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X-ray Spec tros copy of Highly Charged lons at the To kyo EBIT

Nobuyuki Nakamura® , Daiji Kato® Tetsuro Nakahard and Shunsuke Ohtani
#Cold Trapped lonsProject, ICORP, JST, 1-40-2 Fuda, Chofu, To kyo 182-0024, Ja pan
®TheUni ver sity of Electro-Communications, Chofu, 182-8585 Tokyo, Japan

Recent resultsandex peri mental plansin X-ray spectroscopicstudiesof highly chargedionsat the Tokyo
EBIT (Electron Beam lon Trap) are pre sented. We have been using aflat crystal spectrom eter toob serve
X-ray transi tionsintheen ergy rangeof 3-10keV . It hasbeen used toin vesti gatethe strong configurationmix-
ing in neonlikeions, the elec tron-impact ex ci tation of highly chargedions, thepolarization of Ly-u in
hydrogenlike Ti***, and so on. A Johansson typeof spectrom eter hasbeen con structed to ob serve X-ray tran si-
tionsinthe higher en ergy range, 10-30 keV. It will be used for high-resolution spec tros copy of the Lyman se-
riesinhydrogenlikemedium-Zions. Inpar ticular, anintercomparison method between Ly-tt. of In*®*and Ly-B
of Rh** ispro posed to measurethe 1sL amb shift precisely. It will provideaprecisetest of the QED theory in

thestrongfieldregime.

INTRODUCTION

Anelectronbeamiontrap (EBIT)*?isaver satiledevice
to study highly charged ions (HCIs). It was de signed es pe-
cially for spectroscopic studies, wheremany remark able
studies®* havebeencar ried out. Since X -ray radi ationisdom-
i nant for transi tionsin HCl's, X-ray spectroscopy isvery im-
por tant to study the atomic struc ture of HCls. In the atomic
structure of HCIs, the relativistic and quantum electro-
dynamics(QED) contri butionsarevery impor tant compared
with those of neu tral at omsand low charged ions. For in-
stance, the Lamb shift in hydrogenlikeionsin creasesin pro-
por tionto Z* whiletheelectronicbinding ener giesin crease
only as Z?, sothat therel ativecontri bution of theLamb shift
increasesasZ. Precisemeasurement of theenergy lev elsof
HClIs, then, gives atest of QED the ory in the strong field re-
gime.

Inrecentyears, sev eral X-ray spectro scopicstudies
have been car ried out with the To kyo EBIT. *° In this pa per,
resultsof thosestudiesand ex peri mental plansinthenear fu-
tureare pre sented. A Johansson type of spectrom eterisalso
described that hasbeen con structed for the near futureplans.

RECENT RESULTS

Aflatcrystal spectrometer’ has been used so far to ob-
serve X-ray tran si tionsin the en ergy range of 3-10 keV, and
thefol lowingresultswereobtainedinrecent ex peri mental

studies.

Itisvery im por tant to study the atomic struc ture of
neonlikeionsbecausethey areex pectedtobeusedinappli ca
tions, such asplasmadi ag nosticsand X-ray lasers. Wemea
sured wavelengthsfor thetran si tionsfrom thethree ex cited
lev els, (2p3,3ds,)=1, (2P5,305,)3-1, and (25391, to the
ground state in neonlikeionswith Z = 50 — 56. In this Z re-
gion, the or der of thesethreelev els changesin the course of
the change of the cou pling schemefrom LS tojj. At the level
crossings, strongconfigurationinter actioncanbefoundas
avoidedcrossings. By comparingtheex peri mental results
withtheoreti cal cal culations, ® the de gree of mix ingin the
wavefunctionsamongthethreeex citedelectronicconfigura
tionswasinvesti gated.

AnEBITisauseful apparatusal sotostudy fundamental
electron-HCI collision processes in hot plasmas because
trapped HClsare ex cited by amonoenergetic, uni di rectional
electronbeam. Recently, electronimpact ex ci tationprocesses
of neonlike X&"**wasstudied. Fig. 1 showsX-ray spectraofn
= 3to 2tran si tionsin neonlike Xe*** taken at the dif fer ent
electronener gies, (a) 5.54 keV and (b) 6.73 keV. Asseenin
thefigure, rel ativeintensity of thelineM2 ((2p;7, 39-2 —+ 2p°)
hasstrongel ectronenergy dependence.® Atanelectronenergy
E.of 5.54keV, cascadesfrom 21™nl (n = 4) lev els can not con-
tributetothelineinten sity of M2 be causetheen ergy iswell
below thethresh old. Ontheother hand, forE. = 6.73 keV, cas-
cades from 21™"nl (n = 4) lev elsbecome possi ble. Thusitis
consid ered that theen ergy de pend enceof theline M2 is ex-
plained by takingthecontri butionfromcascadesintoaccount.
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Spectrawereal so obtained at sev eral other electronener gies
tostudy theex ci tationprocessesindetail. Theoreti cal investi-
gationisalsoongoingusingthecollisional radi ativemodel.

