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Inversionless lasing with self-generated driving field
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We propose and study resonant ladder schemes of inversionless lasing on a fast-decaying transition when the
population inversion is not possible or very difficult to achieve. The driving field on a neighboring, slowly
decaying transition is not imposed externally, but is self generated in the same active medium. Inversionless
lasing in such schemes avoids the problem of driving-field absorption and leads to considerable reduction in
the required pumping rate. Applications of such schemes include inversionless ultraviolet and soft x-ray lasing
in gas lasers and inversionless generation of coherent mid/far-infrared emission on intersittesalede)
transitions in multiple quantum-well or quantum-dot laser diodes.
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[. INTRODUCTION conductors and very dense gases where the driving by exter-
nal laser radiation is questionable. Besides, in semiconduc-
Amplification and lasing without inversiofLWI) is a  tors the use of external lasers for driving, pumping, or
current research topic in quantum electronics. The basic idefaequency conversion is impractical; electric current pump-
is that quantum coherence created in the medium by mearisg is required for practical applications.
of a strong driving field helps to partially eliminate resonant Schemes with external driving encounter substantial dif-
absorption on the transition of interest and to achieve gaifficulties in the frequency up-conversion regime, when the
without population inversion on this transition. This subjectcopropagating geometry of the drive and probe field is real-
has been intensively investigated both theoretically and exized. In this case the absorption length for the drive field is
perimentally; see Refl] for reviews. inevitably much shorter than the amplification length for the
Now, after a series of proof-of-principle experiments, theprobe field[7—-9]. This follows from the requirement of fast
time is ripe for studying specific systems where the imple+elaxation on the driving transition, as compared to probe
mentation of LWI could be of real help. It is clear that LWI transition, which is inherent in such schemes. Note that there
could be particularly useful in situations where populationwere several suggestions on how to get rid of this unfavor-
inversion is difficult to maintain due to, e.qg., ultrafast relax- able ratio of relaxation times in the most poputarand A
ation on the operating transitions or inefficient pumping. Theschemes, with or without inversion on the driving transition
obvious examples are high frequency ultraviglgV), x-ray  [7-9]. In Ref.[8], inversionless lasing on the fast-decaying
and gamma-ray laser§2], and semiconductor mid/far- transition in V andA schemes was analyzed. It was found
infrared lasers based on intersubband transifidhsAnother  that the net gain is possible when the populations on the
promising application of quantum coherence ideas is effidrive transition are invertedndthe drive or probe fields are
cient frequency up or down conversion and other nonlineadetuned from one-photon resonance. In this case, the inver-
optical processeigl]. A related field of research is producing sionless gain contains inevitably the large detuning factor in
transparent high-refractive index media, e.g., for microli-the denominator. The potential advantage of ladder schemes
thography applicationfs]. with slowly decaying drive transition is that the maximum
So far, efforts in the above directions were mainly re-gain for the probe field on the fast-decaying transition is
stricted to the case @xternaldriving fields imposed on the achieved exactly on resonance; see below. In R&t§] it
active medium and to the schemes where inversion is absemtas shown that inversionless lasing on the fast-decaying
not only on the operating but also on the driven transitiontransition in theV configuration can be achieved when both
Work where the drive was intracavity generated appears idrive and probe fields are detuned from corresponding
the recent papef6], where dual-wavelength lasing in the atomic transitions but maintain two-photon resonance. It was
ladder andV-schemes were considered with application tofound that under the conditions of a strong inhomogeneous
optical transitions in Ba and Rb atoms in a vapor cell. broadening, the maximum gain in the detuned case can be
However, in many cases, external driving gives rise toeven higher than for the resonant driving. The price one has
difficulties that can become unsurmountable. For example, ito pay is Raman inversion for the substantial amount of at-
order to achieve high intensities of generated fields, or higloms within an inhomogeneously broadened line. Only the
refractive index, one has to use dense active media: denggoups of atoms strongly driven by the drive figWith tran-
gases or even solids. This can often lead to problems witkition frequencies close enough to the two-photon resonance
drive absorption and reflection, transverse inhomogeneity, allo not have Raman inversion. Our analysis for the ladder
overlap of drive and probe beams. Examples include semischeme described in Sec. IV yields the same result. More-
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the resonant tunneling to adjacent semiconductor Igyléis
2 transition to yet lower subbands due to phonon emission or
even stimulated interband recombinatidi®,15; see Refs.
[16,17] for a recent review. The successful culmination of
1 these studies was the realization of quantum cascade lasers
[18], in which the lower-lasing state is depopulated either by
interminiband transport in the superlattice or due to transi-
@ (b) () tions to a lower-lying level separated from the final state of
1 Y v Y 1 the laser transition by nearly the energy of LO-phonon; see,
e.g., Ref[19] and references therein.

FIG. 1. The simplest schemes of inversionless lasing with a \we show in Sec. Il that interband lasing on the 1-2 tran-
self-generated driving-field(a) and (b) Lower ladder scheme: gition in Figs. 1a,b) allows one to achieve inversionless gen-
strong driving-fieldE, is generated on the-21 transition giving  gration on the 2-3 transition for the ratio of relaxation rates
rise to excitation of weaka) monochromatic ancdp) bichromatic r,/T,>1, when the inversion between states 3 and 2 can-
lasing mode.(c) Upper ladder scheme: strong fiele, on the 3 not be reached for any pumping ratgs. Another possible
—2 transition leads to inversionless generation of field s s L

application of the lower ladder scheme is UV generation in

over, the requirement to incoherent pump is such that in th&re-éarth ion-doped crystals. Here, a self-generated drive
absence of a drive field, it produces the Raman inversion fofan be rather easily excited on the forbidden transition
all atoms within the inhomogeneous line. (thl_s is actua!ly _the way that m(_)st I'R rare-earth lasers Wwork

