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Introduction

Excited states of fevelectron ions are an ideal object to investigate the dynamics of strongly
correlated bound electrons. The simplest €aseong such systenae H-like and Helike

ions of which numerous photoexcitation spectroscopies have been performed using
synchrotron radiationQ.1, 0.2]. However, synchrotron radiation is not applicable to-few
electron highZ ions because oits limited wavelength and inteities. Another efficient
instrument to produce excited ionsagolarization-controlled laser field0.3]. Restrictions

for laser spectroscopy are usually calise the frequency of thelight emittedby thelaser
Typically, the energyD of the plotons produced by a visible light lasealsoutfew eV. This

value can be increased lwsing a beam ofons acceleratedup to relativisticvelocities,
aligned antiparallel to the laser directiobue to the Doppler Effecthe energy of the laser

photonsin the rest frame of the ion® agan be shiftedo a higher value

(0.1)
o p T o F
p T
wherd istheratio between the ions velocityand the speed of ligh.4].
Therefore the wavelength becosne
0.2
| oI (0.2)
e
p I

Consideringthe limitations of the modern ion acceleratorg < 3) [05, 06], the highest

achievable transition energy is aba00 eVfor laser spectroscoy &1 6°1)[0.7.

The present worls dedicated to an alternatimeethod for controlled production of the
excitedn = 2, 3, 4 and 5 states in feslectron highZ ionsusingthe electric field of a crystal
target Relativistic projectiles passing a thin crystaiget feel the Coulomb potential of the
crystal atomsas an oscillating electric field with frequency . If the frequency of the
crystal field’ being seerby the projectileis equal tathe frequency of the transition
from the"Qnto "Cstatein the iors, Resonant Coherent ExcitatigRCE) may occur [0.8] The
field frequency , in the rest frame of the projectile ions defined by the velocity of the

ionswand distanc&between the crystal atoms:

: [w (0.3)
50



In this case, thé&requency of the electriteld in the rest frame of the ions dsrectly

proportional to the ions velocityw(herel is theLorentz factoy. The frequencyseenby the

ions at relativistic velocitiedbecoms very high(’ a1 6%%1), whichis equivalento keV
transtion energies:
o w (0.4)

@] o) J 68

Moreover a crystal field frequency can be tuned by changing the beam energy and by
adjusting the target angularientation withhigh precisionWhereasa laserfrequency in te

rest frame othe projectilexcan betunedonly by changingthe beanenergy.This makeghe

RCE phenomenora universal instrument for production of excited states of highérged

ions in a wide range.

The RCE phenomenon was predicted by V. @korokov in 1965 P.8]. An
experimental investigation of the RCE has bstntedby S. Datz with light ions at planar
channeling conditions0[9]. For the first time coherent excitation of the san crystals was
obtainedas aselectiveresonance process. The experiments wer®mmeed with Hlike light
ions Z =5 toZ = 9) supplied bythe Oak Ridge National Laboratory tandem acceleratos
ions with energy obouttensMeV/u were passing thin oriented Au and Ar crystal targets.
The RCE into levels up to= 3 (below 1keV) have been observed from the survival charge
state fraction of the ions measured as a function of the beam velocity [0.10].

Later on high-precision goniometsrstarted to be used for this kind of experimeAts.
possibility to rotate the target with srhatepsimproved the method in many waysirst, it
replaced the scanning over the beam energy which can be extremetptimaningSecond,
it allowed the adjustmemf the resonance conditions with high precision. Anidi, it gave a
possibility to exde different transitions using the same crystal differently oriented relatively
to the projectile ions directioriThe RCE in N®* and Md@'* ions was observed at planar
channeling conditions by measuring the initial chastgge fraction as a function ofeh
angular orientation of the targetystal mounted in a goniometer [0.1The excitation intoa
2p level has beeobservedaboutl.47 keV transition energy).

Developing acceleratdechnicsallowed extending the studgwards higher transition
energiesof the heavier io; Several RCE experimentson highly-chargedions were
performed at the HIMAC facility in Tokyo0[5 with beams of Ar and Fe ions at hundredls
MeV/u projectile energyTheRCE intothen = 2 level has been clearly demonstrated ih"/A
(about3.3 keV)at planar channeling in a thin-&iystal[0.12, 0.13]. Coherent excitation into
then = 3 state(about3.9 keV) wador the first time seen from the chargte distribution of

6



Li-like Fe at planar channeling conditions H].1A variation of theX-ray emission from the
decay of the excited 2p states of'Arwas studied as a function of the angular crystal
orientation in [0.5, 0.16]. Nowadays, beams of all iospeciesare available in a wide energy
range. The GSI accelerator facilitpgrmstadt) can provide highlyharged uranium (up to
bare) with energy up t@ GeV/u. Theresonant excitationf the 2s,, - 2ps/2 transition in
U®* (around4.5 keV) was observes with a cooled ions beam at 190 MeV/u passing a Si
crystal target at (22(planar channeling condition8.[L7.

Recently, arRCE at nonchanneling conditionbas beembserved fon = 2 transition
in H-like Ar ion traveling through a Si crystidr the first time[0.18]. This phenomenon was
called Threadimensional RCE (3BRCE). The channeling condition has been requiretha
previous experiments to suppress close collisions with the crystal atoms, which destroy
coherence between the transition frequencytaedrequency of the crystal field in the rest
frame of the projedes. This is particularly essential for low Z and low energy ions.
However, the ions penetrating a crydtaiget in arbitrary directions also feel the crystal
oscillating potential. In principle, RCE does not require channeling condi#oB88-RCE is
adding two new features to the existiRCE at axial and planar channelirfgrst of all it
allows polarization control of the excited states in the ions usiagelectric field of the
crystal [0.5, 0.17). Furthemore it givesthe possibility for a sequetial excitationto higher
statesof the iors usingsimultaneously thpotentials ofdifferent crystal orientations

The main goal of the present work was to investigahtephenomenon of Double
Resonant Coherent ExcitatioDRCE) into higher excited stas, such as = 3, 4 and 5, in
relativistic Hlike and Helike Ar ions. For this, hree experiments have beparformedat
HIMAC accelerator facility(Japan)using bears of Ar'’* and Ar®" with energy offew-
hundred MeV/u.

