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Giant pulse lasing in three-level systems
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We propose an alternative method Qoswitching for generating giant pulses of laser light in three-level
media. This mehod is based on the presence of an external coherent field driving one transition to allow the
accumulation of a large population inversion in the other transition without laser oscillation even in a cavity
with high-Q factor. The switching off of the external coherent field causes the development of the giant pulse.
Different time profiles for the switching off of the external field have been investigated.
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[. INTRODUCTION note that, to our knowledge, this is the first potential appli-
cation of the inversion without amplification phenomenon.

Q switching is a standard technique for generating laser The paper is organized as follows. In Sec. Il the model for
pulses of short duration, e.g., 16-10"8 sec, and relatively @ laser operating on a cascade three-level system is intro-
high peak power, e.g., $610/ W, the so-called giant duced and explicit necessary conditions for the appearance of
pulseg[1]. In this technique, the qualit@ factor of the laser ~giant pulses are derived. In Sec. lll we numerically investi-
resonator is kept initially low to prevent laser oscillation 9ate a specific example and compare the results to those of
while pumping builds up a large population inversion. Thenthe conventionaQ-switching technique. We study also the
a sudden switching of the cavifQ from the low value to a influence of different time profiles for the switching off of
high value results in the release as a laser pulse of shotife external driving field. Some considerations for a practical
duration of the energy accumulated in the upper level. Théealization of the new technique for generating giant laser
lifetime of this level must be relatively long, usually a frac- Pulses are presented in Sec. IV. Section V summarizes our
tion of a millisecond, to allow the accumulation of a large Main conclusions.
population inversion. This is the case of most crystalline
solid-state laserée.g., Nd:YAG, ruby, alexandrijeand some Il MODEL
gas lasers (CQand ioding [2]. In these systems the pump- '
ing mechanisms are incoherent and otlo levelsof the We will focus our analysis to the cascade configuration
amplifying medium are coherently coupled with the light shown in Fig. 1. A ring laser cavity is prepared in order to
field. generate a laser field, the giant pulse, in the upper transition

We present here an alternative techniquetswitching  |1)-|2) of the three-level media. The coupling of this field
for generating giant pulses of laser lightthree-level media  with the atomic transition is characterized by a Rabi fre-
In these configurations, the presence of an external cohereqtiency 2x(t)= u5E,(t)/% with w1, the electric dipole mo-
field acting on one transition modifies substantially thement of the|1)-|2) transition andE,, the electric field am-
threshold population inversion needed for laser oscillation in
the other transition. In fact, in the presence of an incoherent
pumping mechanism in the latter transition, it is possible to
accumulate a large population inversion without laser oscil-
lation even in a lossless cavity. This phenomenon is known Yioi T
as population inversion without amplification or lasiftig/A
or IWL) [3], one of the many known effects induced by —
atomic coherencft]. After the inversion saturates to a high
value, it is possible to extract the energy from the inverted Tos B(t)
transition in the form of a giant laser pulse by switching off
the driving field in the other transition. Actually, in these
three-level configurations the switching on/off of the driving
field plays a similar role as the switching from a low t0 @ g 1. Cascade three-level system under investigagiih)
high value of the cavityQ factor in two-level systems. We  angq(t) are half the Rabi frequencies of the external coherent and

the generated pulsed laser fields, respectivgly.and y,5 are the

spontaneous population decay rates of the laser and driven transi-
*FAX: (34) 93 581 21 55. tions andr is the population transfer rate of an incoherent pumping
TEAX: (34) 93 739 81 01. process in the laser transition.
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plitude of the laser pulse. In addition, an external pulsed b Tty
laser field drives the lower transitiof2)-|3) with a Rabi Nio> nthzm
frequency B(t) = uo3E 5(t)/%. Without loss of generalityg 12
and B are taken real. An incoherent continuous pumping ) BY3
process from leve|2) to level [1), denoted by a rate, Tl st B ]_F12+K' (2b)
models the mechanism needed to invert the population of the
upper transitior}5]. The population decay rates are given by The smallest of these two population differene§sandnl}
12 @nd y3 for the transition|1)-|2) and|2)-|3), respec-  determines the laser emission threshold. Clearly from Egs.
tively. The [1)-[3) transition is allowed as a two-photon (2), there are two different ways of achieving a large inver-
transition. In the standard density-matrix formalism with thesjon with no laser oscillation(i) using a cavity with high
rotating wave and slowly varying envelope approximationsjosses (i.e., low-Q facton and(ii) using a coherent driving
the Maxwell-Schrdinger equations for our system read field, which through the termg? and By,; can greatly in-
_ crease the lasing thresholds, giving rise to the so-called
P11=— Y12P11 T T Post 2aY 10, (1a population inversion without lasing phenomena. In what fol-
lows we will focus on the second case in which inversion
(1b) without lasing is due to the presence of the driving field. The
two termsB2 and By,; are related with the ac splitting of the

