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RecentResults fromthe To kyo-EBIT

Shunsuke Ohtani
“Cold Trappedlons’ Project, ICORP, JST and TheUni ver sity of Elec tro-Communications,
Chofu, 182-8585 Tokyo, Japan

A num ber of dif fer ent ex per i mentsareprogressingin par al lel for thestudy of thephysi cs of highly
chargedionsusingtheTokyo-EBIT. Thispaper givesthegeneral featureof theap paratusand sur veyssomere

cent worksper formed withit.

INTRODUCTION

The elec tron beam ion trap (EBIT) is a unique ion
source asameans of pro ducing and trap ping highly charged
ions(HCls). Itwasdevel opedattheL aw renceLivermoreNa-
tional Laboratoryinitially for spectroscopicstudies,* which
was based on the ear lier elec tron beam ion source (EBIS)
concepts? but with a shorter ion-trap length to limit plasma-
likeinstabil i tiesand hencetoin creasetheresi dencetimeof
trappedions. Thelongresi dencetimeisessentially impor tant
for producing the higher charge-state ions and observing
theminspectroscopicstudies.

Sev eral EBITshave been con structed through out the
world. Most EBI Tshavesimilar operationparameterswithan
elec tron beam en ergy of upto 25 keV. For highly stripped
ionsof heavy at oms (high-Z el ements), theionization cross
sectionsby electronimpactincreasegradually withtheelec-
tronenergy. Thereforeahighenergy electron beamisfavor-
ablefor pro ducing high-Z ionswith very high-charge states.
InLiveremore, ahigh-energy EBIT isinop er ation presently
toper formthespectroscopicstudiesfor systematicinvesti ga
tionof therel ativisticand QED ef fectsinsim pleatomic sys
tems. A new high-energy EBIT is under development in
Freiburgto per formatomic col li sion ex per i mentswith ex-
tracted HCI saswell asspec troscopy.?

A few years ago, we have also con structed anewly de-
signed, high-energy EBIT in Tokyo to develop a new re-
searchfieldin atomic physicswith HCls.* In thefirst stage of
theoper ation, our ex peri mental activ ity hasbeenconcen
trated mainly on the spec tros copy of HCIsinthetrap. Re-
cently, we have started to use the ex tracted ions from the trap
andtoinvesti gatetheHCl-interactionwithmat ter.

Inthisreport, anover view of theTokyo-EBIT and some
recentresultswithit areshown.

DESIGN AND OPERATION

Ingeneral, the EBIT device con sists of three parts: an
elec tron gun, atrap re gion with three drift tubes and an elec-
troncol lector. A schematic view of the Tokyo-EBIT and the
iontrap region are shown in Fig. 1. The elec tron beam emit-
tedfromthegunisac cel er ated up wardshby thepotential dif-
fer ence be tween the gun and the drift tubes, whilst being
com pressed to aradius of about 30 umby a4.5 T mag netic
fieldgener ated by super conducting Helmholtz coils. Af ter
passingthroughthedrift rubes, theelectronsaredecel er ated
and col lected by theelectroncol lector. Boththeelectrongun
andthecol lector aredesigned to befloated to max.-300 kV .

Neutralsorionsareinjectedinto thetrap through agas
valve or from a pulsed ion source of vac uum-spark-type.
Throughinter actionwiththehigh cur rent-density electron
beam, they areionized suc cessively inthetrapregion. lons
pro duced aretrapped radi ally by the space charge potential
(~10V) of theelec tron beam and ax i ally by volt ages (~100
V) ap pliedto thedrift tubes. Theelectron beam also servesto
ex citethetrappedions. Radi ation fromtheex citedionscan
beob served throughradial portsonthecenter drifttubeinthe
hori zontal plane.

