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A high-resolution x-ray spectrometer with a spherically bent quartz crystal and an x-ray sensitive
charge coupled devid€CD) have been applied to the observation of highly charged ions produced
and trapped in the Tokyo electron beam ion t(&BIT). 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 Physids§0034-67489)00103-3

I. INTRODUCTION trapped ions. Schneidet al.” measured the vertical ion dis-
tribution in an EBIT and deduced the temperature of the
It has been demonstrated during the past several yeafgns. However, measurement of the vertical size of x-ray
that an electron beam ion tr&BBIT)" is a unique source for radiation simultaneously with high energy resolution has not
the productiofi and spectroscopyof highly charged ions. heen performed vet. It allows one to measure ion distribu-
One of the important tasks in investigations with an EBIT iStjons for different charge states. Such measurement can be
the diagnostics of EBIT source parameters, such as the sizgqe by obtaining x-ray spectra of highly charged ions with

of the source. K”aF_’IeF al. measured themrad_ial size of the spatial resolutiof.In principle, for such measurements any
source of x-ray radiation from super-EBITSING an X-ray , oy crystal spectrometer can be used if a slit is placed

pinhole camera. Since the radiation occurs within the regiorbefore or after the crystal in the direction parallel to the

of interaction between the trapped ions and the eIecm'&iispersion of the crystdl*® However, since the luminosity

b_eam, the r§d|al size qf the source of x-ray rad|at|pn IS CON%t such a scheme is very small, it is practically impossible to
sidered to give the radius of the electron beam. This radius is .

. Use such a scheme for a weak source, such as an EBIT. This
related to a very important parameter, the electron beam cur- . .
rent density method can be used however with an x-ray sensitive charge

It is also important to measure the vertical size of theCOUpIed devicdCCD), since this detector provides simulta-
radiation source. Crespo” pez—Urrutiaet al>® observed neous intrinsic energy resolution and spatial resolution. The
visible transitions in Xe ions trapped in super-EBIT andfinal energy res_olution in such a setup is deter_mined by the
found that the vertical size of the source of radiation forfaner poor(typically ~300 e\) energy resolution of the
highly charged ions differs from that for neutral atoms. CCD- For higher energy resolution, we used spherically bent
Therefore, measurements of the vertical size may help t§7YStals in the focusing spectrometer W't[‘g spatial resolution
assign observed peaks. In addition measurements of the véFSSR-1 two-dimensional2D)] schemé&~** to obtain the

highly resolved\/AN~1000Q x-ray spectra simultaneously

o - _ with high spatial(up to 4 um) resolution and very high lu-
dElectronic mail: nakamura@hci.jst.go.jp . . . | ith lik . d ibed i
YAlso at: Institute for Laser Science, The University of Electro- m!nos't_y' First results with Ne-like Ba ions are described in

Communications, Tokyo 182-8585, Japan. this article.

0034-6748/99/70(3)/1658/7/$15.00 1658 © 1999 American Institute of Physics



Rev. Sci. Instrum., Vol. 70, No. 3, March 1999 Nakamura et al. 1659

DT1 DT2L. DT2M DT2U DT3 (a)
|
| Hole Tokyo BBIT Hole spherical atmosphere
ll - (vacuum) Crystal
' X-ray “BQ “‘(
tube
Electron Be Be
. . . . Beam " 200 i
o~ 0 foessassencacy,, assesesssnsaest <>
2 L0k ° . 1000 > ccp
= fF (@ "u-shaped”  ° ] X
£ 00E N o
= T
= 400f o 'Iapped
— ons | | De Tt ST
"z ® e 3 N b
<

-500 ¢ c000000000000600°%" flat"
-20 -10 0 10 20 ==

Distance from the trap center (mm)

