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A high-resolution x-ray spectrometer with a spherically bent quartz crystal and an x-ray sensitive
charge coupled device ~CCD! have been applied to the observation of highly charged ions produced
and trapped in the Tokyo electron beam ion trap ~EBIT!. The spectrometer made it possible to
measure the spatial distribution and wavelength of the radiation at the same time. A simple, but
lower energy resolution method was also used, by taking advantage of the intrinsic energy
resolution of the CCD. The possibility to apply such techniques to diagnostics of an EBIT is
discussed. © 1999 American Institute of Physics. @S0034-6748~99!00103-3#

trapped ions. Schneider et al.7 measured the vertical ion distribution in an EBIT and deduced the temperature of the
ions. However, measurement of the vertical size of x-ray
radiation simultaneously with high energy resolution has not
been performed yet. It allows one to measure ion distributions for different charge states. Such measurement can be
made by obtaining x-ray spectra of highly charged ions with
spatial resolution.8 In principle, for such measurements any
x-ray crystal spectrometer can be used if a slit is placed
before or after the crystal in the direction parallel to the
dispersion of the crystal.9,10 However, since the luminosity
of such a scheme is very small, it is practically impossible to
use such a scheme for a weak source, such as an EBIT. This
method can be used however with an x-ray sensitive charge
coupled device ~CCD!, since this detector provides simultaneous intrinsic energy resolution and spatial resolution. The
final energy resolution in such a setup is determined by the
rather poor ~typically ;300 eV! energy resolution of the
CCD. For higher energy resolution, we used spherically bent
crystals in the focusing spectrometer with spatial resolution
@FSSR-1 two-dimensional ~2D!# scheme11–13 to obtain the
spatial distribution of radiation. It allows one to receive
highly resolved ~l/Dl;10 000! x-ray spectra simultaneously
with high spatial ~up to 4 mm! resolution and very high luminosity. First results with Ne-like Ba ions are described in
this article.

I. INTRODUCTION

It has been demonstrated during the past several years
that an electron beam ion trap ~EBIT!1 is a unique source for
the production2 and spectroscopy3 of highly charged ions.
One of the important tasks in investigations with an EBIT is
the diagnostics of EBIT source parameters, such as the size
of the source. Knapp et al. measured the radial size of the
source of x-ray radiation from super-EBIT4 using an x-ray
pinhole camera. Since the radiation occurs within the region
of interaction between the trapped ions and the electron
beam, the radial size of the source of x-ray radiation is considered to give the radius of the electron beam. This radius is
related to a very important parameter, the electron beam current density.
It is also important to measure the vertical size of the
radiation source. Crespo López–Urrutia et al.5,6 observed
visible transitions in Xe ions trapped in super-EBIT and
found that the vertical size of the source of radiation for
highly charged ions differs from that for neutral atoms.
Therefore, measurements of the vertical size may help to
assign observed peaks. In addition measurements of the vertical size can give information about the temperature of
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FIG. 1. Trap region of the Tokyo EBIT. The trap consists of five electrodes,
DT1, 2L, 2M, 2U, and 3. The calculated axial potentials are shown for ~a!
u-shaped potential which is achieved by applying 2500 V to DT2M with
respect to DT1, 2L, 2U, and 3; ~b! flat potential which is achieved by
applying 2500 V to all of DT2 electrodes with respect to DT1 and 3. The
solid line represents the harmonic potential curve fitted to the potential ~a!
for the region of uzu<4 mm.

