
-fiff’.$c PWA%9’?3
,

De-excitation X-rays from resonant coherently excited 390 lMeV/u hydrogen-like Ar

ions

T. Ito’, Y. Takabayashil, K. Komaki’, T. Azuma2, Y. Yamazaki”3, S. Datz4, E. Takada5, and T.

Murakarni5

‘Institute of Physics, Graduate School of Arts and Sciences, University of Tokyo, Komaba, Tokyo

153-8902, Japan.

21nstituteof Applied Physics, University of Tsukuba, Tsukuba, Ibadci 305-8573, Japan.

3Atomic Physics Laboratory, RIKEN, Wake, Saitarna 351-01, Japan.

‘Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830, USA.

‘National Institute of I&iiological Sciences, I.nage,Chiba 263-8555, Japan.

Abstract

Resonant coherent excitxuion (RCE) of 390 lvleV/u hydrogen-like Ar”+ ions pkmar channeled

in a Si crystal was investigated through measurements of the de-excitation X-rays as weli as the

charge state distribution of the transmitted ions. We obsemed enhancements of both the fraction of

ionized A’*+ ions and the intensity of the de-excitation X-rays under the RCE condition. The n=2

states of Ar”+ in the c~stal are split into four energy levels due to spin-orbit interaction and Stark

effect induced by the planar potential of the cnwal. The intensities of the X-rays horn the Io\ver

hvo levels \vere found to be smaller compared with those from the higher Nvo levels. \vhich is

explained by the dominance of the 2s component not decaying via a singie photon emission. The

difference behveen the resonance profiles of the charge state and the X-ray reflects the nature of

H=2 states in the crystal field.
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1. Introduction

Channeled ions in a crystal have a possibility to be excited by feeling the periodic c~stal

potential as an oscillating electromagnetic fiel~ when one of the internal energy differences of the

ions corresponds to the frequency of the field. This phenomenon called resonant coherent excitation

(RCE) was predicted by Okorokov in 1965 [1]. Ions traveling in a target experience incoherent

excitation or ionization by collisions with the target atoms. These processes under the channeling

condition reduces compared with those for a random incidence. The once excited ions are either

ionized or de-excited accompanying X-ray emission. Under the RCE condition, the coherent
*

exciqtion process is added to the incoherent processes, which leads to increase both of ionization

and X-ray emission.

The RCE of hydrogen-like and helium-like ions was first observed by Datz et al. through the

charge state distribution of the transmitted ions [2]. Since then, much progresses in understanding of

RCE are achieved [3,4]. The enhancement of de-excitation X-rays from n=2 states of Ne*, FB”and

Mg”+ ions under the RCE condition in Au c~stals was obsened [5-8]. It was reported that the X-

ray emission shows an anisotropy [8], and the resonance profile reflects the Stark split of the n=2

states originated in both the wake and crystal fields.

Recently, the first order RCE for 1s to n=2 transition of 390 ,MeV/u hydrogen-iike Ar ions in

the Si (2~0) planar channeling was observed through the charge state of transmitted ions [9-1 1]. In

the high energy region, the RCE is clearly obsemed, because incoherent electron loss and capture

processes are much reduced. Moreover, the wake field is negligibly small compared with the static

crystal field perpendicular to the ion velocity. A split of n=2 smte was observed due to the spin-orbit

interaction as well as the Stark effect originated in the static crysmi fieid.

Excited ions have two decay channels, i.e. ionization and de-excitation. A study of both

channels offers more detailed information on the RCE process. In the present paper, \ve report the

RCE observation of 390 MeV/u Ar’7+ions under the Si (220) planar channeling condition through

measurements of the de-excitation X-rays as well as the charge distribution of the transmitted ions.

1. Experiment

In the present experiment, an RCE was measured for the (2~0) planar channeling in a Si

crystal. The condition is given by



( )A&= JYksin8+lcose ,
a (1)

where A.Eis a transition energy of the io~ ~ = VIC, y = lj~’, v and c are the ion and light

vekxities, respectively, h k the Planck’s constant, a (=5.431 ~) is a lattice constant of a Si crystal.

An angle fkom the [110] axis on the (2~0) plane is 0, and k and 1 are integers. Keeping the ion

veiocity fixed, we s~anned the tilt angle t9across the (k,1)=(1,1) resonance.

