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ABSTRACT. In this paper, we present recent activities at the TokyoTEddter giving an overview
of the present status of the devices. We have been studyétgctibnic recombination processes

by means of several techniques. In addition to X-ray obsiemnva and charge abundance obser-

vations, 2-photon observations have been recently usetudy ®R processes which emit two
photons successively (but practically simultaneouslygcdtt efforts on spectroscopic work are
mainly concentrated on Fe and W ions, which are relevant tto@sysical and fusion plasmas.
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Several spectrometers that can cover a wide range of wagthlesuch as visible, EUV, and X-
rays, were used for accumulating useful data for plasmandstigcs applications. HCI-surface
collision processes were studied using ions extractedigiirehe beam line, that has recently been
modified. Very highly charged ions up to®i were used for studying the effect of huge potential
energy.

KEYWORDS. Low-energy ion storage; lon sources (positive ions, regabns, electron cyclotron
resonance (ECR), electron beam (EBIS))
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1 Introduction

We are using two electron beam ion traps (EBITSs) for studyiregstructure and the atomic pro-
cesses of highly charged ions. One of them is a high-enerdy,EBlled the Tokyo-EBIT 1-3],
that was built in 1995 and has been being stably operatedsiea. Another is a low-energy EBIT,
called CoBIT ], that was built recently for efficiently studying moderatearge state ions. The
complementary use of these two EBITs allows us to study imas a wide range of charge state.
In this paper, we present recent activities with these EBITs

2 Present status

Parameters of the two EBITs in Tokyo are shown in tabl@he maximum electron beam energy
and current of the Tokyo-EBIT achieved so far are 180 keV &tBA respectively, while typical

Table 1. Operational parameters of the Tokyo-EBIT and CoBIT.

Tokyo EBIT  CoBIT
Max. electron energy (keV) 180 25
Max. electron current (mA) 330 20
Max. magnetic field (T) 4.5 0.2
Cryostat temperature (K) <4.2 77
Coolant Lig. He Lig. N
Height (m) ~ 4 ~ 0.4
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Figure 1. Typical charge state spectra of highly charged ions etddaitom the Tokyo EBIT.

operational parameters are in the range of 10-90 keV withk1BIOmMA. Highly charged ions pro-
duced with such a high-energy, high-current electron besmbe not only stored for spectroscopic
studies but also extracted for collision experiments. dgpcharge state spectra of extracted ions
are shown in figurd. As shown in the figure, very highly charged ions up t8'Bican be used for
collision experimentsg]. The intensity of the HCI beam with a cross section of 1 fisn10* >
counts per second, depending on charge state. Recentlyedime line has been modified with the
aim of increasing the intensity. In the previous syst@&in §n electrostatic bender has been used
before a charge analyzing magnet. On the other hand in tkemireystem, the electrostatic bender
has been omitted and the analyzing magnet is placed juseabevEBIT. As a result, the path
length between the EBIT and the collision chamber has beeam msioortened and simplified. The
performance of the modified line is currently being tested.

Although the Tokyo EBIT has been operated with lower eleciaergies such as 1 keV or
less, the stability in such operation is not so good that entedn current of only a few mA is
available. Thus we built the compact device CoBIT for effedy studying moderate charge state
ions that can be produced with an electron energy of 1 keVss: IBlot only the electron energy
but also the electron current and the magnetic field arerathall compared with the Tokyo-EBIT
as shown in the table; such parameters allowed us to dowttszdevice. Diagnostics using EUV
and visible spectrometers proved that CoBIT is a powerfulagdeto produce and study moderate
charge state ions that are important for the applicatiohémlasma physics and so on. The details
of CoBIT and the results of recent operation are shown imdisee in this volume.
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Figure 2. Setup for visible spectroscopy.

3 Spectroscopic studies

3.1 Spectroscopy of tungsten ions

Since tungsten is a major candidate for the divertor matefiflTER, its spectroscopic data are
strongly needed for diagnosis and control of the high teatpese plasma in ITER. By using the
two EBITs, we are systematically measuring spectra of kighlrged tungsten ions with a wide
range of charge states over a wide range of wavelength. ticglar, we are currently interested
in the visible region because a lot of effort has already hpesd for the shorter wavelength range
such as VUV and X-rays at several EBIT facilities-9]. Figure 2 shows the typical setup for
visible spectroscopylf0], which is used both for the Tokyo-EBIT and for CoBIT althduthe
focal length and the size of the lens are changed dependirtigecion source used. Tungsten is
injected into the EBIT as a vapor of W(C&through a gas injection system. To distinguish the
lines of tungsten from those of carbon and oxygen, spectra also observed while injecting CO
and Q and compared with the spectra obtained with W(gDjection. The charge state of the
tungsten ion responsible for the observed line can be filhtirom the appearance energy by
observing electron energy dependence although the cosoparivith theoretical calculations are
needed for the detailed identification. Resent resultssaiin be published elsewhere.