II. EXPERIMENTAL SETUP
A. The Tokyo EBIT

A detailed description of the Tokyo EBIT has been
given in previous articles.14–16 Briefly, the device consists of
three parts, an electron gun, a cryostat region including drift
tubes, and an electron collector. The electrons emitted from
the electron gun are accelerated upwards by the potential
difference between the electron gun and the drift tubes, while
being magnetically compressed. The resultant beam ionizes
and traps ions in the drift tube region, shown in Fig. 1. In the
present set of experiments, the observations were performed
with two different trap potential shapes to demonstrate how
the spectrometer works as an imaging device. One of them is
a ‘‘flat’’ trap potential which was achieved by applying
negative potential to all of the DT2 electrodes @DT2L, M,
and U# with respect to DT1 and 3, while the other one is a
‘‘u-shaped’’ trap potential which was achieved by applying
negative potential only to DT2M with respect to DT1, 2L,
2M, and 3. The axial potentials for both conditions which are
calculated with SIMION17 are shown in Fig. 1. In the calculation the space charge potential due to the electron beam is
neglected. Since the beam radius and velocity were almost
constant along the trap, the effect of space charge was to
shift the whole potential distribution along the trap by a constant amount, but not change the shape. The ion distribution
along the electron beam is not expected to be flat when a
u-shaped potential is adopted, while it is expected to be flat
when a flat potential is adopted. At the center of the drift
tubes, there are eight slits 10 mm long ~in a direction parallel
to the electron beam! and 2 mm wide ~in a direction perpendicular to the electron beam!, which are used for observation,
neutral gas injection, and laser introduction. After exiting the
drift tubes, the electron beam is decelerated by the potential
difference between the drift tubes and the collector, and then
collected by the electron collector. The electron beam energy

FIG. 2. Schematic drawings of the experimental setup. ~a! The arrangement
for the alignment procedure; ~b! the arrangement for the observation of
radiation from the EBIT; ~c! the schematic drawing of the FSSR-2D
scheme. The notations in ~c! are given in the text.

and current were set to 7.4 keV and 120 mA, respectively to
produce Ne-like Ba (Ba461). Ba was evaporated from the
cathode and ionized in the trap region. The trapped ions were
periodically dumped once per 60 s. No coolant18 was injected during the measurements.

B. Spectrometer

For investigation of radiation from the EBIT, a spherically bent crystal, placed in a FSSR-2D configuration9,11 was
used ~see Fig. 2!. In such a scheme the spherical crystal is
placed on the Rowland circle, while the x-ray source and the
detector are placed out of the Rowland circle. The parameters of this scheme are defined by the following equations.
The angle of incidence w 0 is given by

w 0 590°2 arcsin

ml 0
,
2d

~1!

where l 0 is the central wavelength of the spectral range, d is
the lattice spacing of the crystal, and m is the order of diffraction. The distance a between the source and the crystal is
given by
a5

R ~ M s 11 !
,
2M s cos w 0

~2!
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where M s is the linear magnification in the sagittal plane and
R is the radius of curvature of the crystal. The distance b
between the crystal and the plane of sagittal beam focusing
~detector position! is given by
b5

aR
.
2a cos w 0 2R

~3!

Linear magnification M m in the plane of the dispersion ~meridional! plane is given by
M m5

R @ a2 cos w 0 ~ 2a cos w 0 2R !#
.
~ R cos w 0 2a !~ 2a cos w 0 2R !

~4!

For measurements of n53 to 2 transitions in Ne-like Ba
~wavelength about 2.5 Å! we used a spherically bent quartz
crystal ~orientation 2d56.67 Å) with a radius of curvature
of 186 mm and working area size of 50315 mm2. This orientation has the biggest reflectivity when compared to other
orientations of quartz and the working angle ( w 0 567.7°) is
still very reasonable.
To increase the luminosity, it was necessary to place the
crystal as close to the source as possible. Therefore the crystal was placed just after the Be window, which separates the
vacuum of the EBIT and the atmosphere. The distance a
between the EBIT source and the crystal was 446 mm ~see
Fig. 2!. Using Eqs. ~1!–~4! we determined the parameters b,
M s , and M m to be 552 mm, 1.24, and 1.28, respectively. An
x-ray CCD was used as a detector for the spectrometer in this
experiment as described in Sec. II D.
To prevent absorption of the radiation by air, the spectrometer was surrounded by a plastic sheet and the air inside
of the sheet was replaced by helium gas during observation
with the EBIT @see Fig. 2~b!#. Helium gas which was always
evaporating from the liquid helium vessel in the EBIT was
used to fill the region inside the sheet. The CCD was cooled
to liquid nitrogen temperature to decrease thermal noise. To
prevent ice from forming on the CCD, it was operated in
vacuo and a Be foil with a thickness of 500 mm was used to
separate the vacuum of the CCD chamber from the atmosphere, although the chamber is not shown in Fig. 2.
C. Alignment procedure