Electron Beam

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 showri&or
u-shaped potential which is achieved by applying00 V to DT2M with N /
respect to DT1, 2L, 2U, and 3p) flat potential which is achieved by T
applying —500 V to all of DT2 electrodes with respect to DT1 and 3. The (©
solid line represents the harmonic potential curve fitted to the potdaial

for the region ofl<4 mm.
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Il. EXPERIMENTAL SETUP
A. The Tokyo EBIT

Detector
A detailed description of the Tokyo EBIT has been

given in previous article¥~°Briefly, the device consists of . 2 Sehematic drawings of mental setapTh t

. . . . . 2. SCthematic drawings o e experimental se(a| € arrangemen

three parts, an electron gun, a cryostat region mdu,dmg dnfror the alignment procedurdp) the arrangement for the observation of

tubes, and an electron collector. The electrons emitted frofdiation from the EBIT;(c) the schematic drawing of the FSSR-2D

the electron gun are accelerated upwards by the potentiatheme. The notations i) are given in the text.

difference between the electron gun and the drift tubes, while

gﬁ:jn?ramz?gﬁg?ﬁ!ﬁ:ﬁﬂjﬁ?& ;ror:]e Srﬁg\llj\:;air:]t Ii)iearln ;(;r;'hzsgnd current were set to 7.4 keV and 120 mA, respectively to
P gion, 9. - oduce Ne-like Ba (B¥"). Ba was evaporated from the

present set of experiments, the observations were performé)cf L : : .
with two different trap potential shapes to demonstrate hov\;:athoo!e and ionized in the trap region. The traipﬁped lons were
the spectrometer works as an imaging device. One of them gerlodlcall_y dumped once per 60 s. No cootdnwas in-
a “flat” trap potential which was achieved by applying Jected during the measurements.

negative potential to all of the DT2 electrodE3T2L, M,

and U] with respect to DT1 and 3, while the other one is a

“u-shaped” trap potential which was achieved by applying B. Spectrometer

negative potential only to DT2M with respect to DT1, 2L,
2M, and 3. The axial potentials for both conditions which are

calculated withsimioN” are shown in Fig. 1. In the calcula-

For investigation of radiation from the EBIT, a spheri-
cally bent crystal, placed in a FSSR-2D configuratibrwas
: . used(see Fig. 2 In such a scheme the spherical crystal is
tion the space charge potential due to the electron beam aced on the Rowland circle, while the x-ray source and the

neglected. Since the beam radius and velocity were almo atector are placed out of the Rowland circle. The param-

constant along the trap, Fhe_ eff_ect of space charge was Bers of this scheme are defined by the following equations.
shift the whole potential distribution along the trap by a con-ra angle of incidence, is given by

stant amount, but not change the shape. The ion distribution
along the electron beam is not expected to be flat when a _ Mg

u-shaped potential is adopted, while it is expected to be flat ~®o=90"— arcsin==, 1)
when a flat potential is adopted. At the center of the drift

tubes, there are eight slits 10 mm lofiig a direction parallel where\ is the central wavelength of the spectral rangjes

to the electron beajrand 2 mm widg(in a direction perpen- the lattice spacing of the crystal, andis the order of dif-
dicular to the electron beamwhich are used for observation, fraction. The distanca between the source and the crystal is
neutral gas injection, and laser introduction. After exiting thegiven by

drift tubes, the electron beam is decelerated by the potential

difference between the drift tubes and the collector, and then 5_ R(Ms+1)
collected by the electron collector. The electron beam energy 2Mgcosep’

@
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whereMy is the linear magnification in the sagittal plane and 30
R is the radius of curvature of the crystal. The distaice = TiK, (b)
between the crystal and the plane of sagittal beam focusing & 20}
(detector positionis given by % 10 I‘
aR 3 ] o "Ii i 1 Counts/ Pixel
bzm_ (3) 1200 bbb b Wiy o 10 20 30 40 50
1000 . ' @ - © f

Linear magnificatiorM ,, in the plane of the dispersidime-
ridional) plane is given by