The EBIT has several advantagesfor spectroscopic
studies. Theionsare nearly at rest, so Dopp ler shift cor rec-
tionsare not re quired. The EBIT forms aline light source,
that is, the source sizeisap prox i mately defined by the elec-
tron beam radius, so this source can be used directly for
dispersivespectroscopy with out theneedfor anentranceslit.
The EBIT source is a low-density, low-collisional, weak-
field non-neutral plasma, sotheab sorp tion of emissionlines
isnegli gi bleand the pop u lation of matastable statesisalso
negli gi ble.Inaddi tion, becausethecharge-statedistri bution
inthetrapissim ple, and sub se quently the spectral structure
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ob servedisalso sim plecom pared with other plasmasources, P T IS T WIS S DU I P
theidenti fi cationof thetransi tionandthemeasurement of the Kg Koseries Ee: 75keV
wavelength canbeeasily per formed. o Ba K-series le: 150mA 7
Fig. 2 shows an X-ray spec trum measured with a Ge . / WKa.8 RRpy(n=1) -]
solidstatedetector. g /
Theelectronbeamparam eterinthisob ser vationis75 © 102
keV, 150 mA. Krypton gasisintro duced into thetrap. Inthe ol
X-ray energy regionbelowtheelectronbeamenergy Ee, ase-
ries of K-X-ray lines from highly charged ions of Kr, Baand 100 trmpm e
W areobserved. TheBaand W at omsareevap orated fromthe 0 20 Rory cnocey Gy 2 160
cath ode, sub sequently ionized and trapped. Thebremsstrah- D= P P DS B T
lungradi ationcontinuesuptothebeamenergy Ee. Radi ative ~ Kr(n=1) _
recom bi nation (RR) linesof highly chargedionsarealso ob- pare
served inthe higher X-ray en ergy region. RR linesap pear at " Radiative Recombination |
ener giesabovethe Ee, asclearly seenin the ex panded X-ray g AT e AT (nl)+hv 7]
spectrum of thelower fig ure, sincetheenergy of anRRlineis S Ba(n=1)
the sum of the Eeand theion ization en ergy of the cap tured W(=2)  Hiike .
electron. Thelinesob served hereareRRtothen=1, 2and 3 / \ ;‘“e -
lev elsof Kr, Baand W ions, convergingtotheEe. RRlinesto 0 vty ,Tb?:‘, ey Moy
n=1level splitintotwo peaksfor Baand Krions. The peak at 70 80 % 100 110 120 130
the higher en ergy sideisdueto RR into bareions, and that at X-ray energy (keV)

the lower sideis due to RR into H-like ions. This spec trum
showsthe pro duc tion of bare Baions (Ba®®*) in the trap. For
Ba, the peak for RR into bareionsis smaller than that for RR

Fig. 2. An X-ray spec trum from the trapped ions ob-
served with aGesolid state detec tor.

Tokyo EBIT

"YEBISU"

Cold Trapped Ion
Electron Collector

Trap Region

Superconducting

Magnet Emitted Photon

Electron Beam

Fig. 1. Schematic view of the To kyo-EBIT (nick named Y EBISU), and theion -trap region.
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into H-likeions, whilefor Krthesit uationisreversed. This
im ply that the bare Kr**ionsaredomi nantly pro duced and
confinedinthetrapatthisEBIT oper ation.

TheTokyo-EBIT hasabeam transport linefor ex trac-
tion of trappedionsto facil i tate HCI-surface and-molecule
collision experiments. There are two types of extraction
meth ods: leaky and pulsed mode. Fig. 3 showstypi cal charge-
statedistri butionsfor highly charged Krionsex tracted at dif-
ferentoperationconditions. Theintensity distri butionof ex-
tracted Kr ionsis shown in Fig. 3(a) with the leaky mode for
thebeam condi tion of 25keV, 100mA.

Inthe EBIT, trap ping ef fi ciency iscon sid ered to be
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Fig. 3. A charge-state speectrum of Kr ions. The spec-
trumwasobtained usingtwodif fer ent ex trac-
tion modes, (a) leaky mode and (b) (c) pulsed
mode. Eeand lerepresent theelectronenergy
andthecur rent, respectively, at which the spec-
trawereob tained.
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roughly proportional to the charge-state of trapped ions.

Therefore, asseenin Fig. 3(a), ionswith lower charge-states
escapeout of thetrap easier than the higher charge-stateions.

Typi cal intensity of ex tracted Ne-likeions(Kr***) is 10*-10°
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 dif-
fer ent en er gies of the elec tron beam. In the pulsed mode,

higher charge-stateionswhich areef fi ciently confinedinthe
trap areforced out of thetrap by raising the potential ap plied
tothecenter drift tube, resultinginalarger pop ulation of

thoseionsinthespectra. AsseeninFig. 3(b) and 3(c), therel-
ativepopulationof higher chargedionsbecomeslarger at the
higher beam-energy oper ation. Thenumber of ex tractedions
e.g. Kr¥** aretypi cally 10*ionsper pulsedurationof ~10ms.