In this paper, we study two types of resonant |adde|x_/vhlle UV_ r_adlatlon at the electric dlpo_le aIIovv_ed, fast decay-
schemesFigs. 1a-0], labeled lowefFig. 1a,b] and upper N9 transition be_tween_fastate_ and a higher-lyingd state can
level [Fig. 1(c)] ladder schemes according to the position ofP® generated without inversion. .
the driving field, in which the driving field is not imposed _ An appealing application of the upper ladder scheme in
externally, but is self generated in the same active mediunt;19- 1(c) could be inversionless lasing on the electric dipole-
In other words, the system is a usual lageith population aIIowed_ UV_ 2-1 transmon Where fast radlat!ve decay makes
inversion on one transitior{drive transition, and inversion- the real_lzatlon of po_pula_tlon inversion a difficult task. _At the
less laser with respect to generation on another transitiof@Me time, population inversion on a slowly decaying 3-2
(probe transition The goal is to get inversionless lasing on transition can be rat.h_er easﬂy_ aph|eved. With respect to las-
the fastest-decaying transition where it is diffidigcheme in g on the 3-2 transition, this is in fact a standard four-level
Fig. 1(c)] or impossible[scheme in Figs. (&,b] to provide laser scheme, widely employed in many solld—state' and gas
population inversion. LWI becomes possible due to the colasers. Here we assume that the incoherent pumping popu-
herent driving field generated on the neighboring, invertedat€S some upper level 4, and the subsequent incoherent re-
transition. The inversion is easily achievable due to the slovi@xation from level 4 to level 3 proceeds much faster than all
decay on this transition. In such schemes, the problem O@the( tlmescales, so that only .three levels can be considered.
drive absorption is completely eliminated since the relax- It i important to note that in all of the above cases, the
ation of populations on the drive transition is much slower/Ong-lived coherence is not required for inversionless genera-
than on the probe transition. tion. It is this fact that makes such schemes viable for semi-

LWI in ladder schemes has been studied in a number 0cF.onductor:s and high-frequency lasers where the dephasing
works; see, e.g[6,10—13. However, to our knowledge, the (imes are extremely short. _ _
specific case of LWI on a fast-decaying transition with self- Note that in two other popular configurations, and v
generated drive on a slowly decaying transition, which seem&chemes, self-generated drive and associated inversion on the
to be the most natural and promising from the practical poinprlye transition Igad to additional absorptm_n mstgad of exci-
of view, has not been analyzed so far. tation near thg line center. In this case, inversionless gain

The most evident application of the schemes shown irfould be possible only far_ from the resonance. Hence, reso-
Figs. Xa,b is quantum-well and quantum-dot semiconductornant Iad_der s_chemes are in fact the Onl_y three-level conf_|gu-
lasers, where the optical lasing on the interband transitiof@tions in which inversionless lasing with a self-generating
(2—1) can be easily excited by injection current pumping,driving field is efficient.
while mid- and far-infraredIR) generation on the intersub-
band transition (3-2) encountt_ars substantial diffigulties. . Il. BASIC EQUATIONS

Basically, there are two major problems. The first one is
strong nonresonant losses of the IR field due to free-carrier Our analysis is based on coupled density-matrix equations
absorption and diffraction, which become increasingly im-and Maxwell equations. For the reader’s convenience, we
portant at longer wavelengths. The second problem is diffipresent this basic set of well-known equations that are valid
culty in providing population inversion and high enough gainfor all three types of schemes in Fig.(4ee also Ref{20]
on intersubband transitions to reach threshold of laser actiospecifically for the QW and QD casesWe represent all
The intersubband lifetime of excited states is of order 5—10ields as a series over the corresponding orthonormal set of
ps for quantum dotgQD’s) and 1 ps for quantum wells cavity modes~, and introduce slowly varying complex am-
(QW’s). There were many suggestions to solve these probplitudes of fields and polarizations. For example, we write

= 3 T 3 —1[— 3 lems by rapid depletion of the lower-lasing state using, e.g.,
-
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1 dpy/dt=—21Im[e} —-2Im[e} +r +r
El(r,t)=; Eél(t)Fl)\(r)exp(—iwclt)+c.c. 1) P11 [e102] [€5 031l + 210221 T31033

— 13011,
for the field on a 2> 1 transition, and the same representa- . .
tions for the fieldsE, ; on other transitions. dpoo/dt=2Im[e] 0p1]— 2 IM[€3 03]+ 32033~ T 21922,
For each field, we define the complex Rabi frequency ©)
e(t)=d&(t)/2h and write the corresponding wave equation
for a given mode: dpss/dt=2Im[€e5 3]+ 2 Im[ef 03]
de, 277 ey d2N 13013~ (F31+r32)pas,

—— bk LEL(r) dr, (2 . L .
11 An2 fv 2 ahFa(n) @ wherer,, are relaxation rates of transitions-k, r 3 is the
ny c ) 3

rate of pumping from level 1 to level 3. In semiconductors,
i ) this is valid for bipolar injection with equal injection rates of
de;  2mi wczdsz S ol F P electrons to level 3 and holes to level 1. The inflécagain
B Ve TaFa(r) dr, omitted in Eqs.(9).