-
3

B R[a— cos¢g(2acosgg—R)]
M (Rcosgy,—a)(2acosgy—R)

(4)
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For measurements af=3 to 2 transitions in Ne-like Ba .
(wavelength about 2.5 YAwe used a spherically bent quartz % 200 400 600 800
crystal (orientation 21=6.67 A) with a radius of curvature Position X (pixels)
of 186 mm and working area size of 845 mnt. This ori- _ o _

FIG. 3. Spatially resolved x-ray spectrum of Kig line radiated from the

entation has the biggest reflectivity when compared to Othe{-ray tube. The distance between the crystal and the detector was 328 mm

Or_ientations of quartz and the working anglg,E&67.7°) is [see Fig. 2a)]. (@ The two-dimensional image on the CCIh) the inte-
still very reasonable. grated image for the vertical direction, i.e., x-ray spectrum obtained by the

To increase the Iuminosity, it was necessary to pIace tharystal dispersion(c) the integrated image for the horizontal direction, i. e.,
crystal as close to the source as possible. Therefore the cry&2tal distribution of the radiation.
tal was placed just after the Be window, which separates the

vacuum of the EBIT and the atmosphere. The distaace A . .
between the EBIT source and the crystal was 446 (see ) was chosen for alignment because the wavelength of this

Fig. 2. Using Eqs{(1)—(4) we determined the parametdrs  Ineis very close to that of () ~*(3ds/) 1~ 2p° transition
M., andM, to be 552 mm, 1.24, and 1.28, respectively. AnOf Ne-like Ba(A=2.512 A).

x-ray CCD was used as a detector for the spectrometer in this Emission of the Kg line reflected by the crystal was
experiment as described in Sec. IID. observed by the x-ray CCD at two different distances from

To prevent absorption of the radiation by air, the specthe crystal; the best focus position for the x-ray tube source
trometer was surrounded by a plastic sheet and the air insid@=1000 mm,b=328 mm and that for the EBIT source
of the sheet was replaced by helium gas during observatioth=552 mm). Figure 3a) shows a two-dimensional image
with the EBIT [see Fig. 20)]. Helium gas which was always from the CCD taken witthb=328 mm. The horizontal axis
evaporating from the liquid helium vessel in the EBIT was x) corresponds to the direction of the spectral dispersion,
used to fill the region inside the sheet. The CCD was cooleq) e the vertical axigY) corresponds to the direction of the
to liquid nitrogen temperature to decreage thermal no'se'.Tgpatial resolution. Figures(l3 and 3c) represent the inte-
prevent ice from f."r”.“”g on the CCD, it was operated Ingrated image for the vertical and horizontal directions, re-
vacuo and a Be foil with a thickness of 5@6n was used to _ - . .
separate the vacuum of the CCD chamber from the atmos-peCt'Vely' €., ',:'g' G)_) represents x-.ray _Spe_Ctru_m obtained
sphere, although the chamber is not shown in Fig. 2. by the crystal @spersmn andc3 spatial distribution of. the

) tube source. Since x rays from the tube were well collimated,
C. Alignment procedure only K-8 can be observed and K-cannot be observed.

To obtain good spectral and spatial resolution the FSSFSince the size of the x-ray tube source was sifaibut 300
spectrometer must be aligned very carefully. Due to someum), it is assumed that we can estimate spatial resolution,
analogies between reflections of x-ray radiation and visualvhich could be obtained with the spectrometer in our experi-
light, usually a visible point source can be used for the prement. As follows from Fig. &) the size of the x-ray source
cise alignment of the spherically bent crystal spectrograph bymage was 0.45 mm. This means that in the present case,

putting it in the plane of the x-ray source. However, in thewhenMS was equal to 0.3, we had spatial resolution in the
case of the EBIT source such a method could not easily bgagittal plane of better than 1.5 mm.