The experimental setup is shown in Fig. 1. A beamof390 MeV/u &“+ ions supplied from the

Heavy Ion Medical Accelerator in Chiba (HXMAC),was collimated so that the an-alar divergence

and the beam diameter become to less than 0.15 mrad and 2 mm, respectively [10]. .4 Si crystal

with 21 yrn thickness was mounted on a 3-axis goniometer. The (220) plane of the crystal was

kept horizontal. The transmitted & ions were charge-separated by a magnet at 130 cm downstream

of the cgstal, and were detected by a 2D-position sensitive detector (PSD) placed at 430 cm

downstream of the magnet. A Si(Li) detector for measuring de-excitation X-rays was located at an

angle of 410 with respect to the beam direction on the horizontal plane. Through the Lorentz

transformation, the angle of41° in the laboratory frame corresponds to 84.4° in the projectile frame,

i.e. nearly perpendicular to the beam direction. The area of the Si(Li) detector is 30 mmz, and the

geometrical efllciency is 2.2x 10_’.The resolution for Mn Ka X-ray (5.9 kev) is 160 eV. An AI foil

with 2 #m thickness was placed in front of the detector as an absorber to reduce the background in

the low energy region. The primary beam intensity was monitored by measuring Ka X-rays from a

Cu foil placed at the end of the beam line by another Si(Li) detector. The beam intensities for X-ray

and charge state measurements were -106 and -103 per second, respectively

3. Resuits and discussion

The X-ray energy spectra for random incidence, channeling (off-resonance), and RCE

condition are shown in Fig.2. Si K X-rays are seen at 1.7 keV, De-excitation X-rays from AriT+ions

(3.3 keV in the projectile frame) are shifted to 5.0 keV because of the Doppler effect of the

relativistic projectile velocity. Under the channeling condition, tie yield of the de-excitation X-ra>’s

from the Ar ions increases compared with the random incidence because of small probability of

ionization’of the projectile ions due to collisions with the target atom. Under the RCE condition, the

yield of the de-excitation .X-rays are tlu-ther enhanced.

We oixtined the resonance profile for de-excimtion X-rays as well as the charge state profile as
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shown in Fig.3. The abscissa is the tilt angle i%omthe Si [110] axis. The upper scale is the transition

energy corresponding to the tilt angle with the relation of Eq.( 1). The X-ray resonance profile in

Fig.3(a) has two peaks similarly seen in the charge state profile in Fig.3(b). The right peak in the X-

ray profile becomes to be about six times Iarger than at the off-resonance condition. However, the

left peak is suppressed compared with the right pea.lq and the doublet structure of the left peak seen

in the charge state profiIe vanishes.

While the fraction of ionized .k’g+ afier transmission through the Si crystal for the random

incidence is 95 percent, the fraction under the channeling condition amounts to 60 percent. On

resonance, however, the fraction of Ar18+increases to 80 percent at the peak position as seen in

Fig.3 (b). The two peaks of the resonance profile reflects the spin-obit split in n=2 states. Arrows

indicate the is-2p ~= 1/2 and j=3/2) transition energies ofAr’7’ in vacuum. .4 doublet stmcwre of

the lefl peak is due to Stark effect originating in the crystal field. It is noted that the doublet is

clearly observed compared with the case for a 95 pm thick Si crystal [9-1 1].

The transition

perturbation theory

transition energy as

states ue split into

energy from 1s to n=2 states in the crystal field was calculated by the

considering the Lamb shift of the 1s(1/2) and 2s( 1/2) states [10,12]. The

a function of the distance from the channel center is shown in Fig.4. The n=2

four leveis, which are hereafler named Level 1, 2, 3 and 4 in the order of

increasing the transition energy. The left peak in the resonance profile corresponds to the transition

to Level 1 and 2, and the right peak cot-responds to LeveI 3 and 4. As the ion approaches to the

channel center, the transition probability of the RCE becomes smaller because of the weak

perturbation from the crystal potential. The smail transition probability in the vicinity of the channel

plane and the wide splitting bet~veenLevel 1 and 2 are responsible for the doublet formation of the

Ietl peak in the charge state profile in Fig.3(b). Moreover, the left side of the doubiet peak is slightly

lower than the other peaks, \vhich reflects the steeper slope of Levei 1 seen in Fig.4. The level split

between Level 3 and 4 is so mu-rowthat the split was not obsewed in this measurement.