[k(k+T 15+ T3

p22= Y1op11~ (V2at 1) poo—2ay 12+ 28y 3,
common level|2) (Rabi sidebands or Autler-Townes dou-

P33= Y2322~ 2BY 23, (19 blet) and with the quantum interference between these side-
_ bands. In our case in which there is population inversion, the
X12= =T 1X1o— A Y12+ BY 13, (1d) gain spectrum consists of an Autler-Townes doublet with

positive peaks aA ,~ * 8. However, it is well knowr]9,10]

that the Autler-Townes doublet is not just the superposition

of two Lorentzians centered &t,~ + 8. These two reso-

. nances are not independent and therefore there is quantum

Xo3= — ' oXo3— A gy 23— ays3, (1f) interference between them. In our case this interference is

destructive in the resonance regiehB<A,<pB, which

y23= — T gayoat A gXogt axqst Blpas—p2), (10 means that the gain there is smaller than that corresponding
to the addition of two independent Lorentzians. As a result of

Y= —T1y1o+ A Xao— Bxast a(po—p1y), (16

C this destructive quantum interference, one can even have

X13= — X3 (A, + Ap)Y13— @Yo3t+ BY1,  (1h) negative gairii.e., absorptionat A ,=0 in cases where there

. is population inversion. A detailed analysis of the influence

Y13= —F13y13T (AT Ap) Y3t aXos— BX12, (2i) of the quantum interference between the dressed-state reso-
nances in different three-level atomic configurations can be

1j) found in Ref.[10]. Alternatively, inversion without amplifi-
cation at line center in this configuration can be explained by

- _ : . ; using the quantum-jump formalisi®,10]. This formalism

with pij=x;; +iyj; being x;; andy; real variables ac- aIIovgs oneqto calcujlatepthe respective contributions of the

; 2
counts for the cavity losses amgi= v, Nuihe, for the various physical processes responsible for the amplification
unsaturated gain parameter of the lasing transition with fre-

4N being the density of atoma. dA or the attenuation of the laser field: one-photon induced
quencyvs, an €ing the density ol atoma,, andAg are,  pission|1)—|2) and stimulated two-photon emissidh)
respectively, the laser field and driving field detunings from

. . . 3) or one-photorj2)—|1) and two-photo3)—|1) ab-
the corresponding atomic resonances. The laser field detu_—>| . . 4
ing is a variable linked with the cavity detuning. through @oerons, respectively. In our case one obtdli that at

- . line center loss processes overcome gain processes, the main
the expressiom ,=A.—g(X1»/«). Finally, the coherence P gain p

q i : B e oot 1)/2. Tone source of losses being two-photon absorption.
ecay rates are given byi,=(y1o+ ¥2571)/2, I'a5= (723 For the cascade scheme under consideration the driving
+r)/2, andl’ ;3= y,,/2. In what follows, we will consider the

letel . —A =A.—0 which field transition is not inverted, which means driving field
completely resonant case, i.eA;= «=2p=0, WhIC absorption in the steady-state regime, i®/;3>0. Thus, we
meansx;,= X»3=Y13=0 [6]. In our notation,ay;,>0(<0)

. : 7 will use the contribution of the term8y,;/I"153to Eg. (28 to
a_1nd,8y23>0(_<0) mean, r_espectlvely, laser field and driving prevent laser oscillation in the inverted transition through the
field absorptionamplification.