used since it is difficult to put such a source at the center of

. . S Figure 4 shows a similar picture as Fig. 3, butfer552
the drift tubes. In such a case an x-ray tube with a radiation ! -
mm. Since the arrangement was not the best focus condition

wavelength close to the radiation to be investigated can bForthe tube, the broad spatial distribution is seen in F{g).4

used. As shown in Fig.(3), an x-ray tube with a Ti target : b Ei d 4 miaht hel
was placed on the axis, through the center of the two ' comparison between Figs. 3 an might help one to un-

windows and the center of the EBIT. For collimation of derstand how the spectrometer works as an imaging device.
x-ray radiation two apertures with diameters of 5 mm werel he position of KB line in Fig. 4 shows the area where the
mounted just after the Be windowshe distance between spectra of Ne-like Ba lines is expected. The alignment pro-
these apertures was about 850 mifhis scheme allowed us cedure described above was efficient for both the angle and
to illuminate the central zon&liameter of about 6 mmof  space alignment of a FSSR-2D spectrograph applied to an
the spherical crystal. Emission of B-ine of Ti (\=2.514  EBIT source.
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FIG. 5. Spatially resolved x-ray spectrum taken with a slit and an x-ray
FIG. 4. Similar to Fig. 3, however the distance between the crystal and th€CD. “Ba-M" and “Ba-L" represent M and L lines of Ba ions, respec-
detector was 552 mifsee Fig. 23)]. tively, while “Ar—K” represents K lines of Ar ions.

D. X-ray detector electrqn beam diameter, spectral resplution can bg improved
) N by using a CCD as a detector while keeping size of the

As described above, an x-ray sensitive CCD was used agpectrometer small. In addition, since energy resolution of an
a detectot” for the spectrometer in this experiment, while ay_ray CCD is as high as a solid state detector, it is possible to
position sensitive proportional count?SPQ is commonly  sjgnificantly increase the signal to background ratio by ex-
used in spectroscopic studies with an EBIT. There are twqyding signals which have undesired energies during analy-
ways to detect x rays with a CCD. One is to place a fluoresgjs_since a CCD is position sensitive in two dimensions, the
cent screen in front of a conventional visible CCD, another ISsignal to background ratio can be improved by selecting the
to directly detect x rays with a CCD specially produced forregion where the real signals appear, perpendicular to the
x-ray detection. The latter is called the direct x-ray deteCtiO’Hispersive direction

& : _ _ .

method?® and was used in the present experiment. This " \ye also used the CCD to perform low energy resolution
method has an advantage in that the number of electron-iopaging experiments directly. A slit with a width of 0.5 mm
pairs, i.e., the pulse height of the signal, gives the energy Ofas placed between the electron beam and the CCD, perpen-
the x-ray photon. Therefore, it can be said that an x-ray CCRQyicylar to both the electron beam and a line joining it to the
has good spatial resolution and energy resolution at the samecp. The distance between the electron beam and the slit
time. The characteristics of the CCD used in the measurgyas about 555 mm and the distance between the slit and the
ments are summarized in Table I. The difference between agcp was about 900 mm. With this setup, the spatial distri-
x-ray CCD and a conventional visible CCD is the depth ofpytion of the radiation along the direction parallel to the
the depletion layer. To detect x rays with high sensitivity, theg|ectron beam was obtained with a magnification of about
depletion layer should be thick compared with that of a vis-{ g and a spatial resolution of about 1.3 mm. The x-ray en-
ible CCD. Spatial resolution of an x-ray CCZ:D is determinedergy was determined from the pulse height of the CCD out-
by the pixel size, which was 22&2.5 um* in this case, ut. The voltage of-100 V was applied to DT2M with

while typical spatial resolution of a PSPC is about 100—-30 espect to DT1, 2L, 2U, and 3 during the experiment.
pm. For observations with an EBIT, since the electron beam

diameter which acts as the input slit for a spectrometer i RESULTS AND DISCUSSION