For QW lasers, the rates of spontaneous interband and
intersubband transitions and injection pumping are usually
much slower than the rate of intrasubband scattering that
tends to bring the subband populations to quasithermal equi-
librium. Therefore, we can represent the phenomenological
rate equations for populations as folloyl]:

de; 271 wgd3N

_+ =
K3€3 ﬁng

AT , 2 ThFa(m) dr (@

Here, d; , 3 are the dipole moments of the corresponding
transitions N the total volume density of dipole oscillators in .
the active regione, , 3 the frequencies of the cavity modes dpi/dt+ri(p13—p11)=—2Im[e] o21]— 2 Im[€5 031],
with refractive indices; , 3, «;,3the cavity losses, and,
the cavity volume. The variablesb,, ok, o}, are the — . .
slowly varying amplitudes of the corresponding elements of 4P22/dt+T2(p2o— p2o) =2 Im[€] 051] — 2 Im[ €3 035,
the density matrix, indey labels different electron states (10)
contributing to the inhomogeneously broadened line. For a
aseous mediumj, denotes different velocity states in the = * *
E/Iaxwell distribu?i]on. In a system of QD’$,is )t/he dot label. dpasldtH Falpsa™pag =2 Ime; ool + 2 IM[ e o).
In QW’s, index| labels differentk states with respect to Here,r;, i=1,2,3 are the rates of intrasubband scattering,

Iong;cut?cinal _quasimomentumflying ifn the ErOWth P'a”e- , Ei(ﬁj) are the distributions of populations supported by
The functionso; are to be found from the density-matrix pumping in the absence of strong laser fields.

equations
. . x % I1l. LOWER LADDER SCHEME: INFRARED
doa/dit+ ooy =ien,—ieostiesog, () GENERATION IN SEMICONDUCTOR LASERS
dogy/dt+ Tag0a=1€5N 15— €105+ €301, (6) In thisf section we suppose that a strong optical-fiejds
excited in the laser cavity at frequeney.; equal to the
) - L central frequencyw,, of 2—1 transition. As the most gen-
dogy/dt+ T gog=ie3n3—ief o3 +ieyos,, @) eral case, consider the instability of a weak bichromatic field
E,+Ej3 in the presence of strong field,;, see Fig. 1b).
wheren;, = pji — pi, When d,<d; ; and e,=0, the problem is reduced to the
lower ladder scheme in Fig.(d). It will be shown that the
I'21= ¥+ i(wpt 6j— wer), cased;=d, is more favorable since the excitation threshold

for a bichromatic field can be lower than for the monochro-
®) matic field.
This kind of scheme can be straightforwardly applied to
] the inversionless IR generation in semiconductor lasers using
I'3o=yaot 1 (032t 8~ wca). transitions between levels of dimensional quantization. In the
simplest case, only three levels are involved in generation:
Here, the index was omitted to shorten notations. The quan-one (lowest-lying heavy-hole level 1, and two electron lev-
tity o; is the difference between the transition frequency forels 2,3; see Fig. 2. Of course, this scheme also describes the
a givenjth state and the central frequeney;, ws;, Or wzs. situation when there are two hole levels and one electron
In atomic media and, under certain approximations, inlevel involved.
semiconductors, the density-matrix equations for populations In semiconductor lasers, the strong optical-figldis gen-
pii » 1=1,2,3 can be written as erated at the interband recombination transition between

I'31= yart (w3t 6~ wco),
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asymmetric structures, e.g., a rectangular well with different
barrier heights as shown in Fig. 2. Symmetric QW'’s can be
employed in some special cases, e.g., in the case of a strong

coupling between different subbands of heavy and light

44 3 holes. In self-assembled InAs/GaAs QD’s, the three-level

E3 scheme can be easily realized with all three transitions al-
Y lowed[22].

'} 2 Another requirement for the efficient IR generation by

means of the bichromatic excitation is the phase matching
between the IR mode and the polarization wave created due
E | E ) to the difference-frequency mixing of interband optical fields
E, andE,. This requires a special wave guide design since
refractive indices of bulk semiconductor materials for optical
(near-IR and mid/far-IR frequencies are different. The ex-

_ﬁk; perimental work is in progress in this direction, and this issue
will be discussed in detail elsewhere.
AlGaAs| GaAs AlGaAs To find the generation threshold for the bichromatic field

e,, e3, we search for the instability of small-amplitude self-
FIG. 2. Implementation of the lower ladder scheme in a quan-Consistent oscillations;, €3, 031, o3*exp(-iwt), assum-
tum well. Asymmetry of the well is needed in order to make all ing for simplicity w¢; = w5;. The brief outline of this proce-
transitions allowed. The shown example corresponds to a 60 Alure is as follows. After adiabatic elimination of
GaAs quantum well surrounded by AGayeAs and  polarizations(see belowwe are left with the linear system
Al ,Gay, 76As barriers. Weak infrared fiel€; at \.=8 um (or  of the differential equations for two variableg(t) andes(t)
bichromatic fieldE,+ E3) is excited on the transition between two with time-independent coefficients. The instability of the
levels of dimensional quantization. Strong driving fidid at A steady-state,=e;=0 is sought in a standard way, by ap-
=0.82 um is provided by simultaneous lasing on the interbandplying a temporal Laplace transformation with a complex
transition between electron and hole ground states. parametew. This is of course equivalent to looking for the
solution proportional to expfiwt). This results in a set of
ground electron and hole states. With an increase of pumpinglgebraic Eqs(14), (15) with respect to Laplace transforms
current, the population of the excited electron level 3 growse,(w), e;(w). To have a nontrivial solution, the determinant
When it exceeds some threshold value, which is still muctof coefficients of this system should be equal to zero. The
less than the population of level 2, oscillations of the weakast requirement yields the characteristic, or dispersion Eq.
IR field E; and polarizatiorno s, at the low-frequency inter- (16) with respect to the complex parameter We have to
subband transition start growing exponentially. The instabilfind eigenvalues ofw (roots of dispersion equatipnThe
ity is driven by the mixing of the optical-field, and polar-  corresponding eigenvectors of Eq$4) and (15) are called
ization o3; [second term on the right-hand side of E@)], = normal modes. The stability of the normal modes is defined
where the latter is excited by a two-photon termz; by the location of eigenvalues on the complex plpRe(w),
*€e301%€361N15. Im(w)]. Namely, the given mode is unstable if correspond-
Another way of generating the fieles is by instability of  ing Im(w)>0.
the bichromatic fielde, + E5 that develops due to parametric  Since the resulting growth rate Imaj turns out to be
coupling between partial componeifts andE; mediated by much smaller than the relaxation rates of polarizations, the
a strong optical-field,. This can happen fdower pumping  adiabatic elimination of polarizations is justified. Then, the
rates than the excitation of a single monochromatic niegle expressions for the polarizatioms in a linear approxima-
and even without population inversion between states 3 antion with respect tee,, e; take the form
1. In this case, we need all three transitions to be allowed by
selection rules. In a QW, this will generally require using 091=—i€1Ny1/T 5y, (11