F f tabili vsis of the trivial soluti pitchfork bifurcation even for a lossless cavity. On the other
rom a finear stabi Ity analysis of the trivia solution €or- hang, from Eq(2b) it is easy to see that even for the lossless
responding tax=0, it is easy to show that the trivial solution

. . T -~ cavity limit there is a threshold value for the gain parameter
can be destabilized leading to laser emission through either @, \which laser oscillation is not possible through the
pitchfork or a Hopf bifurcatiod7]. The necessary and suffi- Hopf bifurcation. Fork=0 this threshold gain reads
cient condition for the pitchfork bifurcation to occur is
(Pt )T ol g3+ B7)

=+ Py (2a) On(=0)= Lot Byas ’ @

d=—/<a—gy12,

oK
NH=p11— P20> nthEa

Therefore, by choosing appropriate values for the parameters
while for the Hopf bifurcation it readg3] of the cascade system such thgi< By,3/I"13[see Eq(2a)]



3040 J. MOMPART, R. CORBAI:A\I, AND R. VILASECA PRA 59

25 T —— y
a5t (a)
20t 1 g 3,00
Stable 2 15f
= °f non-lasing’ 1 o
- ]
s T 0,0t
s solution .- "
= 10} S .
“ i Unstable 0,751 (b)
17 non-lasing
5 ! . . « 050
solution =
. 0,25
0 500 1000 1500 2000 / /
0,00 ey ;
g [MHz 2] & 150(0)
. . . L g
FIG. 2. Stability domain of the nonlasing solution in tkeg 2 49
plane for the following parameter settingy,,=10 kHz, y,3 E
=50 MHz,r=50 kHz, and =25 MHz. At the left- (right-) = 05t
hand side of the solid line, the nonlasing solution is stabie- — 0.0
stablg. The dotted lines represent the relative amount of population "0 100 500 300 200 500
inversion above the threshold population inversion for laser oscil- ¢
lation once the driving field is switched off. [hs]

FIG. 3. Time evolution of thg@a) driving field intensity, (b)

and by taking the value of the gain parameter betpy we population difference in the laser transition, deglintensity of the
can achieve a large inversion in the laser transition with nd@enerated laser pulses. The parameters are as in Fig. 2xwith
laser oscillation irrespective of the value of the cavity losses=5 MHz, g=900 MHZ, n1,=10"* Ccm, and u=10%°

In a two-level system the nonlasing solution destabilize<C cm. The dotted line inb) represents the threshold population
through a pitchfork bifurcation and, by taking=0 in Eq. inversion for laser oscillation in the absence of the driving field, i.e.,
(2a), the corresponding threshold population difference fortm(8=0).
laser oscillation reads,=(«/g)I"1,. In this case, a “lossy”
cavity is used to achieve a large population inversion and thene switching off of the driving field, i.e.n;,/ny(8=0).
giant pulse is generated when tQefactor of the cavity is  Figures 3 and 4 show the development of the giant laser
switched from a low value to a high value. In the three-levelpulse in the upper transition of the cascade scheme under
system under investigatiofi) we use the coherent field act- investigation for the same parameters as in Fig. 2 with
ing on the lower transition to achieve a large population=5 MHz, g=900 MHZ, u,=10"3 Ccm, and puy;
inversion in the upper transition without laser oscillation, and=10"2% C cm. These values fqu;, and u,3 are consistent
(i) we generate the giant pulse in the upper transition byyith the corresponding spontaneous population degays
switching off the driving field in the lower one. Once the
driving field is switched off, the ratio;,/n;,(8=0), being
nw(B8=0)=(x/g)T"1,, defines the relative amount of popu- 45} (a)

lation inversion above the threshold population inversion for =
laser oscillation. £ 30r
2 15}
Ill. RESULTS AND DISCUSSION — ool
Figure 2 shows the stability domain in theg plane of 0,75} (b)

the trivial nonlasing solution for the following parameter set- ’
ting: y,,=10 kHz, y,3=50 MHz,r=50 kHz, and B « 050
=25 MHz. These relaxation rates are typical values for an =~
electric-dipole forbiddeny,,, and an allowed;y,3, transi- 0,25
tion in the optical domain. Thus, as in traditior@@dswitched 0.00 . . \L

systems, we assume an upper laser level lifetime in the range
of a fraction of a millisecond2]. The solid line represents &