The first chapter of thel i s s e r Ibrait atanncpllisignd ,reviews the main
processes occurringhen ions penetrate mattasuch as excitation of the projectile and target
atoms and charge exchariggween the colliding partnemrobabilities of these procesges
light and heavy collision partners at different energiese discussed in Sectioh The
interaction of charged projectiles with crystals is different from amorphous targets. Basic
terms describinghe aystal potential and different ions motion madle crystattargets, such
as axial or planar channeling and narhanneling motion, are given in theeginning of
Section 2 This sectionfurther describes th&RCE phenomenon andxplains thedifference

between RCE anBRCE processesThe section is finalized with a digssion on the possible



de-excitationways of the ions and their probabilities calculated felikd and Helike Ar
ions.

Chapter 2,AiExperimend, presents the methods atitke tods usedin this work to
observe3D-RCE DRCE of highly-chargedions in crystaltargets.This chapter starts with a
short presentation of the HIMAC facility and methods of the production of the kiplalged
ions used in the experimeniBhe parameters of the beamsed for different measurements
are discussed in the second sectbrthis chapterThe experimental setuponsisting of the
high-precision goniometer, the vacuum chamber and the t&gatsented in section 2.3
Section 2.4eports on the working principle of the detectors used for the measurements of the
ion yield andX-ray emission. In Section 2the targetadjustmento the resonance conditions
is explainedstep by step. A scheme of the data acquisition farettie meastements igjiven
in the last section dhis chapter.

Chapter 3 is dedicated to the data analyde methodusedto obtainthe resonance
spectra from the measuramh and Xray yields is presentedhere.

The results of the performed experiments are samired in Chapter 4.Possible
improvements andufther applicationsof the developed methodire coveredin the last

chapteriConclusions .



1lon i atom collisions

This chapter is dedicated to the processes occurringllisionsof energetic ionsvith atoms
The first sectiondeals withthe basic processesuch as excitatignionization and electron
capture The special case of in interactiovith crystal targets, whiclis different from the
interaction with theamorphouones, is discussed in detailthe second sectiohons motion
in crystattarges under axial and planar channeling and scbanneling conditionsare
consideredhere



1.1lon-atom collisions

In collisions of energetic ions witheutral atomsthe projectile ion often changes disarge
state by capturing electron(s) from the target or by losing its orbital elegtr&hgstron
capture and electron loswe usually accompaniedy other processes like excitatiar
ionization followed bythe de-excitation of the colliding partnerga photon and/or Auger
decay The pobability of the dectron capture and electron loss defined bythe atomic
structure of the colliding partners and their relative veloditgny theoretical approaches and
semiempirical formulashave been developéd estimatecross sections of the excitation and
ionization processef®r differentcombinations of the projectiles and targits each energy
range[1.1, 1.2]. This work was completed by a large amount of experimentalndataioned

below

1.1.1 Excitaibn

A collision of an ion with a neutral atom may resala single or multiple excitation @ne or
both collidingpartners:

A) 00 & o’ hor
(1.1)

~

@ 00 & ° 0°h

here® is aprojectile ion n is the projectileinitial chargeand 60 denotes atargetatom.
The ecitation cross section d target atom from the ground statéo an excited
staten for optically allowed transitiongYa ph Y'Y 1) can be calculateih the Born

approximation, known as the Bethe cross section:

L TR0 o Y ., © ., 0 - 12
. Y W J\—( w NY U oV .
and for optically forbidden transitia(Ya mh ch o8 Y'Y m):
: ™ OO0 z & " 0 -
" Y'Y Y'Y Y (1.3)

where ) ®andoarefactorslisted in [L.3]; ¢ is the Bohrradius,’Y is the Rydberg constant,
® is the projectile charge;Y'Y 0j0 , U is the projectile velocityb is the Bohr
velocity and'O is the level energyThe rumbersg, O and™Yare principal, azimuthal and spin

projection quantum numbeos$ the excited state of the target ajamspectively.
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Formulae (1.1) and (.2) can be applied for high energy noelativistic collisionslin the case
of reldivistic collisionsthe excitation cross section (1.#9r optically allowed and forbidden
(1.5)transitionsare calculated with

\ l'IJ‘ d)(‘b o i T T T % F]

" [ d OJ'Y (0] p T (¢} (14)
O,
s 6h

a1 a9

whered is the electron rest mags, Uj wandis the speed of lightThe factors! ' and®
are listedn [1.3,1.4].
In figure 1.1 a dependence of the reduced cross sectamthe energyO calculatedfor H-

like and Helike ionsusing the scaling la{d.6)is presente{il.5]:
, —, AT AO —~h (1.6)

whereq is the ion chargstate,] - electron transition energy in atomic units 4@di the

generalized oscillator strengifGOS) for the specific excitation, as

dQon|joO a& 1o
0 o M a.7)
p 00 ©

hereO Ofp v TIQistheN a p i e r 6 sandccoefiigentsbfh i andr are listed in
[1.5] for H and Helike targets.

