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A novel internal target has been developed, which will make electron scattering off short-lived
radioactive nuclei possible in an electron storage ring. An ‘‘ion trapping’’ phenomenon in the electron
storage ring was successfully utilized for the first time to form the target for electron scattering.
Approximately 7� 106 stable 133Cs ions were trapped along the electron beam axis for 85 ms at an
electron beam current of 80 mA. The collision luminosity between the stored electrons and trapped Cs
ions was determined to be 2:4�8� � 1025 cm�2 s�1 by measuring elastically scattered electrons.
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Size and shape are two of the most fundamental prop-
erties of atomic nuclei, and they are essential for the
establishment of a nuclear structure model. Indeed, the
precise charge density distributions of stable nuclei deter-
mined by electron scattering has greatly contributed to the
current nuclear structure models. The advancement of
accelerator and experimental technologies presently ena-
bles us to study the structure of short-lived unstable nuclei
far from stability. Peculiar shape structures beyond the
models, such as so-called neutron-halo [1] and skin [2]
structures, have been discovered.

For the reestablishment of an advanced nuclear structure
model widely applicable to nuclei including short-lived
nuclei, it is clear that a precise determination of the size
and shape of short-lived nuclei is crucial. Electron scatter-
ing, which is the best way to study the size and shape, has
never been performed for short-lived nuclei, because there
has been no method to produce their target. It is, thus,
important to establish an experimental method for electron
scattering from short-lived nuclei by developing a target
production method.

The key of the target development is to achieve large
enough luminosities for electron scattering from short-
lived nuclei whose production rate is generally small.
The luminosity of an order of 1027 cm�2 s�1 is necessary
to determine the size and shape of nuclei, i.e., the charge
density distribution with ambiguity of several percent or
less from measurements of the angular distribution of the
elastic scattering cross section [3]. In this Letter, we
present the first results from the development of a novel
internal target, which will make electron scattering off
short-lived nuclei possible.

This new internal target, named SCRIT (self-confining
radioactive isotope ion target) [4,5], makes good use of
‘‘ion trapping,’’ a well-known phenomenon in electron
storage rings [6–8]. Although ion trapping is a problem

for the stability of the stored electron beam, it allows us to
trap ions of interest along the electron beam axis. The
SCRIT is a device that localizes ion trapping by applying
a longitudinal mirror potential. Because the target ions are
confined within a region which is the size of the projectile-
electron beam, rather high luminosity is expected using a
small number of ions.

A prototype of the SCRIT was installed in the Kaken
storage ring (KSR [9]) at Kyoto University. A series of
experiments using a stable nucleus, 133Cs, were performed
using a 120 MeV electron beam at a current of 80 mA or
less.

The SCRIT prototype and the detector system are shown
schematically in Fig. 1. Pulsed Cs1� ion beams whose
length is 250 �s are accelerated vertically to 4.05 keV
and are bent 90� into the direction of the beam axis by
an electrostatic deflector. The ions, merged with the elec-
tron beam at the exit of the deflector, are guided to the
SCRIT device using the transverse trapping force provided
by the electron beam. The SCRIT device is composed of 40
longitudinally stacked, thin electrodes with 100 mm-long

FIG. 1. Prototype of the SCRIT and the experimental setup.
Typical form of the mirror potential is shown schematically.
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terminals at both ends. They form a longitudinal mirror
potential with a 200 mm-long-trapping region in the cen-
tral region of the SCRIT device. Each electrode has a
partial mesh structure to avoid disturbing the scattered
electron. The injection and extraction of the ions are ma-
nipulated by fast switching of the potential gates. The
potential height in the trapping region is tuned so that the
kinetic energy of injected ions is below 2 eV. This is
essential for preventing fast transverse diffusion caused
by the coupling between the longitudinal and transverse
motions. Ions in the trapping region are extracted after a
certain trapping time. They are guided to an analyzer,
which measures the number of trapped ions and their
charge-state distribution.

In the analyzer, the ions are separated in a magnetic field
and detected with nine channeltrons, No. 1–No. 9 from
front to back. The magnetic field is set so that Cs1� ions are
detected by channeltron No. 3, Cs2�;3� ions by No. 4, and
Cs4�;5�;6� ions by No. 5. Attenuator meshes with a total
attenuation factor of 10�4 are inserted in the beam path of
the extracted ions so that the channeltrons can be operated
in a pulse counting mode. The overall efficiency of the
channeltron is estimated to be 10�5 from the attenuation
factor, the transmission efficiency of the ions, and the
sensitivity of the channeltron.