i€5(Nyat|€1]2Ny /(T 3l'%y)) +e3e1(Npy /T oy Nos/Tap)
[ait]eq|?/T 3,

31— ’ (12)

ieg(Ngys— |91|2n21/(F31F21)) +eye] (Nq3/T' 31+ Ny /T5)
| T A Y

: (13

032=

After substituting the above expressions into E@,(4) and assuming tha&z,e3=€2,3exp(—iwt), we obtain a set of two
algebraic equations for the field amplitudes es:

013814-4



INVERSIONLESS LASING WITH SELF-GENERATED. .. PHYSICAL REVIEW &4 013814

(w—Ay+2Twa1x 00t Kz)g2+ 27Tw31)(23g3= 0, (149 Im »>0. (17)
2wy ast (0= Aat 2T wspyat i Ks)E3=0, Zzi gnaa:xgr.wm growth rate is achieved at the line center,
(15 Note that the population differences and the fieldare
whereA ,= wg— wep, Az=wz— wcs. not free parameters, and should be found from the require-

Here we introduced a set of lineawith respect toE, 2) ment of steady-state generation on the transitien12 For
susceptibilities that describe the responses of polarizatiorgxample, when the model0) for populations in QW sub-

Ps;, P3, on the transitions 3-1 and 3-2 on the weak bands is accepted, we have
fieldsE,, Ej, and are defined by — 5
Ny =Ny /(1+4ay),

P31= x22E2+ x23E3, . .
N13=Nygt2a%n,,/(1+4a3), (18)
P32= x33E3+ x32E2.

el 2 2
The expressions foy;, follow immediately from Eqs(11)— N23= Mg+ Nzg(1+2a7)/(1+4ay),

(13): where
L2
X22= Z 7ol Mgt |e1|2n21/(r32r;1)] ai: Y21l el|2/(r1|F21|2).
] w31(Ta1+ |eg|*/T 3) = o
the quantities;, are the population differences supported by
L2 2 umping in the absence of generation. Here we again
i 92[Nog—|€1]%Npy /(T 5l pumping 9 g
X33=2 725 |€al Mot/ (T 21)], dropped the indek The field intensity can be obtained from
i w3 T3t [€q]?/T 39 the equation
2 % * "
73€1 (Na1 /15— N13/T'39) 2 N1
X32= > , K1= Y1 7e 2 : (19
T wTat|eq?/Tsy) T Yot 5j2+4721| ed/ry
n2e1(No1/T o1+ Nys/Ta) When the inhomogeneously broadened line has the Lorentz-
P 5 , ian shape of widthu,,, Eq. (19) yields
T wgi(Tart|eg|*/Ts) s — e
where 4|91|2: Uz 14l 1+ 47172121 ~1. (20
Fiy21  2v2 K1U3, '
, 0gd?NG;
ni=—7>r5—, 1=123 When the inhomogeneous broadening is negligible, we ob-
hn; tain
are coupling coefficients between the field and polarization, ale,? T
G, are the optical confinement factors that measure the over- Nyy= Yakn T T g (21)
lap of the mode-field distributions with an active region, and 7’ Fiya N2

all other notation is the same as in Sec. Il.

Equations(14) and (15) have a nonzero solution if their For the model described by Eq®), populations have the
determinant is equal to zero. This requirement gives us théame functional dependence 6pand|e,|? as in the model
dispersion relation for the complex frequensyas a function  (10), with r; andn;; being rather lengthy functions of relax-
of detuningsA, 3: ation and pumping ratesy . In particular, expressiond9)—

. ) (21) remain valid after the substitution
((x)_ A2+ 27Tw31)(22+ | K2)(w_ A3+ 2’7T(,U32X33+ | K3)

+ 42 wgw —o. 16 Ty 18 21~ Ta1P
s a3 (10 21 P(ra1—ra) +rp+rys’
The real parts of the term§,=i27w3z1x20— k2, G
=i2mwgayxas— k3 in Eq. (16) represent growth rates of the I P(ra;—ra)+rot+rys
partial modeses, e,, respectively. For example, when the ! 2+p '
transition 3—1 is forbidden ande,=0, the inequality Re
G3>0 is the excitation condition for the IR fieles in the ~ where the normalized pumping rape=r,3/(r s+ r3q).
presence of a strong driving fiel,. When both Rabi fre- It is worth noting that forr3,>r,; and in the absence of
quenciese; and e, are comparable, the dynamics is richer generation on the drive transition, the population inversion
due to the interaction of two partial modes, and containg®n the operating 3-2 transition cannot be achievedrat
more possibilities for the IR generation of the fidig. incoherent pumping rate sincByg*ra—r,. When the
The condition for the instability of the bichromatic field is drive-field intensity becomes much greater than saturation
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value, the 3-2 transition can be inverted, in principlepif 0.45
>1. However, for semiconductor lasers this requires field
intensities greater than the degradation threshold; see below. 0.4
P 0.35
A. Homogeneous broadening 0.3
The intersubband transition can be homogeneously broad- 0.25
ened in high-quality structures. The main reasons for inho-
mogeneous broadening are growth defects leading to inter- Ws 1 1.5 2 2.5
face roughness, fluctuations in the well widths and barrier 0.15 I,

heights, and size fluctuations in the case of quantum-dot la- _ ) )
sers. Recent progress in molecular-beam epitaxy technology F!G- 3. The normalized pumping rag=r,3/rs, required to
allows one to routinely grow quantum-well structures with achieve the excitation threshold, as a function of the driving field

purely homogeneous broadening of the intersubband transf2t€Nsity | =1€,|?/|ey|5y normalized by the saturation intensity

tion even at room temperatufe3). e1|sa= T 17Y21/4 for the 2— 1 transition. The curve is plotted for the

