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Generation of metastable krypton using a 124-nm laser
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We have realized the optical excitation of krypton to a metastable level with an efficiency as high as
23 % using near-resonant 124-nm light produced by four-wave mixing in mercury vapor. Self-absorption in
mercury is circumvented by adjusting the detuning and phase matching according to experimental and theoretical
characterizations. Density-matrix calculations of the metastable krypton generation agree with the measured
dependencies of the excitation efficiency, indicating pathways towards a further improvement. The obtained
excitation efficiency, being one order of magnitude higher than that of previously demonstrated techniques,
enables an extension of the metastable density regime for atomic physics applications, including magnetometry,

atom lithography, and radioisotope dating.
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Introduction. Noble-gas atoms have found a wide range
of applications in atomic physics such as lithography [1,2],
Bose-Einstein condensation [3,4], cold collision studies [5,6],
and other fundamental physics experiments [7-9]. The long-
lived radioisotopes of krypton and argon are particularly
useful tracers in the earth sciences, and are detected with
the atom trap trace analysis (ATTA) method [10,11]. All of
these applications employ noble-gas atoms in a metastable
level due to a large internal energy or due to the lack of
suitable lasers at the required vacuum ultraviolet (VUV)
wavelength (100-200 nm) for ground-level transitions. At
present, the generation of metastable noble-gas atoms is
commonly achieved by electron-impact excitation in a gas
discharge [12,13]. Unfortunately, electron-atom collisions in
the discharge simultaneously destroy metastable atoms via
deexcitation and ionization [14-16], leading to a metastable
population fraction at an equilibrium of only 107*-1073.
Moreover, implantation into and sputtering of the surfaces
surrounding the discharge can cause detrimental effects.

These limitations of the discharge excitation can be over-
come by optically transferring the atoms from the ground
to the metastable level. For krypton, one such path is via
two-photon excitation from the ground state to the excited
2pe using 215 nm + 215 nm, followed by a spontaneous de-
cay to the metastable 1ss. This mechanism has recently been
demonstrated in a spectroscopy cell using a pulsed optical
parametric oscillator laser [17]. Metastable-generation effi-
ciencies up to 2% per pulse (pulse energy 2 mlJ, pulse length
5ns) were achieved in a focal region of 0.1 mm diameter and
1 mm length. The efficiencies were observed to be saturating
due to the ionization loss induced by the high laser intensity,
which is necessary for this scheme because the intermediate
state for the two-photon transition is far from resonance. The
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power requirement can be significantly lowered by using two-
photon excitation with a near-resonant intermediate state via
the 124- and 819-nm transition [Fig. 1(c)]. So far, the gener-
ation of bright and resonant 124-nm light has posed a major
difficulty for employing this scheme. Metastable generation
with an efficiency comparable to that of discharge excitation
was demonstrated using 124-nm light generated by a krypton
discharge lamp [18-22]. However, this approach has so far not
overcome the limited excitation efficiency and suffers from
decreasing transmission of the output MgF, window due to
sputtering processes in the discharge lamp. An alternative
source of the 124-nm light is a free-electron laser [23], which
may become a viable option once facilities with high power
and high repetition rates are realized.

A table-top approach to produce coherent VUV light is via
four-wave mixing (FWM) in a dispersive medium, typically
a metal vapor or noble gas [24-29]. Mercury is a convenient
medium due to its high vapor pressure at moderate temper-
atures. It is especially suitable for producing tunable light
around 120 nm because the high-lying 7 'P levels with n > 8
contribute to a near-resonant three-photon process [26-30]. In
this Letter, we have optically excited krypton with 124-nm
light produced by four-wave mixing in a mercury vapor using
pulsed dye lasers. The resulting 124-nm light with a pulse
energy of ~2 uJ is combined with pulsed 819-nm light in a
cell for the generation of metastable krypton. The theoretical
calculations for the FWM process as well as the metastable
krypton generation are in good agreement with the mea-
surements, indicating ways to further increase the excitation
efficiency.