the curven ,= nm. At the left-hand side of the solid line E 10
n,<nf, which guarantees the stability of the nonlasing so- 2
lution since for these parameter value§>nf, which 2 o5l
means that the trivial solution can destabilize only through 0.0
the HOpf bifurcation. FOg<gth(K:O): 1000 MHZZ, there 2‘2415 22;5,0 22;5’5 22I6,0 22I6,5 227,0
is no laser oscillation irrespective of the value of the cavity t [us]

losses. The dotted lines in Fig. 2 represent the relative
amount of inversion above the threshold inversion just after FIG. 4. Enlarged part of the time evolution of Fig. 3.

15F{(c)
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and vy,; provided that the transition frequencies satisfy, 30— 11—
~ 6w,z [11]. Substituting these parameter values in Eds.
with =0, we obtain the following steady-state population 2,5 .

inversion with the driving field om3$3=0.5. On the other
hand, the threshold inversions for these parameters read from &~ 5 g
Egs. (28 and (2b): n,=1193 andn}\=0.61. Thus, during
the first 225 us the presence of the driving fie]ffigs. 3a)
and 4a)] with an intensity of 3.7 W cm?, which corre-
sponds tg8=25 MHz[12], prevents laser oscillation and a
large population inversion accumulafésgs. 3b) and 4b)]
[13]. The dotted line in these figures represents the threshold
population inversion in the absence of the external laser
field, i.e., ny(B=0). After the population inversion satu-
rates, the driving field is switched off for 2xs and a giant 0,0
laser pulse develops since then the population inversion is
well above the threshold population inversi@dotted ling. n_/n_(B=0)
For the parameters used, the peak intensity of the laser pulse 12 th
gives (,)"*=1.33 MW cni? with a pulse width at half FIG. 5. Intensity of the generated laser pulses along time evo-
maximum about 210 ns and an integrated pulse energy afition as a function of the relative amount of population difference
0.33 mJ cm?. Note that the pulse duration is similar to above the threshold population inversion for different values of the
that of the longest pulses from tradition@tswitched sys- cavity losses.
tems[1]. The time delay between the instantaneous switch-
ing off and the pulse generation is 1/4s[14] and the rep- tween peak power of the pulse and steady-state power is also
etition rate of the laser pulses is 4 kHz. It should beof this order of magnitud¢l5]. Finally, as a numerical ex-
remarked that a laser field with a power of a few watts is ablemple, for a resonator of length=15 cm and a beam sec-
to control the generation of laser pulses of a few megawatttion of 0.1 cnf, the giant pulse power outside the ring cav-
of peak power. ity can be easily calculated assuming a transmittafice
With the above parameters and;,=2x10" s™', g  =2Ix/c=0.5% to be P,)P*¥=6.7 kW. This is between
=900 MHZ requires an atomic densityN=8.5 two and three orders of magnitude smaller than the peak
X 10" cm™3. Notice that for a givery the required density power that can be achieved with traditior@iswitched la-
N is inversely proportional tc»lz/xfz. Therefore, by simply  sers[1,2]. However, it is perhaps more instructive to com-
increasingy;, (which scales ag?,) by two orders of mag- pare the above performance to that obtained in the case of
nitude, the atomic density decreases by two orders of magrpplying the standar@-switching technique to our system.
nitude. Unfortunately, withy,,=1 MHz and other param- For this purpose we substituted the coherent drive field by an
eters as for Fig. 3, the peak intensity of the laser pulses igicoherent continuous pump field characterized by a bidirec-
quite small, (,)P**=12.3 W cnm 2. One obtains the same tional transfer rateR between levels|3) and |2), and
atomic densityN=8.5x 10" cm 2 by simultaneously de- switched the cavity decay rate betweenx=1000 MHz
creasing the gain parameter by one order of magnitudg to and k=5 MHz. The cavity losses were set to the high
=90 MHZ and increasing,, by one order of magnitude to Vvalue for time intervals of 225us, separated by time inter-
Y12=0.1 MHz. In this case, withk=0.5 MHz, the peak Vvals of 25 us with k=5 MHz. For pump rates between
intensity of the resulting pulses is | )P*25 R=5 MHzandR=50 MHz we always obtained peak pow-
x10° W cm 2. From the preceding results one can esti-ers smaller than in the previous case where coherent control
mate that a lower bound for the atomic density required t@f lasing was usedfor instance, forR=25 MHz one ob-
observe the generation of laser pulsedlis 102 cm™3. tains (,)P*®*=0.49 MW cm ?]. This is due to the absence
Figure 5 shows the intensity of the laser pulse, alongof coherent coupling between pump and laser fi¢te has
pulse evolution, as a function of the relative amount of in-now p;3=0) and also to the fact that while there was an
version above threshold for different values of the cavityincrease in the population difference, after the coherent
lossesk. Clearly, decreasing the cavity losses, the peak indrive field was switched offsee Fig 4b)], this increase ob-
tensity increases significantly since the amount of initial in-viously does not occur when the cavifyis switched.
version also increases. In Fig. 6 the role of the time profile of the driving field is
On the other hand, when the unsaturated gain parameterigvestigated by modeling its switching off through a hyper-
increased fromg=900 MHZ to g=1100 MHZ, the non- Gaussian profile given by
lasing solution destabilizes through the Hopf bifurcation
even in the presence of the driving field, sineg\(g IB(t—to)=I<B()>e‘°r1<“‘<)>n (4)
=1100 MHZ)=0.48<n33=0.5. In this particular case, af-
ter a transient the system reaches a cw regime with a las#fith ¢,=3""2 being n=10,2,1.5,1.25,1,0.8, the parameter
field intensity (,)g=1100 MHZ)=2.7x10"* that accounts for how fast the driving field is switched off,
MW cm2. Notice that for this case, the ratio betweenWith n=co corresponding to the square profitg=225 us
(1)P(g=900 MHZ) and (,)®(g=1100 MHZ) is indicates the switching-off time and)’=3.7 W cni? the
around 5000. In ordinar®-switched systems the ratio be- initial driving field intensity. As it is clearly seen in Fig. 6,

