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Feasibility of non-Liouvillean 10n 1njection
via resonantly -enhanced photolonization

B.A. Knyazev

Institute of Nuclear Physics, 630090, Novosibirsk, Russia
Novosibirsk State University, 630090, Novosibirsk, Russia
E-mail: knyazev@phys.nsu.ru

Abstract

Charge-exchange method 1s now one of the mamn techniques for 10n mjection
mto accelerators and storage rings. Disadvantages of conventional methods,
based on the atom or 10n stripping at the material target, are growth emit-
tance and energy struggling. In this paper a variant of stripping technique
based on the resonantly enhanced two-photon 1onization 1s considered. The
technique allows 1omization of singly charged ions of the elements from he-
lium to bismuth. The technique can be also employed for proton injection.
Numerical examples are given for several elements.

O BO3MOXKHOCTH HEJINYBUJIEBCKON MHKEKIIUU NIOHOB
C IIOMOINIbI0O PE30HAHCHO-YCHJIEHHOY (POTOMOHHU3ALUM

B.A. Knases

WnacturyT saepuot dusukn nM. V. Byakepa CO PAH
630090 Hosocubupck, Poccus
HoBocubupckuit rocy1apCcTBeHHBIM YHUBEPCUTET
630090 Hosocubupck, Poccust

AnHOTAaNUA

Meron mnepesapsiiky sIBISETCH cefdac OJHAM U3 OCHOBHBIX METOOB
HMHXKEKIMY MOHOB B YCKOPWTENN W HAKONUTEIbHBle Kojbla. HemocTtaTkom
OBLIYHBIX METOJOB, OCHOBAHHBIX Ha OOJUpKE aTOMOB WM HOHOB B
MaTepUaJIbHOM MUILNEHM SIBJISIETCST POCT SMUTTEHCA B pa3bpoca 110 SHEPrUusM.
B manmoit pabore paccMOTPeH BapUaHT OOIUPOYHOIO METO/Ia, OCHOBAHHBIM Ha
PE30HAHCHO-YCHJIEHHON ABYX(OTOHHON HOHU3AUHUH. DTOT METOJ MO3BOJIZET
HMOHM30BATH OJIHOKPATHO 3aPSIXKEHHBIE NOHBI 9JIEMEHTOB OT TeJIUs JI0 BUCMYTA.
MeTon MOXKHO MCIIOJIB30BATh W JJIsd WHXKEKIUH IPOTOHOB. lIpmBemeHsI
YHUCJIEHHBIE IPUMEDBL JIJISI HECKOJIBKHUX JIEMEHTOB.
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ployed as mjection technique for many heavy ion accelerators and storage
rings. Suffice 1t to mention Nuclotron (Dubna) [9], SIS and ESR (Darmsh-
tadt) [10], and TSR (Heidelberg) [11].

Charge-exchange mjection 1s a subject of special interest for the projects
of heavy 10n driven mertial confinement fusion (HIF) [12, 14, 15]. There are
several schemes for the HIF In the project ITEP-TWAC [12, 13] mulitiple-
charged 10ns are considered to be accelerated and directed to a D-T pellet. In
American and European projects [16, 17, 18] to reduce space charge effects
1t 15 considered the acceleration of low-charged 1ons. In both cases, however,
to provide a necessary power density on the D-T pellet the 10n beams have
to be additionally compressed before aiming at the pellet. This assumes
multi-turn beam injection and bunch stacking, which can be performed by
the charge-exchange technique.

Advantages and disadvantages of the charge exchange ijection of the
heavy 1ons have been recently analyzed in detail by Dinev [19]. There are
several problems 1 the standard charge exchange scheme when one uses a
material target on the orbit. First, the 1ons loose energy m the stripping
foil due to atomic excitation and iomzation that increases the energy strag-
gling of the beam. Second, the Coulomb elastic scattering causes a change 1n
the 10n trajectory slope and leads to transverse emittance growth. In a case
of the multi-turn mnjection the four-dimensional transverse phase volume 1n-
creases proportionally to the number of injection turns. The other important
disadvantage, which does not exist mn a case of proton machines, 1s a charge
distribution function F(q) for the 10ns passing through the target. Thas leads
to the successive cut by the accelerator of all 1ons in charge states different
from the equilibrium state charge and substantial losses of the accelerated
particles.