10-® —T—TTT T —T—TTTTTTT —T—TTTn 10"5: T T T T T
O 2Zp AT o
O 3par o 3's, Au‘
o 4p' A <O 4 s, AE‘
a 5pl A i- 5's,A
e 3's, H' (x0,78)
® p H (x108) | 107 | ® 4'S H (x0.78) 4
N’_\ - 3
£ 107
L
c
2
8
w 1p-18 3
@ F
o
o ‘P - inH
o -= n P transitions in He 1 1 .
D qpe e 1 '8 —= n D transitions in He (x 0.1)
: 2 B, oD e
@ o 3 cu - b 9 apa
P, 1077 F A 4'DA
m 3p, U B - & 5 AT
(; 3:;. S;Ne' | i A 4'D H (x1.5)
® i I b
v 4p H
10—19 1 10—20 L L L T R R | L i
10° 102 102 104 10 102 10*
Reduced Energy (ke\//u) Reduced Energy (keV/u)

Figure 1.1Excitation cross section scaling by Janevs[Ifor optically allowed transitions.
The arves are calculated using (1.5) and (1.6) for optically allowed¥1snp tr ansi ti on
(upper left curve), 5 Y'P mansition in He (lower left curve) and for optically forbidden
1's  ¥'s,dS YD mansitions in He. Open symbols represent the experimental data taken
from [1.6-1.10] for different impacts.
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This scalng rule shows that, for a fixed energy, the nonscaled excitation cross section as a
function of the ion chargestate q does not saturate at highvalues but decreases after

reaching a maximum.

1.1.2Charge transfer

An ion colliding with an atom mayndergo a change of initial charge st#eemoval ofone
or moreelectrors from theprojectileis usually calld projectileionizationor electron loss:

® 00 O o aQh (1.8)
whered  pisthenumber of theejectedelectrons to the targétom the projectile
A gain of one or more of the targefectrors by the projecte is known as electrecapture:

® 00 ® o h (19)

here’Q p isthenumber of the captured electrons.
Electron loss and electrorapture have different dependences on the projectile charge,

effective charge of the target atowds andon therelative velocity of the collisiow. At

high energies th cross section of the electroapture, and electron loss processes

scales as:
W )
. X n,08 h 01 On
(1.10)
X © | "Oh
” r’] !O U -

where'Ois the projectile electron binding energy.
The competitiorbetweenthese two processes at different energy regimes is demonstrated in
figure 1.2 by the example of tH8*** projectileionscolliding with Ar atomg1.11, 1.12.

The calculation indicates that the two processes are complementary: at energies below
1 MeV/u the electron capture asdominated process, whereas at high eneiisovertaken
by the electron loss. This result is supported also by the experimental datair¢timediate
energy, between 1 ar3d MeV/y where the cross sections have a comparable size, the charge
transfer is defined by the atomic structure of the ptidge and target atomslwo very
diaerent mechanisms contribute to the electron capture: the radiaptare, RECin which
the excess energy is carried away by a photon, and thead@tivecapture NRC.An NRC
is a capture of electroi®und in the targewhere the energy difference is compensated by a

change of the projectile velocigndREC i s a capt ur eThedREC paioceSsf r e e O

12



is dominant in higkenergy collisionswhereaghe nonradiative capture becomes negligibly
smdl.

10-14
10-19

10-1e

107

GEC, OFL. CM°

E EL: 0. e [#4]
- 0. m [45]
[ EC:v.v [44]
A. a [45]

108

10-19 T R TP MR
w3 102 10! 10° 10! 10° 10° 10*
E. MeV/u
Figure 1.2Electroncapture (EC) and electroloss (EL) cross sections in collisions of°U
ions with Ar atoms as a function of the projectile energy. Empty and solid symbols: one
electron and total cross sections, respectively, from experiméri] [and [1.12]. Solid
curves: calculations by the CAPTURE, DEPOSIT, and RICODE prograitd [

The basic methods for calculating the electtapture cross section, such as the elose
coupling method with an atomic or molecular ba%i$q - 1.20], theelectron tunneling model
[1.21], the absorbing sphere model based on the Ladeéaer theory 1.22], the classical
overbarriestransition model 1.23], the distortedvave approximation with normalization
[1.24, 1.25] give a satisfactory agreement witie experimerdl datain their respective range
of validity.

In figure 13 the electrorcapture cross section of Pbions colliding with Ar atoms
calculated withthe CAPTURE code and semtempirical formula(1.11) are compared with
theexperimeral data

8 8 A = 8 A ~ 8
" — = P QwnmadtoQ p Qwneggd8 1t pmO

(1.11)

o ., -
Whn och O pT

O
At high energieshe experimental resultand the theoretical modedse in agood agreement
but below 3 MeW the semempirical formuladoes not describe correctly the data the
lower energy collisions the electra@apture process is overtaken by the projectile ionization.
Generally, the projectile ionization cross section increases with projectile édamy it has

a maximum at arounal * p®&'Q ¢'Y and decreases & at the high energy limit.

13
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Figure 1.3Electroncapture cross sections in collisions of
(a): Pb*®* ions with Ar atomgempty circles experiment 1.11], solid curvesi calculation
using CAPTURE codé [14]);
(b): Pb*** ions with N moleculesare solid and empty circles are omdectron and total
capture cross sections from the experiment]], solid squares- [1.15], dashed curve$
calculation with sei-empirical formula [L.16]

According the classical Born thegmyeglecting the binding energy of the projecélectron

[1.26], the electron lossf light ions passing lovétargetsat high energy is

” T"OWw O © n h (1.12)
light ions passing intermediateétargets withwo @ T
, o w7 % f (1.13)
heavy ions passing lowtargets:
. “aT & % (1.14)
and heavy ions passing higitargets:
, “HD o' T UU f (1.15)
The electron binding energy was taken into account by Alton [t.27)
\ ob o o (1.16)

0

herel 1 outermost electrons with ionization enef@y
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A semiempirical formula obtained by Shevelko et alsing the relativistic Born
approximation(the RICODE program1[.13]) provideselectron loss cross sections for heavy

many-electron ions in a wide energy range:

(1.17)

L I
O——

gy gy

hered T8 @ p T cn? & denotes the@rincipal quantum number of the projectile outer

h

shell electrorand "Ois the projectile ionization potential.