I [MW/cm

25
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45— T T 77— IV. PRACTICAL CONSIDERATIONS
- (@) ] Although the study presented in this paper is intended to
= T give a general insight into the phenomenon of coherent con-
§ . trol of IWL and, eventually, of lasing, we give below some
=1, T 4 considerations regarding experimental systems in which the
- o n=0.8-] above ideas could be tested.
R B .
Tl In our numerical example above we assumgtly,;
— =1/2, which means that these driving field intensities can be
(b) T easily attained with cw laser powers. Since the upper laser
g T level is metastabléas in conventionaQ-switched systems
3 1or 15 T the needed incoherent excitation rates are also very moder-
E 05k i ate,r>_)/12< ’)-/23.- ] ) ) ] ]
=" The impurity ions in media used in crystalline solid-state
— 00 R lasers(e.qg., ruby or Nd:YAG have homogeneously broad-
’ L ened electric dipole forbidden transitions between states aris-
225 227 229 231 233 ing from the inner unfilled shell2]. Conditions(b), (c), and

t [us] (d) above are fquiII_ed and it would be necessary to explore
the energy level diagrams of these media to know whether
FIG. 6. (a) Different time profiles for the driving field switching there are suitable cascade configurations to fulfill condition
off, and (b) the corresponding intensity of the generated laser(d).
pulses. Each curve is characterized by a different value of the pa- A practical candidate to test the proposed method is.CO
rametem that accounts for how fast the driving field is switched off Population inversion in the regular bands °DO
[see Eq(4) in the texd. —10°0(02°0) of CO,, centered at 10.4um (9.4 um), can
be efficiently achieved by electrical pumping in low pressure

the time delay until the pulse develops increases and thE©2:N2:He mixtures. The lower level £0(020) of the
peak intensity decreases as we switch off slower the drivin j'ng tratr)13|t|on can bfe couple_d kIle means gf aFFHCI laser at
field intensity. Forn=1.5 the instantaneous population dif- pm (by means of an optically pumped GRaser at

ferencen;,(t) crosses several times the instantaneous thresﬁL—6 pm) [20] to the 020 level for the coherent control of the

o N laser emission at 10.4um (9.4 um). Due to the long
old population inversiomy(t) and several pulses develop. wavelengths involved, the Doppler broadening plays a minor
For switching-off times larger than a few tenso$ the laser role and the decay of the various levels is essentially deter-
pulse almost vanishes.

