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Nonlinear generation of extreme-ultraviolet radiation in atomic hydrogen
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Sum-frequency generation enhanced by electromagnetically induced transpdgrclyas been extended
to the production of extreme ultraviol€KUV) radiation in the range 97.3—-92.6 nm framp- 1s transitions
(n=4-8) in atomic hydrogen. Pulsed radiation was generated by strong couplingrgl tred 2 levels with
laser radiation at Balmer wavelengths, and simultaneo(sbBakej coupling of the 2 and Is levels by
two-photon resonance with 243-nm laser radiation. Investigations were carried out over a range of laser
intensities and products of interaction length and atomic denhity) ( As the productNL increased, the XUV
intensities were greatly enhanced by EIT, and at High values, the spectral distributions of some of the
generated signals were found to be distorted by the presence of molecular hydrogen. Calculated profiles,
modified to incorporate the effects of nearby molecular resonances, were shown to be in good agreement with
the observed spectrgS1050-294{®7)05206-2

PACS numbgs): 42.65.Ky, 42.50.Hz, 42.50.Gy, 32.80.Fb

[. INTRODUCTION general scheme with a strong laser field at 656 nm to couple
the 25 and J levels, thus generating EIT-enhanced VUV
Electromagnetically induced transparen&T) is a phe-  radiation at 102.6 nnthe 3p-1s, Lyman-3 transition. They
nomenon that arises when two atomic levels are stronglalso examined the effect of increasing atomic number den-
coupled, either by decay to a common ley&| or by the sity and laser-atom interaction length on the generated inten-
application of an electromagnetic field] to the bare states sity. In all of these experiments with EIT in atomic hydro-
to create two closely spaced states that decay to a commaen, detailed calculations showed that observations were in
lower level. Under these conditions, resonance absorption fagood agreement with the available theory.
the transition from the lower state to the dressed state is In the present paper, we extend the earlier studies of EIT-
strongly suppressgd] because of quantum interference be-enhanced four-wave mixing in atomic hydrogen to the gen-
tween the two transition pathways, while emission from theeration of extreme ultraviole{XUV) radiation by strong
dressed states is resonantly enhanced. In addition to its apeupling of the % and highnp (n>3) levels with intense
plication in lasing without inversiofl—4], refractive index Balmer radiation. While the effects of electromagnetic cou-
control[5], and propagation through normally opaque mediapling to levels near the ionization limit and the continuum
[6], EIT has been shown to enhance nonlinear optical probeyond were examined, with emission observed from
cesses such as four-wave frequency miXinp Specifically,  dressed states up to~ 35, the intensity decreased markedly
the nonlinear susceptibility!® and the associated emission with highern, so that EIT was demonstrated only uprto
benefit from constructive quantum interference on resonances 8 because of limited coupling-laser power. Here, we will
while the linear susceptibility(*) and absorption are sup- describe our observations obtained with coupling of tise 2
pressed. with the 4p and & levels using 486.1 and 389.0-nm Balmer
In past work in this laboratory, atomic hydrogen has beermradiation, resulting in emission at 97.3 and 92.6 nm, respec-
used as the medium in which to explore EIT-enhanced nontively. The first generation of 97.3-nm radiation in atomic
linear generation in the vacuum ultraviolefUV) region.  hydrogen by four-wave mixing was reported by Troshin
Hakuta and co-worker§7] examined the enhancement of Chebotaev, and Chernenko in 197%9)], before the concept
second harmonic generation by using 243-nm laser radiatioof EIT had been introduced. In the present work, experi-
for the 2s-1s two-photon resonance while coupling the 2 ments were carried out under various conditions of coupling
and 2 levels with a strong dc electric field. In their work, power, detuning from resonance, and at small and large val-
conducted at low atomic number density, they observed thaes of the product of atomic density and interaction length.
effects of EIT and enhancement of the generated intensity &the medium contained molecular as well as atomic hydro-
121.6 nm(the 2p-1s, Lyman- transition arising from the gen, and nearby transitions of molecular hydrogen affected
increased nonlinear susceptibility. At higher density and inthe generated spectra. The effects of molecular transitions on
teraction length, the peak Stdecond harmonjcpower was  the dispersion and absorption of the medium were analyzed
6 W, an increase in efficiency by 3 orders of magnitude fromand included in calculations of the spectral profiles. Such
that with E4.=0. Zhang and co-workelf8,9] used the same effects were first observed by Katsuragawa, Zhang, and
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ameters(FWHM) were ~0.45 mm for the coupling beam
Al-Teflon Cell| and~0.21 mm for the 243-nm beam over a 5-6-cm length
5 of the interaction region. Laser wavelengths were calibrated
against optogalvanic spectra obtained from a U-Ne hollow
cathode lamp. An’talon with a free spectral range of

