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Abstract. We analyze the possibility of inversion generationcombining scheme. Therefore it is necessary to discuss the
and XUV amplification in a recombining scheme by vari- time behavior of the inversion and ion density in more de-
ous charged ions inside homogeneous clusters and discuss th#. Taking into account the time dependence of the mean
conditions necessary for an efficient inversion generation icharge of the cluster we will show that the cluster lifetime
relation to the cluster density, the pulse duration and waveafter the excitation pulse increases with the initial ion dens-
length of the exciting laser pulse including the influence ofity and also weakly depends on the laser pulse length. In this
the Coulomb explosion. We show that a high gain®f  way we obtain an optimal inversion density as a function of
10% cm™' for a wavelength ofr ~ 200A in atime S 1 pscan  the ion density and pulse lengthand we will discuss these

be expected. The measurable gaig, depends on the cluster conditions in relation to experiments.

densityNg. ForNg ~ 10 cm~3 we expecGrea < 20 cni .

PACS: 36.40.Wa; 42.55.Vc; 32.30.Rj; 32.80.Rm 1 Time dependence of the ion density

We consider the interaction of short-time high-intensity ra-
Recently, it was shown that the interaction of rare-gas atom@iation £ 10'®W/cn¥) with atoms bound in a cluster. We
with a short pulse € 100 f9 high-intensity & 101°W/cn?)  take into account an intensity,(Z) for (over-barrier) field
radiation caused the production of highly ionized ions leadionization

ing to a prompt and, for special conditions, amplified XUV

4
emission [1, 2]. The instantaneous optical field (tunnel) ion,, — C  fzw (1)
ization produces electrons with sufficient energy to excite col- 1287 (Z+1)%€5
lisionally the upper laser level in multiply ionized rare gases o
(Ar, Kr, Xe). (g(z+1 ionization energy for charge stafet 1)

A similar scheme for the optical field ionization and elec-
tron collisional excitation of atoms and a following prompt
and amplified X-ray emission was discussed for the cas
where the rare gas atoms are bound in a van der Waals cl
ter [3]. Experiments [4, 5] have shown that the processes
ionization, excitation, and X-ray emission are more efficien
inside small clusters. In addition, the possibility of excita- 2
tions and especially an inversion generation by laser-drivep, = —l, (2)
motion of photoionized electrons and recombination inside mav
the cluster was analyzed [6]. It was shown that a short—timgw circular frequency of the radiation field,
high inversion density is possible via the recombination pro-i, ejectron mass, = Iy, intensity) .
cess where the excitation and the recombining electrons can
be produced by electron collisions or by short-time opticalFor a cluster size of [6]
field ionization. The inversion density increases in time [6]
and reaches a maximum at a time strongly dependent on the e \3/1\%?

. o ; ; 3/2
cluster density, which is also a function of time because of th& = 8 (87) (m) ( ) ' 3)
Coulomb explosion.

In this paper we want to discuss under which conditiongn number of atoms inside the cluster) where we have used

clusters are advantageous for a XUV amplification in a rethe relationR = ron'/2 for the cluster radiug, the electrons

to produce ions with a chargé+ 1 and quasi-free electrons,
and assume an ionization rate-ef10'*s *. Thus, after the

nd of the pulse, we expect a clustemabns with the same
gfhargeZ +1 andn (Z + 1) electrons with a mean kinetic en-
£rgy (as aresult of their ponderomotive motion) of

C
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oscillate inside the cluster. After a timtez t,, a part of the means that the increase of the cluster radius due to the action
electrons will recombine and produce ions with a chaZge of a Gaussian pulse (6) is approximately the same as in the
and an excitation of the upper (and, of course, lower) XUVcase of a Coulomb explosion with a time-independent charge
laser level. On the other hand, after a timeome ') elec-  starting at the time-t/+/2 before the laser pulse maximum is
trons will have left the cluster and caused an overall positiveeached.

chargeZ’ on the cluster, wher@’ (t) increases in time and Settingn according to the right side of (3) into (8) and as-
determines the timg for the Coulomb explosion (cluster fis- suming that the recombination process starts at the maximum
sion). As shown experimentally [7] Ba cluster is already of the excitation pulse we obtain

unstable for relatively small charg@s, namely for: 3 5
AR 153x1024%0 (At = )
n<8z?. @ R 7 A V2)

To determine the time behavior of the density and its influ—rvg T:%rrﬁé;;?iéhnestr:ﬁg'?abg?ﬁ“ﬁ n) gz% \I/{/i.e\rl\éetr?gfmgx%rr]rli[r;he
ence on the following (recombination) process, the evaluation . pty)!
number of quasi-free electrons is reached.