Experimental setup. A schematic of the experimental setup
and the relevant transitions in mercury and krypton are shown
in Fig. 1. The setup consists of two main parts: a mercury
cell for the production of 124-nm light by FWM and a
krypton cell for the generation of metastable krypton. The
three fundamental beams for FWM are supplied by dye lasers
that are pumped by a Nd:YAG laser at a repetition rate of
20Hz. The 253-nm UV light is produced by frequency dou-
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FIG. 1. (a) Energy-level scheme for the production of 124-nm light by FWM in mercury. (b) Setup for FWM and metastable krypton

generation. (¢) Schematic of the relevant multilevel system in krypton.

bling in a beta barium borate (BBO) crystal. Typical pulse
energies of the 253-, 409-, and 588-nm fundamental beams
are 2, 5, and 15 mJ, respectively. The beams have a diameter
of 2-3mm. The pulse length is ~10ns and the bandwidth
is ~4 GHz. The mercury cell is similar to that described in
Ref. [28].

The krypton cell is filled with 2 x 10~* mbar krypton gas.
The produced 124-nm beam as well as the fundamental beams
enter the krypton cell through a MgF, window. The 124-nm
pulse energy is measured via the photoelectric emission from
a biased platinum plate [28,31], which can be moved in and
out of the VUV beam. The 8§19-nm beam is overlapped with
the 124-nm beam in the krypton cell. The 760-nm photons
emitted upon the decay of a krypton atom to the lss, are
imaged onto a complementary metal-oxide semiconductor
(CMOS) camera as a signal for metastable generation. The
stray light from the fundamental beams is suppressed by three
successive 760-nm bandpass filters. From the camera signal
the number of metastable atoms can be calculated via the
known quantum efficiency of the camera and the solid angle
of the imaging optics.

Production of 124-nm light by FWM. The relevant energy
levels of mercury are shown in Fig. 1(a). The VUV power Py
produced by FWM using three unfocused fundamental beams
is given by [26]

Py NLsin(NLAk/2) |*
P, o PP,Ps XDy NL sin( /2) ’
ANLAK/2)

(D

where P » 3 are the powers of the three incident fundamental
beams, w, is the angular frequency of the produced VUV
light, L and A are the interaction length and area, N is the
atomic number density of mercury, and x® is the third-order
nonlinear susceptibility. Ak is the phase mismatch defined
as Ak = [k(ws) — k(w3) — k(wz) — k(w1)]/N, where k(w;) =
w;/cRey/1 + xD(w;) denotes the wave vector of the cor-
responding light with angular frequency w; and x ! is the
first-order susceptibility. P, is maximum for Ak = 0, i.e., for

perfect phase matching. The phase mismatch can be mini-
mized by tuning A4 and A (see Supplemental Material [32]),
i.e., the detunings of the laser light with respect to the 103P
and 6 3P transitions, respectively (see Fig. 1). As evident from
Eq. (1), another important factor that determines the output
power is the third-order nonlinear susceptibility x . It is
maximum if @; + w, is resonant with the 6'S-7'P transi-
tion, a resonance condition maintained throughout this work.
Moreover, x ) increases if the detunings A4 and A decrease
(see Supplemental Material [32]).

Metastable krypton generation. The multilevel system rel-
evant for the dynamic evolution of the metastable krypton
generation is depicted in Fig. 1(c). Besides the bound levels,
an ionization continuum is also included. The krypton atoms
are driven by 124- and 819-nm light pulses. The time evo-
lution of the density-matrix elements p;; is governed by the
Lindblad master equation [33]

pir = =@, pu ) + LG p(0)), 2)
where H(¢) is the Hamilton operator for the coherent atom-
light interaction, and £ is the Lindblad operator, which
accounts for the incoherent processes. yj; represents the
damping rates of the coherences caused by spontaneous de-
cay, phase fluctuations of the laser light, and photoionization.
The phase fluctuation of the laser light can be described by
the phase diffusion model [34,35] and leads to the effective
damping rates

(bor)*

F 9
ETUEA 4 (b

= (3)
where o is the full width at half maximum (FWHM)
linewidth of the laser, b is the line-shape parameter, and A is
the detuning of the laser. Photoionization from 1s4 and 1ss can
be neglected, as the cross sections are two orders of magnitude
lower than that from 2pg [36,37]. The photoionization cross
section from 2pg is the highest around 480 nm and decreases
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FIG. 2. 124-nm power as a function of the VUV detuning A, for
different UV detunings A;. The black lines serve as a guide to the
eye.

for shorter wavelength [36,37]. Moreover, in this work the
intensity of the 409-nm light in the interaction region is much
higher than that of the 124- and 253-nm light. As a result,
photoionization can be assumed to occur only from 2pg and
induced only by the 409-nm light. Taking into account all
the damping rates, the differential equations (2) are solved
numerically with the initial condition of krypton atoms in the
ground state (see the Supplemental Material [32] for more
details).