’Q_ XeCl Excimer Laser
{308 nm)

Al Plates |

- oy ger 55 Am:’"ﬁer 0 2430m \ 1cm ! and a finesse of 20 at 486 nm was used as a fre-
Osoillator Chain S el e quency marker and as a monitor of the mode quality of the
SLM laser radiation.
o wa Atomic hydrogen was produced in a Wood’s discharge
gt Lone _ Sou;ce Fcton Watpor tube made of Pyrex, typically operated at 2000 V dc, with
rerINR=AE I S IO I = 0.5 Torr of hydrogen, and then was passed through a Pyrex
NG| Oye Laser gL——' BTSN e | onochroma finger (7 cm long, at right angles to the discharge tutzea
Oscillator Prism GLP2 Prism Lens I Chener_|Monochromator : 9 : 9 9 9 . : 9 :
¥ Cel simple slit[9] or a long sample cell, illustrated in Fig. 1. The

slit (1 mm wide and 3 mm long was used in experiments

FIG. 1. Schematic diagram of the experimental arrangementconducted at low values of the produdt., whereN is the
BBO is theB-barium borate crystal used for second-harmonic gen-atomic hydrogen density and is the laser-hydrogen inter-
eration of 243-nm radiation, and GLP1 and GLP2 are Glan-laseaction length. The cell was designed to channel the hydrogen
prisms. In the inset is shown the Al-Teflon cell used to increase thelong the laser path, thereby increasing the interaction length
atomic hydrogen-laser interaction length-tc cm. to ~50 mm. It was constructed of Teflon side-walBmm

thick) sandwiched between two aluminum plates for collec-

Hakuta for generation of 103-nm radiation with strong cou-tion of laser-produced photoelectrons and photoions that
pling in atomic hydroger11]. were used to monitor ElTand connected to the Pyrex finger
by a 3-cm-long Teflon-lined tube A quartz window was
sealed at the input end, and an exit aperture of 1.5 mm was
drilled through the Teflon at the other end. Both slit and cell

The present experiments were carried out using apparatwgere suspended in a vacuum chamber evacuated with a high-
and experimental techniquéfig. 1) similar to those de- capacity diffusion pump(TM-Vacuum Products, Model
scribed earlie9]. A XeCl excimer laser(Lumonics TE- TM4MM).
861M-4) generating 308-nm radiation at 8-MW peak power XUV radiation generated by the nonlinear mixing process
in 34-ns pulses was used to pump two dye laser systempassed through an evacuated tube to a vacuum monochro-
One was a tunable dye lasgrtome madg12]) generating mator (McPherson 22k and was detected by an electron
486-nm radiation with peak powers 6f150 kW in pulses of ~multiplier tube(Thorn EMI 226EM. Photoions produced by
10-ns duration and a 0.19-crhlinewidth, full width at half  the laser beams were collected from the slit source with a
maximum(FWHM). After two amplifying stages, the output pair of electrodes(at electric fieldsE4.<100 V/cm), and
was focused with a 300-mm focal length lens into afrom the Al-Teflon cell directly with the aluminum plates
B-barium boraté¢BBO) crystal to produce 243-nm radiation. (Egc~30 V/cm). The XUV radiation, and photoion, optogal-
This linearly polarized radiation, of 0.03-mJ energy in pulsesvanic, and &lon signals were processed by boxcar integra-
of 6-ns duration, was used for coupling the-2s two-  tors (Stanford Research Systems 24fhen digitized and
photon resonance. The second dye laser was a tunabletored in a computer for analysis.
single-longitudinal-modéSLM) laser{13] (Lumonics Hyper
DYE-SLM) to providenp-2s coupling radiation with a line-
width of 0.02 cni* (FWHM). Several different dyes were . RESULTS AND DISCUSSION
used in the SLM laser to access the variaps2s transitions
with Balmer radiation in the range 364—486 nm. The SLM
laser power was increased by passing the beam through two The generation of XUV radiation and of photoio(mo-
Bethune-prism amplifiers, and enhanced further by sendingortional to the absorption rate of the generated radiation
the laser pulse twice through the first amplifier using twowas first carried out at values b~ 10'*-10" cm™? using
Glan-prisms and a half-wave platEig. 1). After amplifica- the slit source. This provided an interaction length
tion, the laser output was 1-2 mJ per pulse for all laser=0.3 cm and an estimated atom density- 10 cm™2 (as-
wavelengthgas measured with a Gentec ED200 pyroelectricsumed from earlier experiments with the same discharge
joulemetey, and linearly polarized in the same direction assource[9]). In Fig. 2 are shown the results for XUV and
the 243-nm beam. The pulse profiles were near-Gaussiaphotoion generation at thep4ls (97.3-nm transition, ob-
spatially and temporally, with durations varying from 9 to 16 tained by applying laser radiation at 486 nm to couple the
ns (FWHM) due to the different gain saturations of the vari- 4p and 2 levels, while detuning £ w,;) the two-photon
ous dyes in the oscillator and amplifier chain. laser frequency from thes21s resonance. Spectra are given