EL: Af(nl) + Si (@) EL: Ar'®(nl) + Si (b)
1E-17
N “‘\\
\\\\
1E-18 4 .
] RN
— G 1E-18 44— ™~ > -..\f\
) £ - O o
E 5 SN
© ) ~ ——
©  1E-194 \\.\ .
] ENN—
T S S —
1E-19 1 SO
—
-
1E-20 +— T T T T T T T T
10 100 1000 10 100 1000
E MeV/u E MeV/u

Figure 14 Electron losscross sections from different states idike (a) and Helike (b) Ar
ions calculated by the RICODE program [1.13].

For heavy ions the role of mulilectron processes increases and the contribution of
the multielectron loss cross section can be more than 50% to the totdl.28le [

The electron loss cross section cadtetl with RICODE program k&een used in the
present workor investigation ofthe highlycharged Ar ions penetiayy a Sitarget. In figure
1.4 the electron loss cross sections from diffegatesn H-like and Helike Ar ions passing
a Sttarget are Isown. The calculation shows higher projectile ionization probability from the

excited states than from the ground state.
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1.2lon T crystal interaction

In the case od chargedorojectilepassingan ordered structure, like a crystidle interaction is
different froma penetration through an amorphous target. Each crystal has a unique structure
which can by described byhaaveragederiodic potentialSuch apotential may affect the

trajectory of the projectilen the target

1.2.1Crystalstructure

Thestructureof a crystalcan be considered as a Bravais lattiescribedy three unit vectors
4,4 and$ and the set of integeésh¢ and¢ so that eachattice point, identified by a

vector » can be obtained from:
» ¢+ &3 ¢=h (1.18)

where¢ , & and¢ are all possible integef$.29).
The Bravias lattice of a crystal is a unit element which repeats in three dimensions to

the crystal size An arbitrary Bravias lattice is sketched in figure 1.5.

Figure 1.5An arbitrary Bravias lattice.

Depending on the length of tHe, & and$ vectors andhevalues of the angles, |
and [ between them, there are seven types of crystal syst&iobnic, monoclinic,
orthorhombic, tetragonal, cubic, trigonal and hexagonal. A crystal system may have different
types of latticg1.29].

In the simplestattice is the one havingn atom in every corner of the lattice polygon.
This is the so-called pimitive lattice. Further, acrystal system may have additionally two
atoms in the polygons bases centers (oasgered lattice), or an atom in the volume center of
the polygon (volume&entered lattice) or an atom in the center of every face of the polygo
(facecentered lattice). Altogethghere are fourteen Bravias lattices.

An axial orientation is a group of crystal atoms located along the axis which always
goes from the origin of the coordinate system based on the unit vectdes and$ to the
point with coordinategk, I, m). The coordinates k, | and m aretegers called Miller indes
16



Crystallographic axes are denoted by values of the corresponding Milieesedclosed in
square bracketss k | m]. Forindiceswith negative value theatationbecomegk |m].

In figure 1.6 few examples of the axial orientations in an arbitrary crystal system are
shown. In the present notation, the unit vectors directions can be named as [100], [010] and
[001]. The atoms belongingo the axeq110] and [111]are marked with magenta color in

figure 1.6 (a) andl.6 (b), respectively

® @ ® ® @
as
® @ ® ®
§
® 100] a @ ® @
Sl
@ ® @ ®
(a) (b)

Figure 1.6Different aial orientations in an arbitrary array of atoms.

A planar orientation is a family of planesoseinterceptis proportional to the length
of 1 /, X /ahd 1 / om unit vectorsk ,$ ands . The interplanar spacirig defined also by
the Miller indcesand can be calculated for a specified crystal system Gnystallographic
planes areisuallydenoted using round brackets, ks ). In figure 1.7 (a) and (b)example

of (010) and (111) planar orientat®arepresented.

) D S
as as
@ R L L ]
ai a4 ° °
do dz
@ & @ @

(a) (b)
Figurel.7 Schemes gflanar orientatiors in a crystal:(010) and (111) in (a) and (b)

The crystal potential odn axial orientations defined by the distance taeeen the atoms in

the raw.The planar potential igjiven by the total fieldcreatedby the family of planes oA
specificorientation. Thereforat depends on the arrangement of the atoms in the plane and on
the interplanar distancd&examples of mial and planaraveragedpotentials of Si and Ge

crystals have been simulated in3Ai1 1.32] usingDoyle-Turnerapproximation.
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1.2.2 lon motion in a crystal

An ion penetratingn a crystalffeels the periodic structure of the potential and can be captured

to a specific oscillating motion along therystalchannel i.e. around a crystallographic axis

or between two crystal planéBhi s phenomenon is called Achant
There are two kinds of channeling motion: axial and planar channdlimg.xial

channelingis a onedimensionalexample of this phenomenoi scheme of the axial

channeling motion of a projectile is presented in figu&(a). The particle moves along one

single row of atoms iZ directionand oscillates in two other directioXsand Y. The planar

channeling isa two-dimensionalcase when the projectile particle interastwith the planar

potential field oscillating between two atomic planes of a crystéhe projectile particle

moves in Z direction with oscillations perpendicuiathe crystal planes (figurk.8(b)). The

particles follomgs uch trajectories ar eThetajectogydf thtc hann

channetd particle is strongly affected by the potential energy of the crystal and can be

described by solving thegaation of motior{1.33].

