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A method of suppression of losses due to excited-state absorption(ESA) in laser crystals is proposed, based
on the well-known phenomenon of electromagnetically induced transparency. Typical situations in which ESA
prevents lasing are considered. Theoretical analysis shows that by using an additional driving laser field one
can inhibit ESA and make lasing possible. On the basis of available spectroscopic information estimates for
rare-earth-ion-doped laser materials are presented. They show the feasibility of obtaining optical gain at
parity-allowed 4fn↔4fn−15d transitions of rare-earth ions in the ultraviolet spectral region after suppression of
ESA at an emission wavelength into the conduction band of a host material.
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I. INTRODUCTION

Currently, a lot of experimental effort in solid-state optics
is devoted to searching for laser materials suitable for tun-
able lasing, primarily in the uv and vacuum uv(vuv) spectral
regions. Mainly, researchers focus on optical crystals doped
with either transition metal or rare-earth ions[1]. The latter
doped into wide band gap dielectric crystals have spectrally
broad vibronic emission bands associated with 4fn−15d↔4fn

interconfigurational transitions, whose energies lie mostly in
the uv or vuv regions of the spectrum. The transitions are
electric dipole allowed; therefore they have large absorption
and emission cross sections, and are promising for efficient
tunable laser action. Interest in impurity-doped crystals is
also motivated by the fact that similar lasing media in the
visible and near infrared are very robust and easy to operate.
The most famous examples are Ti:sapphire, Nd:YAG(yt-
trium aluminum garnet), Nd:YLF, and Yb:YAG systems
which can deliver high laser power in both continuous wave
and pulsed regimes.

However, not much progress has been made in developing
solid-state uv and vuv lasers. Thus far laser action in the uv
was realized in several Ce3+-doped dielectric host materials,
emitting wavelengths tunable in the range 270–310 nm[2];
in the vuv region only Nd3+:LaF3 demonstrates lasing with
exceptionally large photon energy corresponding to 172 nm
wavelength with the possibility of tuning from 170 nm to
175 nm[3]. Most of the materials in which laser oscillation
has been observed are listed in[1,4].

There are two major obstacles in the way of making an
impurity-doped crystal lase in the uv or vuv. First of all, one
has to create population inversion at an operating transition,
which requires very high pump power densities, scaling asn3

with the frequency of the pump. This problem can be rather
satisfactorily solved by introducing two- or three-step pump-
ing via intermediate states of a dopant ion with visible or
near-uv light(see, for example,[5]). It also helps to prevent
formation of color center defects, produced by strong uv

pumping and causing additional optical losses. The second
problem is more fundamental. It is the so-called excited-state
absorption(ESA), i.e., absorption from metastable laser lev-
els to higher-energy states. The terminal state for ESA can be
either a higher-lying discrete level or the conduction band
(CB) of a crystal. In the majority of rare-earth-ion-doped
materials ESA at emission or/and pump wavelengths reduces
the efficiency or completely prohibits laser action. This hap-
pens if the ESA cross sectionsESA exceeds the stimulated-
emission cross sectionsSE. For Nd3+:LaF3 and Ce3+-doped
materials lasing is possible because, luckily,sSE.sESA.
Moreover, in many cases ESA prevents lasing not only in the
uv and vuv parts of the spectrum, but also in the visible and
in the infrared. Some(but not the only) examples of the
materials in which laser action cannot be observed due to
ESA are the following: Ce3+:YAG [7] (red to green lumines-
cence), Yb2+:CaF2 [4] (red to blue luminescence),
Yb2+:MgF2 [8] (blue luminescence), Eu2+:CaF2 [10] (blue
luminescence), Pr3+:YAG [6] (blue to near uv lumines-
cence), Pr3+:YLF [9] (uv luminescence), Nd3+:YLF [11]
(vuv luminescence), and many others.

In the present paper a method for reduction of excited-
state absorption is proposed, which makes use of the well-
known phenomenon of electromagnetically induced transpar-
ency (EIT) [12]; namely, absorption from a populated
excited electronic state can be suppressed under the action of
an additional driving coherent field, resonantly coupling the
terminal state of ESA to some intermediate discrete state. In
this work we study the possibility to suppress ESA at a de-
sired wavelength of laser oscillation in rare-earth-ion-doped
laser materials.