A non-Liouvillean mjection technique based on 10n stripping via photoion-
1zation by hard vacuum ultaviolet (VUV) radiation has been recently pro-
posed [20]. This technique promises to overcome the above mentioned disad-
vantages of the standard charge-exchange schemes but requires development
of an mtense VUV source. In this paper I suggest an mjection method based
on resonantly-enhanced two-photon photolomzation (RETPI). For many 10ns
this injection techruque can be implemented with commercially available ex-
cimer lasers. In the following sections of the paper we briefly review the
existing projects of the photoionization stripping techmque, describe princi-
ples of the novel technique and analyze 1ts potential capabilities.
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had been proposed by C. Rubbia [20] for mjection of 1ons from linac mto a
storage ring. 1. Hofmann [16, 22] suggested application of this technique for
the final stage of pulse compression mn the heavy-ion fusion reactor systems.
The both schemes suppose employing a VUV laser for direct photoloniza-
tion of the 10ons and the capture of the double-charged 1ons produced on the
equilibrium orbit. Fig. 1 (a). One of the great advantages of nFm method 1n
comparison with the foil stripping 1s its absolute selectivity. Since the next
1onization potential 1s more than the photon energy, the radiation interacts
only with the primary 1ons and the ions produced are not further disturbed
bemng circulated on the same orbit.

The 10n1zation potentials of singly-charged 1oms lie between 10.0 eV (Ba™)
and 75.6 éV (L1*). The cross sections for direct photolonization near a thresh-
old are as low as 10~17-1018 c¢m? and intense flux of hard radiation 1s re-
quired for efficient 10n stripping. To decrease required light intensity I. Hof-
mann considered 1on stripping via the excitation of an 1on autolionization
state (see Fig. 1, b) that can be symbolically written for an 1on X * as

Xt 4wy = X 5 Xt e,
where XT** denotes the autolonmization state. An autolonization cross-section
can reach a value of the order of 10715 cm? within narrow (~ 0.1 V) v.m.me
[23], which lies, however, at much higher photon energies than the a:.woa
jomzation threshold. For example, for Ba™ three autolomzation peaks with
o = (2.4-2.8) 1075 cm? lie at 21.2, 26.9, and 32.2 eV According to [16]
similar cross-section can be expected for Bit at 25 eV

Thus stripping the 10ns during time of flight of a bunch m a maumwmra. n-
teraction region with a length of 1-10 m requires using a hard <G/.\ light
beam with low emittance, a short pulse length and high mtensity. Since in
this spectral range there are no conventional laser sources with required pa-
rameters, authors of the papers [16, 20, 22] have proposed using for stripping
a free electron laser (FEL).

There are two maimn problems mn the implementation of this techmque.
First, FELs with necessary characteristics do not still exist though some of the
existing FELs already generate radiation in VUV [24] and can, n principle,
reach required parameters. Second, focusing and reflecting optical elements
are obviously necessary for guiding of the light beams especially 1n the multi-
pass optical systems. The last may be required to ensure multiple interaction
of the light beam with the 10n beam or beams. Unfortunately, there 1s a lack
of suitable mirrors for the hard VUV radiation. Thus development of an
alternative low-cost photolonization technique using soft VUV radiation 1s

very desirable.

be obtained at the atom energy of about 300 MeV and about 100 MeV for
ArF laser (see. Fig. 2). Photolonization cross section for the excited atom
18 opp ~ 0.6 10718 cm?® These values look to be acceptable for proton
mjection (see Appendix). More detail analysis of RETPI for hydrogen 1s out
the scope of this paper and will be done elsewhere.

Concluding remarks

There are many uses to which the resonantly enhanced photolonization
can be put 1n the accelerator technmque. First of all, it can be used for mnjec-
tion of accelerated singly-charged 10ns mnto storage rings by stripping them
to the next stage of 1omization. One of the promising application of RETPI
may be stacking 1on beams 1n some schemes of the heavy 1on mertial fusion
and neutron sources. The technique can be realized even with commercially
available excimer lasers. It can be also used as a diagnostic method for study
such characteristics as emittance, energy straggling, bunch length and density
of 10n beams 1 the accelerators and the storage rings.