AnEBIT isalsouseful tomeasuretheangular distri bu-
tionandthepolarizationof radi ationbecausetheelectron
beamisuni di rectional. Wemeasuredthelineintensity ratio
betweenLy- i, and @i, in hydrogenlike Ti%** atanobservation
angleof 907 andobtainedthepolarizationof Ly-ti: asafunc-
tionof electronenergy.™® Thismeasure ment gave thefirst ex-
perimental result for the polarization of Ly-tt in highly
charged hydrogenlikeions.

PLANNED EXPERIMENTAL SUBJECTS

Uptonow, al most all ex peri mentsattheTokyo EBIT
have been per formed with elec tron en er gies of below 100
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Fig. 1. X-ray spec trafrom neonlike Xe***obtained
atelectronenergieske. of (a) 5.54 keV and (b)
6.73keV.Notationsrepresent theupper level
of theline M2; (2@123334, 3G; (2@12333:1,
E2L; @p;,3pu2)i=2, E2M; (2p5;3paz)s=2,
3F; (2p;3395-1, 3D; (2p5,3d,),)s-1. Thefi nal
stateisthe ground state for all lines. Thetwo
lines which ap pear at the |eft side of theline
3F arelines from sodiumlike X &3+ and mag-
nesiumlikeXe*",
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keV.Inthenear future, how ever, itisplannedtoinvesti gate
few-electron systemswith elec tron en er gies of above 100
keV. One of the planned ex per i mentsisan intercomparison
betweenLy-i: of hydrogenlike In*** and Ly-P of hydrogen
like Rh** to study the QED contri butiontothe 1 sbhinding en
ergy of theseions. Fig. 2 showsthe pre dicted po si tions of
theselines. Withinthelimitsof therel ativistic quantum me-
chanics, theenergy level of hydrogenlikeionsisgiven by the
solutionof theDiracequation,

2 1/ 2
E-E |1 4z , 1
0[ +[n—K+\/K2—D:222 @)

where Eyistherest en ergy me?, i thefinestruc turecon stant,
and K =j +1/2. Accordingtotheequation (1), theen ergy dif-
ferencebetweenLy-ti» (2py2—+ 15) of hydrogenlike In*®* and
Ly-P; (8pa2 —+ 1) of hydrogenlike Rh**is19eV. How ever,
by tak ing the Lamb shift into ac count, thisvalueismodi fied
to10eV, whichisa most half of the Dirac value. On the other
hand, theLamb shift contri butioninthetransi tionenergy of
Ly-u of hydrogenlike In***isonly 0.1%. Ac cord ingly, the
intercomparison method givesasen si tive test of the QED
theory com pared with di rect ab solutemeasurementsof the
wavelengthof theLymantransi tions.

Inor der toob servetheLymantransi tionsinmedium-Z
ions, such as In"®" and Rh***, aJohansson crystal spectrome-
ter hasbeen con structed. The crystal usedin thisspectrome-
terisGe(400) pro cessed for thefixed radiusof Rowlandcir cle,
R =2900 mm. The detec torisHAMAMATSU V5102UCSl,

NV PRI SIS SR S
Rh Ly-B, In Ly-o
In Ly-a,
RhLy-B, | J
I with the Lamb shift
] Dirac
et
25.1 25.2 25.3 254 25.5 25.6

X-ray energy (keV)

Fig. 2. Predictedlinepositionsof Ly- i of hydrogen-
like In*® and Ly-P of hydrogenlike Rh**,
Open lines representthetransi tionenergy
cal culatedfromtheDirac equation, and solid
lines the transition energy including the
Lamb shift.
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Fig. 3. Spectrum of Ag Ko obtained with the
Johansson spec trom eter. Thelinewidth of
Ky is11 eV FWHM, which con tainsthe nat-
ural width of about 8 eV.

which consistsof aCsl scintillator andanimageintensi fier.
Fig. 3 shows the spec trum of the Ag Kii ob tained with the
Johanssonspectrometertoex aminethechar acteristicsof the
crystal. Inthismeasurement, animaging platewasused as
a detector because the image acquisition system for the
HAMAMATSU detectorisunder construction. Asseenin
thefig ure, linewidth of 11 eV FWHM wasob tained for K.
By takingthenat ural width (-8eV)intoaccount, resolution
which can be ob tained by thiscrystal iscon sid ered to be
about 7 eV, i.e. E/AE — 3,000 atE = 22 keV . Al though the ac-
tual resolutionisconsid eredto beworseduetotheposi tion
resolutionof theHAMAMATSU detector, thepresentresult
indi catesthat thequal ity of thepresent crystal ishighenough
to study the Lyman seriesof medium-Z hydrogenlikeions.
Beforeob ser vation of theLymanlinesof hydrogenlike
and Rh***, n=2to 1transi tionsof heliumlike In*"* and
Rh***are planned to be ob served. Thisob ser vation will be
performedtoex aminethespectrometer withtheactual EBIT
source. How ever, wavelength measurementsof suchlinesare
alsoim por tant from an atomic physicspoint of view be cause
there are few high resolution spectroscopic studies for
heliumlikeionswithZ> 36. In or der to pro duce suchionsef-
fi ciently, the Tokyo EBIT ison the up grade™ at present to-
wardroutineoper ationwithahighenergy electronbeam.
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