The coupling and 243-nm beams were focused by quartfor three different values of the coupling Rabi frequency
lenses having focal lengths of 500 and 250 mm, respectively},,, defined as usual ag,E/%. Here u,; is the 4p-2s
The beams were spatially overlapped by a dichroic mirrorfransition dipole moment, aridl is the amplitude of the elec-
temporally overlapped by adjusting the length of a delaytric field associated with the coupling-laser beam. The reso-
sidearm in the SLM path, and then sent into a vacuum charmmant electromagnetic coupling creates a pair of dressed
ber for interaction with the atomic hydrogen. The beam di-states, energetically centered at theldvel and separated by

Il. EXPERIMENT DETAILS

A. XUV generation with EIT in the low- NL limit
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FIG. 2. XUV radiation (near 97.3 nmand photoion signals from the slit sour¢aith NL~0.6x 10** cm™2) vs detuning of the
two-photon laser frequency from the-2As resonance. The coupling-laser frequency was set toph2dtransition at 486.1 nm. Calculated
(----) and observed—) spectra are shown for three different Rabi frequen€lgs. The vertical scale for the XUV signals is based on
calculated intensities at the exit end of the slit. The photoion signals are normalized for each Rabi frequency.

the Rabi frequency,,. As the Rabi frequency is increased,  The low intensity of the p-1s signal at 97.3 nm, relative
the spectral breadth of the photoion signal increases, until @ that of the $-1s transition at 102.6 nm, studied in the
sufficiently strong coupling, 2.8 cil, two peaks are re- earlier work under similar conditiori$,9], can be partially
solved at the dressed-state positions, and their separati@itributed to the larger laser beam diameters used in the
provides a measure of the coupling Rabi frequency. At théresent work, and thus to weaker coupling, but mainly to the
highest coupling power availablé)(,=4.7 cnrY), the ion gmaller dipole moment for the 97.3-nm transition. At rela-
signal at the resonance center is suppressed to nearly zeftyely low values ofNL, such as those used here, the gener-
indicating that the EIT is well developed. gted XUV intensity |53 propprthnal to Fhe square of the non-
Calculations of the expected ion signals were carried outnear susceptibilityy®), which in tumn is proportional to the

using the expressions and procedures discussed in[@ef. Productunapeny of the np-2s and np-1s dipole transition
and the results are plotted in Fig. 2. Values for the transitioﬁmmetms' The square of this produ_gt IS abom_Jt_an order of
dipole moments were calculated from available ddtd] magnitude gmaller for thepﬂs transition than it is for Fhe
and photoionization cross sections for the @nd 4 levels 3p-1s transition. Moreover, in the earlier work, a Rabi fre-

were obtained fronj15]. Good agreement with the experi- quency as high as 1.5 g‘rﬁ was possmle_, but here ghe
mental data was obtained for a Doppler breadth Ofcoupllng—laser power limited the observations to 4.7 ¢cm