One more possible application of RETPI 1s production of ions at local
point within an accelerating structure. A gas jet coming across the structure
1s wradiated with one or two laser beams. The first beam populates an
intermediate level and the next one photolonizes the excited atoms. Since
the 1omzation potential for the atoms 1s lower than for the 10ns, it 1s possible
to 1omze the atoms resting m the laboratory frame. About twenty atoms
(see Ref. [36]) have resonance transitions, which resonance lines are covered
by generation bands of the excimer lasers. In this case there 1s no necessity
to use the second laser because A < 4mhc/I For several elements (iron, tin
and tantalum) the resonance transitions for both the atom and the singly-
charged 10n comncide at the rest frame with the wavelength of KrF laser [36].
This comncidence allows obtaining a beam of singly-charged 10ns about half
of which 1s excited to a definite term. This feature can be, probably, also
used, for example, for diagnostics of the accelerating structure recording the
fluorescence 1 a course of acceleration.

In conclusion, I present i the Table the laser energy density

F = Npn Phwig,

which 1s required to obtain the rest-frame ionization length Lono, see
Egs. (20) and (21), equal to one meter, for several singly charged 10ns and the
hydrogen atom. Laser pulse length 1s 25 ns. Atomic parameters correspond
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Fig. 2. Wavelengths of the excimer lasers in moving frame for the singly charged
1ons of the first 75 elements. The pomts correspond to the resonance transitions
for the singly 1onized 1ons of the elements. The open circles correspond to the
transitions with a singlet ground state; the diamonds denote the transitions with
a multiplet ground state (the points for hydrogen are given for a neutral atom). A
thin broken line marks the wavelengths corresponding to energy I/2 for each 1on.

Corresponding wavelengths of KrF and ArF lasers in the moving frame for
the 10ns from He to Bi are given in Figs. 2—4 for four values of the 1on energy-
T =10.3,1.0,4.0, and 10 GeV A thmn broken line mn the same figure 1s the
wavelengths, corresponding to the energy I/2 = Fwr, for the singly charged
on of each element. If the 1on of an element has one or several resonance
transitions with the wavelengths

dmh
A<= 3)

lying lower than this line, it can be, 1n principle, stripped to the next ion-
1zation state through one of these mtermediate excited levels. Selected res-
onance transitions satisfying this requirement are also shown in the figures.
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Fig. 6. Grotrian diagram for Sn II. Dark lines denote the transitions mvolving in
the radiative processes for Az, = 140.1 nm. Dashed lines — transitions to a long-lived
sub-level that has to be “cleaned”

In specific case of Sn II 10n 1t 18 better to select as the intermediate level
55%5d D3 , state. It has no obvious allowed transitions to lower levels (tran-
sitions with simultaneous change of state for two electrons have low proba-
bility), besides a very fast transition to the upper level of the ground state
(the last means that radiative cleaning of this level is absolutely necessary).
The transition 55°5p 2P, — 5s5p* 2D3,, corresponds to A = 169.96 nm.
It 1s only 0.47 nm more than it requires for a state to be employed as the
intermediate level. Although there 1s no data on the transition probability,
by analogy with T11I (see, e. g. [42, P 69]) 1t must be about twice less than
for above mentioned 5p-6s transition. Using two inclined laser beams and 1n-
creasing a little 1on beam energy, it 1s easy to design a system employing this
transition. These two examples show that for stripping the singly-charged
1on of a specific element one has to develop an individual optical system with
one or several laser beams.
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Fig. 4. Wavelengths of the excimer lasers in moving frame for the singly charged
10ns of the heavy elements. The legend see in Fig. 2.

Resonance saturation of intermediate level

Characteristic pulse length (proper time in terms of the relativistic theory)
of an excimer-laser 1s about 71,0 = 25 ns. In the 10n reference frame it increases
by ~ times:

TL = YTLO (4)
The pulse length 71, remains practically the same for heavy 1ons and converts
to 11, = 60 ns for 10-GeV Het It means that each 1on of the bunch, moving
i the racetrack, i1s exposed by radiation during this time. Since the Einstemn
coefficient for allowed transitions (E1) 1s equal to

A [571] = 6.67 1018 2% Jim

9 O o)’ (5)

radiation lifetime of the mtermediate level 1s the order of value 0.01 ns for
X =20 nm and 0.5 ns for A = 180 nm. We have assumed for the estimations

10

of the singly charged 1ons escape photolonization. Obviously, m this case
Eq. (17) 1s not valid and occupation of the mtermediate level 1s described by
a system of kinetic equations. Analysis of the system in detail 1s beyond the
scope of this paper and we content themselves below with simple estimations.

Initial 1on distribution over the states m the 1on source 1s usually the
Boltzman one. The extracted beam may contain ions at different states:
ground, short-living excited, and metastable. The short-living states decay
within about 10 ns. Fraction of the metastable states strongly depends on
kind of the element and for many elements can be rather little. The metasta-
bles may decay during 1on storage or can be “cleaned off” by excitation to
the upper levels (see below).

