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Re cent Re sults from the To kyo-EBIT
Shunsuke Ohtani
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Chofu, 182-8585 To kyo, Ja pan

A num ber of dif fer ent ex per i ments are pro gress ing in par al lel for the study of the phys i cs of highly
charged ions us ing the To kyo-EBIT. This pa per gives the gen eral fea ture of the ap pa ra tus and sur veys some recent works per formed with it.

INTRODUCTION

DESIGN AND OPERATION

The elec tron beam ion trap (EBIT) is a unique ion
source as a means of pro duc ing and trap ping highly charged
ions (HCIs). It was de vel oped at the Law rence Livermore National Lab o ra tory ini tially for spec tro scopic stud ies, 1 which
was based on the ear lier elec tron beam ion source (EBIS)
concepts 2 but with a shorter ion-trap length to limit plasmalike in sta bil i ties and hence to in crease the res i dence time of
trapped ions. The long res i dence time is es sen tially im por tant
for producing the higher charge-state ions and observing
them in spec tro scopic stud ies.
Sev eral EBITs have been con structed through out the
world. Most EBITs have sim i lar op er a tion pa ram e ters with an
elec tron beam en ergy of up to 25 keV. For highly stripped
ions of heavy at oms (high-Z el e ments), the ion iza tion cross
sec tions by elec tron im pact in crease grad u ally with the electron en ergy. There fore a high en ergy elec tron beam is fa vorable for pro duc ing high-Z ions with very high-charge states.
In Liveremore, a high-energy EBIT is in op er a tion pres ently
to per form the spec tro scopic stud ies for sys tem atic in ves ti gation of the rel a tiv is tic and QED ef fects in sim ple atomic systems. A new high-energy EBIT is under development in
Freiburg to per form atomic col li sion ex per i ments with extracted HCIs as well as spec tros copy.3
A few years ago, we have also con structed a newly de signed, high-energy EBIT in Tokyo to de velop a new re search field in atomic phys ics with HCIs. 4 In the first stage of
the op er a tion, our ex per i men tal ac tiv ity has been con centrated mainly on the spec tros copy of HCIs in the trap. Recently, we have started to use the ex tracted ions from the trap
and to in ves ti gate the HCI-interaction with mat ter.
In this re port, an over view of the To kyo-EBIT and some
re cent re sults with it are shown.