typically 60 um, in most cases where a PSPC is used as a

detector total spectral resolution is determined by spatial Figure 5 shows the results for the low energy resolution
resolution of a detectdt: Although in the observation by imaging experiments described in Sec. IID. Ar gas was in-
Beiersdorferet al?? the spectral resolution was limited by jected through the side port during the experiment while Ba
the thermal Doppler width and the natural width, the obserWas evaporated from the cathode and ionized in the trap. As
vation needed large dispersion, i.e., a spectrometer of a largdown in the figure, the spatial distribution is narrower for

size. Since the spatial resolution of a CCD is smaller than th&2 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

TABLE |. Characteristics of the x-ray CCD used in the experiment. . . L . .
the trapping potential becomes larger. This is consistent with

Product number EEV CCD05-20-5-207 the present result since it is assumed that the dominant
Pixel number 1152V) x 770 (H) charge state was 46 for Ba and 18 for Ar under the
Effective area 25.817.3 mnf present experimental conditions. In plasmas, elements which
Pixel size 22.522.5 umt have different atomic numbers reveal different spatial
Thickness of the depletion layer 50m

Energy resolution at-5 keV 300 eV(typical) d_istri_butions?_l Thus the observation of_ the spa_tial dist_ribu-
tion 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 FIG. 7. Similar to Fig. 5, however, the flat trap potential was adopted during
observedsee Fig. 2)]. The u-shaped trap potential was adopted during thethe observatiofisee Fig. 1b)].
observatiorfsee Fig. 19)].

[Figs. @b) and 7b)] are practically the same. In both cases,

plasmas which contain several kinds of elements. Even if #he length of the base of the spatial distribution is about 12
plasma is formed by ions of only one element, spatial distrisnm on the CCD, which corresponds to 10 mm at the EBIT
butions for ions with different charge states can be differentsource. This is considered to be the whole observable region
To observe the spatial distributions for different chargesince the height of the observation slit at the trap region is 10
states, higher energy resolution imaging experiments wouldhm. From the spatial distribution of the trapped ions, it is
need to be performed to resolve radiation from ions withpossible to have information for important parameters of the
different charge states. For this purpose, the FSSR scheme&S8IT.
are very useful. For the u-shaped trap potential, since the ions become

Figure 6 shows a similar spectrum to Fig. 4, but L linesmore concentrated in the central region of the trap as the
of Ne-like Ba trapped in the EBIT were observed. Thetemperature of the ions reduces, we can get information
u-shaped trap potential was applied to the trap. Several Bbout the temperature of the observed ions. Beiersdorfer
lines correspond tm=3 to 2 transitions are shown in Fig. et al?! measured the temperature of the ions trapped in an
6(b). The notations in the figure are the same as those usdeBIT by observing the spectral line width. Since the tem-
by Beiersdorferet al?® Good spectral resolution has been perature of ions trapped in an EBIT is so low that the Dop-
obtained compared with the observations by Mastsl!l  pler broadening effect is small, a spectrometer with a very
and Chantleet al?* Spectral dispersion for the present setuphigh resolution\/AN>20 000 should be employed to deter-
was about & 10°3 A/mm or 1.4<10™4 A/pxl. This means mine the temperature from the linewidth. This makes the
that the nominal spectral resolutiarAN for a point source luminosity low and many hours would be needed for good
which could be achieved was about 18 000. The source sizgtatistics, while the present method does not need such high
of the EBIT, i.e., the diameter of the electron beam, is calspectral resolution and the luminosity is kept high.
culated to be about 6&m by Herrmann's theor® The The temperature of the trapped ions can be derived from
magnification in the meridional plangn the direction of the present measurement as follows. Assuming that the
spectral dispersiogrin the present experiment was about 1.3.trapped ions follow the Maxell-Boltzman distribution for a
This means that in the plane of dispersion there was a widttemperaturd, the number density of the ions at the position
of about 80um due to the source size. Having taken into(r,z) is represented as
account the source size it was estimated that the nominal
spectral resolution in the present experiment was 4500. Po-
sition resolution, i.e., pixel size of the CCD, did not affect ~ n(r,z)dr dz=A(MkT)3? exp{—
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 theWhereA Is a constantM is the mass of the trapped iorisis