I 2 2.0 2.0 2
11.0 m<m Sz Py, P 3/2 NUS USW

4 |
1 =
(=
1 & $ 9
2 ol «© c @l
-4I| ﬂ - | [, N A.Q
. S gl ||0azs)0389)
] ! I 1003.67 (860 ns)
1 §| x| 11033.05 (104 ns)
(=]
0 1 5s 2]1091.75 (110 ns)

Fig. 5. Grotrian diagram for Sr II. Dark lines denote the transitions mvolving 1n
the radiative processes for Az, = 179.3 nm. Dashed lines — transitions to metastable
states.

Fig. 5 shows Grotrian diagram for Sr* Lets all the 1ons are m the sin-
glet ground state. Two 2s—2p transitions can be used for population of two
possible mtermediate levels. It 1s better to use 4p56p mww\m intermediate
level (A = 179.31 nm), for which the cascade transition system 1s simpler.
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Substituting here Egs. (2), (4) and (9), one can find relativistic transforma-
tion for photon flux spectral density

. 1+8 .
JloW) =4[ 773 1 W) (11)
1-8
Thus spectral density of the photon flux, required for saturation of a reso-
nance transition of the moving 1on, in the laboratory reference frame 1

o) = 3 18), (12)
Lo
where
__1+B
.\.AQV - AH . va
Since
QE&E = |.wv,&v:

after ssmple evaluation one comes to a practical expression for the saturation
spectral power density

kW _l 1,42 10 £6) (13)

,Nw _H 2 DN

cm? nm 2o nm]
One should emphasize that the saturation mtensity does not depend on
atomic parameters of the transition and 1s a function of the wavelength only.

For the wavelengths of interest we have

kW
J3(248.4 nm) = 150 f(5) ﬁag (KrF laser), (14)
J3(193.3 nm) = 526 f() T.Q.W/N,NIEL (ArF laser) (15)

For heavy 10ns relativistic factor ~y 1s close to unity and the function f(8) ~ 1.
Multiplying the required spectral power density (14) and (15) by 70, one can
find laser pulse energy necessary for 1on beam saturated excitation. For KrF
laser AN, ~ 0.4 nm and for the laser-beam cross section of 1 cm, the laser
pulse energy required for saturation of a heavy 10n transition 1s merely 1.5 mJ.
Similar calculation for ArF laser yields about 6 mJ.

For relativistic light 1ons f(3) rapidly grows, and for (1/4y%)71 < 11t
tends to the limit f(8) — 8y* For the lightest (helium) 10n at T' = 10 GeV

12

the relativistic factor v =~ 2.5 and f(8) = 278. This estimation shows that
saturated population of the intermediate transition 1s easy attainable for most
1ons with conventional excimer lasers.

Since for the excimer lasers Alpo/ALo = AlL/AL =~ 2 1073, relative
Doppler width of the resonance line of the singly-charged 10n has to be not
more than this value. In this case only a fraction of the laser photons equal
to AX;p/AMNL mteracts with the ions. In the opposite case only a fraction
of the 1ons equal to AA,/AMyp can be excited.

Photoliomization of excited singly charged 1ons

Lets assume bandwidth of laser radiation to be more than the Doppler
width of the 1on absorption line. For the beam cross section of 1 cm? the
spectral power density J 1s about 100 MW /cm?-nm that 1s much higher than
the saturation spectral power density. Under such condition a resonance
transition of a singly charged 1on 1n the beam 1s populated to saturation,
ng/Mm = gk/9m, at the very beginning of the laser pulse. In contrast to the
process of population of the intermediate level, all laser photons participate
mn the process of photolonization.

The photolonization rate can be calculated from the equation
dn(t)

= (t) (W) Awr opn, (16)

where Ny =Nk + Ny (17)

and oph 1s the photionization cross section. Since

9k
ne(t) = ny () ——
(t) +C§+?

b

density of the doubly 1onmzed 10ns grows as

9k
ny(t) =n4(0) {1 —ex l|r€>€qugw 18
o)) =2 0) {1 - 0 |- (2 ) B 19)
Thus, characteristic photolonization time i the moving frame, taking in
account relation (10), can be written as

G
Tph = lllulilaz

oo (19)

where G = (gk + 9gm)/gr and Npy 1s a number of photons in the laser beam.
Since Tpn and 71, transform to the laboratory frame in the same manner, one
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