of the Coulomb explosion dynamics is necessary, i.e., the cal- . . ) L
culation of the increase in the cluster radius and thereforl% n ﬁeRn/Sl?t 'S(:re,egr; ;?] dbeaén%eersrﬁ(l)ystpirrgpgﬁ:&ﬂéogﬂgégggn
decrease in the density as a function of time. AN ' P P

As an estimation we assume an initial homogeneouEelat'on to the experiment, increases\dswith the laser ex-

charge distribution of the spherical cluster. Thus, under the irctation wavelength. This means that an efficient interaction
pside the dense cluster, i.e., before the Coulomb explosion

fluence of the Coulomb repulsion the cluster radius expanqeads 0 a drastic decrease of the densitiR(R < 1) is only

homogeneously. The time evolution of the radRsan be X o .
determined by considering the force between a charge at tR9SSIPIe by excitation with a short laser wavelength such as,
pr example) = 0.248um (KrF excimer laser), as a simple

surface and the whole cluster charge located in the center; . T
Qumerlcal estimation shows.

Under the (most interesting) condition that the increase of th ; e
cluster radius\ Rat timet will be small compared withR we We note, that for an optical field ionization as assumed,
the cluster sizen is, in principle, a free parameter. However,

obtain the simple formula because the lifetime of the cluster also strongly dependas on

/ (see (8)) the value given by (3) is appropriate. For smaller

AR .14 a [ 72 () dt” 5 n also smallen. are necessary or, for the sarhgethe pulse

R A—rg’ / (t") ®) length T must be shorter and optimized conditions can be-
- come impossible. In addition, for a given cluster size (3) an

efficient electron collision excitation is in principle also pos-

whereZ = Z'/n (function of time) is the mean charge per ion, siple. However, also for smalleras given by (3) may be an
Ais the atomic weighty is given in A and in femtoseconds. interesting case to discuss.

To take into account approximately the time behaviof ¢f)
we assume a Gaussian profile for the excitation laser pulse
2 Condition for optimized inversion density

t

o

2

o0 —

3

| (t) = loe™ /" (6) . o .

Starting fromn ions inside the cluster with a charg@e+ 1,
(FWHM ~ 1.6657) and simply assume th&t (t) = Zpmax t). which is determined by the maximum pulse intensity, the re-
This maximum mean chargémay is estimated assuming (as cOmbination process excites the upper and lower XUV laser
the most unfavorable case) the condition that in collisiorlevel and produces an inversion state in théold charged
processes the ponderomotive energy of an electron can BS, where the inversion density as a function of tifxteis

immediately transferred to kinetic energy being sufficient todiven by [6]

overcome the Coulomb attraction of the positively charged AR s0

dluster. 6. Ne—Ng No11-¢n [1+2@+8H) woat] .
- \% OV 214¢ 142 ry WO

Zmax (t) N€? +2 (148" W2At

7’"”;) N® o 2ee/?  (—o0<t<0). @) V :

V\/j0 denotes the three-body collisional recombination rate for
wo wo

Fort> 0, Zmax(t) = Zmax(0) remains constant. Setting (2) the upper laser level = ﬁ £ = ﬁ +%’ i’ lower laser

and (7) into (5) yields i i i
level, p upper & j, j') levels, NS = n for full (Z+1)-fold

AR 1.18x10%*17 2t [T 42 ionization, provided that the decrease of the cluster dens-
R A ron4/3 2 ity caused by Coulomb explosion can be neglected. Only in
42 2 this case does an efficient recombination f(ate *6!) occur.
1.18x 103241 T . e R0
e ( _> , (8)  Therefore, the maximum recombination timeis on the one
A ron/ V2 hand, limited by (9) whera R/R < 1. On the other hand, the

where the intensity is given in10% W /cn? and the laser ex- inversion density increases witht and reaches a maximum

citation wavelength. in um. Considering (> 0) (8) we can of
define the timet = tc = —% as the effective starting point of (Ne— Ng) — AN = " 1-8 037 (11)
the Coulomb explosion assuming constart Zmax (0). This Vo Jmax V14§



49

for are used, the recombination process starts whenR > 0.2,
32 1 i.e., the recombination is less efficient because of the cluster
Atfmax_— _T% expansion. However, foNa, Cu, andAg the Coulomb ex-
1+8"W, plosion occurs more slowly and consequently, the maximum
I ) ) ) inversion is reached for the listedvalues. Therefore, higher
For At > At™the inversion density decreases mainly due tqjengity clusters seem to be favored under adequate conditions
alfurt.her decrease of the charge state{ Z—1) by recom- iih respect to the atomic parameters . . .. ).
bination. o , o However, the values of the gain are not only determined
For an optimal inversion densitit is given by (12)&r)1(d by the inversion density but also by the wavelength of the
so we can determine, setting= 0.248um and At = At™ transition, the transition rate and, as the most important fac-
using (9), the Pé“se length as a function of the (initial) o py the linewidth of the transition. Because of their high
ion density(~ry~). density Ag and Cu clusters are characterized by a large
12 Stark-broadened linewidth being in the order of the transi-
T= 186(A R) "

(12)

tion frequency itself. In these clusters efficient XUV gener-
R rg/2 ation may be possible during the progression of Coulomb

2 - 12 explosion, however, the inversion density is reduced because
11-31x1053 I ro R At > At™ We will not further discus#g andCu clusters
) Z2j2 AY2(1+£7) \ AR ’
where the condition

(13)

in detail.