o [eNoNeNeNoNoNoNoNoNoNNe]
[eReNe] [eNeNeoNoNeNeNeNoNeNe)
[eNeNe] O0O0OCOO0O0O00
o] o]
(o]

X

Figure 18 Schematic representation of the channeling motionaxegl channelingrajectory
along a single crystal axigb) planar channelingtrajectory between two crystallographic
planes

The channeling phenomenon occurs only wherptrécleincident angle—s smaller

than the critical channelingangle, cal | ed Lidl38hardés angl e |
— 0 j'ch (2.19)

where O O—j¢ @® is a transversal energyf the projectile defined by the
projectile kinetic eergyOand charg&yand by the depth of the crystal potential véell 8

If — —, the particle will not have enough transverse en&gyo surmount the
potential barrier and will be trapped in the transverse potential well. Thus, for a particle to be
channeled, its entrance anglanust be such that its transverse energy should be of the order

magnitude of the continuuaxial or planar gystal potentialUnder these conditions a particle
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will be guided (steered by the potential) along the crystal channel. Thereforan for
occurrence of the channeling phenomenon of charged particles in a crystal certain values of
theincident angle and mdent energy must be satisfied.

On the other handf — —, the penetrating particle will have too large transverse
energyO to be trapped in the channel and will be free to move across the ciyssails s
called nonchanneling motion.

The oscilating trajectory at the channeling conditions is caused by the projectile
scattering on the valence electrons of the crystal atoms, whereas close collisions with nuclei
of the target atoms are suppressed.

A concept about continuous potentials of axes glades and the channeling theory
has been developed by J. Lindharti33]. Many aspects of fast ions channeling physics were
reported in the monograph of M.A. Kumahov and G. ShinieB4]. The majority of
theoretical works about channeling radiation hasnbleased on the concept of continuous

potentials of axes or planes of the crystal forming a trajectory or wave function.
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1.2.3 Resonant coherent excitation of ions

A projectile ion passing a crystrget with a velocityg can becoherentlyexcited by the

crystal potential Whenthe frequency of the crystal fieldseenby the projectile is equal
to the frequency of the transition from the stat&into 'Gn the ion,a ResonaniCoherent

Excitation (RCE)of the ionmay occur

’ t, (1.20)
here’ 'O j 9, whereO is the transition energgnda is the Plamk constant.
The transition energy iaprojectile ion can be found as,

0 9 h (1.21)

Thefrequency of therystal fieldseenby the projectile movingn the crystalwith velocity w

is defined as:
: [ W (1.22)

Q
where IS the Lorentz factorandd is thedistance between thegoms of the specific crystal
orientation.
Thereforethe resonance condition cemitten as,
o w 1.23
o % (1.3
In the context of the presenhtesis, a direct resonant coherent excitation of the
projectile ions from the stat@o "Qin a crystafield with*  frequency iscalled RCE When
t he pr oj e c tsimdltaneoushwodield$ itk feeueéncies’ and’ induced by
different crystallographic orientationa Double ResonaniCoherentExcitation (DRCE) may
occur TheDRCE is a sequential excitation of the projectile ions, first, from the graatel@
to the intermediate staf® and then, from théQto the higher excited stat& The second
step of the excitation is possible due to the additional energy transferred to the ion from the
third frequency’ given by the differencbetweenthefrequencies and’
In figure 1.9 RCE (a)and DRCE (b) mechanism are shown using the example af
oneelectronion, H-like. For instancean ioncanbe excited directly from the ground state

into the n = 5 state by the field witlirequency’ . Or the excitedn = 5 state can be

sequentiallyeachedsia anintermediate state = 2; this isaDRCE.
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Single RCE Double RCE
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Figurel1l.9 Scheme of an RC@) andDRCE(b) in a Hlike ion. The different ecitation steps
are denoted by red arrows atide different decaypath of the excited statis denoted by blue
arrows.

1.2.4De-excitationof the ions

The excited ions can be ionized in random collisions with target atoms or they decay into the
ground state via Xay emissionGenerally, the pbability of the collisional ionizatiorfrom
the excited state is higher than from the ground state. Therefatecrease of the initial
chargestate fraction of the ions passing the target is expetedsonance condition$he
occurrenceof theRCE can be olesved also from the radiative -@xcitation by measurinthe
X-ray emission.The radiative de-excitationratesof the excitedstates in Hike Ar andthe
ratesof the collisional ionization calculatddr Ar at 450 MeV/uare listed in tablke1.2 and
1.3, espectively The decay rates of tf#p °Py, and2p?Ps, states are taken from [1.35] and
the decay rates of the higher statess 3, 4, and 5are calculated usinghe classical
approximation [1.36] omitting the fine structufiéhe collisional ionization wascalculated by
the RICODE (Relativistic lonization CODEgonsidering randomly oriented crystalget
neglecting the density effects of the tarigel3].

Typically, an RCE is indicatedrom the sharp decrease of the initial chastae
fraction of the ion passing the targéhe detection of the photon emitted from the decay of
the excited statenay help to distinguish RCE from DRCE. The theory shows that the
collisional ionization from the excited states and radiative decay of h2 states in highly
charged relativistic Ar projectiles occur with probabilities of the same order of magnitude,
hence, both processes are experimentally measurable. Nevertheless, there are some
experimental aspects recommending-gomcident accumulain of the ion an-ray yields
(see chapter 2).