In gen eral, the EBIT de vice con sists of three parts: an
elec tron gun, a trap re gion with three drift tubes and an electron col lec tor. A sche matic view of the To kyo-EBIT and the
ion trap re gion are shown in Fig. 1. The elec tron beam emitted from the gun is ac cel er ated up wards by the po ten tial differ ence be tween the gun and the drift tubes, whilst be ing
com pressed to a ra dius of about 30 µm by a 4.5 T mag netic
field gen er ated by super con duct ing Helmholtz coils. Af ter
pass ing through the drift rubes, the elec trons are de cel er ated
and col lected by the elec tron col lec tor. Both the elec tron gun
and the col lec tor are de signed to be floated to max.-300 kV.
Neu trals or ions are in jected into the trap through a gas
valve or from a pulsed ion source of vac uum-spark-type.
Through in ter ac tion with the high cur rent-density elec tron
beam, they are ion ized suc ces sively in the trap re gion. Ions
pro duced are trapped ra di ally by the space charge po ten tial
(~10 V) of the elec tron beam and ax i ally by volt ages (~100
V) ap plied to the drift tubes. The elec tron beam also serves to
ex cite the trapped ions. Ra di a tion from the ex cited ions can
be ob served through ra dial ports on the cen ter drift tube in the
hor i zon tal plane.
The EBIT has several ad van tages for spec tro scopic
stud ies. The ions are nearly at rest, so Dopp ler shift cor rections are not re quired. The EBIT forms a line light source,
that is, the source size is ap prox i mately de fined by the electron beam radius, so this source can be used directly for
dispersive spec tros copy with out the need for an en trance slit.
The EBIT source is a low-density, low-collisional, weakfield non-neutral plasma, so the ab sorp tion of emis sion lines
is neg li gi ble and the pop u la tion of matastable states is also
neg li gi ble. In ad di tion, be cause the charge-state dis tri bu tion
in the trap is sim ple, and sub se quently the spec tral struc ture
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ob served is also sim ple com pared with other plasma sources,
the iden ti fi ca tion of the tran si tion and the mea sure ment of the
wave length can be eas ily per formed.
Fig. 2 shows an X-ray spec trum mea sured with a Ge
solid state de tec tor.
The elec tron beam pa ram e ter in this ob ser va tion is 75
keV, 150 mA. Kryp ton gas is in tro duced into the trap. In the
X-ray en ergy re gion be low the elec tron beam en ergy Ee, a series of K-X-ray lines from highly charged ions of Kr, Ba and
W are ob served. The Ba and W at oms are evap o rated from the
cath ode, sub se quently ion ized and trapped. The brems strahlung ra di a tion con tin ues up to the beam en ergy Ee. Ra di a tive
re com bi na tion (RR) lines of highly charged ions are also observed in the higher X-ray en ergy re gion. RR lines ap pear at
en er gies above the Ee, as clearly seen in the ex panded X-ray
spec trum of the lower fig ure, since the en ergy of an RR line is
the sum of the Ee and the ion iza tion en ergy of the cap tured
elec tron. The lines ob served here are RR to the n = 1, 2 and 3
lev els of Kr, Ba and W ions, con verg ing to the Ee. RR lines to
n = 1 level split into two peaks for Ba and Kr ions. The peak at
the higher en ergy side is due to RR into bare ions, and that at
the lower side is due to RR into H-like ions. This spec trum
shows the pro duc tion of bare Ba ions (Ba 56+) in the trap. For
Ba, the peak for RR into bare ions is smaller than that for RR
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Fig. 2. An X-ray spec trum from the trapped ions observed with a Ge solid state de tec tor.

Fig. 1. Sche matic view of the To kyo-EBIT (nick named YEBISU), and the ion -trap re gion.
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into H-like ions, while for Kr the sit u a tion is re versed. This
im ply that the bare Kr 36+ ions are dom i nantly pro duced and
con fined in the trap at this EBIT op er a tion.
The To kyo-EBIT has a beam trans port line for ex trac tion of trapped ions to fa cil i tate HCI-surface and-molecule
collision experiments. There are two types of extrac tion
meth ods: leaky and pulsed mode. Fig. 3 shows typ i cal chargestate dis tri bu tions for highly charged Kr ions ex tracted at differ ent op er a tion con di tions. The in ten sity dis tri bu tion of extracted Kr ions is shown in Fig. 3(a) with the leaky mode for
the beam con di tion of 25 keV, 100 mA.
In the EBIT, trap ping ef fi ciency is con sid ered to be
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roughly proportional to the charge-state of trapped ions.
There fore, as seen in Fig. 3(a), ions with lower charge-states
es cape out of the trap eas ier than the higher charge-state ions.
Typ i cal in ten sity of ex tracted Ne-like ions (Kr 26+) is 10 4-105
ions per sec ond at the leaky mode. In Fig. 3(b) and 3(c), the
charge-state spec tra are shown with the pulsed mode at differ ent en er gies of the elec tron beam. In the pulsed mode,
higher charge-state ions which are ef fi ciently con fined in the
trap are forced out of the trap by rais ing the po ten tial ap plied
to the cen ter drift tube, re sult ing in a larger pop u la tion of
those ions in the spec tra. As seen in Fig. 3(b) and 3(c), the rela tive pop u la tion of higher charged ions be comes larger at the
higher beam-energy op er a tion. The num ber of ex tracted ions
e.g. Kr 32+ are typ i cally 104 ions per pulse du ra tion of ~10 ms.

SOME RE CENT RE SULTS

Fig. 3. A charge-state speectrum of Kr ions. The spectrum was ob tained us ing two dif fer ent ex traction modes, (a) leaky mode and (b) (c) pulsed
mode. Ee and Ie rep re sent the elec tron en ergy
and the cur rent, re spec tively, at which the spectra were ob tained.

