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Optically field-ionized He plasmas
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Time resolved XUV radiation of He plasmas produced by optical field ionization in an intense laser field is
studied. Fast and slow line emission components generated due to different pumping mechanisms are observed.
It is shown that the intensities of these components can be manipulated by varying the laser frequency and
polarization. Amplification on the 3-2 transitiom € 164 nm of Hen ions is demonstrated.
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[. INTRODUCTION these components can be manipulated. We provide explana-
tions of our results and demonstrate amplification on the
With ultrashort pulse laser systems a strongly nonequilibBalmer« transition A =164 nn). In Sec. Il, a general dis-
rium plasma can be produced by optical field ionizationcussion of OFI plasmas is given. In Sec. lll, the experimental
(OFI) of a gaseous medium in an intense laser field. Thesetup is described. In Sec. IV, experimental results and nec-
stage of ionization and the electron temperature of this OFessary explanations are given.
plasma can be controlled by the parameters of the laser
pulse, which allows one to create favorable conditions for Il. PARAMETERS OF OFI PLASMAS
the realization of soft-x-ray lasers. In fact, first successful
demonstrations of amplification and soft-x-ray lasing in OFI It is well known that in an intense laser field ionization
plasmas have already been repoifike6]. occurs in the tunneling regime when the conditign
Since the interest directed towards producing coherent x (E;/2U )1’2<1 is fulfilled. Herevy is the Keldysh param-
rays from OFI| plasmas continues to grow, detailed experieter[10], E andU,=9.33x 10" *\? are the ionization and
mental investigations of these plasmas are important. Forthqsonderomotlve potenualén eV), | (in W/cn?) and\ (in
goal spectroscopic methods are usually applied. Taking intaum) are the laser intensity and wavelength. The required
account the transient nature of OFI plasmas, it is desirable tlaser intensityl ; for producing an ion with the charge (the
make measurements with temporal resolution. Up to now irso-called appearance intengitis well predicted by the
most experiments only time-integrated spectra have been rarrier-suppression modgl1], 1,=4.0x 10°E;"/Z% Wicn?.
corded. Theoretical interpretations of these spectra neglecfhe reason this simple model works so well is discussed in
ing the transient nature of OFI plasmas remain uncertainthe Appendix. The Keldysh parameter calculated at the ap-

There are only a few examples where time-resolved megyearance intensityy=y,, and the condition for tunnel ion-
surements of OFI plasma radiation have been perfofmed jzation can be written as

9]. In[7] the 13.5 nm Lymarw emission of a lithium plasma
has been studied. A 20 ps delay of the Lyntaﬂine with yz=82w(R/Ei‘°’)1’2= 0.73Z/\)(RIE;)¥?<1, (1)
respect to the pump pulse and a 20 ps pulse width have been

observed. 18] the time-dependent electron velocity distri- _ B . .
bution in tunnel ionized He plasmas has been investigated. hereR—.13.6 eV,w=1.24\ is the laser frequenogr_n ev),
and \ is in um. For He the appearance intensities &ye

has been found that the HeLyman- line dominates the 5 " N 5
spectrum at times later than 400 ps after the laser pulse. Iﬂ—|1 5% 10;+chmz (He—He") and 1,=9x 10" W/cn?
[9] the emission of helium and nitrogen plasmas has bee T He™)
studied in a temporal window of about 3 ns duration. It has
been observed that the HeLyman-« emission has an initial
spike followed later by a slow revival of radiation, which is
confirmed by our observations.

