 A. Taniyama, D. Shindo, and T. Oikawa, J. Electron Microsc. 46, 303
�1997�.

15 I. Kawrakow and D. W. O. Rogers, Technical Report No. PIRS-701 �Na-
tional Research Council of Canada, Ottawa, Canada, 2000�.

16 S. Miyamoto and K. Horikawa, personal communication �21 September
2007�.

17 R. Wagner, S.-Y. Chen, A. Maksimchuk, and D. Umstadter, Phys. Rev.
Lett. 78, 3125 �1997�.

18 Y. Glinec, J. Faure, A. Guemnie-Tafo, V. Malka, H. Monard, J. P. Larbre,
V. De Waele, J. L. Marignier, and M. Mostafavi, Rev. Sci. Instrum. 77,
103301 �2006�.

0

0.01

0.02

0.03

0.04

0.01 0.1 1 10 100 1000

Electron energy [MeV]

IP
se
ns
iti
vi
ty
[P
SL
/e
le
ct
ro
n]

FIG. 3. Calibrated sensitivity curve for electrons up to 1 GeV. The sensi-
tivity up to 100 MeV was plotted by using data given in Ref. 10. The
absolute sensitivity for 1 GeV electron is shown as open circle. The solid
line is an interpolation curve.
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