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We carried out a demonstrative electron scattering experiment using a novel ion-trap target exclusively
developed for short-lived highly unstable nuclei. Using stable '33Cs ion as a target, this experiment
completely mimicked electron scattering off short-lived nuclei. Achieving a luminosity higher than
10%0 cm 2 s~ ! with around only 10° trapped ions on the electron beam, the angular distribution of elastic
scattering was successfully measured. This experiment clearly demonstrates that electron scattering off
rarely produced short-lived nuclei is practical with this target technique.
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Electron scattering provides the most reliable structure
information of atomic nuclei by virtue of the fact that the
electron is a pointlike particle, and probes nuclei through
the fairly weak and well-understood electromagnetic inter-
action. The charge density distributions of stable nuclei,
which have been precisely determined through measure-
ments of the angular distribution for the elastic scattering
cross section [1], have consistently provided a critical
testing ground for nuclear structure models.

There are several examples of electron scattering experi-
ments for unstable nuclei having long lifetimes, such as *H
[2,3] and '*C [4]. However, no experiment with highly
unstable (short-lived) nuclei located far from stability has
been yet conducted due to the lack of a target forming
technique.

Should electron scattering become feasible for short-
lived nuclei, the first goal would be to measure the elastic
scattering cross section in order to deduce their charge
density distributions, as in the case for stable nuclei.
While the elastic cross section is largest at low momentum
transfer regions, the anticipated low luminosities for ex-
periments involving rarely produced short-lived nuclei
might limit the experimentally accessible information of
the distribution to gross features such as the radius and
surface diffuseness [5]. Despite this limitation, those radial
properties along the isotopic chains would be certainly
essential to establish nuclear structure models that are
applicable for short-lived nuclei. In addition, combined
with the matter density distribution obtained by hadron
scattering, one can study how the neutron skin develops
along the isotopic chain. This study gives an important
insight on the equation of state of asymmetric nuclear
matter, which plays an essential role in the study of neutron
stars [6].
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To realize electron scattering experiments for short-lived
nuclei, we have proposed a novel internal-target forming
technique [7] named SCRIT (self-confining radioactive
isotope target), which is based on the well-known “‘ion-
trapping” phenomenon that occurs at electron storage
rings [8]. A prototype was installed at an electron ring,
the KSR (Kaken Storage Ring) [9], at Kyoto University,
Japan, to study the practicality of this scheme. We have
already reported the success of trapping of externally in-
jected Cs stable ions, and the observation of the scattered
electrons at a forward scattering angle of 30° [10]. The
electron beam energy was 120 MeV, and the averaged
beam current was 75 mA with a lifetime of 100 s.
Assuming elastic scattering, the luminosity was estimated
to be 2.4 X 10 cm 25!

In this Letter, we report the first demonstration of a real
elastic electron scattering experiment with the SCRIT
technique. The angular distribution of the scattering cross
section in the angular range of 25°-60° has been success-
fully measured, which allows unambiguous identification
of elastic scattering from the trapped Cs ions.

The prototype, shown in Fig. 1, consists of an external
ion source, electrodes for forming the mirror potential to
longitudinally localize the trapped Cs ions, an analyzer for
monitoring the Cs ions extracted from the trap according to
their mass-to-charge ratio, and electron detectors, all of
which are in vacuum except the electron detectors.

The scattered electrons emerging to the air through the
I-mm thick Be window are detected by a drift chamber and
three calorimeters placed at scattering angles of 30°, 40°,
and 60° measured from the trap center.

The drift chamber measures the electron trajectories,
from which the scattering angles and the reaction vertices
are determined. Each drift cell has a hexagonal shape
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enabling a wide range of the scattering angles to be cov-
ered. The anode wire sits in the center of the cell, and the
maximum drift distance is 18 mm. The drift chamber
consists of 128 drift cells which are arranged into two
layers. Each of the layers contains two anode wire planes,
which are shifted half a pitch with respect to each other in
order to eliminate ‘“‘left-right” ambiguity. The drift cham-
ber was placed so that the distance between the electron
beam and the first anode plane was 390 mm. The filling gas
was a mixture of helium (50%) and ethane (50%). The
electron trajectories are determined by line fitting using the
drift time information of fired cells. The space-time rela-
tionship is determined using the scattered electrons from
the tungsten (W) wire inserted very close (~1 mm) to the
stored electron beam. The vertex resolution obtained by the
W-wire data is 5 mm, which is well reproduced by a GEANT
simulation including the multiple scattering effect which
arises in the materials such as the Be window.