In the case of homogeneous broadening, the requiremefichTomatic scheme in Fig.().

(17) yields at the line center:
tensity |e;|2,=r17,./4 for the 2-1 transition. The relax-
y§1n23n13 , Y2133 ation rates were kept at,;=r3;=0.00x3,, which corre-
n—2 K(| |+ —) sponds to real situation in semiconductors. Note that there
21 are no long dephasing times in the system. All relaxation
721731n23) ratesy;, contain large nonradiative contributions, r43, or

leg|?—
21

+K,| —|eq?+ both. The self-generated driving-field, was varied by
changing the factomi/xl. The curve in Fig. 3 reaches its
+ KK y31730+ | €1]2), (220 minimumr,3=0.15( 3+ r3;) at|e;|%/|e,|%,~=0.2, when the
population densityss at the level 3 is only 0.01 of the total
where electron density, whilep,,=0.9. It can be shown that the
) ) minimum value of incoherent pumping rate scalespas,
_ K3 _Kkem (23 ~(rp1/r3)*® and is reached for the driving fields below
ki gt % ke g2 saturation value.
Now let us take into account nonresonant 10s&gs k.
For vanishing cavity losses;, x,=0 on the 3-2 and  For a single-monochromatic fieg, the excitation condition
3—1 transitions, we recover from E(R2) the known result takes the form
[11]:

No1

2
e — No3/N
|o212=]e1]°n34/ ¥51>N1gos. (24 Kthzl 7= 27sinzs 2ok (27

Yaryaat|el?

Note that when the transition-31 is forbidden ande,=0,

the excitation condition at the line center takes the form s condition is illustrated in Fig. 4, which shows the factor

Ky, as the function of pumping parametpe=r3/r3, for
Nys<|ey|?nyy/ , 25 th ) 13/ 32

25= €121/ (v2r73) @9 N,1=Kk1v21/ 72=0.05, which roughly corresponds to the
which requires a higher pumping rate to the level 3, as comdriving field intensity|e,|*/|e,|S,=18 . As is clear from Eq.
pared with excitation of the bichromatic field. Indeed, it is (27), this curve determines, for givgm the value of nonreso-

easy to express E@25) as nant losseK corresponding to excitation threshold. Con-
i [Pra2—ra1—2y3(1=p)]—p(rz—ra)>0,
V31721 1.5
(26) L 1
from which we obtain that the threshold pumping rptde- 0.5
creases steadily with increasing drive intensity and in the
limit |e|%/(v31721)>1 approachep=0.6. 0.5/ 1 1.5 2
At the same time, the excitation threshold for the bichro- -0.5 P
matic field and the required intensity of the driving field are 1

much lower; see Fig. 3. It shows the driving-field depen-
dence of the normalized pumping rae=r 15/r 35, which is FIG. 4. Ky,, the left-hand side of the excitation conditi¢2i7)
needed to achieve the excitation threshold dr+=0 for a  for the monochromatic field, as a function of pumping ratp
bichromatic field. The horizontal axis shows the driving-field =r4/r,, showing the value of nonresonant los#esorrespond-
intensity |, =4|e;|%/(r17y,1) normalized by the saturation in- ing to the excitation threshold.
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1 of K, for K=0.5, n,;=2/3, when the driving-field intensity

|eq|?/|e;|2,~0.4. At the same time, fon,;=0.05, when

0.8 leq|?/|eq|2,~ 18, the threshold pumping for a bichromatic

K 0.6 field practically does not depend on the valuekgf Appar-

ently, in this region of parameters the instability is due to the

0.4 excitation of partiale; mode that has the growth raggin-
dependent of,.