_ o o because of the lower value @f,,.
1 4 2 42
2.0cm?, and NL set to 0.6¢10"cm? (in qualitative With coupling of the 2 level to highernp levels, the

agreement with the estimated. density of earlier widr&]), XUV signals decreased markedly, and fop-@s coupling
when the results were normalized at each value of the RahL a4 nn, resulting in the ®-1s transition at 92.6 nm, the

frequency, as shown in Fig. 2. However, comparison of ab7ntensity was too low for meaningful analysis. This observa-

i — 1
solute values when normalized 8,,=4.7 cm ° leads to tion was not surprising, given that the square of the product

experimental values at the lower Rabi frequencies, which args dipole moments involving the 8 level is <1% of the

only about half those given by theory, as also found in earlleralready small 4 product. While the photoion signal was

work at lowNL values[8,9]. o ) )
The XUV spectra shown in Fig. 2 broaden with increasingObsgrved’ and sphElng Wa§ls_,eer! at the highest achievable

coupling-laser intensityand increasing Rabi frequengyand Rabi frequency{lg,=3.2 ¢~ in Fig. 3a), the shallow de-
prease in ion signal on resonance indicates that reduced ab-

split into two components at the highest Rabi frequency o : ; i ]
Q.,=4.7 cnit. Under this strong-coupling condition, the sorption from EIT WaSjUS'F beginning to develop at the stron
.gest available B-2s coupling power.

generated XUV intensity at resonance center is approxis
mately half of the peak value of the two dressed components
but not zero, in contrast to the zero ion signal at resonance.
As is well known([7], this results from the constructive in-  To increase the intensity of the generated XUV radiation,
terference for the nonlinear susceptibiligy® (which deter-  experiments were conducted with the Al-Teflon cell at a
mines the rate of emissipand from destructive interference value of NL~10" cm™2, a factor of~ 10 over that obtained
for x). Simulations of the XUV-generated signals werewith the slit. Figure 4 shows the photoion- and XUV-
performed using the expressions for EIT-enhanced nonlineagenerated signals obtained with the Al-Teflon cell versus de-
mixing given in Ref.[7]. The agreement with experimental tuning of the two-photon laser frequency for several different
data is satisfactory, despite the low intensity and noise of theoupling Rabi frequencies at thep42s transition. Note that
XUV signals. the signals are much narrower than with the slit souFig.

B. XUV generation in the high-NL limit
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2), a result arising partly from colder atoms after collisions in
the longer connecting tube from discharge to cell and in the
long cell itself, and mainly from the high\L. When the
coupling Rabi frequency exceeds the Doppler width of about
1.3 cmi'}, the XUV intensity at the resonance center is the
main feature in the spectrum, while the intensity of the two
Autler-Townes components is much lower. This is in con-
trast to the slit data, where the intensity at the resonance
center was only about half that of the two components. At
the maximum coupling Rabi frequency of 4.2 cti the
XUV peak in Fig. 4 is slightly shifted from the resonance
center, and the minimum in the photoion signal is no longer
located at the resonance center. Moreover, an unexpected
component appears in both spectra at a frequency detuning
Aw,, of about +3.2 cmi'?, while no matching feature is
seen at a detuning of 3.2 cmi’ L. It is also noted that the
photoion spectrum exhibits a pronounced asymmetry in both
peaks.

Recently, Katsuragawa, Zhang, and Hakiut4| reported
on the observation of similar anomalies in the-3s VUV-
generated spectrum. They explained their observations by
including the effects of nearby transitions of molecular hy-
drogen on the susceptibility*) of the mixed H-H medium.
The authors noted that the nearest molecular transition, the
P(1) line in the 6-0 Vvibrational band of the
B 'Y -X 'S, electronic transition(the Lyman system
lies 20 cm'* to the red of the B-1s atomic hydrogen tran-
sition; four other lines from the same vibrational band lie
within +230 cni’L. In the present work, we find from the
tables of Dabrowski17], that theR(1) line in the 11-0 band