For the calorimeters, pure Csl crystals (30°) and BaF,
crystals (40° and 60°) are employed. Each calorimeter
consists of seven optically isolated crystals. The cross
section of each crystal is a hexagonal shape having an
area of 41.6 cm? for Csl and 39.9 cm? for BaF,. The length
of each crystal is 20 cm, corresponding to 10.8 and 9.76 r.1.
for Csl and BaF,, respectively. The distances from the
SCRIT center to the front surfaces of the crystals are
1750 (30°), 1180 (40°), and 790 mm (60°), respectively.
The coincidence between a pair of plastic scintillators,
12 X 12 cm? in area, placed in front of each calorimeter
defines the solid angle, and triggers data acquisition. The
response functions of the calorimeters to 120-MeV elec-
trons are determined by using electrons elastically scat-
tered from the tungsten (W) wire. Gain changes of the
calorimeters were continuously monitored by a gain moni-
toring system using an LED.
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Setup of the SCRIT prototype consisting of an ion source, a deflector, electrodes for forming the mirror potential, an

The injection of the electron beam from the linac to the
KSR was repeated every four seconds to maintain a stored
beam current of 75 mA on average. We waited for two
seconds after the injection to let the electron beam radia-
tively cool, after which ion-trapping cycles commenced at
a frequency of 17 Hz for the following two seconds. The Cs
ions were injected every two cycles by controlling the grid
of the ion source for repetitive measurements of scattered
electrons under conditions with and without the Cs ions.
Each ion-trapping cycle began with an extraction of the
250 ws-pulsed Cs'" ions at 4.05 kV from the ion source.
The Cs ions were merged with the electron beam at the
deflector, and guided into the mirror potential. The trap
length was set to 260 mm. The potential height of the
bottom of the mirror potential was carefully tuned to
ensure the kinetic energy of the ions trapped inside the
potential was lower than 2 eV.

Precise positioning of the ion beam relative to the stored
electron beam was accomplished by using two sets of
scrapers installed along the beam path to the electrodes.
The absolute position of the electron beam was first deter-
mined with an accuracy better than 0.5 mm by using the
scrapers, followed by the precise guidance of the ion beam
into position.

The trapping time of the ions was set to 50 ms in order to
simulate short-lived unstable nuclei. The ions were then
released for the measurement of the number of trapped Cs
ions and their charge states at the analyzer. From the ion
counting by the analyzer, the number of the trapped Cs ions
was estimated to be about 2 X 107 at the averaged electron
beam current of 75 mA. Note that this number is not
necessarily the same as the number of the trapped ions
spatially overlapping the electron beam. The spatial over-
lap between the ions and electron beam was finely tuned
and confirmed by observing the increase in the charge state
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FIG. 2. Electron vertex distributions and energy spectra. Solid (dashed) lines show the distributions measured with (without) trapped
Cs ions. (a)—(c) The electron vertex distributions of events detected by the three calorimeters placed at scattering angles of 30°, 40°,
and 60°. Events whose energies are larger than 80 MeV are selected. (d)—(f) The energy distributions of the electrons detected by the

three calorimeters. Events from the trap region are selected.

of the released Cs ions at the analyzer. The increase is due
to further ionization by the stored electron beam through
Moeller scattering, which is direct evidence of the spatial
overlap between the ions and the electron beam.

Figures 2(a)-2(c) show the vertex distributions of the
scattered electron events detected by the three calorime-
ters, illustrating where scattering takes place. Here, events
whose energies are larger than 80 MeV are selected. The
net measuring time with Cs ions was 6.5 h. The solid
(dashed) line shows the distribution measured with (with-
out) Cs ions. Clear enhancements due to the trapping of the
Cs ions are seen in both Figs. 2(a) and 2(b), and the
position is consistent with the ion-trapping region set
from —130 to 130 mm. The broad peaks outside the trap
region seen in Figs. 2(a) and 2(b) are identified due to
beam-halo electrons scattered at the thick terminal elec-
trodes. No peak is seen in Fig. 2(a) at the vertex around
200 mm due to the terminal electrodes. This is because
there is no acceptance of the electron detector, determined
by a pair of plastic scintillators, for this region. A huge
electron-loss rate of ~10% s™!, which is attributable to the
short beam lifetime of the KSR, is the source of the huge
beam-halo electrons. No difference due to the trapped Cs
ions is observed at these background peaks.

Figures 2(d)-2(f) show the energy spectra of the scat-
tered electrons, whose vertices are in the trapping region.
The solid (dashed) lines in the figures are those with
(without) the trapped Cs ions. Clear enhancements at
around 120 MeV are seen in both Figs. 2(d) and 2(e),
whereas they are almost identical in the lower energy
region below 80 MeV. Since the spectrum shape of the
enhanced events is found to be consistent with the detector
response for 120 MeV electrons determined by using the
W wire, those events are identified as the elastically

scattered electrons from the trapped Cs. In Fig. 2(f), a
slight enhancement for 60° due to the trapped Cs is also
seen in the energy region between 80 and 120 MeV. The
backgrounds seen in the lower (<80 MeV), and higher
(>120 MeV) energy regions are identified to be those
from shower-originated electrons (and positrons) due to
beam-halo and cosmic rays, respectively.