The outline of the paper is as follows. In Sec. II the most
common level configurations in which ESA can occur are
reviewed, and a simplified model of ESA suppression is de-
veloped. In Sec. III estimates for the efficiency of ESA re-
duction and required intensities of the driving field are pre-
sented for typical parameters of dielectric host materials
doped with rare-earth ions. Finally, we consider in more de-
tail a particular material Pr3+:LiLuF4 in which uv laser ac-
tion can be realized using the proposed method.*Corresponding author. Email address: lena@jewel.tamu.eduF
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II. TYPICAL ESA CONFIGURATIONS

We start by reviewing common configurations in which
ESA can prevent laser action. We focus on ESA reduction in
wide band gap optical crystals doped with divalent or triva-
lent rare-earth ions because these materials are considered to
be the most promising for uv and vuv solid-state lasing.

Typically, rare-earth ions enter crystals in a trivalent state,
but some of them(Ce, Pr, Eu, Yb, Tm, and Sm) can be
stabilized in a divalent state. In both cases the ground state of
a rare-earth ion is 4fn with Ce2+ being the only exception
[13]. Energies of excited 4fn levels typically extend from the
ir into the vuv region while energies of 4fn−15d levels mostly
lie in the uv and vuv parts of the spectrum. Parity-forbidden
4fn↔4fn transitions are rather weak(typical absorption and
stimulated-emission cross sections ares,10−21–10−20 cm2)
compared to the much stronger parity-allowed 4fn↔4fn−15d
transitions(s,10−19–10−18 cm2). Having at the same time
broad emission and absorption bands, these interconfigura-
tional transitions offer the potential for wavelength-tunable
laser operation. 4fn↔4fn transitions can be used for laser
operation at a fixed wavelength in the uv or vuv.

The terminal level for ESA can be either a higher-lying
discrete state[Fig. 1(a)] or continuum states in the CB[Fig.
1(b)]. In the next subsections we will analyze these two con-
figurations separately and derive conditions for ESA suppres-
sion due to EIT. ESA can also originate from charge transfer
processes, but we do not consider this situation in the present
paper.

A. Discrete terminal level for ESA

Consider the situation, depicted in Fig. 1(a), in which
ESA occurs from an upper operating state of a laser transi-
tion to a higher-lying discrete state. By resonantly coupling
the terminal state 4 of the ESA transition to some auxiliary
state 3 by an additional driving field, one can suppress ab-
sorption of the emitted field, as is depicted in Fig. 2.

It is worth mentioning that in Refs.[14] the idea of using
an additional control field in order to manipulate absorption
properties of a medium was applied to inhibit two-photon
absorption(TPA). TPA from a ground state to some excited

state as well as stepwise excitation were suppressed by using
the control field, coupling an intermediate state via which
TPA occurred to some auxiliary state. In the system which
we consider it is absorption from the excited, not the ground,
state that is to be suppressed; therefore the additional driving
field has to couple the auxiliary state to the terminal rather
than to the initial state of the ESA transition. In the case of a
discrete terminal level, as in Fig. 2, the additional state 3 can
be either of lower or higher energy with respect to the ter-
minal state 4, so that the ESA transition 2↔4 and the adja-
cent transition 3↔4 can form eitherL- type or ladder sys-
tems, provided that the coherence at the two-photon
transition 2↔3 is sufficiently long lived.

In order to derive conditions at which laser oscillation can
be achieved, we consider linear gain/loss for a weak probe
field «p in an active medium. To that end we calculate the
total optical polarization of the medium due to the probe
field resonant with transitions 2↔1 and 4↔2. The ultimate
goal is to obtain conditions under which the probe field is
amplified in the presence of the driving field while in the
absence of one it is absorbed.

Density matrix equations describing medium polarization
in a linear approximation with respect to the probe field can
be written in the following form:

ṡ42 + isv42 − vpds42 + i
«pm42

2"
sr44 − r22d − i

«dm43

2"
s32

= − g42s42, s1d

ṡ21 + isv21 − vpds21 + i
«pm21

2"
sr22 − r11d = − g21s21, s2d

ṡ32 + isv32 + vd − vpds32 − i
«d

*m43
*

2"
s42 + i

«pm42

2"
s43

*

= − g32s32, s3d

FIG. 1. ESA at the laser oscillation wavelength in crystals acti-
vated with rare-earth ions. FIG. 2. ESA to discrete terminal level.
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ṡ43 + isv43 − vdds43 + i
«dm43

2"
sr44 − r33d − i

«pm42

2"
s32

*

= − g43s43. s4d

Herevp andvd are the frequencies of the probe and driving
fields, respectively,mmn is the dipole moment of them↔n

transition, smn are the complex amplitudes of the off-
diagonal density matrix elements in the rotating-wave ap-
proximation(RWA), andgmn are their corresponding decay
rates.