3 Gain in cluster experiments

ZZjZ AL2 (1+&") (AR 1/2
1<32x10° &2l res <?) (14) The gain is defined by
must hold. Otherwise the giveAR/R value is reached for . Aj¢® n Ne—Ng G Ne — Ng 16
recombination timeat < AtM, “8m2AvV n n ' (16)

This means highly dense clusters favor a longer pulse ~
length T whereas for not so dense clusters short pulses amhereG is a function of the atomic parameters and, in par-
necessary or it is only possible to reach an inversion dengicular, depends on the linewidthv, which in highly ion-
ity smaller than the maximum value. To show this, we writeized dense clusters is given by the Holtsmark line broadening
At = At™¥a, wherea < 1, and get an inversion density of (< 20 eV) arising from the Stark effect due to the neighbor-
ing ions. Taking into account the dependence on the quantum

B In (1+6.4a) number this linewidth is proportional to the densifyand
AN =138 o em 19 given by 9]
and the condition forr in the form (13), where the second gn F (i, i 1L) »
term in the brackets has to be multiplied &y Ay =88x10°0 ——7 77— (), (17)
To illustrate these conditions for some examples we took
into account (low density) van der Waals- and (high densitywheref (j, j’,1,1') = { i2(5i°+1) =3 (Ij +1)
metal clusters. The results are seen in Table 1. To fulfill re-
lation (3) relatively large clusters are necessary. In principle, 2

. ,2
their experimental realization should be possible. As an ex- +i7 (61" +1) =3l (I +1) } :
ample, sodium clusters with > 20000could be produced
and detected [8]. The results in the last three rows of Table It thus follows that the advantage of the high cluster density
are obtained setting R/R = 0.2. For rare-gas clusters even {; causing a high inversion density (and consequently corre-
in the case of infinitely short excitation pulses the maximunsponding to (16) a high gain) will be partly compensated by
inversion density cannot be reached, becausafos At™®*  alarge linewidth. On the other hand, during the Coulomb ex-
the density inside the cluster is already remarkably reduceglosion the ion density in the cluster drastically decreases.
(AR/R > 0.2). If pulses longer than the-value listed first However, the gain remains constant for the case where the

Table 1. Comparison of rare gas and metal

clusters.! is the peak intensity of a laser pulse ClUSter type rare gases metal

with FWHM = 1.66t necessary for 4+ 1)-

fold field ionization. Due to collisional recom- atom Ar Kr Xe Na Cu Ag

bination processes an inversion occurs betweenrq/A 3.8 4.0 4.4 2.1 1.4 1.6

levels with the principal quantum numbejs Z 8 8 8 8 10 10

and j’ corresponding to a wavelengifx i—J 352 43 54 4— 3 5.4 65
ARr/A 49.5 145 218 224 154 205
n 11x10° 21x10° 327 13x10° 11x10° 10x10*
| /1016 w/cn? 119 9.6 33 40.3 17.0 4.3
AN/ANmax 0...0.013 0...0.29 0...0.69 1 1 1
t/fs 71...0 95...0 103...0 68 401 428
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linewidth is determined by the Holtsmark broadening. ThaHereN;; — Nj» = Nj/ /oy — Nj» 17 v is the inversion between

means for a pair of sublevelsy the transition frequency andv the
linewidth. The transition dipole momenta-/ Vo i
th C 150, M=, m
Ave > Avp + Avp, (18)  are calculated using the wave function for a hydrogen-like

quantum system. As an example, in the case gf a(j +1
— j” =j) transition the sum (22) containsj2j —1)+1
terms

The results are shown in Table 2. It is seen that a gain of
somel(? to 10°cm™! can be expected for a time duration,
Avy < Avg‘ + Avg, (19)  correspondingteoc x G) ! between 1 an@.1 psafter the end

. e . . of the recombination by an excitation with a laser intensity of
the linewidth is independent of the density and given by thesomelol‘iW/cmz. The minimum density for this gain (after

Doppler broadening and determines a critical den@}ycr, the Coulomb explosion) is given ) _~ 10?° cm~2 (more

whereAvg‘ is the Doppler broadening due to the thermal mo
tion of ions andAvg the Doppler broadening due to Coulomb
explosion [6]. The latter term increases with time.