X-ray Spectroscopy
In the course of the spec tro scopic stud ies in To kyo, vari ous kinds of X-ray spec tros copy have been per formed, such
as the pre cise mea sure ments of the wave lengths for X-ray
tran si tions, the ob ser va tion of dielectronic re com bi na tion
(DR) pro cesses, and the mea sure ments of col li sion strengths
and po lar iza tions as a func tion of the beam en ergy in electron-HCI in ter ac tions.
In this re port, we just show re cent sys tem atic mea surements of the wave lengths for X-ray tran si tions in Ne-like,
high-Z ions.5 Be cause of high abun dance in a hot plasma due
to its closed shell struc ture, the in ves ti ga tion of X-ray tran sitions in the Ne-like se quence is im por tant for ap pli ca tions
such as plasma di ag nos tics and X-ray la sers. From the view
point of atomic phys ics, the sys tem atic study for Ne-like ions
is also im por tant to un der stand the rel a tiv is tic atomic structure since there is strong con fig u ra tion mix ing of the wave
func tions of the ex cited states in the high-Z re gion.
In the pres ent ob ser va tion, the spec trom e ter used consists of a flat LiF(200) crys tal with a high-pressure, po sition-sensitive pro por tional coun ter. Fig. 4 shows X-ray spectra for the tran si tions from the n = 3 ex cited states to the
ground state (2p6 ) in Ne-like ions of Ba (Z = 56), Cs(55),
Xe(54), I(53), Te(52), Sb(51) and Sn(50) as a func tion of the
scaled tran si tion en ergy: E(tran si tion en ergy)/Eav(con fig u ration av er aged en ergy). In this fig ure, 3D, 3F and 3E de note
some elec tronic con fig u ra tions in the n = 3 ex cited states,
which are (2p-13/23d 5/2) J=1 , (2p-11/23s) J=1 and (2p-1 3/23d3/2 )J=1,
re spec tively. As seen in Fig. 4, the or der of ex cited lev els
changes be tween 3D and 3F, and also be tween 3F and 3E. For
ex am ple, the 3D and 3F lines be come closer, change po si-
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tions at Z = 54 (Xe 5 4 +) and then be come far again as Z in creases. This means that in this Z re gion the en ergy lev els of
these states be come degenerating, so that the wave func tions
of these states might mix strongly.
The ex per i men tal wave lengths are com pared to the theoretical val ues cal cu lated with the multi-configuration DiracFock (MCDF) method. The ex per i men tal and the the o ret i cal
re sults of the tran si tion en er gies for 3D, 3F and 3E lines are
plot ted in Fig. 5. Two types of cal cu la tions have been performed: 1) with con fig u ra tion mix ing of the wavefunctions
and 2) with out mix ing, re spec tively. The cal cu lated val ues
with con fig u ra tion mix ing re pro duce the ex per i men tal results quite well. As is shown in Fig. 5, both of the ex per i mental and the o ret i cal in ves ti ga tions clearly in di cate that the two
lev els get close to each other around Z = 55 for 3D and 3F, Z =
51 for 3F and 3E, but avoid de gen er at ing. This sug gests that
they are cou pled through strong mix ing of two elec tronic
configurations.
Visible Spectroscopy
For bid den tran si tions with long wavelengths some times play im por tant roles in di ag nos tics of hot plas mas. In
the vis i ble re gion, the ion tem per a ture and the lo cal mag netic
field could be eas ily de ter mined through the mea sure ments of
Dopp ler and po lar iza tion pro files of emis sion lines from