A steady-state solution of the above set of equations
yields the following result for the complex amplitude of a net
polarization of the medium at the probe field frequency:

P = Nss21m12 + s42m24d = i
«pN

2" 1 um21u2sr11 − r22d
isv21 − vpd + g21

+

um42u2Sr22 − r44 + U«dm43

2"
U2 r33 − r44

fisv43 − vdd − g43gfisv32 − vp + vdd + g32g
D

isv42 − vpd + g42 + U«dm43

2"
U2 1

isv32 − vp + vdd + g32

2 , s5d

where we neglect inhomogeneous broadening. The negative
or positive sign of the imaginary part of Eq.(5) determines
whether the probe field is amplified or absorbed, respec-
tively, in the medium. We are interested in the case of exact
resonance of the probe field with the inverted transition
2↔1 svp=v21d and exact resonance of the driving and
probe fields with the two-photon transition 3↔2 svp−vd

=v32d. Let us assume also that initially only state 2 is popu-
lated. Then, the imaginary part of the polarization takes the
form

ImsPd = −
«pN

2"
S um21u2sr22 − r11d

g21

− r22
um42u2sg42 + uVdu2/g32d

sv42 − vpd2 + sg42 + uVdu2/g32d2D , s6d

where Vd=«dm43/2" is the Rabi frequency of the driving
field.

All terms in Eq.(6) have clear physical meaning. The first
one describes amplification of the probe field in the presence
of inversion at the laser transition 2↔1 while the second one
describes ESA, modified by the driving field. IfVd=0 (no
driving field) andr22=1, the imaginary part of the polariza-
tion reads

ImsPd = −
«pN

2"
S um21u2

g21
−

um42u2g42

sv42 − vpd2 + g42
2 D . s7d

A positive sign of this expression means thatsESA.sSE and
no gain for the probe field is possible in the medium. How-
ever, for rather strong driving fieldsuVdu2. uVthu2=g32g42d
ESA can be suppressed by a factor ofuVdu2/g32g42 in the
center of the ESA line. Note that the threshold Rabi fre-
quencyVth of the driving field corresponds to the standard

EIT threshold[12]. This is expected since transitions 2↔4
and 3↔4 form aL system, in which one-photon absorption
from state 2 is suppressed due to EIT if a strong driving field
is applied to the adjacent transition. In order to achieve gain
the driving field Rabi frequency has to match the condition

uVdu2 . uV0u2 =
sESA

sSE
Vth. s8d

In the above analysis inhomogeneous broadening was not
taken into account. In a solid medium the standard EIT
threshold Rabi frequency in aL system is modified. As is
shown in Ref.[15], in the case of rare-earth-ion-doped crys-
tals the modification is that inhomogeneous linewidths of
transitions have to be substituted instead of homogeneous
ones, so thatuVthu2=W42

inhW32
inh.

B. ESA into the conduction band

In this subsection we show that ESA terminating in the
CB of a host material can be reduced in a similar way as in
the case of a discrete terminal level. The phenomenon of
inhibited photoionization has been known since 1961 when
Fano theoretically explained experimental data on photoion-
ization reduction in helium arising from interaction of a dis-
crete autoionizing state, embedded into the continuum, with
continuum states[16]. The origin of the reduction is the de-
structive interference of probability amplitudes of two path-
ways leading to ionization. Later, it was discovered that a
Fano-type continuum structure can be realized in a structure-
less continuum by admixing a bound electronic state into the
continuum with a laser[17]. This phenomenon is called
laser-induced continuum structure(LICS) and it is very well
studied in rare gases(for recent experimental results, see, for
example,[18] and references therein).
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In order to show that ESA into the CB can be reduced in
the same manner as in the previous subsection, we consider a
simple four-level model system, depicted in Fig. 3, in which
the state 4 is now replaced by continuum electronic states in
the CB. We treat it as a structureless nondegenerate one-
dimensional continuum, which means that each electronic
energy state in the CB is described by only one quantum
number—its energy. This assumption will make our consid-
eration much simpler and reveal the essential physics of the
problem. In reality, however, more than one continuum can
be involved in the ESA process. For example, in the case of
ESA originating from a 4fn−15d level, the terminal state of an
electron in the CB can be eitherp-like or f-like.

The following assumptions are used in the analysis:(1)
the medium is prepared in state 2, so that no other state is
populated;(2) both probe and driving fields couple corre-
sponding discrete levels to the same continuum;(3) fields are
resonant only with transitions designated in Fig. 3;(4) wave-
mixing processes are neglected;(5) only the linear response
of the medium to the probe field is analyzed in order to
calculate the linear gain.

The wave function describing this three-level1 con-
tinuum system is

uCl = A1u1l + A2u2l + A3u3l +E CucldEc.