The calculated transition rates of the excited states ilikidé\r are presented in table
1.4. The decay rates of the2psstates are taken from [1.37] and the decay rates of th8

state, are calculataging the classical approximation [1.36] omitting the fine structure.
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Table 15 Collisional ionization probability in Af*i n

22

Table 1.2Calculateddecay rate®f the excites statés Ar'’* [1.35]

Table 1.3Collisional ionizationratesin Art’*in 1

Transition

Decay rate s’

2p§P1,2 Y 18251/2 (E1)
2p P, Y 15750 (El)
3pY 1s°Sy, (E1)
4pY 1s°Sy, (E1)
5pY 1s°Sy, (E1)

33Y 2p (E1)
48Y 2p (E1)
5Y 2p (E1)

6.5935x16°
6.5538x16°

6.89x10°2
1.62x102
5.29x10*

4.78x102
9.68x10*
2.96x14!

€ rorystal[1.13]

lonization probability

lonization probability

State a5 MeV/u, s?t at 390 MeV/u, st
1s 4.36x10° 4.44x10"
2p 9.12x16° 9.34x106°
2s 1.20x10* 1.22x16%
3p 1.56x10* 1.60x16*
3d 1.53x13* 1.56x13*
3s 2.02x1064 2.07x16*
4p 2.14x103* 2.22x16*
4s 2.75x1064 2.86x10*
4d 2.08x10* 2.16x163%
5p 2.37x103* 2.44x10*
5s 3.05x106* 3.17x164
5d 2.31x1d* 2.40x16%

Table 1.4Calculated transition probabilities iAr'®* [1.37]

Transition

Decay rate, &

12p°PY 1S (E1)
12p'PY 1S (E1)
18 p 1I¥S (E1)
18pY 1s2p

1.82x10°
1.07x16*
5.48x10°
3.80x107

1 -ciystal ab381 Mev/{l.13]

lonization probability

State 1381 MeViu, &
1s 1.01x106*
2p 1.04x16*
2s 1.36x16%
3p 1.77x16*
3d 1.72x1d8*
3s 2.28x106%




In the case of eited Helike projectiles, a dexcitation via collisional ionization or
radiative decay takes place too. The calculated probabilities of the collisional ionization from
different states in Héke Ar at 381 MeV/u are listed in table51.

The probability of the collisional ionizationdim the 1s2p excited staie Ar'®* and
the probability of the radiative decdyom this excited state into the ground state
comparable Therefore the occurrence of the RCE in*Atinto the 1s2p statean be seen

experimentally from the variation of theraysand the chargstatesyields
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1.25 Alignmentof themagneticsubgatesof He-like and Hlike ions

The population of the magnetic substates of the ions coherently excited in a crystal target can
be controlled by the polarization direction of the oscillating crystal field.

The X-ray radiation direction from the decay of an excited state into the ground state
in Helike ions is characterized by the orbital angular momentum of the excited state
(negkcting the electron and the nuclear spife probability of thels’ - 1s2pelectric

dipole transition is determined by the squared transition matrix element:

0 o i € "Hpicn@h (1.24
where "H @i <Q'lgi ¢nGis the effective dipole moment afids the position operatog. is
theelectric crystal field in the rest frame of the ions.

According to the Lorerz transformatior{1.38] from the laboratory systento@fuftx into

the rest frame of the relativistions o dEEemoving with a velocityo in Z direction:

r ) (1.29
- 5 .
— 1o TG

The Lorentz transformation for electromagnetic field is written as,

e T é Oof A —— 1 3
€ I & ol rpTT

T, [
A A = — JA
[ o F pT f

Using a general expression for thaystal potential undehe Moliere approximation[1.39]

(1.26

the electric field will be defined as,
£ neG "l - |Qer @ bc* "I (1.27)

WhereCr; @5 &3 & is a reciprocal lattice vector arig | and m are the Miller

indices.Thefactor ayis the Fourier coefficient of theotentialé "I . The vectorsy; a, andag

are the unit vectors coinciding witthe 11 Q T m pand[ 1 1a&xs of the Si crystal,
respectively (see figure 1.10 (a)).

The coordinate system XYZ showed in figure 1.10 (a) is chosen in such a way that the
ions move along Z axis.With green and yellownthe (220) and (004)crystal planes are
indicated.A relation of theXYZ system to the detectors alignment is represented in figure
1.10 (b).
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Figure1.10(a) Si crystal unit cell(b) theX-ray detectors alignment.

The electrical field of the crystal in the rest frame of the ions can be defined by substituting
the expressions for the vectmobtained from (1.25and for theelectric fieldé (1.27) into

(1.26). We consider the case of purely electric crystal figfibn’A 1T

¢8| hoee ¢ i H r—r 5 "HD) 1 A DB Dl €
H

N (1.29

Agbc "D
2B¢ P

I Ol

Assuming that the ions move alotite Z axis, the electric field components normal tons
velocity v are multiplied by , while the parallel compones#re not affected by the motion of
the coordinate. Thereforghe amplitude vectors of the electric field in the rest frame of the

ions are:
g@rEs ¢"wp Q
cee [ ¢ ¢“wh Q (1.29
g® €5 C@Q

Thus, the polarization direction of the oscillating crystal field is parallel to the vector

[ "B Q. The probabilities of the excitation into different magnetic substas2mre

proportional to the squared amplitudes of the correspondent electrical field components:
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L xg@® @ Q