0.2

B. Inhomogeneous broadening

0.2 0.4 0.6 0.8 1 . o
P In the general case of inhomogeneous broadening, it is

difficult to derive transparent excitation conditions such as
FIG. 5. Ky,, the left-hand side of the excitation conditi¢®8) Egs. (24)—(28), and we provide a numerical analysis. To
for the bichromatic normal wave,+E; as a function of pumping  minimize the number of free parameters, let us adopt the
ratep=r3/r3,, showing the value of nonresonant lossesorre-  QWw-like model (10) for relaxation of populations and as-
sponding to the excitation threshold. sume that all rates; and v;, of incoherent relaxation of
populationsn;( ;) and polarizationsr;,( ;) are equal to the
same valuey. This can be a reasonable approximation for
QW lasers, where the dephasing of excited polarization and
the relaxation of particle distributions are defined by the
same process of intrasubband scattering with typical yate
~3—10 meV (timescale~ 70— 200 fg. More precisely, the
2 2 ) relaxation rates are of course energy dependent. The initial
_ |e|*— 721”23”13/”21>K (28) relaxation of injected hot carriers occurs with timescal&0
N le1]?+ Ya2¥21n13/No1 ' fs. The relaxation times in Eq$10) are related to partially
degenerate carriers close to the spectral positions of laser
Figure 5 shows the left-hand side of this inequality as themodes. These relaxation times describe the filling of spectral
function of the pumping parametep=r,3/r;, for the holes burned by laser field and should be substantially longer
driving-field intenSitY|el|2/|el|§aF 0.2. For these values of due to Fermi degeneracy. Note that the injection of carriers
parameters, the partial growth rates &g Re G, are nega- that supports quasi-Fermi levels of carriers occurs on a much
tive, and the partial modes;, ande, decay for anyp. There-  longer timescale. The relevant parameters that characterize
fore, the instability develops entirely due to parametric couthe efficiency of generation schemes are the populatipns
pling of two weak components of the bichromatic field, supported by pumpingn the absence of generatjoand the
mediated by coherence,, created by a strong driving field intensity of a driving-field e,|? required for excitation of IR
e;. radiation e;. The value of|e;|? can be changed indepen-
As is seen from comparing Figs. 4 and 5, at the givergently onn; by, e.g., varying cavity losses. Of course, for a
level of nonresonant lossésthe excitation of a bichromatic  given heterostructure, cavity, and wave guide, both param-
field requires substantially lower pumping power andeters are defined by the pumping rate.
driving-field intensity than the excitation of a singdg field. The saturation intensity for the above valuesyd§ of the
The value of the driving-field intensity is only about 0.2 of order of 10 MW/crd. This is already close to the degradation
the saturation value, while the excitation of a monochromatignreshold of QW lasers in the cw regime. Therefore, inequal-
es mode requirege,|?|e;|3,~10. However, this bichro- ity |e,|>y can be realized in QW lasers only in the pulsed
matic mechanism of instability can be sensitive to the valugegime. We assume, for simplicity, that the inhomogeneous
of the parameteK, characterizing nonresonant losses on theyidths U= Ugy=U>>y,|e,|. If the distance from the spectral
3—1 transition. This is illustrated in Flg 6, which shows position of a laser modEl to the edges of the inhomoge_
pumping parametey at the excitation threshold as a function neous profile is much greater than the power-broadened ho-
mogeneous linewidth/y?+4[e;|?, the precise shape and

versely, for given losseld we can find from Fig. 4 the mini-
mum pumping required to surpass the threshold.

For the bichromatic field, the excitation condition is given
by inequality(22). If K>K, and the terms containirlg, are
neglected, Eq(22) can be rewritten as

th

asymmetry of the inhomogeneously broadened line is not
1.6 important for the excitation threshold, and we can replace it
1.4 by Lorentzian.
p 19 Let us characterize the threshold conditions for the exci-
) tation of the weak-fielae; or e;+e5 by a ratio of pumping-
/0,(2 0.04 0.06 0.08 0.1 g, supported population differencda; nsl/nﬂ, calqulatec'j.in
0.8 the absence of generation of a fiedd at the instability

threshold Imw=0. Whenb<0, there is no inversion both
FIG. 6. The pumping ratp=r5/r 5, at the excitation threshold 0on 3—1 and 3-2 transitions. For &cb<1, there is an

of the bichromatic field as a function of normalized nonresonaninversion at 3-1 transition, but no inversion on-32 tran-

lossesK,. sition. We show below that inversionless lasing of the IR
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K=]

0.4 0.6
0.35 K=10 0.5
0.3
b legl 0.4
0.25 =
le,|
0.2 0.3
0.15 0.2
le I/
0z 0.4 06 o8 197 o1 //,
FIG. 7. Pumping-supported population differeticen; /n,; as

0.2 0.4 0.6 0.8 1 1.2 1.4

a function of the driving field strengffe,|/y. The parameter& and le, I/
K, characterizing nonresonant losses were chosen ¥=b#, K,
=0.1 (upper curvg, andK=10, K,=0.1 (lower curve. FIG. 9. The ratide;|/|e,| of two components in the bichromatic

normal wave as a function of the driving-field strenggh|/y for

field under the condition of strong inhomogeneous broadentWo values ofK: K=1 (upper curvg andK =10 (lower curve.
ing |e;|=y<u is possible when &b=n3/n,<1, ie., ) - _
when there is population inversion on both 2-1 and 3-1 ophavior. Thus, under the conditions of strong inhomogeneous
tical transitions, but still no inversion on the intersubbandbroadening it is the partial wawe, that helps to involve the
3-2 transition. This may seem to be not very exciting. How-field e5 in the inversionless generation. The price one should
ever, the most important point is that the pumping thresholday for such generosity is obvious: the mixing ratio of the
can be several times lower as compared to the pumping raféeld e; in the bichromatic normal wave is rather small. Fig-
required to provide population inversion directly on the in-ure 9 shows this ratifes|/|e,| as a function ofe,|/y for two
tersubband transition 3-2. One should keep in mind that everalues ofK: K=1 (upper curv¢ andK =10 (lower curve.
the reduction of the injection current by a factor of two is With increasing nonresonant losses, the ratio |es|/|e,|
crucial for the intersubband IR lasers since it may lead to alecreases as K/ It is clear that for small values di,|,
transition from liquid-nitrogen to room-temperature opera-optimal for pumping, the bichromatic wave consists mainly
tion. of the fielde,. Of course, the precise numbers should change