The Hamiltonian of the system isĤ=Ĥ0+V̂, where the non-
perturbed and perturbation Hamiltonians are given by the
expressions

Ĥ0 = E1u1lk1u + E2u2lk2u + E3u3lk3u +E EcuclkcudEc,

V̂ = − m21«u2lk1u −E mc2«uclk2udEc −E mc3«uclk3udEc + c.c.,

and two laser fields are applied:

« = o
j

« j

2
e−iv j t+ikjz + c.c., j = p,d.

As in the previous subsection«p is the probe field, which is
absorbed from the emitting level 2 into the continuum and
amplified at the 2↔1 transition;«d is the driving field, ap-
plied at the adjacent 3↔c transition, which inhibits ESA of
the probe field if certain conditions are met, as will be shown
below. Both fields are assumed to be plane waves propagat-
ing in thez direction.

Using the interaction representation for complex ampli-
tudes of quantum statesan=Ane

iEnt/", c=CeiEct/" as well as
the RWA, and adiabatically eliminating the continuum fol-
lowing the procedure of Ref.[17], we effectively reduce the
system to a three-level one:

i"
] a1

] t
= −

m12«p
*

2
a2e

−ifsE2−E1d/"−vpgt−ikpz, s9d

i"
] a2

] t
= −

m21«p

2
a1e

ifsE2−E1d/"−vpgt+ikpz − a2S u«pu2

4"
sP2

p + iG2
p/2d

+
u«du2

4"
sP2

d + iG2
d/2dD

− a3
«p

*«d

4"
e−ifsE3−E2d/"−vp+vdgt−iskp−kddzsP23

d + iG23
d /2d,

s10d

i"
] a3

] t
= − a3S u«pu2

4"
sP3

p + iG3
p/2d +

u«du2

4"
sP3

d + iG3
d/2dD

s11d

− a2
«p«d

*

4"
eifsE3−E2d/"−vp+vdgt+iskp−kddzsP32

p + iG32
p /2d.

Here we introduce the following notation

Pm
l + iGm

l /2 = lim
h→+0

E umcmu2dEc

sEc − Emd/" − vl − ih

= PE umcmu2dEc

sEc − Emd/" − vl
+ ip"umcmuEc=Em+"vl

2 ,

s12d

Psq
l + iGsq

l /2 = lim
h→+0

E mscmcqdEc

sEc − Emd/" − vl − ih

= PE mscmcqdEc

sEc − Emd/" − vl
+ ip"mscmcquEc=Em+"vlu

,

s13d

with s,q,m=2 or 3 andl =p or d. In the above expressions

FIG. 3. ESA to continuum terminal levels.
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Pm
l is the dynamic Stark shift of themth state due to inter-

action with thelth component of the optical field,Gm
l is the

ionization rate of themth level due to thelth field, andPsq
l

andGsq
l together determine the magnitude and the phase of

the coherence at the transitions↔q excited due to a Raman
process via the continuum.

Let us now turn to the dynamic equations for the ampli-
tudessml of the density matrixrml=AmAl

* , determined by
standard formulas: s21=r21e

−ivpt+ikpz, s32
=r32e

−isvp−vddt+iskp−kddz, s31=r31e
−is2vp−vddt+is2kp−kddz. From

Eqs.(9)–(11) one finds

] s21

] t
= − s21D21 + iVpsr11 − r22d + i

«p
*«d

4"2 s31sP23
d + iG23

d /2d,

s14d

] s32

] t
= − s32D32 − iVp

*s31 + i
«p«d

*

4"2 hr22sP32
p + iG32

p /2d

− r33fsP23
d d* − isG23

d d* /2gj, s15d

] s31

] t
= − s31D31 − iVps32 + i

«p«d
*

4"2 s21sP32
p + iG32

p /2d,

s16d

where we use the Rabi frequency of the probe fieldVp
=m21«p/2", and complex dressed decay rates

D21 = g21 +
u«pu2

4"2

G2
p

2
+

u«du2

4"2

G2
d

2

+ iSE2 − E1

"
− vp −

u«pu2

4"2 P2
p −

u«du2

4"2 P2
dD ,

D32 = g32 +
u«pu2

4"2

G2
p + G3

p

2
+

u«du2

4"2

G2
d + G3

d

2

+ iSE3 − E2

"
− vp + vd −

u«pu2

4"2 sP3
p − P2

pd −
u«du2

4"2 sP3
d

− P2
ddD ,

D31 = g31 +
u«pu2

4"2

G3
p

2
+

u«du2

4"2

G3
d

2

+ iSE3 − E1

"
− 2vp + vd −

u«pu2

4"2 P3
p −

u«du2

4"2 P3
dD ,

including dynamic Stark shifts, transition broadening due to
photoionization, and phenomenological coherence decay
rates gml. We also introduce the Raman Fano parameters
qs1d=2p32

p /G32
p andqs2d=2p23

d /G23
d and assume that bothqs1d

andqs2d are real. In the vicinity of the two-photon resonance
E2+"vp=E3+"vd, they are approximately equalq1<q2

<q because ofp32
p <sp23

d d* andG32
p <sG23

d d* . Assuming the
quasistationarity condition, so that the duration of laser
pulsest satisfies the conditiontuD21,31,32u@1, we neglect
time derivatives and obtain coherences that adiabatically fol-
low the fields.