X ¢ o ‘@l "Q (1.30

C

L *g@® "@Q
The components of the reciprocal vectgr "Qh"Q and"Q, can be found usinthe inverse

rotation matriXxY and’Y

Q 8 63
Q vy o ais
Q oS
dVIE
ces & YO 1.3
p T I [0 m OB o pcog (1.3)
n Al-© OE+ mTop M A gL -
n OB+ AT-© OBl m Ais0 O @&
TQI/IC
¢ ¢ O

0 NCQO BT Wca AT+0
4 NCOEFQATO0 a OBT 06AT-0
NCAT-OCAT-0 a OBT aOEF
Hered , &3 andd3 are the reciprocal unit vectors.
The ratio between thX-ray emission measured by tlieo-oftp | an e thefa-pndane o

detectors in the present experiments is expected to be:

v € e

Y (1.32

cq cx
cq ca
—1
Q
Q

0 € €
Assuming—ande L p J

cCQ 1 a

QO a (.33

In the case of Héike ions the effect of fine structure were neglected because the spin angular
momentum S = 0 for 2p statesThe spinrorbit interaction modifies the shape atite
dynamics ofthe electronic wave function of the excited states Hilkd ions. The intensity

distribution of the electric dipole radiatiortarthe] solid angléas:
Q  pigp AT (1.34)
In thegeometry of the present experimésee figurel.10):

... Qe N ¢ (1.39
Qe
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The ratio betweenth@ o-oftp | a n e 0-p & & M-epemission is defined then as,

0 ¢ ¢ Q rQ "Q Yo wma g a

2 — = ‘ , (1.39
U c c Q [ Q "Q vQ o a U a
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2 The experiment

In the present worlResonantCoherentExcitation (RCE) and Double &sonantCoherent
Excitation (DRCE) of H-like and Helike Ar ions passing a Si-crystal hae been
experimentallyinvestigated This chapter is dedicated to the methods and instratent
usedin the experimentperformedat the HIMAC facility in Chiba, Japan.

The beam preparation procedure is discussesgdations2.1 and 2.2. The experiment
setup is presentedn detail in section2.3. The highprecision goniometer and the target
installed in the vacuum chambare presenteblere Section 24 reports on the detectors used
to measure thehargestateyields of the projectilesandthe X-ray emission from the decay of
the projectile excited statesinto the ground stateDetails regarding the experimental
conditionsused to observihe RCE and DRCE in highly-charged iongisinga crystaltarget

are covered isection2.5.
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2.1The HIMAC facility

The Heavy lon Medical AcceleratgHIMAC) has been built irfChiba Japan in 1984ndwas

the first heavyion accelerator dedicated to medicine in the wgéd]. HIMAC was
promoted by theJapaneseNational Institute of Radiological Sciees (NIRS) and was
designed forcancer therapy. To satisfy the medical requiremémtsaccelerator provides
beams oHY, HE™, C*, O%, Né™*, Ar", F&", Kr™ andXe™ ionswith different chargestates

q in the energy rangfom 100 MeV/u to 800 MeV/u with intensiesup to 2x 10" pps (for

C). In figure2.1 a crosssectional view of the HIMAC is presented. It consist of ion sources,
an RFQ(Radio Frequency Quadrupdlend Alvareztype linacs,two synchrotron rings, high
energy beam transport lines, and irradiatiarilitées for treatment and experiments

Figure 2.1Scheme of the HIMAC facility: ion sources, a sequence of linear accelerators, two
synchrotron rings, experimental area and therapy roofnd [

The injection system of the HIMAC has two types of ionrees:. aPenning lonization
Gauge(P1G) andanElectronCyclotron Resonanc€ECR) source ThePIG source iforeseen
for alight ions production and the ECR is typicallgedas a heavy ions sourcEo match the
injection energy of the first acceleratistage, the RFQ linaof 8 keV the ion sources are put
on high voltage platforms, up to 6&k
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2.1.1The linear accelerator

The first acceleration stage of the ions after living the sourceas\gentional fouwane type

RFQ linac. The RFQ parametense presented in tabkl

Table2.1The RFQ linac specifications

Specifications

Operation frequency 100 MHz
Input / Output energy 8 /800 keV
Chargeto-mass ratio 1/7
Transmission efficiency 0.92
Number of unit cells 300
Acceptance 145 ~mm
Normalized acceptance 0. 6 ~ mn

The RFQ linac is followed by the Alvargype linear accelerator which consists of three

independent cavities and each cavity is fed with an RF power of about 1MW peak. The

Alvarez linac tank is in total 24 m long, Gonsists of 106 unit cells. The Alvarez linac is

separated into four tanks longitudinally

Table2.2 The Alvarez linac specifications

Specification Tank 1 Tank 2 Tank 3

Synchronous phase 30 30 30
lon energy 0.82.669 MeV 2.6694.385 MeV 4.3856.060 MeV
Tank length 9.768 m 7.202m 6.907 m
Acceleration rate 1.34 MeV/m 1.67 MeV/m 1.7 MeV/m
Tank diameter 2.20m 2.18 m 2.16 m
Drift tube diameter 16 cm 16 cm 16 cm
Drift tube length 9.8516.45cm 17.9921.72cm 22.9 25.73cm
Numberof the unit cells 56 28 22
Acceptance 67 mm-mrad - -
Normalized acceptance 2.8 mm-mrad - -

At the end of t he %chroa stripger fdilismstalled in ortled 0

obtain high chargstates of the iong he ion beamssupplied by thdinear accelerator system

(at 6.060 MeVu) are furthelinjected intatheone of the synchrotron rings
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2.1.2The g/nchrotron accelerator

The synchrotrorof the HIMAC facility consiss of two rings located at the lower and upper
underground flours at 7 m distance in vertical direcfidre rings are operating independently
from each other in order to provide two different beams in the same or in diffeezapy

roons. The main paramets of the synchrotron are listed in table 2.3.