SOMERECENTRESULTS

X-ray Spectroscopy

Inthecourseof the spectro scopic studiesin Tokyo, var
i ouskindsof X-ray spectroscopy havebeen per formed, such
asthe pre cise measure ments of thewavelengthsfor X-ray
transi tions, theob ser vation of dielectronicrecombi nation
(DR) pro cesses, and themeasurementsof col li sion strengths
and polarizationsasafunction of thebeamen ergy inelec
tron-HClinteractions.

Inthisreport, wejust show recent system atic measure-
ments of thewavelengthsfor X-ray tran si tionsin Ne-like,
high-Z ions.® Be cause of high abun dancein ahot plasmadue
toitsclosed shell structure, theinvesti gation of X-ray transi
tionsintheNe-likesequenceisim por tant for ap pli cations
such asplasmadi ag nosticsand X-ray lasers. From theview
point of atomic physics, thesystem atic study for Ne-likeions
isalsoimpor tant toun der stand therel ativisticatomic struc-
turesincethereisstrong con fig u ration mix ing of thewave
functionsof theex cited statesinthehigh-Z region.

Inthepresent ob ser vation, the spectrom eter used con
sists of aflat LiF(200) crystal with a high-pressure, po si-
tion-sensitivepro por tional coun ter. Fig. 4 shows X-ray spec-
trafor the tran si tions from the n = 3 ex cited states to the
ground state (2p°) in Ne-like ions of Ba (Z = 56), Cs(55),
Xe(54), 1(53), Te(52), Sh(51) and Sn(50) asafunc tion of the
scaledtransitionenergy: E(transitionenergy)/Eav(configura
tionav er aged en ergy). Inthisfig ure, 3D, 3F and 3E de note
someelectronicconfigurationsinthen=3ex cited states,
which are (2p™3/230s/2) -1, (20™1/239) -1 and (2™ 3/230k2) -1,
respectively. AsseeninFig. 4, theor der of ex citedlev els
changeshbetween 3D and 3F, and al so between 3F and 3E. For
ex am ple, the 3D and 3F lines be come closer, change po s
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tions at Z = 54 (Xe>*") and then be come far again as Z in-
creases. Thismeansthat inthisZ regiontheenergy lev elsof
these states be come degenerating, so that thewavefunctions
of these states might mix strongly.

Theex peri mental wavelengthsarecom paredtothethe-
oretical val uesca culated withthe multi-configuration Dirac-
Fock (MCDF) method. Theex peri mental andthetheoreti cal
resultsof thetransi tionener giesfor 3D, 3F and 3E linesare
plottedinFig. 5. Two typesof cal culations have been per-
formed: 1) with config uration mix ing of thewavefunctions
and 2) withoutmixing, respectively. Thecal culatedval ues
withconfigurationmixingreproducetheex peri mental re
sultsquitewell. AsisshowninFig. 5, both of theex peri men-
tal andtheoreti cal investi gationsclearlyindi catethat thetwo
lev elsget closeto each other around Z =55for 3D and 3F, Z =
51 for 3F and 3E, but avoid degen er at ing. Thissug geststhat
they are cou pled through strong mix ing of two elec tronic
configurations.

Visible Spectroscopy

Forbiddentransitions with long wavelengths some-
timesplay im por tant rolesin di ag nosticsof hot plasmas. In
thevisi bleregion, theiontem per atureandthelo cal magnetic
field could beeasily deter mined throughthemeasurementsof
Doppler and polarization profilesof emissionlinesfrom

aaaaloaaaleea ot s bareslaaaedsasatasey
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Fig. 4. X-ray spectrafromNe-likeionsof vari ouse-
ements. The horizontal axis is the scaled
X-ray energy: E(transi tionenergy)/Eav(con
figurationav eragedenergyin(2p*3l).
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HClsin aplasma.

At lower interaction energies of electrons with the
trapped HCls, wehavesystemati cally ob served visi blespec
tradueto finestructureM1 transi tions, (3D*)°D2-°Ds, in the
ground term of Ti-likeionsfor sev eral el e mentswith Z =
51-78." Thepresent ob ser vation hasbeen made by using the
32-cm mono chro mator of Czerny-Turner typewithaliquid
nitrogen cooled CCD detector. The spectra obtained are
showninFig. 6. Inthisfig ure, thetar get el ementsof Ti-like
ions ab served are given to gether with the atomic num ber Z,
theelectron beam param eter and thedataac qui si tiontime.
From Sb(Z = 51) to Pt(78), all of theM 1 transi tions,’D2-"Ds,
intheTi-likeionsex hibit anom alouswavelengthin depend
enceof Z, lyinginthevisi bleor near UV region, whichis
qual i tatively inagreement withtheprediction by Feldmanet
aI .10