It h King th h i dmined by collisions, leading to lifetimes of the order of
tis worth remarking that up to now we have considered s of 4 millisecond. Thus, this system fulfills conditions
a homogeneously broadened system. The coherent control ), (b), (c), and(d) above

lasing we have described is fragile with respect to Doppler ,Ryd,berg’; levels of alkali-metal atoms with principal quan-
broadening of the two-photon transition, in the most genera{u

case in which the frequencies of drive ) and laser fields m numbers>20 are long lived since the lifetime scales
. o approximately asn®. Rubidium is particularly interestin
(w,) are different. In fact, it is well knowh16-18 that the bp y P y 9

o : . . . since many highly excite and D states can be reached
modn_ﬁcaﬂons of the opt!cal properties of the lasing ranst-qom the groundS state with four diode lasers. The main
tion, induced by the driving optical field, do not change S19°hroblem with Rb is Doppler broadening. Possible remedies
nificantly as long as the two-photon resonance conditio

= . , e re to make the driving Rabi frequency comparable to the
A,=—Agzis er]JIﬂIIed. Thys,gorAg—AB—of, we k?owbtha; Doppler width[16—1§ or to add a buffer gas to use the
our system shows IWL in the absence of Doppler broadenpcye narrowing of the two-photon transition for the sup-

ing. However, since the linear Doppler effect results in ad'pression of its Doppler broadening. Unfortunately, in addi-

ditional detunings, atoms with velocity#0 will “see” the  yjon g the high power needed in both cases, it decreases the

frequencies of driving and laser fielda# w,) affected by g jtself too, which might be compensated by the increase
different Doppler shifts. These atoms will not fulfill the two- ¢ e density of atoms in a cell. An alternative approach

photon resonance conditign and therefon_a will amplify theqq 14 pe to use a dense atomic beam, but it is important to
laser fleld,_so that there W'." always be lasing. notice that the required atomic densities are difficult to
As a guide for the practical development of the proposed, .ieye in practice. Although technically more difficult, the
method for generating giant pulses of laser light, let us sSumpeg; gojution is to use a sample of Rb atoms that has been
marize the main requirement&) cascade three-level con- 5561 cooledthus eliminating Doppler broadeningnd then

figuration with population inversion at the lasing transition eventually subjected to magnetic trapping and evaporative
[19]; (b) metastable upper laser levet,<10*,10° Hz with cooling to increase the atomic density.
w1~1073 C cm); (c) relatively high number densitied

=102 cm 2 (in the specific example investigated previ-
ously, N~10* cm™3); (d) Doppler-free configuration(e)
good laser cavity £ less than a few MHg and (f) fast driv- We have proposed a method to generate giant pulses of
ing field switching off(a switching time interval smaller than laser light in three-level media based on the inversion with-
a few tens ofus). Conditionge) and(f) are in principle easy out amplification phenomenon. In this technigue, an external
to achieve. coherent field couples one transition while an incoherent

V. CONCLUSIONS
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pumping mechanism acting on the other transition creates @when the driving field is adiabatically switched off. A com-
large population inversion. The presence of the external lasgrarison between the expected performances of the proposed
field prevents laser oscillation in the inverted transition everscheme and those of traditiom@switched systems has been

in a highQ cavity on resonance with this transition. The performed and some considerations for a practical realization
switching off of the external coherent field results in theof the technique have been discussed.

release as a laser pulse of short duration of the energy accu-
mulated in the laser transition. In particular, we have consid-
ered a cascade three-level system deriving explicit necessary
conditions for the appearance of the giant laser pulses. We The authors wish to thank E. Arimondo and Professor
have shown that an external coherent field with a power of &cully’s group at Texas A&M University for useful discus-
few watts is able to control the generation of laser pulses ofions on the present topic. We acknowledge support from the
a few megawatts of peak power. Different time profiles forDGICYT (Spanish Governmenunder Contract No. PB95-
the switching off of the external coherent field have beer0778-C02. J.M. acknowledges support from the DGICYT for
investigated showing that several laser pulses can develagpgrant(Grant No. FP94-38105342
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