In this paper we present results of time-resolved spectro-

The electron distribution function after tunnel ionization
(XZ 1 X% in a linearly polarized laser field is given by
(see[4,12,13 for detaily f(p)d3p=f(pH)f(pl)dedzpl,
where

scopic investigations of optically field-ionized He plasmas in F(pp) = (2mmT,)~ Yexd — pﬁ
a very broad temporal window of 500 ns. We observe fast P iz 2mTy)’
and slow line emission components in the Lyman and @

Balmer series of He ions and show how the intensities of

2
_ P
— 1 _
f(p)=(27mT,,) exp( 2mTZL)
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3w w sion is valid whenL=zgc; is fulfilled. In the opposite case,
T7=—. TZL=2—. (3) L <zgc;, which is not considered ifll], the volumeV;,
2y Y where the peak laser intensity exceedsis
It is natural[4] to estimate these temperatures at the ion e
appearance intensity. In this case we obtain V= WWSL (1+ L2/32§)In _ o
1+L%/24
3w
TZH=F=4.8(Ei/R)9’27\2/Z3, 4z 212
+-{1-— +—.
054 @ 3 1 L arctariL/zg) 9z§ (8)
w
TZngzo.SaEi/R)S’ZIZ. In the weak focusing limil.<z, Eq. (8) reduces to the
z

expressionV; = 7wzl In(lo/1;), which can be easily obtained

These estimates are very reliable and have the same accuraifhout integration.

as the ion appearance intensigee Appendix For He and Taking into account _volume effects, the average electron

\=0.8 um Egs.(4) give T; =44 and 197 eV and,,  leMmperature can be written as

=2 and 3.4 eV. For the second harmonic=0.4 um, S VT

T;4=11 and 49 eV and’; ,, are the same. =1t (9)
Below we are interested in the average electron tempera- 2V

ture T, which characterizes the OFI plasmas after relaxation ) .
(due to electron-electron collisionsf the temperature an- WhereV; are given by Eqs(7) and(8), T; is given by Eq(6)
isotropy, for the circular polarization, and;= w/2vy; for the linear
polarization. This temperature is usually lower than is given
1 2 12 by Egs.(5) and(6). Under our experimental conditions, vol-
37 E (T +2T;,)= 7 2 — ume effects are more important for the circular polarization
=1 : (due to higher ion appearance intensitids this case, the
z average electron temperature will be reduced-tb50 eV.
_ 1.6()\2/2)2 (E,IR)¥i3. (5) Concluding this section we emphasize that the OFI electron
i=1 temperatures can be estimated with a very good accuracy
without computer simulations.

T w
2y}

Here we take into account thay>T, is usually fulfilled.
For the above example, He and=0.8 um, T=40 eV is
obtained. This electron temperature is in a very good agree-
ment with experimental dafd 4] and calculation$15]. For
the second harmoni€=10 eV.

After tunnel ionization in a circularly polarized laser fiel
with intensity| ¢ the average energy of released electréps

; R _ 11— —14jcy 2 P c
fgitfgng'szdz ?)[rltil Eiav;Up—9-r35;>< 1?nt In)\ : Uing Izn gas jets. Linearly or circularly polarized laser pulses at 800
N i or the ion appearance intensityee Appen-  m anq at the second harmori#00 nm) with the energy of

dix) andT=2&,/3 for the average electron temperature, We100 mJ or 60 mJ are used.

IIl. EXPERIMENTAL SETUP

Two experimental setups that have been used for investi-
d gations of optically field-ionized(OFl) He plasmas are
shown in Fig. 1. The plasma is produced by focusing of 150
fs Ti:sapphire laser pulsé8MI model Alpha 10A into He

obtain He gas is injected into the vacuum chamber (1@ orr)
12 z by a pulsed nozzléGeneral Valve Corporation, model lota
T== T.=12.9\2/Z E. /R)/i2. 6 One), with an opening time of about 1 ms. The experiments
z .21 ! & );1( 1R © are performed at backing pressures of 0.1-1.5 bar, which

correspond to particle densities of 11910 cm™2 in the

For He and\=0.8 um, T,=87 eV, T,=524 eV, and interaction region.
T=2306 eV, in good agreement with experimental ddtd. For investigations of temporal dynamics of He OFI plas-