~0.6x 10" cm2) vs detuning of the two-photon laser frequency ©f the same electronic transition lies only 11°chto the red

from the 2-1s resonance, with the coupling-laser frequency set toOf the 4p-1s transition, and that thB(0) andP(1) lines are
the 8p-2s transition at 389.0 nm. Spectra are shown for three val-2lso nearby, at 85 cit to the blue and 58 cnt to the red,

ues of the Rabi frequendg,. (b) XUV radiation generated using
the Al-Teflon cell NL~10'® cm™?) vs 2s-1s detuning, with the

respectively. The close proximity of these molecular lines,
particularly theR(1) line, to the atomic hydrogen transition,

coupling-laser wavelength set at 389.0 nm. Spectra are shown f@uggests that molecular effects will play an even stronger

two values of the Rabi frequendyg, (with the vertical scale of the

role in the 4o-1s spectrum than in that of thep31s transi-

lower trace increased by a factor of 10 over that of the upper)tracetjon.
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FIG. 4. XUV radiation(near 97.3 nrhand photoion signals using the Al-Teflon ceMi(~ 10" cm™2) vs detuningA w,; of the laser
frequency. The coupling laser frequency was set to 24 transition at 486.1 nm. Calculatéd--) and observed—) spectra are shown
for Rabi frequencie«€),,=1.2, 2.4, and 4.5 cit. Simulations were carried out with Doppler breadths of 1.45, 1.75, and 2.35 cm
respectively, with widths for kiset to 2"*2 of these values. The vertical scale for XUV signals is based on calculated intensities at the exit

end of the cell.
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FIG. 5. XUV radiation(near 97.3 nmmusing the Al-Teflon cell g
(NL~10* cm™?) vs detuning of the coupling-laser frequency for S o —————T—T———T—T—
the 4p-2s resonance, and with the 243-nm radiation set to the 27'200 27300 27400

2s-1s two-photon transition. Spectra are shown for two values of
the Rabi frequency,,. Calculated(----) spectra taking into ac-
count the effects of the nearby moleculay transition(7) are com-
pared with observed spectfa—). A calculated spectrung----- ) FIG. 6. XUV radiation (near 91.2 nm and photoion signals
without consideration of the effects of molecular dispersion isusing the Al-Teflon cell KL~ 10" cm™?) vs the coupling laser
shown forQ,,=4.2 cm'. (The calculated spectra are shifted ver- frequency with the 243-nm laser radiation set to thel® two-
tically for clarity, and the vertical scales are the same for the twophoton resonance. The coupling laser scan extends from 27 190 to
Rabi frequencies. 27 440 cm'?, that is from about the 32 2s transition and beyond

the ionization limit(measured from the £stats.

Coupling laser frequency (cm™)

Following Katsuragawa, Zhang, and Hakutal], we
have added to the expression for the linear susceptibilit
x) terms y (of the usual form describing the dispersion
and absorption arising from nearby molecular transitions:

Yintil a reasonable fit to the data was achieved; a value of
10x 10* cm™2 gave acceptable results. The relative intensi-
ties of XUV and photoion signals for the three Rabi frequen-
=(N;ullthe)(w—w—il) 1+ (w;+o+il) "1, cies were in best agreement when the effective Doppler
= (Nop3l o) {03 ) (@, ) }(1) widths (1.45, 1.75, and 2.35 cm) for atomic hydrogen
were assumed to increase with Rabi frequency, as discussed
whereN; is the number density of Hin the Jth rotational  in [8]. Figure 4 shows that good agreement between simula-
level of the ground vibronic statgy, represents the dipole tion and experiment is obtained at each value of the Rabi
moment of a particular transition involving td¢h level,I'is  frequency for both the XUV and photoion signals. Moreover,
the total decay rate of the upper staieis the frequency of the observed position and intensity of the extra peak, and
the applied field, andv; is the frequency of the molecular asymmetries in the spectra at the higher Rabi frequencies are
transition. A term of this form for the nearest molecular tran-adequately reproduced, indicating that the effects of molecu-
sition, namely, thé(1) line, was added to the calculation of lar hydrogen have been taken into account correctly.
xM). The more distant transitions were found to make neg- The effects of molecular hydrogen on the nonlinear gen-
ligible contributions. Values for the upper-level lifetimEs eration process are even more pronounced when the two-
are known[18], and values fo; were assessed from tables photon laser frequency is fixed at the-2s transition while
of oscillator strengths for the Lyman banpk9], following  the coupling laser is scanned, as shown in Fig. 5 for two
the procedures outlined by Thorn@0]. The molecular different Rabi frequencies. At the 11-0 baiR{,1) resonance
number density in the cell could not be readily determinedposition, a broad intensity minimum is observed, indicating
since neither the dissociation efficiency nor the postthatthe generated radiation is almost completely absorbed by
discharge pressure could be measured. However, the populdie coexisting H Also shown for the larger Rabi frequency
tion of the ground-state rotational levels was assumed to folis a comparison of simulations with and without the molecu-
low a Boltzmann distribution at 400 K, taking into account lar effects. Clearly, the simulation correctly represents the