Scattered electrons emerging from the SCRIT chamber
through a 1-mm-thick beryllium window are detected by
an electron detection system consisting of a drift chamber,
a pair of plastic scintillators, and a calorimeter. The ener-
gies and the trajectories of scattered electrons are measured
by the calorimeter and the drift chamber, respectively. The
calorimeter, consisting of seven pure CsI scintillation crys-
tals, is placed at a scattering angle of 30� and a distance of
1.8 m from the trapping region. Two plastic scintillators are
placed between the drift chamber and the calorimeter. One
of them, whose size is 120� 120� 10 mm3, is placed in
front of the calorimeter to define the solid angle. A
position-controllable tungsten-wire target of 50 �m in
diameter is inserted in order to perform an energy calibra-
tion of the calorimeter using elastically scattered electrons.

The electron beam was injected into the KSR every 4 s
in order to compensate for the short storage lifetime,
typically 100 s at 80 mA, and the current was maintained
at 75–80 mA. After waiting for the completion of radiation
damping, which took 2 s from injection, the measurement
was performed during the remaining 2 s. During the mea-
surement, a SCRIT operation cycle composed of injection,
trapping, and extraction of the ions was repeated at a
frequency of 50 Hz or less. SCRIT operations with and
without Cs-ion injection were alternated to provide com-
parative measurements. The trapping time was varied in
the range of 0.25–100 ms and the electron beam current
was varied from 50 to 80 mA to measure the time evolution
and current dependence of the number of trapped ions.
For the measurement of the scattered electrons, the

trapping time was fixed at 20 ms, the SCRIT operation
cycle at 33 Hz, and the electron beam current at 75 mA.

Typical spectra of the trapped ions measured by the
analyzer are shown in Fig. 2: (a) and (b) represent spectra
with and without Cs-ion injection, respectively, and
(c) shows their difference. Injected Cs1� ions, observed
at channeltron No. 3, are predominant immediately after
the injection. As the trapping time increases, the number of
Cs ions decreases, as seen in spectra (c), whereas the
number of residual gas ions increases, as seen in
spectra (b). An interesting behavior of the spectra of
trapped Cs ions, seen in spectra (c), is that the abundance
of Cs2� and Cs3� ions grows with time due to multiple
ionizations by electron impact. This is clear evidence of the
interactive collisions between the electron beam and the
trapped ions. Another noteworthy phenomenon found in
spectra (c) is the negative yields of channeltrons No. 5 and
No. 6 for the 100-ms trapping time. This may be a result of
evaporative cooling, which is well established in the elec-
tron beam ion trap (EBIT) [10,11]. When the ion density
increases, light gas ions are evaporated due to energy-
exchange collisions with heavier ions, Cs ions, in particu-
lar. Consequently, the growth rate of lighter residual gas
ions is reduced due to the existence of the Cs ions.

The number of trapped Cs ions, N�ttrap�, including all
charge states is shown in Fig. 3(a) as a function of the
trapping time, ttrap. A decay curve of the form is fitted to
the data, where the number of initially trapped Cs ions, Ni,
and the trapping lifetime, �life, are fitting parameters. They
are plotted as a function of the electron beam current in
Fig. 3(b). The number of trapped ions, Ni, increases line-
arly with current, and it is 7� 106 at 75–80 mA. This
linearity is due to the fact that the acceptable transverse

FIG. 2. Typical spectra measured by the analyzer for trapping
times of 10, 50, and 100 ms at 75 mA. They are separated into
three parts: the spectra (a) with Cs-ion injection, (b) without Cs
ions, and (c) the difference (a)–(b). Residual gas ions are
expected as: CO2

� at channeltron No. 4, CO� at No. 5, and
H2O�, OH�, CH4

�, O�, C� at No. 6.
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phase volume provided by the electron beam is propor-
tional to the current. On the other hand, the trapping life-
time increases exponentially and reaches 85 ms at 80 mA.
An increase of highly charged ions extends the trapping
lifetime because they feel a deeper potential well; in addi-
tion, the evaporative cooling effect also helps to achieve
longer trapping lifetime.

The time evolution of the trapped Cs ions is well repro-
duced by a calculation, which solves the rate equations
proposed for the EBIT by Penetrante et al. [12], as shown
in Fig. 4. Details of the calculation are described in
Refs. [4,12]. This shows that, within the present trapping-
time range, the ion trapping phenomenon in a high-energy
electron storage ring can be treated similarly to the EBIT.
The collision luminosity plotted in the figure is calculated
to reproduce the ratio of �Cs2� � Cs3��=Cs1�; it exceeds
1025 cm�2 s�1 even at a 50 ms trapping time.