In Egs.(5) and(6) the spatial variation of the laser inten- mas a single jet nozzle with an output diameter of 0.3 mm is
sity is neglected, i.e., it is assumed that the laser intensity igsed. In this casEsee Fig. 1a)] the plasma emission is ob-
constant in the focal plane. In general, one should take intgerved at a small angle to the direction of the laser beam.
account volume effects. For a Gaussian laser beam tightl¥his is necessary to protect our registration system from di-
focused into a center of a gaseous medium with a length 2 rect laser radiation. Time-resolved XUV spectra are obtained
the volumeV;, where each atom lose®r more electrons, is  with a grating monochromatogobin Yvon, LHT 30, 550
given by[11] lines/mm gold grating, angle of incidence °19quipped
with a fast microchannel plat@/1CP) detector havig a 1 ns
temporal resolution. The signals are recorded by a digitizing
oscilloscope (Tektronix, model TDS 620B, 2.5
gigasamples/s, 500 Mhland averaged over 100 laser shots.
wherewy, is the radius of the focused beamy, is the Ray- Due to the small plasma size and large distances between the
leigh length |, is the peak intensityg; = (1o/1;—1)?, andl; Hel spectral lines, it is possible to operate the XUV mono-
is the corresponding ion appearance intensity. This expreghromator without an entrance slit. The monochromator is

, [4c 2t a4
V= TWjZg 3 + 9 §arctam Ci)i, (7)
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FIG. 2. Typical time-integrated spectrum of a HOFI plasma.

in Fig. 1(b) is used. In this case the nozzle has six output
holes with a diameter of 0.3 mm. The distance between the
hole centers is 0.5 mm. A certain number of these holes can
be opened and closed by a mechanical shutter that provides a
possibility for a variation of the plasma length. In these ex-
periments a focusing lens with=1200 cm is used to pro-
duce a 4 mmong homogeneous plasma column. In front of
the focusing lens a narrow central part of the laser beam is
blocked to protect our monochromator from the direct laser
radiation. A shadow produced by this 2 mm beam block
allows one to reduce the laser intensity on the entrance slit
by two orders of magnitude. The signals at 164 nm are de-
tected by a VUV photomultiplier with a Csl photocathode
and recorded by a digitizing oscilloscope.

IV. RESULTS AND DISCUSSIONS

In this section results of experimental investigations of He
OFI plasmas are discussed. For a reference, a typical time-
integrated spectrum of a HeOFI plasma is shown in Fig. 2.
This spectrum is recorded in the direction of the laser beam
with a single shot grazing incidence spectroméMcPher-

FIG. 1. Experimental setups used for time-resolved investigaggn  model 248/310-Gwith MCP intensifier and charge-

tions of He plasmasa) and for investigations of amplification on

the Balmere transition(b).

coupled device array as a detector.
Time-resolved investigations of HeOFI plasma radia-
tion are performed with the experimental setup shown in Fig.

adjusted so that the OFI plasma is produced at a distancEa). The plasma is produced by focusing of 150 fs Ti:sap-
from the grating corresponding to the position of the en-phire laser pulses with an energy of 60 mJ into He gas jets at
trance slit{see Fig. 18)]. This setup provides high illumina- backing pressures of 100—500 mbar. The estimated intensity
tion strength and allows one to investigate the spatial distriin the focus,l,=2x 10'® W/cn?, is high enough to com-
bution of the plasma emission at a certain wavelength byletely strip the He atoms.

rotating the grating.

To study a possibility of amplification on the Balmer-

Typical oscillograms of the He Lyman-« and Lymang
line emission are shown in Fig. 3. Fast and slow line emis-

transition (. =164 nn) the experimental arrangement shown sion components can be clearly seen. The time duration of
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FIG. 3. Time-resolved He Lyman-« (a) and Lymang (b) line FIG. 5. Time-resolved radiation of the HeLyman- line from
emission. OFI plasmas produced by circular{g) and linearly(b) polarized

laser pulses, and by second harmonic radiat®n

the fast component is below the 1 ns resolution limit of our . -
detector and has not been resolved. The slow compone d cooling of the OFI plasma occurs. Therefpr.e, It is rea-
reaches its maximum value after a 30 ns delay with respe%?nable to assume that the slow component originates due to

to the laser pulse. During this time a considerable expansio ree-_body recombination. The recombination §|gnals for
oth lines are comparable. The fast component signal for the