Fig. 4. X-ray spec tra from Ne-like ions of var i ous el-

ements. The horizontal axis is the scaled
X-ray en ergy: E(tran si tion en ergy)/Eav(config u ra tion av er aged en ergy in (2p-1 3l).
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HCIs in a plasma.
At lower inter ac tion energies of electrons with the
trapped HCIs, we have sys tem at i cally ob served vis i ble spectra due to fine struc ture M1 tran si tions, (3D4) 5D2 -5D 3, in the
ground term of Ti-like ions for sev eral el e ments with Z =
51-78.7 The pres ent ob ser va tion has been made by us ing the
32-cm mono chro ma tor of Czerny-Turner type with a liq uid
nitrogen cooled CCD de tector. The spectra obtained are
shown in Fig. 6. In this fig ure, the tar get el e ments of Ti-like
ions ob served are given to gether with the atomic num ber Z,
the elec tron beam pa ram e ter and the data ac qui si tion time.
From Sb(Z = 51) to Pt(78), all of the M1 tran si tions, 5 D2- 5D3,
in the Ti-like ions ex hibit anom a lous wave length in de pendence of Z, ly ing in the vis i ble or near UV re gion, which is
qual i ta tively in agree ment with the pre dic tion by Feldman et
al.1 0
This anom a lous sta bil ity in the wave length vari a tion
with Z has been dis cussed based on our the o ret i cal cal cu lation with the MCDF method. From con sid er ation of mixin
co ef fi cients in the cou pling scheme with re spect to Z, the levels which are well de scribed by the LS cou pling scheme in
low Z be come char ac ter ized by the JJ cou pling scheme in
high Z. The tran si tion from LS to JJ cou pling takes place in
the nar row in ter me di ate re gion be tween Z = 40 and 60. Accord ing to the cal cu la tion of the 5D 2-5 D3 tran si tion en er gies, a
pla teau, that is, the anom a lous wave length-stability with Z, is
formed ac ci den tally due to the tran si tion from LS to JJ coupling.
The pres ent cal cu la tions for the tran si tion en er gies are
in ex cel lent agree ment with all the ex ist ing mea sure ments reduc ing the dis crep ancy to less than 1% (Fig. 7). This sug gests
that the pres ent cal cu la tion may well fill the void of un mea-

Fig. 5. Ex per i men tal and the o ret i cal tran si tion en er-

gies for 3D, 3F and 3E in the scaled unit as a
function of the atomic number Z. Crosses
rep re sent the ex per i men tal val ues ob tained
by Beiersdorfer.6
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sured el e ments from Sn(Z = 50) to U(92).
HCI-surface In ter ac tions
From a tech ni cal view point of the ion source, the EBIT
has unique char ac ter is tics,such as low emit tance, cold and
very high charge-state ions, for a va ri ety of ap pli ca tions in
the re search of ion-surface in ter ac tions.
Studies of re ac tions be tween slow,very HCIs and surfaces could be per formed re cently by us ing the EBITs. In
prin ci ple, low-energy ions with very high charge-states are
ex tracted from the EBIT. These ions have to tal po ten tial en ergies in ex cess of over 100 keV, even if their ki netic en er gies

J. Chin. Chem. Soc., Vol. 48, No. 3, 2001

are small. It is of fundamental in ter est to un der stand the
mech a nism of the en ergy de po si tion and how the large po tential en ergy is lost and dis trib uted to a va ri ety of ex ci ta tions
dur ing their in ter ac tion with a solid sur face.
So far, there are a large num ber of ex per i ments us ing
the EBITs to study var i ous fun da men tal pro cesses such as
electron-, other par ti cle- and X-ray-emission, scat ter ing,
charge trans fer and sur face-defect for ma tion. These stud ies
are of wide-spread and long-standing in ter est from the viewpoint of both ba sic and ap plied phys ics.
In the To kyo-EBIT fa cil ity, we have started to par tic ipate in the re search field of the HCI-surface in ter ac tions. At
the first stage, we have pre pared var i ous kinds of tools for
sur face phys ics ex per i ments and made pre lim i nary ob ser vations. In this re port, we in tro duce just the mi cro scopic study.
The mi cro scopic ob ser va tions have been made to study the
sur face de fects pro duced by slow HCI im pact on a solid surface. The sur face to pol ogy of the sam ples is in ves ti gated using a scan ning tun nel ling mi cro scope (STM). A typ i cal exam ple of the ob ser va tions is shown in Fig. 8. In this fig ure, a
STM im age shows the de fects formed on highly ori ented
pyrolytic graph ite (HOPG) sur face. A de fect (1 ~ 3 nm in diam e ter) is con sid ered to be cre ated by the im pact of a sin gle
Kr33+ ion (500 V/q). The mech a nism of de fect for ma tion by
HCI im pact are be ing in ves ti gated through var i ous ex per iments us ing slow HCIs with dif fer ent en er gies and chargestates im pact on the in su la tor, semi con duc tor, metal surfaces.