To obtain good spectral and spatial resolution the FSSR
spectrometer must be aligned very carefully. Due to some
analogies between reflections of x-ray radiation and visual
light, usually a visible point source can be used for the precise alignment of the spherically bent crystal spectrograph by
putting it in the plane of the x-ray source. However, in the
case of the EBIT source such a method could not easily be
used since it is difficult to put such a source at the center of
the drift tubes. In such a case an x-ray tube with a radiation
wavelength close to the radiation to be investigated can be
used. As shown in Fig. 2~a!, an x-ray tube with a Ti target
was placed on the axis, through the center of the two Be
windows and the center of the EBIT. For collimation of
x-ray radiation two apertures with diameters of 5 mm were
mounted just after the Be windows ~the distance between
these apertures was about 850 mm!. This scheme allowed us
to illuminate the central zone ~diameter of about 6 mm! of
the spherical crystal. Emission of K-b line of Ti ~l52.514

FIG. 3. Spatially resolved x-ray spectrum of Ti K-b line radiated from the
x-ray tube. The distance between the crystal and the detector was 328 mm
@see Fig. 2~a!#. ~a! The two-dimensional image on the CCD; ~b! the integrated image for the vertical direction, i.e., x-ray spectrum obtained by the
crystal dispersion; ~c! the integrated image for the horizontal direction, i. e.,
spatial distribution of the radiation.

Å! was chosen for alignment because the wavelength of this
line is very close to that of (2 p 3/2) 21 (3d 5/2) 1 – 2 p 6 transition
of Ne-like Ba ~l52.512 Å!.
Emission of the K-b line reflected by the crystal was
observed by the x-ray CCD at two different distances from
the crystal; the best focus position for the x-ray tube source
~a51000 mm, b5328 mm! and that for the EBIT source
~b5552 mm!. Figure 3~a! shows a two-dimensional image
from the CCD taken with b5328 mm. The horizontal axis
(X) corresponds to the direction of the spectral dispersion,
while the vertical axis (Y) corresponds to the direction of the
spatial resolution. Figures 3~b! and 3~c! represent the integrated image for the vertical and horizontal directions, respectively, i.e., Fig. 3~b! represents x-ray spectrum obtained
by the crystal dispersion and 3~c! spatial distribution of the
tube source. Since x rays from the tube were well collimated,
only K-b can be observed and K-a cannot be observed.
Since the size of the x-ray tube source was small ~about 300
mm!, it is assumed that we can estimate spatial resolution,
which could be obtained with the spectrometer in our experiment. As follows from Fig. 3~c! the size of the x-ray source
image was 0.45 mm. This means that in the present case,
when M s was equal to 0.3, we had spatial resolution in the
sagittal plane of better than 1.5 mm.
Figure 4 shows a similar picture as Fig. 3, but for b5552
mm. Since the arrangement was not the best focus condition
for the tube, the broad spatial distribution is seen in Fig. 4~c!.
A comparison between Figs. 3 and 4 might help one to understand how the spectrometer works as an imaging device.
The position of K-b line in Fig. 4 shows the area where the
spectra of Ne-like Ba lines is expected. The alignment procedure described above was efficient for both the angle and
space alignment of a FSSR-2D spectrograph applied to an
EBIT source.

Nakamura et al.