Lyman-8 line is much weaker than the corresponding signal
' ' ' ' ' ' ' for the Lymane line. For the Lymany line the fast compo-

0.0-125 o , linear polarization nent signal reduces further and follows the® scaling law
12320 E,=60m] with the main quantum number. This behavior can be ex-
- 375 - 500 plained by electron impact excitation from the ground state
— e of He' ions, which are produced at the outer region of the
e OFI plasma channel. A small fraction of the Héons can
375 - 100.0 . . .
also be left in the region where He ions are generated. A

self-termination of the fast component signal with time can
be explained by the electron impact ionization of 'Hiens
after the laser pulse (He-0) and/or by the reduction of the
number of hot electrons due to the relaxation of the electron
temperature anisotropyef,—0).

The spatial distribution of the Lymag-line emission is
illustrated in Fig. 4. This distribution is obtained with the
XUV monochromator operating without an entrance [sée
Fig. 1(@)] by rotating the grating. Our setup allows one to get
a resolution of 20Qum. Due to the time delay between the
slow and fast components the maximum of the recombina-
oL , , , , , , tion signal is spatially shifted with respect to the laser beam
02 04 06 08 10 12 14 axis. The value of this shift is determined by the gas jet

Distance from the nozzle [mm] expansion velocity.
Parameters of the fagéxcitation and slow(recombina-

FIG. 4. Spatial distribution of the Lymag-line emission at 300 tion) components depend on the laser polarization and wave-
mbar backing pressure. length. In Fig. 5 the temporal evolution of the Hd.yman-

— 100 [
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£
B
-
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77777 Therefore, cooling to the electron temperatures<df eV,
100 ° —O— o, circular polarization | _| which are necessary for the efficient three-body recombina-

\ T8 o lnearpolarization | tion of HE* ions, occurs faster.

—V— 20, linear polarization
or i . The cylindrical OFI plasma column expands in the ambi-
ent gas injected by a pulsed nozzle. This expansion is accom-
] panied by the formation of a strong shock wave propagating
into the ambient gas. Adapting a strong shock explosion
model[18], the radius of the plasma chanrielnd the elec-
. tron temperaturd , can be estimated from

80 L Lyman-p

70 - '\- ’
o \\\O
\

40 -

Delay [ns]

o dR ZT, o

. 2
30 | - _— —_— —_— = 10
R e T T M. UoR: Te=To(lo/R)% (10
20 F \V b
olb—ev A whererg is the initial plasma radiusr{=20 wm in our
100150 200 250 300 350 400 450 500 case, T, is the initial average temperature of the OFI elec-
Helium Backing Pressure [mbar] trons, and o= \ZT,/M; is the initial speed of soundZ(and

M; are the ion charge and masErom Eqs.(10) it follows

FIG. 6. Dependences of the time delay between the slow anzihat
fast components on the He backing pressure for Lyaaeiation.

Zl)ot 12 ro
R:ro 1+r_ :\zvorot, TezTo = |
0

a line is demonstrated for circularly and linearly polarized 2vt (11)

laser pulses, and for the second harmadftimear polariza-

tion). As can be seen, the fast component signal is the strorand that the rate of the plasma expansion decreases with time
gest for the circular polarization. In this case the OFI elecasdR/dt~t~ Y2 Using the average temperatures of the OFI
trons are very hot and collisional excitation is effective. Theelectrons given above and the measured values of the time
self-termination of the fast component signal occurs due talelay for the slow componefisee Fig. 5, electron tempera-
the ionization of Hé ions. For the second harmonic the fast tures corresponding to the three recombination peaks shown
component signal is weak. The sufficiently hot electr@fos  in Fig. 5 can be obtaine®,~0.3—0.4 eV.

collisional excitation of H& iong exist only when the OFI The time delay between the slow and fast components
electron distribution remains anisotropic, i.e., during the timereduces with the He backing pressure, since the three-body
interval t<r.,, Where 7, is the electron thermalization recombination rate rapidly increases K2) with the elec-
time. In this case the self-termination of the fast componentron density. This is illustrated in Fig. 6 for the Lymagh-

is explained bye,,,—0. line.