Figure 7 shows the parametér=ngs/n, required to at the nonlinear stage, when the exponential growth of both
achieve the excitation threshold ka0 as a function of the  fields is saturated, but the general tendency of a small ratio
driving-field | e;|/y. The parameter andK , characterizing |8sl/|€:| is likely to be preserved. As is clear from Figs. 8
nonresonant losses were chosen tbel, K,=0.1 (upper and 9, the optimal choice of parameters is determined by the
curve, and K=10, K,=0.1 (lower curve. The function tradeoff between the requirements of a low pumping rate and
b(|e,|/v) turns out to be practically independent if but the_h|gh eff_|C|ency _of th_e IR g_e_nergtmn. It is straightforward
sensitive to the value df,. For given|e,|, it behaves ap- to find stationary field intensities in the case when two or
proximately asb~0.01+K,. This suggests that the excita- three fields are S|multaneoqsly generated. To do this, we
tion of the bichromatic field in this region of parameters isN@ve to resolve Eqs5)—(7) with respect to steady-state po-
due to instability of the partiak, mode that develops only larizationsoj, as functions of detunings and population dif-

when there is population inversion on the 3-1 transition. Thisferenpes, to find po_pulations frt_)m Eq8) or (,10)', and to )
is illustrated in Fig. 8, which shows the growth rate ®efor substitute the resulting expressions for polarizations to field

the partiale, wave (upper curve and the growth rate Ina Egs.(2)—(4). This analysis, along with the study of a nonlin-

for the bichromatic fieldlower curve as functions ofe,|/y gar reglime r?f IROgeneration by two strong optical fields, is
forb=0.3 andK=1, K,=0.2. The growth rates are normal- one elsewherg20].

ized by 73,/ 72. Both curves have qualitatively similar be-
IV. UPPER LEVEL LADDER SCHEME: APPLICATION
outh rate TO HIGH-FREQUENCY LASERS

0.2 In this section we consider excitation of a weak-fiéld

0.1 resonant with a 2>1 transition, when the strong lasing field
E; is generated on the transition-32; see Fig. (b). With
respect to the fieldE; this is a standard four-level laser
scheme in which the decay of the lower-laser state 2 to the
ground-state 1 occurs much faster than the decay of the
upper-laser state 3:,;>rz,. We show below that a suffi-
ciently strong driving-fieldE; gives rise to excitation of the
field E; under the conditiong,,<<pq; and p33<pq; typical

FIG. 8. The growth rates for the partigl, wave (upper curvg  for the four-level scheme. This means that inversionless gen-
and the bichromatic fieldlower curve as functions ofie;|/y for ~ eration on the fast-decaying 2-1 transition is possible at low
b=0.3 andK=1, K,=0.2. The growth rates are normalized by rates of incoherent pumpings<r,;. This should be com-
73kl 7>. pared with the pumping ratgs>r,,(1+r3,/r3,) required to

-0.2

013814-8



INVERSIONLESS LASING WITH SELF-GENERATED. .. PHYSICAL REVIEW &4 013814

provide population inversion on the 2-1 transition.
A natural application of the proposed scheme is UV and 0.45
soft x-ray generation in gas lasers, especially employing hy- 0.4
drogen, helium, hydrogenlike, and heliumlike ions and some p 0.35
inert-gas ions. For example, in hydrogen, the-21s tran- 0.3
sition at 121 nm corresponds te-21 transition in Fig. 1c), 0.95
while the 3 state can be used as level 3 in our scheme. The
transition 3—2p at wavelength 656 nm occurs with radia- 0.2
tive lifetime of 159 ns, while the @ state decays to the 0.15
ground Is state in 1.6 ns. In helium, the statp 2'P, can be 1 2 3 4
used as the level 2 of our scheme. It decays radiatively to the I,

ground state in 0.6 ns emitting soft x-ray radiation at 58.4

nm. Level 3 corresponds to thes31S, state that decays to  FIG. 10. The normalized pumping rape=r /15, for the upper
the 2p state in 54 ns, emitting radiation at 728 nm. In the'@dder scheme in Fig. (@), required to achieve the instability
well-known Ar" laser, generation of the driving field at threshozld, as a functl_on _Of drlvmg-_flelo_l Intensityls
=488 or 514 nm occurs on thepd- 4s transition having a =4|e;|%/(r3y32) measured in units of saturation intensity.
decay time of 10 ns. Relaxation from thes 4tate to the

ground P° state occurs in 0.3 ns. This makes possible an o r15(ra1—ra2)

inversionless generation of=72 nm radiation on the ¢ 32 r ool 1t T oy(F ot 1)

—3p°® transition. In all of the above examplesg,/r,;

~0.01. i ' i = I3Ar1—ria)
Actually, there are many candidates for high-frequency 2 et To(Tapt 1)

generation using our scheme that have a favorable ratio of
relaxation times and convenient visible-range wavelengths
for the driving field. The main criteria of choice are conve-
nience of pumping and minimization of negative effects of
inhomogeneous broadening. . :2r32r 137 M21(Fa2t I1g)

The relevant set of equations is Ed5)—(9). Here, we 3 lp1+2r3
assume that transition-31 is strongly forbidden and,
=0. This is typically the case in gas lasers when the transiThe maximum growth rate of small-amplitude oscillations of
tions 2-1 and 3-2 are allowed. After linearization with re- field e; and polarizatiors,, is given by
spect to the weak-field;, we obtain from Eqs(5)—(7) the
expressions for off-diagonal elements of the density matrix:

a%: les|?ya2/(13|T35?),

~_ 2 i _
" :Iel[nlz_|e3|2n32/(F31F32)] (29 Imw=-Re 7]1; oal(iey) |~ k1. 33
= Tp+|e?/Ty , o iy
The excitation condition has the form lm>0. For homo-
€,83(N 1o/ T 1+ Nap/T'sy) geneous broadenlng,_at zero _detunl_ng, and in the absence of
031=— , (30 nonresonant losses; =0, this is equivalent to

[+ |es]?/Ty
) |€3]®N32™> 317312,
O032= _|egn32/F32. (31)

_ 2 a2 oo /M
Here, all population differences and the driving-field inten-"/"€"€MNa2= Ya2a/ 73, |.e3| = (13732/4) (N32/N5p—1). When
sity are easily derived from Eq9) together with a steady- Ns2<Ng (the driving field saturates the 3-2 transitiothe
state generation condition similar to Ed.9): latter inequality gives simply