3.2 Spectroscopy of iron ions

For the diagnostics of the solar corona with the solar plsysatellite Hinode, spectroscopic data
of highly charged iron ions with charge states around 10-haegled. Under the collaboration with
the Hinode project, the EUV spectra of iron ions has beengbsindied for a wavelength range
of 10-30 nm. One of the most important subjects is to obsdm@etectron-density dependence of
line intensity ratios to test the collisional radiative netslused in the density diagnostidsl[12].
Although the electron density can be controlled by chantiiegelectron beam current or the central
magnetic field (or both), it is generally difficult to know tlagsolute density. Recently, we have
installed a slit near the electron beam in the EBIT to obtamitmage of the electron beam based
on the principle of a pin-hole camera. From the observed @éaighe electron beam, the radius
and thus the density of the electron beam can be obtalt®d 9.
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Figure 3. Setup for two photon observation.

4 Dielectronic recombination measurements

Dielectronic recombination (DR) of highly charged ions rsecof the most important processes
in plasmas. An EBIT is a useful device for studying DR proesssf highly charged heavy ions
since it has a (quasi-)monoenergetic electron beam whamgyenan be easily and rapidly con-
trolled [16, 17]. By using the Tokyo-EBIT, we have been studying DR procedbeough both
X-ray observations18] and ion abundance measuremerig, P0]. The former has the advantage
that absolute cross sections can be obtained by normalizan¢i-ray intensity of DR to that of
radiative recombination (RR), for which reliable theataticross sections can be obtained. On
the other hand, it has the disadvantage that it is difficufetmlve the charge states mixed in the
EBIT due to the intrinsic energy resolution of a solid stag d&tector. In contrast, the latter has
the advantage that charge-state resolved measuremepissaiile although it is difficult to obtain
absolute cross sections. The ion abundance measuremiens suitable for open shell systems for
which it is difficult to concentrate the abundance on a sicbl@rge state.

In the previous X-ray measurements, a single detector wex$ atsan observation angle of 90
degrees with respect to the electron beam. In the staldiizaf the intermediate doubly excited
state, however, two photons are generally emitted suesdgdibut quasi-simultaneously). For
example, twdK X-rays can be emitted iKLL DR of a H-like ion:

e+A%(1s) — AL+ (220")
— A@D(192") 4 hyy — A L hy,,

In the experiments with a single detector, one of these tvatquts has been observed. Recently,
we have been measuring these two photons in coincidencg agiair of Ge detectors. One of the
motivations for this coincidence measurement is to obtagnangular correlation between these
photons. A few theoretical studies have demonstrated threlaton R1], but it has never been
confirmed experimentally so far.

Figure 3 shows the typical setup for the two-photon observation.n&gyfrom two Ge de-
tectors were recorded with a multi-parameter data acgnsitystem (IWATSU A3100). Both the
pulse height (X-ray energy) and the arrival time of each aligvere stored in the list mode. The



system is currently being tested through the coincidencasarement of K and L X-rays emitted
in the KLM-DR process of Ba ions.

5 Interaction of HClswith surfaces

A highly charged ion has so huge potential energy that a eifggl impact can induce drastic
changes on a surface even if it has no kinetic energy at gll ¢ee 2] and references therein).
For example, it is known from previous studies that a nangesire is created with a quantum
efficiency of unity for various kinds of surface2d. The size and the shape of the structure are
found to be strongly dependent on the charge state of théention, the physical properties of
the surface and so or24, 25], but the detailed mechanism is still unclear so that furttadies
are needed. Microscopic observations is ongoing with arsagrtunnelling microscope directly
connected to the beam line of the Tokyo-EBIT.

6 Summary and outlook

The complementary use of the high-energy and low-energy&8llows us to study highly charged

ions over a wide range of charge state. Spectroscopic stodiar a wide range of wavelength are
ongoing using various types of spectrometers. In addibgmsing the ion extraction system of the
Tokyo-EBIT, the collision processes of highly charged iwriih electrons and surfaces are studied.
For further studies, new spectrometers and a coincidersterayfor two photon observation has
been developed. An ion extraction system for CoBIT is algoetiily being developed.

Acknowledgments

This work was supported by KAKENHI (21340111) and the NIFH&mration Research Program
(NIFSO09KOAJ003). A part of this work was performed under Research Cooperation program
in the National Institutes of Natural Sciences (NINS).

References

[1] F.J. Currell et al. A New Versatile Electron-Beam lon Trap Phys. Soc. Jpi65 (1996) 3186

[2] H. Watanabe et alCharacteristics of the Tokyo Electron-Beam lon Trap
J. Phys. Soc. Jpi66 (1997) 3795

[3] N. Nakamura et al.The present status of the Tokyo electron beam ion trap
Rev. Sci. Instrunt9 (1998) 694

[4] N. Nakamura, H. Kikuchi, H.A. Sakaue and T. WatanaBempact electron beam ion trap for
spectroscopy of moderate charge state jéev. Sci. Instruniz9 (2008) 063104

[5] C.Yamada et allnjection of metallic elements into an electron beam ioptusing a Knudsen cell
Rev. Sci. InstruniZ7 (2006) 066110

[6] N. Nakamura et alRecent activities at the Tokyo EBIT 20@&n. J. Phys86 (2008) 315