Thisanomalousstabil ity inthewavelengthvari ation
with Z hasbeen discussed based on our theoreti cal cal cula
tion with the M CDF method. From con sid er ation of mixin
coef fi cientsinthecou pling schemewithrespectto Z, thelew
elswhich arewell de scribed by the LS cou pling schemein
low Z be comechar ac ter ized by the JJ cou pling schemein
highZ. Thetran si tionfrom LSto JJ cou pling takes placein
thenar row inter medi ateregionbetweenZ =40and 60. Ac
cordingtothecal culationof the’D,->Dstransi tionenergies,a
plateau, thatis, theanomalouswavelength-stability withZ, is
formed ac ci dentally dueto thetran si tionfrom LSto JJ cou
pling.

Thepresentcal culationsforthetransi tionener giesare
inex cel lentagreement withall theexistingmeasurementsre
ducingthediscrepancy tolessthan 1% (Fig. 7). Thissug gests
that the present cal culation may well fill thevoid of un mea
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Fig. 5. Experimental andtheoretical transitionener
giesfor 3D, 3F and 3E in the scaled unit asa
function of the atomic number Z. Crosses
representtheex peri mental val uesobtained
by Beiersdorfer.t



Recent ResultsfromtheTokyo-EBIT

sured el ementsfrom Sn(Z =50) to U(92).

HCI-surfacelnter actions

Fromatech ni cal view point of theion source, the EBIT
hasuniquechar acter istics,such aslow emit tance, cold and
very high charge-stateions, for avari ety of ap pli cationsin
theresearchof ion-surfaceinter actions.

Studies of re ac tions between slow,very HClsand sur-
faces could be per formed re cently by usingthe EBITSs. In
princi ple, low-energy ionswith very high charge-states are
extractedfromtheEBIT. Theseionshavetotal potentia ener-
giesinex cessof over 100keV, evenif their ki neticen er gies

Sb (Z=51 1.9keV 30mA 1h) |
| (Z=53 2keV 23mA 2h)
L....L.._.L Xe (Z=54 2.2keV 28mA 1h)
—..J.._.__ﬁ Cs (2=55 2.5keV 32mA 7h)

ann Ba (2=56 2.5keV 32mA 7h)
ol sm (Z=62 3.4keV 74mA 5.5h)

Eu (Z=63 3.5keV 60mA 4.5h)

Intensity (arb.units)

Hf (Z=72 4.8keV 105mA 5.5h)
Ta (Z=73 5.1keV 126mA 2h)
W (Z=74 5.3keV 126mA 2.5h)
Re (Z=75 5.5keV 100mA 5h)

Pt (Z=78 6.2keV 126mA 8.5h)

PR RLEL

1 1 1

400 450 500 550

300 350
Wavelength (nm)

Fig. 6. VisiblespectrafromTi-likeionsof vari ous
high Z el ements. Thever ti cal scaleof thein-
dividual spectrum is adjusted so that the
heights of thelines are al most the same. The
ex peri mental condi tionsarealsoshownin
thefig ure. Inthe spec trumfor Xeions, lines
at around 396 nm and 436 nm are indentified
tobetransi tionsinV-andKr-like Xeions, re
spectively. For Smand Eu, (3d*)°D4+-°Ds tran-
sitionsareadditionally observed.
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are small. It is of fundamental inter esttounder standthe
mechanism of theenergy deposi tionand how thelargepoten
tial energy islost and distrib utedtoavari ety of ex ci tations
duringtheirinter actionwithasolidsurface.

Sofar, therearealarge num ber of ex per i mentsusing
the EBITsto study vari ousfundamental pro cessessuch as
electron-, other parti cle- and X-ray-emission, scat tering,
chargetransfer and sur face-defect for mation. Thesestudies
are of wide-spread and long-standing in ter est from the view-
point of both basicandap plied physics.