Rev. Sci. Instrum., Vol. 70, No. 3, March 1999

FIG. 4. Similar to Fig. 3, however the distance between the crystal and the
detector was 552 mm @see Fig. 2~a!#.

D. X-ray detector

As described above, an x-ray sensitive CCD was used as
a detector19 for the spectrometer in this experiment, while a
position sensitive proportional counter ~PSPC! is commonly
used in spectroscopic studies with an EBIT. There are two
ways to detect x rays with a CCD. One is to place a fluorescent screen in front of a conventional visible CCD, another is
to directly detect x rays with a CCD specially produced for
x-ray detection. The latter is called the direct x-ray detection
method,20 and was used in the present experiment. This
method has an advantage in that the number of electron-ion
pairs, i.e., the pulse height of the signal, gives the energy of
the x-ray photon. Therefore, it can be said that an x-ray CCD
has good spatial resolution and energy resolution at the same
time. The characteristics of the CCD used in the measurements are summarized in Table I. The difference between an
x-ray CCD and a conventional visible CCD is the depth of
the depletion layer. To detect x rays with high sensitivity, the
depletion layer should be thick compared with that of a visible CCD. Spatial resolution of an x-ray CCD is determined
by the pixel size, which was 22.5322.5 mm2 in this case,
while typical spatial resolution of a PSPC is about 100–300
mm. For observations with an EBIT, since the electron beam
diameter which acts as the input slit for a spectrometer is
typically 60 mm, in most cases where a PSPC is used as a
detector total spectral resolution is determined by spatial
resolution of a detector.21 Although in the observation by
Beiersdorfer et al.22 the spectral resolution was limited by
the thermal Doppler width and the natural width, the observation needed large dispersion, i.e., a spectrometer of a large
size. Since the spatial resolution of a CCD is smaller than the
TABLE I. Characteristics of the x-ray CCD used in the experiment.
Product number
Pixel number
Effective area
Pixel size
Thickness of the depletion layer
Energy resolution at ;5 keV

EEV CCD05-20-5-207
1152 ~V) 3 770 ~H!
25.9317.3 mm2
22.5322.5 mm2
50 mm
300 eV ~typical!
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FIG. 5. Spatially resolved x-ray spectrum taken with a slit and an x-ray
CCD. ‘‘Ba–M’’ and ‘‘Ba–L’’ represent M and L lines of Ba ions, respectively, while ‘‘Ar–K’’ represents K lines of Ar ions.

electron beam diameter, spectral resolution can be improved
by using a CCD as a detector while keeping size of the
spectrometer small. In addition, since energy resolution of an
x-ray CCD is as high as a solid state detector, it is possible to
significantly increase the signal to background ratio by excluding signals which have undesired energies during analysis. Since a CCD is position sensitive in two dimensions, the
signal to background ratio can be improved by selecting the
region where the real signals appear, perpendicular to the
dispersive direction.
We also used the CCD to perform low energy resolution
imaging experiments directly. A slit with a width of 0.5 mm
was placed between the electron beam and the CCD, perpendicular to both the electron beam and a line joining it to the
CCD. The distance between the electron beam and the slit
was about 555 mm and the distance between the slit and the
CCD was about 900 mm. With this setup, the spatial distribution of the radiation along the direction parallel to the
electron beam was obtained with a magnification of about
1.6 and a spatial resolution of about 1.3 mm. The x-ray energy was determined from the pulse height of the CCD output. The voltage of 2100 V was applied to DT2M with
respect to DT1, 2L, 2U, and 3 during the experiment.
III. RESULTS AND DISCUSSION