Table2.3The synchrotron parameters

Specifications

Injection energy 6 MeV/u
Output energy 100 MeV/ui 800 MeV/u
Maximum intensities for light ions 10" ppp
Repetition rate 0.37 1.5 Hz
Chargeto-masgratio 0.5
Vacuum 5-10° Torr

Both rings are identicabnd supplyH®, He™, CT*, O, Ne™, Ar?", F&", Kr™* andXe™
ionswith different chargestatesg in the energy range from 10@eV/u to 800MeV/u. Each
synchrotron consists of 12 dipole magnets, 12 focusing quadrupole magnets and 12
defocusing quadrupole magnets. The two rings have a multiturn injection channel and slow
extraction channsl

The upper ring is designed to have adast extraction chanhand the lower ring has
afast injection channel to receive the ions accelerated by the upper ring. The extraction beam
system R.1] transports slowly extracted ions from each ring to iigh Energy Beam
Transport (HEBT) system where the fine beam tuningg done before delivering the

accelerated hightgharge ions to the experimental area or the therapy rooms.
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2.2The ion beam

For the present experimentglativistic beams of Hike and Helike Ar ions have been
supplied by the HIMAC facility.Ar®* ions have been accelerated up6tdeV/u by the
sequence of linacs (RFQ and Alvarez type) and striped-lige or Helike chargestate
passing a 100 mg/cnC foil at the end of thé\lvarez linac, before the injectiorinto the
synchrotron. The ionsacceleated by the synchrotrorup to the requested energyare
extracted from the ring and transported via High Energy Beam Transport (HEBT) system to
the experimental area.

The present experiments requir@arow, parallelion beam to satisfy the resonance
conditions.Due toradiationtherapy needthe HEBT isequigedwith numerouseam profile
monitors and steering magnets in order to provide préaaenpositioningon atarget.The
narrow beam was prepared jpgssinga leadcollimatorin the beam line. Theollimator, with
a diameter obout6 mm, was placed at trentranceof thetargetchamber. Figure 2.2 shows
the beam profile registered by a fluorescence screen placed at 10 mm in front of the crystal

target.

Figure 2.2Profile of Ar ion beam on a fluorescent screen installed before the target, inside
the vacuum chambeleft i without collimator, righti with collimator.

The maximum beam intensity of aboBx1C ppp was used for theX-ray
measuremeniand for the ion chargstatemeasurements the intensitgsbeen reduced tb0°

pppdue tothe limitationsof the particle detector.
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2.3The stup

In the present experiment the interactiorthafhighly-chargedAr ionswith the Si-crystalwas
studied by measuring th@rojectile X-ray emission and thehargestatedistribution of the
ionsafter passinghetarget.

The scheme of the experimental setup is shown in figureA233-crystal target was
mounted perpendicular to the beam direction in the support edasBoniometer under
vacuum. The goniometer allows the alignment of the target rdiativéhe beam direction in
such a way that the resonant conditions for the ion excitation can be ¥atmdigh
precision

Target “out-of-plane”

X-ray detector ]
PSD  Cufoil

, g+l
Collimator “in-plane”
X-ray detector Charge-state analyzer X-ray detector

Figure 23 The scheme of the experimentaugeplacement ot he-pfiiame o6 -afnd fou
p | a n-mpdet¥ctorand Position Sensitive Detector (PSD).

Photonsemitted from the target and projectile ions were registered by solid state
silicon detectors installed i-pnl a n e 0 -a-p ld a Wewiddthe crystalttarget inside the
goniometer vacuum chambdihe projectile ionsafter passinghe crystal aretransported by
a dipok magnetinstalled behind the goniometer chamber, andr thiéferent chargestates
crated inthe crystalare separatedccadingly. At the end of a 3n long flight pah, the ions
are detectethy a twodimensional posion sensitive silicon detectoRue to the fact that for
high beam intensities the particle detector cannot be used for beam monitorisgdsee
2.4) at theend of the beam lina copper foil was installedons passing the foil excite the Cu
atoms and the resulting-ray yield is proportional to the intensity of the penetrating ion
beam.Emitted photongrom the foil were measured kgythird X-ray detectorand used form
relative normalization of theRCE photonsaccumulated during different timatervals The

normalization also corrects possible variations in the beam intensity.
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2.3.1 The vacuunthamber

A customstainless steel chambetesigned for the BE experimentswas installed in the
beam line The vacuum chambef9 cm height and 67 cm diametevas mounted on a
stainless steel framehich providesaccessnside of the chambetrough theopening in the
bottom of the chambef.heexactposition of he chamber relatively to the beam axis has been
adjusted using a telescopkhe goniometer is fixed on the upper flange of the chamber. The
numerousports though the wall of the chamtame used for the cabling of thdetectors and
electronics installedhside the chambefor the vacuum pump anas a view port inside the

chamberA pictureof the vacuum chambe&s presented in figurg.4

Figure 24 Thegoniometervacuumchamber.
2.32 The hgh precision goniometer

The goniometer is essential for theepise alignment of the targetystal relatively to the
beam directionTheresonance conditiorewe found in these experimerg careful tuning of
the crystal positiomstead of changinthe ion energy.

The goniometehasfive moving axesThe different axes are driven by independent
step motors. The motor stepping is transformed in the movement along or around the three
axes by a combination of different scrite shafts.

The goniometemoves the targen five directions: it can be tratedalong X and Y

directions(perpendicular to the beam directiand it rotatesaround X, Y and Z axeshese
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