As can be seen in Fig. 5, the slow component is stronger Due to the different density dependences of the excitation
and appears earlier in time when the plasma is produced bgnd recombination components the ratio between them,
the second harmonic radiation. This behavior is consisterR(fast/slow, decreases with the backing pressure; see Fig. 7.
with the initial OFI plasma temperatures. As it follows from In this figure the data obtained with 60 mJ linearly polarized
Sec. Il of our paper, the average temperatures of the OHhser pulses at the fundamental frequency are shown. At low
electrons in He plasmas arel50 eV for the circular polar- backing pressures the fast component signal dominates the
ization, =40 eV for the linear polarization, and 10 eV for  spectrum and the slow component gradually disappears.
the second harmonic. In the last case the expansion of the In Fig. 8 relative populations of the Heexcited states
OFI plasma channel starts from the lowest temperaturecorresponding to the faga) and slow(b) component signals

R 100 F— T T T T T T T T
L \ —8&— Lyman-o ]
- T~ —0O— Lyman-§ ]
10 3 0. \ e
- \ FIG. 7. The ratio between the fast and slow
'\. ] components as a function of the backing pressure.
TTT——n Plasma is produced by 60 mJ linearly polarized
1E E laser pulses at the fundamental frequency.
\D\
D\
a
0.1 1 ) 1 . 1 . | |

100 200 300 400 500
He Backing Pressure [mbar]
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FIG. 9. Variation of the fast and slow component signals with
FIG. 8. Relative populations of the excited states of litens at  the plasma length at a He backing pressure of 900 mbar. Plasma is
a backing pressure of 250 mbdg) populations corresponding to produced by 100 mJ linearly polarized laser pulses at the fundamen-
the fast(excitation and(b) slow (recombinatioh components. tal frequency.

recorded at a 250 mbar backing pressure are shown. These

populations are calculated using the following expression

Nt s(N)~St s/(An18n), WhereS; ¢ is the observed signal, ) T ' T ) '
A, 1 is the radiative decay probability from the level with the _ (@ o, E =100 mJ

main quantum numbaer to the ground state, argl,=2n? is

the statistical weight of this level. It is well known that the
electron impact excitation from the ground state of hydro-
genlike ions is not able to invert populations of the excited
states. Therefore, in the fagxcitatior) component no popu-
lation inversion is observed. Population inversion arises in
the cold plasma due to the three-body recombination. This
can be seen in Fig.(B), which shows that during the three-
body recombination stagelow componentthe population
inversion is produced on the 3-2, Balmertransition. The
population inversion is bigger when the plasma is produced
by the second harmonic radiation. In this case cooling is
faster and the three-body recombination starts at higher elec-
tron densities. For the circular polarization, in opposite, cool-
ing and plasma expansion occurs longer. The three-body re-
combination starts at lower electron densities and the
collisional relaxation between the excited states is weaker. In
this case a small population inversion can also be observed
on the 4-2 transition.

To investigate the possibility of amplification on the
Balmer« transition A =164 nm the experimental setup
shown in Fig. 1b) is used. Gain measurements are per-
formed with the gas jet nozzle having six output holes. The
length is varied with a mechanical shutter. Due to this the 0.0 0.1 0.2 0.3 04
distance between the laser beam focus and the nozzle surface Length [cm]
has to be larger than in the previous experiments. Therefore,
to obtain the same partiCle densities with the new setup the FIG. 10. Dependence of the slow component signal on the
backing pressure should be larger. plasma length at a He backing pressure of 900 mbar. The plasmas

The variation of the fast and slow component signals withare produced by linearly polarized fundamerf&land second har-
the plasma length is shown in Fig. 9. As can be seen, the fastonic (b) laser radiation.