Results and discussion. The resonance of the 124-nm tran-
sition in krypton is only 7 GHz away from that of the 124-nm
transition in mercury (Fig. 2), which poses a challenge due to
self-absorption. We measure the output power as a function
of VUV detuning A4 for different UV detunings A; (Fig. 2).
w; + w is always kept on resonance with the 6 'S-7 'P tran-
sition and A4 is scanned by adjusting ws. For each A there
is an optimum A4 for which the VUV power is the highest, as
expected from the theory (see Supplemental Material [32]).

As the VUV detuning A4 decreases, the VUV output
power should increase but actually decreases due to the strong
absorption of the VUV light in the mercury cell. It is ap-
parent that the frequency needed for the resonant excitation
of krypton, being only 7 GHz away from the mercury tran-
sition 10 'P, cannot be reached. We choose a blue detuning
of +430 GHz to the 1s4 level of krypton (i.e., blue detuning
of Ay =4437GHz to the mercury transition) as the best
compromise between high VUV power and small detuning.
At this detuning, we obtain a 124-nm pulse energy of 2 uJ.

For the generation of metastable krypton in the cell, the
VUYV detector is retracted such that the 819-nm beam overlaps
with the 124-nm beam in the center of the cell (Fig. 1). On the
camera we observe the spatially resolved 760-nm fluorescence
from the generation of metastable krypton (Fig. 3). From the
signal we deduce the number of emitted photons and thus
the number of produced metastable krypton atoms (see Sup-
plemental Material [32]). By comparing with the total number
of krypton atoms in the cell derived from the gas pressure,
we obtain the metastable excitation efficiency. The theoreti-
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FIG. 3. Camera image of the 760-nm fluorescence emitted upon
the generation of metastable krypton. The signal is averaged over
40 pulses in an integration time of 2s. The black box indicates the
analysis region of 0.6 mm diameter and 6.6 mm length.

cal excitation efficiency is obtained from the density-matrix
calculations according to Eq. (2). The metastable excitation
efficiencies as a function of two-photon detuning (represent-
ing the energy difference between the 1Sy-2pg transition and
the sum of the two photons, one at 124 nm and the other at
819 nm), from both the measurement and the density-matrix
calculation, are shown in Fig. 4(a) for different 819-nm pulse
energies. The measured line shape is asymmetric around the
resonance with the asymmetry becoming more prominent as
the 819-nm pulse energy increases. This trend is reproduced
by the line shapes calculated based on Eq. (2). As we can iden-
tify via density-matrix calculations, the asymmetry is caused
by photoionization (due to the 409-nm beam) in combination
with power broadening and the ac Stark shift induced by the
819-nm beam.

The measured metastable generation efficiencies as a func-
tion of 819- and 124-nm pulse energies are shown in Figs. 4(b)
and 4(c). The excitation efficiency saturates at the available
819-nm pulse energy of 10 mJ. However, it keeps increasing
with the 124-nm pulse energy up to 23%, the maximum exci-
tation efficiency achieved in this work, indicating the potential
to obtain even higher metastable excitation efficiencies at
higher VUV power. The measurements are in good agree-
ment with the density-matrix calculations using a 12-GHz
linewidth for the produced 124-nm light and a line-shape
factor b = 3. We observe photoionization only from the 409-
nm beam, in agreement with the considerations given above.
Here, the 409-nm power has been tuned to the best compro-
mise between reducing photoionization loss and increasing
the 124-nm output. In future experiments the photoionization
can be suppressed by spatially separating the 124-nm beam
from the fundamental beams, which would increase the ex-
citation efficiency from 23% to ~30%. We do not observe a
significant decrease of the MgF, window transmission over
the course of the measurements (several weeks) presented
here. This is a considerable advantage over the discharge lamp
approach, where the transmission decreases substantially over
a short time (several days) due to sputtering processes in the
discharge lamp [18-22].

L031101-3



X.-Z. DONG et al.