For precise luminosity determination, elastically scat-
tered electrons from the trapped ions were measured.
Figure 5 shows (a) the vertex distribution of scattered
electrons measured using the drift chamber and
(b) electron energy spectra measured using the calorimeter.
The vertex is defined as the intersection of the electron

beam axis and the trajectory of the scattered electron. The
origin of the vertex coordinate is defined as the center of
the SCRIT device. Vertices of the events above 80 MeV in
(b) are selected and shown in (a). A clear enhancement
only seen in the trapping region is due to the trapped ions.
On the other hand, the peaks at around�300 and 200 mm,
which are due to electrons from the terminal electrodes, are
almost identical for measurements with and without Cs
ions. They should be due to the beam halos.

Figure 5(b) shows the energy distributions of events
whose vertices are located in the trapping region. The
spectra with and without Cs ions are almost identical below
approximately 80 MeV, whereas a clear enhancement due
to the ions is observed at around 120 MeV. A subtracted
energy spectrum and the response of the calorimeter to
120 MeVelectrons are plotted together in (b). The position
and the shape of the subtracted spectrum are consistent
with the response.

Here we should briefly mention the energy spectrum in
lower energy region, below about 80 MeV. A GEANT

simulation, which fully takes into account the geometry
of the SCRIT prototype, reproduces the energy dependence
of the spectrum in this energy region. The simulation
assumes that (i) beam halos produce electromagnetic
showers in materials, such as the SCRIT electrodes, and
(ii) the shower-produced low-energy electrons (positrons)
from the trapping region are detected by the calorimeter.
These assumptions are reasonable because it is known
from the short storage lifetime of the KSR that in the order
of 108 electrons are lost every second, and a part of them
definitely produces showers in the materials. No differ-
ence, therefore, is expected whether the Cs ions are trapped
or not, since no effects of Cs-ion trapping were observed
for the storage lifetime.

From the clear differences seen in the vertex distribution
and the energy spectrum, it is certain that electrons scat-
tered from trapped Cs ions were observed. In addition, the
agreement of the energy spectrum with that of the detector
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FIG. 4. Calculations reproducing the time evolution of trapped
Cs1� (dotted curve), C2� � Cs3� (dash-dotted curve) ions, and
the estimated luminosity (solid curve) at 75 mA.

FIG. 5. (a) Vertex distribution of scattered electrons and (b) the
energy spectrum. Solid (dotted) line in both figures indicates the
data with (without) Cs-ion trapping. In (b), closed circles show
subtracted spectrum and the dash-dotted line is the response of
the calorimeter to 120 MeV electrons reproduced by a GEANT

simulation.

60 mA
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τ

FIG. 3. (a) Time evolution of the number of trapped Cs ions
together with fitted decay curves and (b) current dependencies of
the fitting parameters Ni and �life.
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response to 120 MeV electrons leads us to conclude that
they are from elastic scattering. Note that the electrons
scattered from the ions can be safely assumed to be those
from elastic scattering because of the low momentum
transfer, 60 MeV=c, under the present kinematics.

The total number of events which were determined to be
elastic scattering from trapped Cs ions is 47(15) for a net
measurement time of 1.2 hours. Using the elastic scattering
cross section calculated by a distorted wave calculation
code, DREPHA [13], the averaged luminosity is estimated to
be 2:4�8� � 1025 cm�2 s�1. Since we do not know of any
elastic electron scattering data for Cs, the parameters for
the Cs charge distribution used in the calculation are
obtained by scaling the parameters of neighboring nuclei
[14]. The associated error in the cross section is estimated
to be less than 5%. The effects of the vertex distribution
and the finite size of the detector are taken into account,
and the radiative correction is also applied. This luminosity
is consistent with that estimated from the measurement of
the time evolution of the trapped Cs ions as shown in Fig. 4.

In the present experiment, we succeeded in developing a
novel internal target, SCRIT, utilizing ion trapping in an
electron storage ring. Approximately 7� 106 Cs ions were
trapped in the SCRIT device for a duration of 85 ms at
80 mA, and the luminosity was determined to be 2:4�8� �
1025 cm�2 s�1 from the measurement elastic scattering
events. Experimental data show that both the number of
trapped ions and the trapping lifetime can be improved by
increasing the electron beam current. Extrapolating present
data using the calculation, which reproduces time evolu-
tion of trapped ions, it is predicted at several hundreds mA
of the current that approximately 108 ions are trapped for a
much longer time and the luminosity of more than
1027 cm�2 s�1 is achieved. Therefore, we conclude that a
SCRIT is feasible as a target for electron scattering experi-
ments, and it is a candidate method for making possible
electron scattering experiments on short-lived radioactive
nuclei. An expected experimental system using the SCRIT
will be much more compact than the electron-ion collider
system [15] and be used at low-energy RI-beam facilities.
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