The wave functions of Levels 1-4 are expressed as linear combinations of 2s, 2p~, 2pYand 2pZ

?PYand 2pZ in these Leveis as a function of the distance from thestates. The fractions of 2s, 2px, .

channel center are shown in Fig.5. Here, .r-&xisis defined to be perpendicular to the channel plane,

and z-axis is pardleI to the beam direction. The dominant component in Level 1 and 2 is the 2s

state, which does not decay via a single photon emission. The lifetime of an n=2 smte with the large

fraction of the 2s component becomes much longer, and excited ions to Level 1 and 2 do not decay
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in a field of view of the Si(Li) detector. This situation results in the suppression of left peak for the

X-ray resonance profile. Moreover, born the fact that the channeled ions maintain the information

of the initially excited state, it is considered that the transition between n=2 states by electron or

nucleus impact, which tends to smear out the information of the initially excited level, does rtot

occur so frequently.

Here, in order to discuss the evolution of the electronic states resulting from the fundamental

processes under the RCE condition, several parameters are introduced, i.e. mean-free-patis of 2p-

ionization, ~ and 2p- 1s de-excitation, & For more detailed discussion about the X-ray resonance

profile, a period and a phase of the Rabi-oscillation of the resonant coherent excitation and de-

excitation processes have to be taken into account. However, the main feature of the X-ray

resonance profle can be qualitatively explained by the mean-free-pa&s ~ and ~. The direction of

the electron distribution for 2p states is neglected, because the size of the k“+ ion is much smaller

than the inter-planar distance of the (2~0) channei (=1.92A). The value, & for the best channeled

ions traveling in the channel center is estimated to be -60 pm from the local electron density at the -

channel center calculated from the MoIi&re potential and the electron impact ionization cross

section [13]. The ~ for the channeied ions with the oscillation ampiitude of 0.72 A,}vhich is three-

quarter of the distance between the channel center and piane, is estimated to be -1.6 pm. For the

channeled ions with the large oscillation amplitude, the nucleus impact contributes to the ionization

to a large extent. The impact parameter dependence of ionization by nucleus impact is estimated by

the experimental result of the fraction of ionized Arig+ions as a function of the energy loss [9-1 I].

Most of de-excitation occurs inside the Si crystal, because ~ is -4,6 pm [13]. It is noted that the de:

excitation process is independent of the distance from the channel center.

For the best channeled ions, most of excited ions to n=2 states decay with the X-ray emission,

because the Ji is more than ten times larger than ~. On the other hand, the ~ is three times smaller

than ~ for channeled ions with the large oscillation amplitudes of 0.72 A.Therefore, excited ions

with large oscillation amplitude are easily ionized, and the channeled ions with small oscillation

amplitudes mainly contribute to the X-ray resonance profiie. As the result, the doublet structure of

the left peak as seen in the charge state resommce profile vanishes in the X-ray profiie. In the

previous experiment with a 95 pm thick Si crystal [9-11], the doublet structure of the left peak in

the chmge smte profile

resolved compared with

was not clearly observed. The reason why the doublet structure is tvell

the thicker crystal is also explained by this estimate. The c~stal tiickness
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of 95 pm is larger than the ~ for the best channeled ions, and excited ions to n=2 state are

eventuality ionized even for the best channeled ions. As the result, the doublet structure did not

clearly appear.

In summary, we observed the RCE through the de-excitation X-rays as well as the charge state

distribution adopting a Si crystal with21 pm thickness. The obtained X-ray resonance profile has a

different feature from the charge state resonance profile. The suppression of the left peak in the X-

ray resonance profile reflects dominance of the 2s state in Level 1 and 2. The disappearance of the

doublet structure in the X-ray profile is owing to the small ionization probability of the chameied

ions with a small oscillation amplitude.
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.
Figure captions

Fig.1 A schematic drawing of the experimental setup. A Si crystal is mounted so that the (2~0)

plane is horizontal. A Si(Li)-detector is located on the horizontal plane.

Fig.2 X-ray spectra for (a) random incidence, (b) channeling (off-resonance) and (c) RCE

condition.

Fig.3 Resonance profiles of (k,f)={1,1) RCE for (a) de-excitation X-rays and (b) charge state. The

lower scale is the tilt angle from the [110] axis on the (2~0) plane, and the upper scaleisthe

transition energy corresponding to the tilt angie. Allows indicate the position for 1s-2p transitions

(j=l/2 and j=3/2) in vacuum.

Fig.4 Calculated transition energy tlom Is to n=2 states as a fi.mction of the distance from the

charnel center. Four levels are named as Levei 1, Level 2, Level 3 and Level 4 from the lower

transition energy.

Fig.5 Fractions of 2s, 2pX,2pYand 2pZcomponents in Level 1-4 as a function of the distance from

the channel center.
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