Figure 5 shows the results for the low energy resolution
imaging experiments described in Sec. II D. Ar gas was injected through the side port during the experiment while Ba
was evaporated from the cathode and ionized in the trap. As
shown in the figure, the spatial distribution is narrower for
Ba ions than that for Ar ions. If the temperature of trapped
ions reaches equilibrium, the spatial distribution becomes
narrower for higher charge states of the trapped ions because
the trapping potential becomes larger. This is consistent with
the present result since it is assumed that the dominant
charge state was 461 for Ba and 181 for Ar under the
present experimental conditions. In plasmas, elements which
have different atomic numbers reveal different spatial
distributions.11 Thus the observation of the spatial distribution is considered to be very useful in the diagnostics of
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FIG. 6. Similar to Fig. 4, however Ne-like Ba trapped in the EBIT was
observed @see Fig. 2~b!#. The u-shaped trap potential was adopted during the
observation @see Fig. 1~a!#.

plasmas which contain several kinds of elements. Even if a
plasma is formed by ions of only one element, spatial distributions for ions with different charge states can be different.
To observe the spatial distributions for different charge
states, higher energy resolution imaging experiments would
need to be performed to resolve radiation from ions with
different charge states. For this purpose, the FSSR schemes
are very useful.
Figure 6 shows a similar spectrum to Fig. 4, but L lines
of Ne-like Ba trapped in the EBIT were observed. The
u-shaped trap potential was applied to the trap. Several L
lines correspond to n53 to 2 transitions are shown in Fig.
6~b!. The notations in the figure are the same as those used
by Beiersdorfer et al.23 Good spectral resolution has been
obtained compared with the observations by Marrs et al.1
and Chantler et al.24 Spectral dispersion for the present setup
was about 631023 Å/mm or 1.431024 Å/pxl. This means
that the nominal spectral resolution l/Dl for a point source
which could be achieved was about 18 000. The source size
of the EBIT, i.e., the diameter of the electron beam, is calculated to be about 60 mm by Herrmann’s theory.25 The
magnification in the meridional plane ~in the direction of
spectral dispersion! in the present experiment was about 1.3.
This means that in the plane of dispersion there was a width
of about 80 mm due to the source size. Having taken into
account the source size it was estimated that the nominal
spectral resolution in the present experiment was 4500. Position resolution, i.e., pixel size of the CCD, did not affect
the spectral resolution since it was small compared to the
diameter of the electron beam. Although the absolute values
of the transition wavelengths are not determined in the
present experiments, they can be obtained by observing several reference lines as Cowan et al.26 did for the precision
measurement of the transition energy in Na-like platinum
ions.
Figure 7 shows a similar spectrum to that of Fig. 6,
however the flat potential was applied to the trap. As expected, the spatial distribution of the radiation is flat for Fig.
7~c! and not flat for Fig. 6~c!, while the dispersion spectra

FIG. 7. Similar to Fig. 5, however, the flat trap potential was adopted during
the observation @see Fig. 1~b!#.

@Figs. 6~b! and 7~b!# are practically the same. In both cases,
the length of the base of the spatial distribution is about 12
mm on the CCD, which corresponds to 10 mm at the EBIT
source. This is considered to be the whole observable region
since the height of the observation slit at the trap region is 10
mm. From the spatial distribution of the trapped ions, it is
possible to have information for important parameters of the
EBIT.
For the u-shaped trap potential, since the ions become
more concentrated in the central region of the trap as the
temperature of the ions reduces, we can get information
about the temperature of the observed ions. Beiersdorfer
et al.21 measured the temperature of the ions trapped in an
EBIT by observing the spectral line width. Since the temperature of ions trapped in an EBIT is so low that the Doppler broadening effect is small, a spectrometer with a very
high resolution ~l/Dl.20 000! should be employed to determine the temperature from the linewidth. This makes the
luminosity low and many hours would be needed for good
statistics, while the present method does not need such high
spectral resolution and the luminosity is kept high.
The temperature of the trapped ions can be derived from
the present measurement as follows. Assuming that the
trapped ions follow the Maxell–Boltzman distribution for a
temperature T, the number density of the ions at the position
~r,z) is represented as

F

n ~ r,z ! dr dz5A ~ M kT ! 3/2 exp 2

G

qV ~ r,z !
dr dz,
kT

~5!