Fig. 6. Vis i ble spec tra from Ti-like ions of var i ous

high Z el e ments. The ver ti cal scale of the individual spectrum is adjusted so that the
heights of the lines are al most the same. The
ex per i men tal con di tions are also shown in
the fig ure. In the spec trum for Xe ions, lines
at around 396 nm and 436 nm are indentified
to be tran si tions in V- and Kr-like Xe ions, respec tively. For Sm and Eu, (3d4)5D 4-5 D3 transi tions are ad di tion ally ob served.
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Fig. 7. Wave lengths of the (3d4 )5D 2-5 D3 tran si tion in

Ti-like ions as a func tion of the atomic number. Solid cir cles are from the pres ent measurements,open cir cles
from the NIST
group, 8 and open di a monds from the LLNL
group. 9 The solid line rep re sents the pres ent
the o ret i cal val ues. The re sults for the (3d4 )5D45D tran si tion are also shown, to gether with the
3
theorectical val ues (dashed line).
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FUTURE PLANS
In ad di tion to the re search works de scribed above, several kinds of ac tiv i ties are in prog ress on HCIs with the Tokyo-EBIT, such as the mea sure ment of ion iza tion cross sections for H- and He-like ions by elec tron im pact, the ob ser vations of two-electron con tri bu tion to the 1s bind ing en er gies
in He-like ions and some the o ret i cal works. Con stant ef forts
for ma chine study are also go ing on, for e.g. di ag nos tics of
the elec tron beam us ing the Thomson scat ter ing method, devel op ments of novel cool ing tech niques for trapped HCIs and
so on.
The pres ent max i mum en ergy of the elec tron beam
achieved is 150 keV. We are mak ing ef forts to raise the beam
en ergy, pro vid ing var i ous protections from heavy dis charging at the high volt age ap pli ca tions. The max i mum beam current is pres ently 300 mA. As is seen in Fig. 9, in de pend ently
of the beam en ergy, the emis sion cur rent is de ter mined by the
po ten tial dif fer ence be tween the cath ode and the an ode in the
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elec tron gun, which was orig i nally de signed to gen er ate the
com pletely mag ne tized elec tron-flows.
In the high en ergy-electron beam op er a tions, the follow ing re search sub jects are be ing planned.
1. HCI-electron in ter ac tions
1) high res o lu tion study for DR pro cesses,
to see DR spec tral line shapes, to see in ter fer ence effects with RR,
2) ion is ation cross sec tions of heavy HCIs,
to see res o nances, to mea sure e-energy dependences.
2. X-ray spec tros copy
1) 1s Lamb shift by intercomparison method,
to measure the wavelength dif ference between Lyalpha of In 48+ and Ly-beta of Rh 44+,
2) DR and/or other res o nant pro cesses.
3. Vis i ble spec tros copy
1) (hy per) fine struc ture of high Z ions.
4. Ion trap ex per i ments
1) cool ing trapped HCIs, test of var i ous tech niques,
2) la ser spec tros copy,

3) ex ci ta tion of ion mo tions by RF in situ,
to re move un de sired ions from the trap.
5. HCI-surface in ter ac tions
1) STM ob ser va tions,

nanofabrication, to see tar get (metal, in su la tor,...) dependence,
2) multiparameter co in ci dence for emit ted par ti cles/pho tons.

6. HCI-A/M (Clus ter) in ter ac tions
1) frag men ta tions,
Fig. 8. A scan ning tun nel ling mi cro scope (STM) image show ing the de fects formed on a highly oriented pyrolitic graph ite (HOPG) sur face by
slow (500 V/q) Kr 33+ ion-impact.

to see spe cies of frag ments, to mea sure HCI-internal
energy con versions to translational energy of fragments,
2) bio-chemical re ac tions of HCIs.

7. Nu clear pro cesses in bare, H-like ions (Dy, Re, Os, Tl,
Pb,...),
bound-state beta de cay, nu clear ex ci ta tion by elec tronic
tran si tion (NEET),...
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