The two-photon coherence reads

s32 = i
«p«d

*

4"2

G32
p

2

uVpu2sr11 − r22dsq + id + fr22sq + id − r33sq − idgSD21D31 +
u«pu2u«du2

s4"2d2

G32
p G23

d

4
sq + id2D

D32SD21D31 +
u«pu2u«du2

s4"2d2

G32
p G23

d

4
sq + id2D + D21uVpu2

. s17d

In the limit of strong driving fieldsu«du2@ u«pu2d Eq. (17)
reduces to

s32 = i
«p«d

*

4"2

G32
p

2

r22sq + id − r33sq − id

iD +
u«du2

4"2

G2
d + G3

d

2
+ g32

s18d

and

s21 =
iVp

D21
sr11 − r22d =

iVpsr11 − r22d

iD +
u«du2

4"2

G2
d

2
+ g21

, s19d

where

D =
E3 − E2

"
− vp + vd −

u«du2

4"2 sP3
d − P2

dd,

D =
E2 − E1

"
− vp −

u«du2

4"2 P2
d.

We can now plug these expressions into the propagation
equation for the probe field:

] «p

] z
+

np

c

] «p

] t
=

4pivp

cnp
P,

with polarization of the medium at the probe field frequency
given by
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P = NSs21m12 + r22
«p

2"
sP2

p + iG2
p/2d + r33

«p

2"
sP3

p + iG3
p/2d

+ s32
«d

2"
sP23

d + iG23
d /2dD .

Herenp is the nonresonant refractive index of the medium at
the probe frequency.

The population of state 3 is negligible if the driving field
is strong(EIT regime), so that the polarization responseP
reads

P = i
«pN

2" 1 um21u2sr11 − r22d

iD +
u«du2

4"2

G2
d

2
+ g21

+ r22s− iP2
p + G2

p/2d + r22sq

+ id2u«du2

4"2

G32
p G23

d

4

1

iD +
u«du2

4"2

G2
d + G3

d

2
+ g322 .

Now we can analyze the imaginary part of the polarization,
which determines amplification at the probe wavelength:

ImsPd = −
«pN

2" 3sr22 − r11d
um12u2S u«du2

4"2

G2
d

2
+ g21D

D2 + S u«du2

4"2

G2
d

2
+ g21D2 − r22

G2
p

2
− r22

u«du2

4"2

G3
dG2

p

4

sq2 − 1dS u«du2

4"2

G2
d + G3

d

2
+ g32D + 2qD

D2 + S u«du2

4"2

G2
d + G3

d

2
+ g32D2 4 . s20d

Similar to Eq.(6), the first term in the above expression describes amplification due to population inversion at the operating
transition. The second term, proportional to the population of the emitting excited state and to the rate of absorption of the
probe field into the continuum, describes ESA. The third term, which is responsible for ESA suppression, is a consequence of
the two-photon coherences32 built up by the driving and probe fields and due to EIT.

Introducing a dimensionless two-photon detuning

x =
D

u«du2

4"2

G2
d + G3

d

2
+ g32

we can rewrite Eq.(20) as

ImsPd = −
«pN

2" 3sr22 − r11d
um21u2S u«du2

4"2

G2
d

2
+ g21D

D2 + S u«du2

4"2

G2
d

2
+ g21D2 − r22

G2
p

2 1
u«du2

4"2

G3
d

2

u«du2

4"2

G2
d + G3

d

2
+ g32

sx + qd2

x2 + 1
+

u«du2

4"2

G2
d

2
+ g32

u«du2

4"2

G2
d + G3

d

2
+ g32

24 . s21d

Here one immediately identifies the first term in large paren-
theses proportional to~sx+qd2/ sx2+1d as an asymmetric
Fano resonance factor[16], responsible for suppression of
probe field absorption in the vicinity of a LICS. This absorp-
tion is completely canceled at the two-photon detuningx=
−q. Once it is set to zero, only the second term is left, de-
scribing residual excited-state absorption due to decoherence
at the Raman transition 3↔2. The decoherence rate has two
contributions:(1) intrinsic coherence decay rate of the Ra-
man transition g32 and (2) power broadening
su«du2/4"2dG3,2