[ r13= Vl 21l 32 (34
(32)

2
K3= 7327132_ 2 2 2,

I Y3t 4 +4yales|Irs Sincer ;,<r,; the excitation of the fiele; is possible when
r13<<r,; andp,»<pq;. This is illustrated in Fig. 10, where
the normalized pumping paramete#r,3/r,;, evaluated at

. the instability threshold, is plotted as a function of driving-

where

n _ M2 field intensityl ;=4|e3|%/(r3y,1) measured in units of satu-
32 ’ . . !
1+4a3 ration intensity. Here we have takeg,=0.01r ,, that corre-
sponds to a real situation in the examples below. One can see
n 48%(F 51— 19) that the threshold incoherent pump is an order of magnitude
12 3217 T3 . . o
Ni= 5 > , lower than the one required to produce inversion; see the
1+4a; (1+4a3)(ry+2rya) scaling (34). Note the absence of long-lived coherences in

013814-9



ALEXEY BELYANIN et al. PHYSICAL REVIEW A 64 013814

0.4 effective relaxation and pumping rates requires solving a
K, 0.2 complicated set of kinetic rate equations for any specific ex-
perimental setup.

.1 0.2 0.3 0.4 0.5 0.6
-0.2

P
-0.4
-0.6 V. DISCUSSION
-0.8
-1 In this paper we have studied several three-level ladder-

type schemes in which coherence-mediated inversionless
FIG. 11. The left-hand side of inequalitg5) as a function of generation becomes possible due to simultaneous lasing on
pumping parametep=r3/r,; for nz,=0.1. This curve determines the adjacent transition. The main outcome of our analysis is
the value of normalized nonresonant loskgscorresponding to the  the possibility of exciting laser oscillations on transitions
excitation threshold. with very fast relaxation of population under conditions
o . when supporting population inversion is difficult. In fact, the
the system. S!mllgrly to Iower_ladder scheme, all relaxatlorbw.nping threshold for amplification in the proposed schemes
rates of polarizationsy; contain large factorsz, 13 0f  pecomes much lower than needed for population inversion
bm\?\/hen the nonresonant losses are taken into account ton the fast decaying transition since it is determined by the
inequality Im >0 can be written in the following form, t}gquireme'nt O.f laser gener.ation on f':mother,. long-lived trap-
similar to Eq.(27): ' smon,_whlch is much easier to satisfy. This advantage is
especially pronounced in the case of homogeneous broaden-
ing, though it can remain in a weaker form even in the case

2 2 of inhomogeneous broadening. Of course, such an advantage
|€3]”— ¥a1732N12/ N3 K1 73 ; : C e .
K= > = (35) is not given for free. The price is an additional requirement
Y2173t €3] K3 m1 to the system parameters: favorable ratio of nonresonant cav-
ity losses, or phase matching in the case of bichromatic ex-
citation.

We illustrate this general requirement graphically. Figure 11 \ya have studied the application of those kind of inver-

shows the left-hand side of this inequality as a function Ofgjq1ess schemes to the infrared generation in semiconductor

pumping parametep=r3/r, for n3,=0.1, when the driv- lasers, and considered the possibility of high-frequency las-
ing transition is already strongly saturated. Further decreas

. C . fig in gas lasers.
in the steady-state value of, (that is, increase ih3) leads gmng

to little changes. According to E35). the curve in Fig. 11 Our calculations demonstrate the possibility to achieve
determines. for éiverp the value of r’10nresonant Iossl@ generation of coherent mid/far-IR emission on intersubband

at the excitation threshold. Conversely, for given losses (interleveb t-ransitions. in standard muIFipIe QW or _QD_Iaser
we can find from Fig. 11 the minimum pumping required tod'OdeS of §|mple de5|g_n. The prereqw_s_lte for th'.s IS smglta-
surpass the threshold. neous Iasmg_on t.he mterpand transmons, which prowdgs
Inhomogeneous broadening of the probe transitienl2 ~ N€cessary drive fields. This mechanism does not require
seriously affects the excitation conditions. For the above exPopulation inversion on the IR transition, and can operate
amples, typical values of radiative broadening are hundregdnder the conditions of ultrafast dephasing times typical for
of MHz, while Doppler broadening for room temperature is Semiconductor lasers. The proposed scheme is quite insensi-
in the interval -10 GHz. Numerical analysis for Doppler- tive to inevitably large nonresonant IR losses and seems to
broadened medium shows that the gain can be achievd? Vviable in the far-infrared region where very few semicon-
without an increase in incoherent pump and driving-field in-ductor sources exist.
tensity when the driving field is detuned from resonance by In gas lasers, our results indicate the principal possibility
approximately the width of the inhomogeneously broadene®f CW inversionless UV and soft x-ray lasing, with probable
line. In this case, Raman inversion is actually present in th€andidates including hydrogen, helium, hydrogenlike, and
system, which meangss>py1:>psp. This conclusion is heliumlike ions and other inert-gas ions, under the condition

close to those obtained earlier for the folded schemes, anf inversion-based optical lasing on the adjacent transition.
the advantages of a resonant ladder scheme in the case of
large inhomogeneous broadening are lost.

Note, however, that for pumping by collisional excitation
in a gas discharge, the UV transition is likely to be homoge- ACKNOWLEDGMENTS
neously broadened due to collisions with energetic electrons.
In this case, the above analysis is directly applicable. If the We appreciate the support from the Texas Advanced
broadening is mainly due to inelastic collisions ang re-  Technology Program, the Office of Naval Research, High
mains much greater than,, the advantages of LWI in the Energy Lasers Program of Department of the Defense, and
resonant ladder scheme are preserved. Correct evaluation thie National Science Foundation.
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