[7] R. Radtke, C. Biedermann, J.L. Schwob, P. MandelbaunmRaridoron,Line and band emission from
tungsten ions with charge 21+ to 45+ in the 45-.37range Phys. RevA 64 (2001) 012720


http://dx.doi.org/10.1143/JPSJ.65.3186
http://dx.doi.org/10.1143/JPSJ.66.3795
http://dx.doi.org/10.1063/1.1148555
http://dx.doi.org/10.1063/1.2939393
http://dx.doi.org/10.1063/1.2216867
http://dx.doi.org/10.1139/P07-111
http://dx.doi.org/10.1103/PhysRevA.64.012720

[8] J. Clementson, P. Beiersdorfer and M.F. Guray spectroscopy of E2 and M3 transitions in Ni-like
W, Phys. RevA 81 (2010) 012505

[9] Y. Ralchenko, J. Reader, J.M. Pomeroy, J.N. Tan and Jilaspy, Spectra of W** —W*"* in the
12-20 nm region observed with an EBIT light soyr¢éePhysB 40 (2007) 3861

[10] H. Watanabe et alMagnetic dipole transitions in titaniumlike ionBhys. RevA 63 (2001) 042513

[11] G.Y. Liang et al. Experimental investigations of ion charge distributioeective electron densities,
and electron-ion cloud overlap in electron beam ion trapgoiea using extreme-ultraviolet
spectroscopyAstrophys. J702 (2009) 838

[12] H. Chen et al.Electron Impact Excitation Cross Section Measurement ferdito n= 2 Line
Emission in F&™* to Fe3*, Astrophys. J646 (2006) 653

[13] J.V. Porto, I. Kink and J.D. Gillaspy)V light from the ground term of Ti-like ytterbium, tungstend
bismuth Phys. ReVA 61 (2000) 054501

[14] D.A. Knapp et al. A high-energy electron beam ion trap for production of higtarge high-Z ions
Nucl. Instrum. MethA 334 (1993) 305

[15] Y. Zou and R. HuttonThe potential of an EBIT in assisting plasma diagnostics jpogress at the
Shanghai EBITJ. Phys. Conf. Set85 (2009) 012060

[16] D.R. DeWitt et al. Dielectronic recombination cross sections of fluorinekiemon
Phys. RevA 47 (1993) R1597

[17] A.J.G. Martinez et al State-Selective Quantum Interference Observed in therR@nation of
Highly Charged HG®78 Mercury lons in an Electron Beam lon Trap
Phys. Rev. Let®4 (2005) 203201

[18] H. Watanabe et alThe measurement of the dielectronic recombination in Keie ions
J. PhysB 34 (2001) 5095

[19] H. Watanabe et alDielectronic recombination of He-like to C-like iodine ®n
Phys. RevA 75 (2007) 012702

[20] N. Nakamura et alEvidence for Strong Breit Interaction in Dielectronic Reduination of Highly
Charged Heavy lon$hys. Rev. Letfl00 (2008) 073203

[21] S. Zakowicz, W. Scheid and N. GriDjelectronic recombination into hydrogen-like heavy iovith
emission of two photond. PhysB 37 (2004) 131

[22] F. Aumayr and H.P. WinteRotential sputteringPhil. Trans. Roy. Soc. Loné 362 (2004) 77.

[23] N. Yoshiyasu et al.Demonstrative experiment for single ion implantation téghe using highly
charged ionsJpn. J. Appl. Phys15 (2006) 995

[24] M. Tona et al. Nano-crater formation on a Si(1 1 1)-(¢ 7) surface by slow highly charged
ion-impact Sur. Sci601 (2007) 723

[25] M. Tona et al. Some characteristics in the interaction of slow highly deat Ig+ ions with a Si(1 1
1) 1 x 1-H surface Sur. Sci600 (2006) 124


http://dx.doi.org/10.1103/PhysRevA.81.012505
http://dx.doi.org/10.1088/0953-4075/40/19/007
http://dx.doi.org/10.1103/PhysRevA.63.042513
http://dx.doi.org/10.1088/0004-637X/702/2/838
http://dx.doi.org/10.1086/504708
http://dx.doi.org/10.1103/PhysRevA.61.054501
http://dx.doi.org/10.1016/0168-9002(93)90790-O
http://dx.doi.org/10.1088/1742-6596/185/1/012060
http://dx.doi.org/10.1103/PhysRevA.47.R1597
http://dx.doi.org/10.1103/PhysRevLett.94.203201
http://dx.doi.org/10.1088/0953-4075/34/24/311
http://dx.doi.org/10.1103/PhysRevA.75.012702
http://dx.doi.org/10.1103/PhysRevLett.100.073203
http://dx.doi.org/10.1088/0953-4075/37/1/008
http://dx.doi.org/10.1143/JJAP.45.995
http://dx.doi.org/10.1016/j.susc.2006.11.002
http://dx.doi.org/10.1016/j.susc.2005.10.020

	Introduction
	Present status
	Spectroscopic studies
	Spectroscopy of tungsten ions
	Spectroscopy of iron ions

	Dielectronic recombination measurements
	Interaction of HCIs with surfaces
	Summary and outlook