d /2 due to absorption of the driving field from
level 2. If the power broadening is small compared to the
intrinsic decay rate(or the driving field intensity is much less
than the EIT threshold, which is the same),
su«du2/4"2dG3,2

d /2!g32, then there is no ESA suppression
present. But if the intensity greatly exceeds the threshold
fsu«du2/4"2dG3,2

d /2→`g, then the gain factor

ImsPd = −
«pN

2" 3sr22 − r11d
um21u2S u«du2

4"2

G2
d

2
+ g21D

D2 + S u«du2

4"2

G2
d

2
+ g21D2

− r22
G2

p

2

G2
d

G2
d + G3

d4 s22d

demonstrates ESA suppression[the second term in Eq.(22)]
by a factor ofG2

d/ sG2
d+G3

dd. Note that strong suppression re-
quiresG3

d@G2
d.

In the most favorable situation when the driving field is
not absorbed from state 2, i.e., whenG2

d=0, according to Eq.
(21) ESA is suppressed by a factor ofg32/ fsu«du2/4"2dG3

d/2g,
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which is much less than unity in the EIT regime.
If the driving field is absorbed from state 2, a condition

can be derived for lasing to be possible. Neglecting all losses
except for ESA of the probe field and assuming the most
favorable caser11=0, one finds that in order to achieve am-
plification the expression in square brackets in Eq.(22) has
to be positive, being equivalent to

sSE. sESA

G2
d

G2
d + G3

dS1 +
u«du2

4"2

G2
d

2
/g21D . s23d

The temporal amplification coefficient is then given by
the expression

again=
cN

np
2 1 sSE

1 +
u«du2

4"2

G2
d

2
/g21

− sESA

G2
d

G2
d + G3

d2 . s24d

Even if it is positive, there has to be enough time for gen-
eration to develop before the upper operating state is de-
pleted by ionization due to ESA of the driving field. In other
words, in order for laser oscillation to build up the gain has
to exceed the rate at which population is pumped out of state
2 into the continuum:

again.
u«du2

4"2

G2
d

2
.

It yields the following requirement for the inversion density:

N .

np
2 u«du2

2"2

G2
d

2

cSsSE/S1 +
u«du2

4"2

G2
d

2
/g21D − sESA

G2
d

a2
d + G3

dD . s25d

This requirement is a consequence of the fact that the tem-
poral gain is proportional to the density of inverted atoms
while the photoionization rate is independent of density and
is determined only by the driving field intensity and photo-
ionization efficiency. Thus, the higher the density the more
likely laser generation is to develop before the inversion is
pumped out by the driving field.

III. DISCUSSION

In the present section we discuss how the proposed
method of ESA reduction can be applied to realize uv lasing
in rare-earth-ion-doped crystals. Typically in these materials
ESA transitions terminate in the CB of a host, so we mostly
focus on this situation.

Let us turn to estimates for required driving field intensi-
ties for typical parameters of rare earths, assuming that the
driving field does not cause photoionization from level 2.

In the previous section it was shown that ESA is sup-
pressed if the driving field intensity exceeds a threshold
value, necessary for EIT to be established:

u«du2

4"2

G3
d

2
@ g32. s26d

The ionization rateG3
d for the driving field from level 3 can

be expressed in terms of the ionization cross section ass3
d

=2pvdG3
d/"c, while the field amplitude can be written as

u«du2=8pId/c in terms of intensity. The condition(26) can
then be rewritten as

Ids3
dld

4p"c
@ g32,

leading to the threshold intensity

Id @ I th
d = g32

4p"c

s3
dld

. s27d

As follows from Eq.(27), the threshold intensity is propor-
tional to the Raman transition coherence decay rateg32 (here
g32 has actually to be replaced by an inhomogeneous width
W32

inh) and inversely proportional to the driving field wave-
length and ionization cross section from level 3. Thus, to
achieve a lower threshold intensity, a Raman transition width
as narrow as possible, a driving field wavelength as long as
possible, and an ionization cross section from state 3 into the
CB as large as possible are required.

We consider two different configurations when level 2 is
either of 4fn or 4fn−15d type. In the first case the operating
laser transition 2↔1 is intraconfigurational 4fn↔4fn, while
in the latter case it is of interconfigurational 4fn−15d↔4fn

type. The auxiliary level 3 should be of the same type as the
upper operating level 2, so that the driving field can couple it
to the same continuum to which level 2 is coupled by the
probe field. In other words, this is the requirement for exis-
tence of aL system which involves driving and probe fields,
two discrete states 2 and 3, and the same continuum. It
means that the Raman transition 2↔3 should be of intra-
configurational 4fn↔4fn or 4fn−15d↔4fn−15d type.