Using the vertex distributions of the elastic events for
30° and 40° shown in Figs. 2(a) and 2(b), the Cs-ion
density distribution along the electron beam is examined.
A comparison of the measured vertex distributions with the
results of a simulation that takes into account the angular
distribution of the elastic scattering cross section and the
details of the detector geometry shows that the uniform
Cs-ion density distribution along the electron beam repro-
duces the measured vertex distributions.

Knowing the uniform density distribution of the trapped
Cs ions, the distribution of elastic events N(6) sorted in
accordance with the scattering angle 6 is written as

do
N (@) = LEdevAQ(e, W), 1)

where L denotes the luminosity, do/d{) the differential
cross section, and T the measuring time. The integral is the
effective solid angle of each calorimeter integrated over the
vertex coordinate v in the trap region.

Figure 3 shows the angular distribution of the ob-
served elastic events, where the vertical axis denotes
Ldo/dQ[(cm 25 ') (cm?sr!)] calculated according to
Eq. (1). Owing to the long trap region of 260 mm, a wide
range of scattering angle of 25° to 60° was covered simul-
taneously using this detector setup. The solid line shows
the result of a fit of the data with an elastic cross section for
133Cs calculated using a distorted wave code DREPHA [11],
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FIG. 3. Angular distribution of electron elastic scattering.
Solid circles show the elastic events corrected for geometrical
acceptance and measuring time. The solid line shows the results
of a fit using the DREPHA results for 133Cs. Dashed, dotted, and
dot-dashed lines show the elastic cross section for protons,
carbon, and oxygen normalized to the data at a scattering angle
of 25°.

where the fitting parameter is the luminosity L. The mea-
sured angular dependence over nearly 3 orders of magni-
tude agrees perfectly with the result of the DREPHA
calculation. The parameters for the Cs charge distribution
are obtained by scaling the parameters of neighboring
nuclei [1], since there is no elastic electron scattering
data available for Cs to our knowledge. The associated
error in the calculated cross section is estimated to be less
than 5%. The radiative correction of about 10% is applied
according to Ref. [12].

The dashed, dotted, and dot-dashed lines represent the
angular distributions of the elastic scattering cross sections
for protons, C and O, which are considered to be the main
components of the residual gases in the ring, such as H,
and CO. The distributions are normalized to the data at a
scattering angle of 25°. The angular dependence of the data
clearly shows that the detected electrons are those of
elastically scattered ones from the trapped '33Cs. While
the energy resolution of the calorimeters is not sufficient to
resolve elastic scattering from inelastic scattering, the good
agreement of the angular dependence with the DWBA
calculation may suggest that the contribution of inelastic
scattering is still not significant under the current momen-
tum transfer range of 50-120 MeV/c.

The luminosity achieved is determined to be
1.02(+0.06) X 10%° cm~2s~! by the fit, which is about
4 times higher than the 2.4 X 10> cm~2s~! obtained in
our previous work [10], with the same average electron
beam current and a similar number of extracted ions from
the ion source. This improvement is attributed to the longer
trapping region of 260 mm and the more precise guidance
of the ion beam to the electron beam.

Finally, let us estimate the number of the trapped ions
on the electron beam. The effective ‘“‘target thickness,”
Ni,, (cm~?), can be calculated as N,,, = L/N,, where
L (cm 2 s ') and N, (s™!) denote the luminosity and the
number of electrons hitting the target every second, re-
spectively. Using N, = 4.7 X 10!7 s~! for the averaged
beam current of 75 mA, the effective “‘target thickness”
is obtained as 2.2 X 10® cm™2. Considering that the cross
section of the electron beam is of the order of 1 mm?, the
average number of trapped Cs ions located on the electron
beam is estimated to be about 10°, which is about 1/20 of
the number of the trapped ions, 2 X 107, measured by the
analyzer. This efficiency will be improved with a lower-
emittance ion beam, which is essential for rarely produced
unstable nuclei.

In conclusion, we have succeeded in measuring the
angular distribution of elastic scattering using a new ion-
trapping technique, SCRIT, with a luminosity of
1.02(+0.06) X 10%° cm™2s~!'. This was achieved using
only 10° Cs ions on the electron beam at the average
beam current of 75 mA. The measured angular distribution
was perfectly reproduced by a distorted wave calculation
for 133Cs. This measurement with a trapping time of 50 ms
completely mimicked electron scattering off rarely pro-
duced short-lived nuclei. The success of the angular dis-
tribution of elastic scattering using the new technique with
only 10° ions is a clear proof that electron scattering off
short-lived exotic nuclei is now practical with the SCRIT
technology.
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