IntheTokyo-EBIT facil ity, wehavestartedtopartici
pateintheresearchfield of theHCI-surfaceinter actions. At
thefirst stage, we have pre pared var i ous kinds of toolsfor
surfacephysicsex peri mentsand madeprelimi nary observa
tions. Inthisreport, weintroducejustthemi croscopicstudy.
Themi cro scopic ob ser vations have been madeto study the
sur face defectspro duced by slow HCI im pact onasolid sur
face. Thesur faceto pol ogy of thesamplesisinvesti gated us
ing ascan ning tun nel ling mi cro scope (STM). A typi cal ex
ampleof theob ser vationsisshowninFig. 8. Inthisfigure, a
STM im age showsthe de fectsformed on highly ori ented
pyrolyticgraphite (HOPG) sur face. A defect (1~3nmindi-
ameter) isconsideredtobecreated by theimpact of asingle
K r*3*ion (500 V/q). Themech anism of defect for mation by
HCl impact arebeinginvesti gatedthroughvari ousex per i
mentsusing slow HCIswith dif fer ent en er giesand charge-
statesim pact ontheinsulator, semi con ductor, metal sur
faces.
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Atomic number
Fig. 7. Wavelengthsof the(3d*)°D,-°Dstransi tionin

Ti-likeions as afunc tion of the atomic num-
ber. Solid cir clesare from the pres ent mea-
surements,open circles & from the NIST
group,®and open di amonds# from the LLNL
group.® The solid line rep re sents the pres ent
theoreti cal val ues. Theresultsfor the(3d*)°D.-
5Dstransi tionarealso shown, to gether with the
theorectical val ues(dashed line).
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FUTURE PLANS

Inad di tionto there search worksde scribed above, sev-
eral kindsof activ i tiesarein prog resson HCIswith the To-
kyo-EBIT, such asthe measure ment of ionization cross sec-
tionsfor H- and He-likeionsby electronim pact, theob ser va
tionsof two-electroncontri butiontothe 1shindingener gies
inHe-likeionsand sometheoreti cal works. Con stant ef forts
for machinestudy arealsogoingon, for e.g. di ag nostics of
theelec tron beam using the Thomson scat ter ing method, de-
vel op mentsof novel cool ingtech niquesfor trapped HCIsand
soon.

The pres ent max i mum en ergy of the elec tron beam
achievedis 150 keV. Weare mak ing ef fortsto raisethe beam
energy, providingvar i ousprotectionsfromheavy discharg-
ingatthehighvoltageap pli cations. Themax i mumbeam cur-
rentispresently 300mA. AsisseeninFig. 9, independently
of thebeamen ergy, theemission cur rentisdeter mined by the
potential dif fer encebetweenthecath odeandtheanodeinthe

Fig. 8. A scanningtunnel lingmi croscope(STM)im
age show ing the defectsformed on ahighly ori-
ented pyrolitic graphite (HOPG) surface by
slow (500 V/q) Kr33* ion-impact.
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Fig. 9. Measuredelectronbeam cur rentsdependent on
thean odevolt agetothe cath odepotential. A
solid line shows the de signed value from the
mi cro-perveanceof 0.4 pA/v32,
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electrongun, whichwasorigi nally designedtogener atethe
completely magnetizedelectron-flows.

Inthehigh en ergy-electron beam op er ations, thefol
low ingresearch subjectsarebeing planned.
1.HCl-electroninteractions

1) highresolutionstudy for DR pro cesses,
to see DR spectral line shapes, to seeinter fer enceef
fectswith RR,

2)ionisation crosssectionsof heavy HCls,

to seereso nances, to measure e-energy dependences.
2. X-ray spectroscopy

1) 1s Lamb shift by intercomparison method,
to measure the wavelength difference between Ly-
dphaof In*®* and Ly-beta of Rh***,
2) DRand/or other reso nant pro cesses.
3.Visiblespectroscopy
1) (hy per) finestruc tureof highZ ions.
4. lontrapex peri ments
1) cool ingtrapped HCls, test of var i oustech niques,
2)laser spectroscopy,
3) ex ci tation of ionmotionsby RFin situ,
toremoveundesiredionsfromthetrap.
5.HCI-surfaceinteractions
1) STM ob ser vations,
nanofabrication, to seetar get (metal, insulator,...) de
pendence,
2) multiparameter coinci dencefor emitted parti cles/photons.
6.HCI-A/M (Cluster) interactions
1)fragmentations,
to see speciesof frag ments, to measure HCl-internal
energy conversions to translational energy of frag-
ments,
2) bio-chemical reactionsof HCls.
7. Nu clear pro cessesin bare, H-like ions (Dy, Re, Os, T,
Pb,...),
bound-statebetadecay, nuclear ex ci tationby electronic
transition(NEET),...
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