The widths of 4fn↔4fn transitions can vary from tens of
megahertz[19,20] in the best case to hundreds of gigahertz
in the worst case. However, in good quality crystals most
linewidths of such transitions lie in the range 1–10 GHz.
Typical photoionization cross sections from 4fn states are
sESA,10−18 cm2. Assuming the wavelength of the driving
field to lie in the rangeld,0.3–1mm, we obtain the fol-
lowing estimate for the threshold intensity:

I th
d , s1 – 100d

GW

cm2 .

The situation is more complicated if the emitting state 2 is
of 4fn−15d type. The driving field intensity estimate depends
on how narrow the transition 2↔3 between the two 4fn−15d
states can be made. There is no direct experimental data on
these transition widths, so for an estimate we make the rather
reasonable assumption that this width is of the same order as
a typical linewidth of a 4fn↔4fn−15d transition. We should
stress that this is the upper limit for the 4fn−15d↔4fn−15d
linewidth; it actually might be narrower. It is known that at
room temperature 4fn−15d→4fn emission and absorption
form wide bands with a total bandwidth of several tens or
even hundreds of nanometers. However, this width originates
from phonon sidebands of absorption/emission spectra. The
lifetime of phonon states is very short(typically, in the pico-
second range) compared to the metastable laser state life-
time; thus, the states with excited phonons cannot give rise to
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ESA. Where ESA truly originates is in the pure electronic
excited state of a dopant. The widths of these states can be
very narrow compared to the total bandwidth of a transition.
This fact is confirmed by low-temperature absorption and
fluorescence measurements in crystals doped with rare
earths, where pure electronic transition[so called zero-
phonon line(ZPL)] widths as narrow as 1 cm−1 and even
smaller were observed. For example, in cerium-doped CaF2
crystals the width of the ZPL was found to be 0.64 cm−1 at
low temperatures6 Kd [21]. A ZPL of the same width
s1.6 cm−1d was observed for the 4f135d↔4f14 transition in
Yb2+ doped into MgF2 [8]. Generally, at low temperatures
linewidths of the order of 10–100 GHz can be obtained.
Taking into account the fact that photoionization cross sec-
tions from 4fn−15d states in lanthanides aresESA
,10−17–10−18 cm2 and assuming the same driving field
wavelength range as in the above estimate, we arrive at ap-
proximately the same value for the driving field intensity as
in the case of an intraconfigurational operating transition:

I th
d , s10 – 100d

GW

cm2 .

However, data about ZPL widths of interconfigurational tran-
sitions are scarce, so in each particular case the possibility of
reducing ESA from a 4fn−15d state should be carefully stud-
ied experimentally.

Such intensities are achievable in a pulsed regime. For
example, for a 1 ns pulse, focused to a spot of 100mm di-
ameter, required energies of the driving laser pulse are
0.1–10 mJ. It is necessary though that this intensity be
smaller than the damage threshold intensity of a crystal.

The distinction between inter- and intraconfigurational
operating transitions is crucial with respect to potential laser
tunability. Typically, for 4fn↔4fn transitions phonon side-
bands in both emission and absorption are very weak, so that
laser action can be realized only at a fixed frequency. Tun-
ability in this case is restricted by the width of the electronic
transition and cannot go beyond,10 GHz. On the other
hand, for 4fn−15d↔4fn transitions phonon-assisted emis-
sion, redshifted with respect to the ZPL, can be very broad
(tens of nanometers). By applying a driving field of a certain
frequency, one can reduce ESA losses for some particular
wavelength within the phonon sideband of 4fn−15d↔4fn

fluorescence. Thus, the desired laser wavelength can be cho-
sen by tuning the frequency of the driving field.

As an example we consider a Pr3+:LiLuF4 crystal, which
is a promising material for a uv laser[4,22], since 4f5d
states of the Pr3+ ion can be efficiently populated by two-step
up-conversion pumping via intermediate metastable 4f2 lev-
els. This pumping scheme helps to avoid color center forma-
tion due to ESA of uv pump photons into the CB. There was
an attempt to achieve amplification on the 4f5ds1d→3H4

transition at l=255 nm [23] under such up-conversion
pumping, but instead of gain 65% absorption of the probe
beam was detected. As the authors point out, it was not suc-
cessful due to ESA of probe photons from the 4f5ds1d emit-
ting state into the CB. This problem can be overcome by the
method proposed in the present paper; namely, an additional