PHYSICAL REVIEW A 105, L031101 (2022)

T
) E819=1O.5 mJ (a)
] E819 =25mJd
4 Egg=01mJ
—Density matrix calculation |

- N N
(3] o o
T

Metastable generation efficiencies (%)
o

-40 -20 0 20 40 60 80 100
Two-photon detuning (27 x GHz)

~ | + Measurement ®)| & | + Measurement C(©
& 25 | — Density matrix calculation & 25  —Density matrix calculation
»
.8 2 -4
2 2
F 2201
g 20 3 0
: :
c
S15f 815 £
I g
] I}
c c
g 10t 810t
2 K
i: i:
g° B 5y Eg,=10.5mJ
k] ®
= =
0 + . L 0 L L L
0 3 6 9 12 0 0.5 1 15 2

819 nm pulse Energy (mJ) 124 nm pulse Energy (uJ)

FIG. 4. Metastable generation efficiency vs (a) two-photon de-
tuning, (b) 819-nm pulse energy, and (c) 124-nm pulse energy. The
two-photon detuning is scanned by changing the detuning of the
819-nm light.

Conclusion and outlook. We have realized the laser-
based optical generation of metastable krypton with excitation
efficiencies as high as 23%. This is two orders of mag-
nitude higher than that reached by the commonly used
discharge techniques. Compared to the previous demon-
stration of metastable krypton generation via two-photon
excitation (215nm + 215nm) [17], this work improved the
efficiency by one order of magnitude and expanded the ex-
citation volume by at least two orders of magnitude. As Fig. 4
indicates, the excitation efficiency can be further enhanced by
increasing the 124-nm power, e.g., by adding a second pump
laser or by redesigning the mercury cell to reduce the 124-nm
self-absorption. The latter would also allow the 124-nm light
to be tuned closer to the krypton resonance, which would dras-
tically reduce the 124-nm power required for the two-photon
excitation.

The excitation method demonstrated here is optical, so
it avoids the limitations associated with ionization, which
inevitably occurs in the discharge excitation. This is a substan-

tial improvement for applications such as radiokrypton dating
of small polar ice core samples in the context of reconstructing
climate history [38—40], as it alleviates the cross-sample con-
tamination due to sputtering processes in the ATTA discharge
source.

The method demonstrated here for krypton can also be
used for the generation of metastable argon [41]. This is
of particular interest for radioargon dating of environmental
water and ice samples using ATTA [42-46], where precision,
sample size, and sample throughput are currently limited by
cross-sample contamination as well as the low *°Ar count rate
[47]. For the production of metastable xenon [48], magnesium
is preferred over mercury as the FWM medium. In partic-
ular for '?*Xe, an important isotope for magnetic resonance
imaging (MRI) and comagnetometry in fundamental physics
experiments [49,50], the metastable generation method pre-
sented here has the potential to realize hyperpolarization via
metastable exchange optical pumping [51-53]. In the same
way *Kr, a promising surface-sensitive magnetic resonance
imaging (MRI) contrast agent for the diagnosis of pulmonary
diseases, may be hyperpolarized as well [54,55].

The 124-nm light produced in this experiment is pulsed,
so for metastable krypton beam experiments the downstream
application needs to be adapted, as realized in previous pulsed
metastable beam experiments [5,56]. At a repetition rate of
20Hz and a travel time of ~30 us for the atoms to refill
a 6.6-mm-long excitation region, the excitation efficiency
reached here in the cell during the duty cycle translates to
a time-averaged excitation efficiency of ~1.4 x 107 for a
metastable krypton beam. This is comparable to the efficiency
reached with the commonly used discharge excitation. The
overall excitation efficiency can be substantially increased
by pulsing the atomic beam synchronously with the light
[6,57]. As the excitation method presented in this work is
laser based, it allows for spatial and temporal control of the
metastable production. This is instrumental for pulsed nozzle
beam sources, which are particularly suited to experiments
where a narrow atomic velocity distribution is desired such
as in atom lithography [58—-60]. Another way to increase
the overall excitation efficiency is by switching to a laser
system with a higher repetition rate. Recent developments
in laser technology feature repetition rates in the kHz range
at sufficient pulse energies [61,62], allowing a two orders
of magnitude higher overall metastable generation efficiency.
Hence, by employing existing vacuum and laser technology
it is feasible to reach an overall excitation efficiency for a
krypton beam comparable to the excitation efficiency obtained
in this work in a cell. This represents a major advance for
applications that require a high metastable beam flux, such as
atom lithography, cold collision studies, or noble-gas radioiso-
tope dating using the atom trap trace analysis method.
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