Intensity [arb. units]

—_
(=]

=]
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component signal grows linearly with the plasma length,Why is it so? The answer to this question is given below.
whereas the intensity of the slow component increases expo- As follows from the BSI model the atomic electron can
nentially. By fitting these data to the Linford formJla9], a  freely escape from the Coulomb potential when the laser
gain coefficient of 8 cm? is obtained. The gain coefficient is field strength reaches the critical valele=Z%/16n**. Here
higher (=12 cn ') when the plasma is created by the sec-atomic units are used ami* =Z(R/E;)*? is the effective
ond harmonic radiation. Corresponding measurements are itfuantum number. It is remarkable that the same expression
lustrated in Fig. 10. Optimum conditions for amplification on for the critical field strength can be obtained from the tunnel-
the Balmera transition occur at the electron densities of ionization theory.
Ne=(0.3—1)x 10" cm 23 [20]. These densities are pro- The probability of tunnel ionization in an intense laser
duced due to the cylindrical expansion of the OFI plasmdield (for an electron state with a magnetic quantum number
are in the range of 0:30.4 eV. .
The recombining OFI plasmas are usually considered as (21+1) F _[ 4eZ® 2n 273
good candidates for the realization of soft-x-ray lasers to the W=w, 87 7 P AE ex 3n*3F
problem appears difficult due to relatively high OFI electron (A1)
temperatures. One of the possibilities, which is demonstratedthere w,=4.1x10' s71 is the atomic frequency, is the
above, is to use excited states for the development of futurerbital quantum numberf is the laser field amplitude in
row plasma channel produced in an intense laser field could circular polarization ané®= (3Fn*3/7Z%)¥? for a linear
provide necessary conditions for lasing. polarization due to the averaging over a laser field pdriod
Since the exponential dependence on the laser field strength
line emission components has been studied. O_ur_expenmeﬂ-is clear that the tunnel ionization rate becomes appreciable
tal result_s _aIIow one to conclude_ that these_emlssmn Compo(independent oh*) when the condition
nents originate due to electron impact excitation and three-

Z3
3n*4F

optical field ionization in an intense laser field have been

channels. The estimated electron temperatyseg above m=0) is given by[12,2]]

ion ground state. Unfortunately, a direct solution of this

OFI soft-x-ray lasers. In this case, a rapid cooling of a naratomic units,P is a polarization dependent facfdP=1 for
V. CONCLUSION in Eqg. (A1) is determined by the factor

performed. The nature of the observed fast and slow He ]

Time-resolved investigations of He plasmas produced by p{
2n*

4eZ8
In n* 4F

body recombination, rgspectively. By varying the laser 4e78 73
frequency and polarization, the OFI plasma temperature and i | 5 2a=-0 (A2)
the intensities of the fast and slow line emission components n**F/ 3n*'F

can be manipulated. To the best of our knowledge, amplifi-ls fulfilled. The solution of the above equation is given by

cation on the Balmet transition G =164 nm of He* ions F=AZ%n*4 whereA=1/15.34. This value is very close to
has been demonstrated for the first time. These results afg, predictio'n of the BSI m(.)de'A:1/16

important for a better understanding of the OFI plasma prop-

) In the BSI model the ionization threshold is determined
erties and the development of future soft-x-ray lasers.

by the electric field amplitude, therefore for a circularly po-
larized laser field the ion appearance intensity is two times

ACKNOWLEDGMENT larger as compared to a linear polarization ch28. We
This work was supported by the Deutsche Forschungsgé'Tive at the same conclusion, if we consider only the expo-
meinschaft. nential dependence of the tunnel ionization probability. Tak-

ing the pre-exponential factor into account which is larger
for the circular polarization, we obtain the corrected value of
the ion appearance intensity=1.5,=6x 10°E//Z2. This
expression differs by a factor of 1.5 from the linear polariza-

The barrier-suppression ionizatigBSI) model provides tion case, which is in a good agreement with the experimen-
surprisingly good estimates of the ion appearance intensitieml observations[22]. Thus, the success of the barrier-
[11]. Predictions of this model are in a good agreement withsuppression model is not fortuitous; it is a signature of the
experimental results and tunnel-ionization thediy?,21]. optical field ionization in the tunneling regime.

APPENDIX: WHY THE BARRIER-SUPPRESSION
MODEL WORKS SO WELL
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