driving laser beam can be applied at another 4f5d→CB tran-
sition in the way shown in Fig. 4. Room temperature emis-
sion from the lowest 4f5ds1d state occurs between 220 and
280 nms35710–45450 cm−1d, and transition to the3H4 level
has a wavelength of 222 nm[24]. The emitted photons are
therefore absorbed in the CB at a wave number range of
,82 000–92 000 cm−1. The third 4f5ds3d band in the exci-
tation spectrum is at,62 000 cm−1s161 nmd and the driving
field can be applied to the 4f5ds3d→CB transition. The re-
quired wavelength of the driving field is in the range
500–330 nm, which corresponds to the difference in energy
20 000–30 000 cm−1 between 4f5ds3d and the terminal
state of ESA. If a two-step pumping scheme is used via the
3P0 intermediate level, the second step pump field can simul-
taneously serve as the driving field, since pumping into
4f5ds1d from 3P0 requires wavelengths in the range
330–400 nm. By tuning the pump(and, simultaneously,
driving) field, uv gain in the wavelength range of
220–240 nm can be expected. A driving field of the wave-
length 330–400 nm will not be absorbed from the ground
3H4 state and it will be only weakly absorbed from the emit-
ting 4f5ds1d state into the high-energy edge of the 4f5ds3d
band at 70 000–75 000 cm−1 due to the parity-forbidden
character of 5d↔5d transitions. The intensity of the drive
field required to establish EIT and suppress ESA, given by
Eq. (27), cannot be estimated because the decay rate of
4f5ds1d↔4f5ds3d coherence is not known. Zero-phonon
lines were observed in Pr3+:LiYF4 at low temperatures8 Kd
only for the first 4f5ds1d band[25], so it is not clear what is
the rate of coherence decay between the two 4f5d states,
connected by driving and probe fields.

In Pr3+:LiYF4 it was found that the ESA cross section
from the first 4f5ds1d band into the CB is comparable with
the emission cross section[sEM=s2.0±0.2d310−18 cm2,
sESA=s2.6±0.5d310−18 cm2 at room temperature] [9], so
ESA needs to be suppressed only by a small amount in order
to achieve positive gain.

ESA to the CB becomes important when the frequency of
generated light is larger thanvBG/2, wherevBG is the fre-

FIG. 4. Energy level scheme of Pr3+ ion in LiLuF4.
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quency of the onset of absorption from the ground state of an
ion into the CB. It is certainly feasible to make the generated
frequency as close as possible tovBG. However, it requires
shorter wavelengths of the driving field. The requirement
that the driving field is not absorbed from the emitting level
into the CB means thatvd,vBG−vEM. On the other hand,
the driving field frequency obviously satisfies the condition
vd.2vEM−vBG, which is the consequence of the fact that
state 3 lies in the band gap of the crystal. These two condi-
tions set a limit on the generated wavelength of a solid-state
laser with suppressed ESA:

vEM , 2vBG/3. s28d

In wide band gap fluoride crystals, such as LiYF4,
LiLuF4, YF3, and LaF3, the energy difference between the
ground state of a dopant ion and the CB does not exceed
,80 000 cm−1; then, according to Eq.(28), the generated
field wavelength is limited from below bylEM.190 nm.

Apart from the discussion on rare-earth-ion-doped mate-
rials as potential candidates for solid-state uv lasing, we
would like to mention that the same technique of ESA reduc-
tion can be implemented to realize infrared lasing in crystals
doped with transition metal ions. Of course, many laser crys-
tals for this range already exist, but far more crystals do not
lase due to ESA into either a charge transfer band or into a
higher-lying electronic state. Examples of crystals in which
the proposed technique can be helpful to achieve lasing are
V3+:LiAlO 2, LiGaO2 (luminescence at 1400–1800 nm)

[26], Cr4+:LiAlO 2 LiGaO2(luminescence at 1200–1600 nm)
[27], Ni2+:MgAl2O4 (luminescence at 1100–1300 nm) [28],
and some others. For these materials the driving field wave-
length lies in the visible or near infrared range.

IV. CONCLUSION

In conclusion we theoretically demonstrate that excited-
state absorption, which prevents the realization of uv or vuv
lasers in rare-earth- or transition-metal-ion-doped crystals,
can be greatly reduced by applying an additional driving
laser field. The approach is based on the effect of electro-
magnetically induced transparency. Estimates for typical pa-
rameters of laser crystals show that requirements for the
driving field are experimentally doable and reasonable.
Hence, the suggested method of ESA suppression seems to
be practical and promising for realization of new solid-state
uv lasers. An additional advantage of the proposed technique
is that it allows one to tune the laser wavelength by tuning
the driving field wavelength due to selective reduction of the
lasing threshold in a narrow spectral region in the vicinity of
a two-photon resonance with the driving field.
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