the nuclear spin statistics. observed spectrum only when the nearby molecular transi-
The calculated values for the XUV and photoion signalstion is taken into account.
(with the modified expression foy'") included, are plotted Similar experiments on XUV generation with strong cou-

along with the observed spectra in Fig. 4. In the simulationpling of the X level tonp levels up to 19, were carried out
the interaction length was set at 5 cm, and the average nunusing the Al-Teflon cell. With the highédL values obtained
ber density of atomic hydrogen was assumed as the slit valua the cell, the intensity of the XUV radiation was greatly
of 2x 10 cm™3. The total number density of Hvas varied enhanced compared to the intensity obtained using the slit
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source, but there was a rapid decrease with increasing IV. CONCLUSIONS
value. Here, we will briefly describe the results involving the This work extends studies on ElT-enhanced four-wave

8p level (with coupling of &-2s levels by 389-nm radia- PRSI . : o
tion), since EIT was not noticeably developed at the highe mixing in atomic hydrogen to the generation of XUV radia

' ; INChion (<100 nm) in the Lyman seriesyp—1s, with n>3.
levels with the available laser power. The generated S|gnailhe studies show that despite a monotonic decrease in

versus two-photon frequency detuning for low and h'QP val-np.1s and np-2s transition probabilities with increasing
ues of the applied Rabi frequené@2g,=0.5 and 3.2 ¢cm’)  p E[T can still be observed up to at least 8 with the laser
is shown in Fig. &). The XUV signal is barely perceptible powers available from our apparatus. In other words, cou-
for weak coupling, and becomes more intense in the pressling was achieved between levels separated by
ence of the EIT produced by stronger coupling. Again, asym--26 000 cm', and should be possible for more distant lev-
metry in the XUV line shape is noted, particularly for nega- els. However, to achieve reasonable XUV intensities, the
tive values of two-photon laser detuning. This is attributed toatomic density-interaction length produstL had to be in-
the presence of th&(2) line in the 17-0 band of the H creased by a factor of 10 relative to earlier work on the
Lyman bandg17], only 11 cni ! on the high-frequency side 2p-1s and 3-1s VUV transitions performed with the same
of the 8p-1s transition. atomic hydrogen source. For high-Rydberg levels near the
Experiments on XUV and photoion generation were alsdonization limit, weak nonlinear generation was still ob-
conducted on high-Rydberg levels by tuning the couplingserved, although the available coupling laser powers were
laser between 27 190 and 27 440 ¢nwith the two-photon  insufficient to produce EIT for these transitions.
laser frequency fixed on resonance with trel@vel. This We have also observed'strong distortions in the profiles of
scanning range covered Rydberg levels with22[21], and the 4p-1s XUV and photoion spectra as a result of nearby
extended into the ionization limit above the &tate. Charts molecular hydro_g_en (rle)sonances.l Such resonances affect the
of the observed XUV and photoion signals vs coupling Iaserl'near suscc_aptlbllltyx of .the mixed H'H medium, and
frequency are shown in Fig. 6. While XUV radiation is pro- therejore d|st_urb the nonlinear generation Process. !t was
duced when the coupling laser is tuned torgmresonance possmlg to simulate the qb;grved spectra by mclydmg in
(up to n~35), the ion signal is enhanced rather than Sup_ca.lc.ulatlons of the susceptibility a molecular cillsper5|on term
pressed at the resonance centers. Clearly, the coupling pom/%'i’s'n.g from a kn_own molecular line only 11 crhfrom the
is far from sufficient to induce transparency in these high—atomlc Lymany line at 97.3 nm.
Rydberg transitions, so the generated XUV radiation is reab-
sorbed by other atoms, which are then ionized by photons
from the coupling and two-photon lasers. A small amount of This research was supported by the Natural Sciences and
generated radiation appears as a background up to and bEngineering Research Council of CandSERCQ, Tech-
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