present experiments, they can be obtained by observing se@-‘.a iﬁltzmin c;stt?r;ﬁ IS the_tpharg)ye_;t]atg of (tjhet '.%nf.’ and
eral reference lines as Cowat al?® did for the precision is the potential at the positiofr,2). The ion distribution
Figure 7 shows a similar spectrum to that of Fig. 6,

measurement of the transition energy in Na-like platinumalong thez axis is obtained by integration of E¢5) with
respect tar,
however the flat potential was applied to the trap. As ex- dz= 32 JP qVv(r,z)
S o ) =A(MKT 2 — :
pected, the spatial distribution of the radiation is flat for Fig. n(2)dz=A( ) 0 mrex kT drdz

ions.
7(c) and not flat for Fig. €), while the dispersion spectra (6)

qV(r,2)
KT

drdz, (5
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5 '§ : L . : calculated potential shown in Fig. 1 was used. As expected, a
S TR ] linear dependence is found for the observable raag@ut
- af \.J\L‘M ; +5 mm as determined by the slot in the drift tupeShe
g iy x-ray signals observed outside the observable range are con-
g sidered to be contributions arising from background, the un-
£ 3t % 1 certainty of the absolute position, and the position resolution
i observable _ m 3 of the spectrometer. The gradient of the fitted line is 6.2
) I B | X 10~3[V 1], which corresponds to 7453.5 keV forq=46.
400 -350 -300 -250 -200 -150 -100 The uncertainty was estimated from the statistics, the uncer-
Potential V(z) (volts) tainty in the determination of the absolute position, and spa-

. . , tial resolution of the spectrometer. Since the axial trap po-
FIG. 8. The natural logarithm of the x-ray intensity observed from a small

section of the trap along theaxis as a function of the local potential in that Fentlal Vtrap was about 380 V for the U'Shap_ed tl’a'pf_th,ap .
section as determined from Fig. 1. The result of fitting to a linear functioniS about 0.4. Although the present result is consistent with

for the potential in the observable region is shown by the solid line. the results obtained by S(:hneidﬁral,,7 the temperature ob-
tained from the present measurement is much higher than
: : 21,22 27
wherep is the radius of the drift tube. Since the trap con-that obtained by Beiersdorfet al™““and by Adleret al.
figuration is axially symmetric, the potential inside the trap is 1 "€ Present method, which is similar to the method adopted

given by by Schneideeet al, might give a higher value. In addition,
the absence of coolant can obviously result in higher tem-

V(r,2)=ag+ az(22°—1?) perature. The axial trap potentiel,,,, Which is larger than
+ a,(82°— 242212+ 3r%) + -+, (7) the previous experiments can also result in higher tempera-

ture. The larger magnetic field can also result in higher tem-
whereqy are constants. Near the center of the trap, the firsperature since the electron current density increases with the
and the second terms in E) are dominant, i.e., the poten- magnetic field, and thus the collision rate, i. e., the heating
tial is considered to be approximated as a harmonic potentiatate by the electron collision increases. When the trap is
The calculated potential in the region|df<4 mm was fitted  gperated in the conventional mode, i. e., the same potential is
to a harmonic pOtentiaL and the result is shown in F|g 1 byapp“ed to all of DTZL, M1 and U, we cannot have any in-

the solid line. Good agreement between the fitted curve anghrmation about temperature because the spatial distribution
the calculated potential indicates that the first and the seconghould be always flat.

terms in Eq.(7) are dominant for this region. Consequently,

the potential at the center of the trap can be approximated as
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