where A is a constant, M is the mass of the trapped ions, k is
the Boltzman constant, q is the charge state of the ions, and
V is the potential at the position ~r,z!. The ion distribution
along the z axis is obtained by integration of Eq. ~5! with
respect to r,
n ~ z ! dz5A ~ M kT ! 3/2

HE

r

0

F

2 p r exp 2

G J

qV ~ r,z !
dr dz,
kT
~6!
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FIG. 8. The natural logarithm of the x-ray intensity observed from a small
section of the trap along the z axis as a function of the local potential in that
section as determined from Fig. 1. The result of fitting to a linear function
for the potential in the observable region is shown by the solid line.

where r is the radius of the drift tube. Since the trap configuration is axially symmetric, the potential inside the trap is
given by
V ~ r,z ! 5 a 0 1 a 2 ~ 2z 2 2r 2 !
1 a 4 ~ 8z 4 224z 2 r 2 13r 4 ! 1•••,

~7!

where a k are constants. Near the center of the trap, the first
and the second terms in Eq. ~7! are dominant, i.e., the potential is considered to be approximated as a harmonic potential.
The calculated potential in the region of uzu<4 mm was fitted
to a harmonic potential, and the result is shown in Fig. 1 by
the solid line. Good agreement between the fitted curve and
the calculated potential indicates that the first and the second
terms in Eq. ~7! are dominant for this region. Consequently,
the potential at the center of the trap can be approximated as
V ~ r,z ! 5V ~ r ! 1V ~ z ! .

~8!

By introducing Eq. ~8! and Eq. ~6!, the number density of the
ions is represented as
n ~ z ! dz5A ~ M kT ! 3/2
3

HE

r

0

5A ~ M kT ! 3/2

F

F

2 p r exp 2

3exp 2

HE

r

0

F

2 p r exp 2

G

qV ~ z !
dz
kT

F

5B ~ M ,T,q ! exp 2

G J
G J

qV ~ r ! 1qV ~ z !
dr dz
kT

G

qV ~ z !
dz,
kT

~9!

where B is a function which is dependent on M, T, and q but
is independent of z. By taking the natural logarithm of Eq.
~9!, the following relation is obtained:
ln@ n ~ z !# 5 ln@ B # 2

qV ~ z !
.
kT

calculated potential shown in Fig. 1 was used. As expected, a
linear dependence is found for the observable range ~about
65 mm as determined by the slot in the drift tubes!. The
x-ray signals observed outside the observable range are considered to be contributions arising from background, the uncertainty of the absolute position, and the position resolution
of the spectrometer. The gradient of the fitted line is 6.2
31023 @ V21# , which corresponds to 7.563.5 keV for q546.
The uncertainty was estimated from the statistics, the uncertainty in the determination of the absolute position, and spatial resolution of the spectrometer. Since the axial trap potential V trap was about 380 V for the u-shaped trap, T/qV trap
is about 0.4. Although the present result is consistent with
the results obtained by Schneider et al.,7 the temperature obtained from the present measurement is much higher than
that obtained by Beiersdorfer et al.21,22 and by Adler et al.27
The present method, which is similar to the method adopted
by Schneider et al., might give a higher value. In addition,
the absence of coolant can obviously result in higher temperature. The axial trap potential V trap , which is larger than
the previous experiments can also result in higher temperature. The larger magnetic field can also result in higher temperature since the electron current density increases with the
magnetic field, and thus the collision rate, i. e., the heating
rate by the electron collision increases. When the trap is
operated in the conventional mode, i. e., the same potential is
applied to all of DT2L, M, and U, we cannot have any information about temperature because the spatial distribution
should be always flat.
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1

qV ~ r !
dr
kT

~10!

Therefore it is expected that the logarithm of the x-ray intensity is linear dependent on the potential, and the gradient is
2q/kT.
Figure 8 shows the dependence of the logarithm of the
x-ray intensity upon the axial potential. For this plot, the
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