For

which, assuming\vg, > Avg, is given by exactly see (20)) and then the gain decreases as the ion dens-
227 | 1 ity decreases. _
<_) —=13x10% — - (cm™3) . (20) The principal difference between using gas targets or clus-
V/er AV2r Y2 T(JL 00101 ters is thus the time behavior of the stimulated XUV emission.

W e _ _ _ For cluster targets we expect a high g&a10° cm™1) for
Fory < (V) the gain decre_ases pro_po_rtlonal to the densityyjy/ amplification in thel-psregion.
That means the relatively high gain inside the dense cluster

will also be reached for a lower density. Its minimum value is
given by (20).

However, the gain defined in (16) cannot be related tg* Conclusion
real experiments because the active volume is large compared

with the volume of a single cluster. Thus the real g@i8a.  \We have determined under which conditions, after the inter-
inside a volume containing a large number of clusters can bgction of an intense laser field with atoms inside a cluster

expressed by the gafa (defined by (16)): that caused a field ionization, an effective excitation of an
Ngi upper level including an inversion generation by recombina-
Greal= nG, (21)  tion inside the cluster an XUV emission occurs. We have

fon shown, that the time behavior of the Coulomb explosion de-

whereN is the number of clusters per unit volume aig,  termines the optimum experimental condition (laser intensity,
is the density of ions inside the cluster. Before Coulomb exwavelength and pulse duration) in relation to the kind of
plosion has led to a significant cluster expansion we have clusters and the XUV radiation of interest. For wavelengths
4y N1 AR~ (80...350) A we expect a gais of somel0® cm~1 for
Nion = <_r8> ) a time duration of< 1 ps The measurable gai®,e5 depends
3 on the cluster density,. For Ny ~ 108 cm=2 we expect

. . ) > 1
Setting the values dfla®" into (21) and assuming a cluster values 0fGrea £, 20 T
density 0f10'® cm~2 we obtain a gain 06e4 ~ 0.049G be-
fore the Coulomb explosion. During the Coulomb explosionT ble 2. Caleulated qain for the 3 2 and 4 B _
we get a maximum 0Bea ~ 0.3 G. To estimate the value of 120!€ 2. Calculated gain for the 3> 2 and 4- 3 transition (e energy) in

- . . .. ionized sodiume is the ionization energy for the production & ¢ 1)-time
the expected gain in cluster experiments we will calculate it ingpizeqna, ¢ is the ionization energy for the levgl

more detail for a typical example of a metal cluster consisting

of various charged#llaions. lonization NaZ+D
The energetic structure of thida ions will be treated
as hydrogen-like. This assumption is justified because for 6 7 8
the generation of coherent radiation mainly transitions beﬁ/e/V1 GoW/on? fgi 323‘:3 2803
H C . . .
tween Rydberg levels are chosen and due to their stron 3.0% 10" 85 100 13% 1P

Holtsmark line broadeningg 20 e\) the energy levels can

be considered to be degenerate with respect to the orbitgansition to Na?
guantum numbek. Therefore, after three-body-collision re-
combination processes for each principal quantum number A¢ (3 — 2) jev 135 160
we obtainj? equally populated sublevels (n-degeneracy). ¢, e2/eV 100, 235 125, 285
The linear gainG for a transition characterized by the up- *r G~ 2) /A 95 84
per (lower) principal quantum numbgf (j”) can be found TA][\'S/AN”‘BX 13(1)'97 0 138900
after summation of the gains over all possible sub—transition,s/ assumegfs 70 70
(i’,1’,m’) — (j”,1”, m") considering the selection rules and Gs/cm-! 6342 7200
fixing m-m’: Ae (4— 3) /eV 35 45 55
Sy (N Np) i A S s
8y ir — Nin rR(4—
G]’*)j” = 3hCAU( ) V ) Z |/J«j’,l/,m/ej”,l”,m”‘2 . (22) AN/ANmaX 1 1 1
i’ ofs 115 94 68
" Gaz/cm 1460 2659 3316
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Of course a lot of simplifying approximations have References

been made to describe this process, especially in relation
to the exact rate of field ionization, the complex mech- ;
anism of the recombination process including collisions 2
and ionization, and the wide range of the distribution of

the cluster sizes including the exact time behavior of the 3.

Coulomb explosion and cluster fragmentation. Furthermore

ing to inelastic ionization of inner shell states. This pro-

cess may be responsible for the experimentally observeds.

X-ray emission inXe clusters [10] where the cluster size

posed that the influence of inelastic collisional excitations

will further improve the conditions for an efficient XUV  s.

generation.

However, we believe that the basic idea, namely the exci- °:
tation and inversion generation in a dense medium for a shorti
time (< 1 pg XUV emission and amplification, is attractive,
as we have shown in a first estimation.
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