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Population transfer in three-level L atoms with
Doppler-broadened transition lines by
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We examine interaction of a single frequency-chirped laser pulse with three-level atoms that have a L con-
figuration of levels. We show that it is possible to produce complete fast and robust population transfer of all
atoms of the ensemble with Doppler-broadened transition lines from one ground state into the other ground
state with negligibly small temporary population of the excited state by controlling the intensity of the laser
pulse and the direction and speed of the frequency chirp. © 2000 Optical Society of America
[S0740-3224(99)00212-X]
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1. INTRODUCTION
In some important applications of the quantum optics,
quantum chemistry, mechanical manipulation, and cool-
ing of atoms or molecules by laser radiation it is desirable
to produce samples of atoms or molecules whose popula-
tion resides almost entirely in a particular quantum
state. In the main, three effective methods are known
for doing so in a coherent way.

The first method is the use of laser pulses with appro-
priate amplitude–time area, namely, p pulses.1 For ex-
ample, a laser pulse whose area (integral of the Rabi fre-
quency over time) is equal to an odd number of p provides
full inversion of a two-level atom that is initially in the
ground state. This inversion, however, is highly sensi-
tive to parameters of the laser pulse and to the resonance
conditions.

The second method of complete population transfer in
multilevel quantum systems is based on using the stimu-
lated Raman adiabatic passage (STIRAP) scheme.2–6

STIRAP has been demonstrated5 (see also Ref. 6 and the
references therein) to produce complete population trans-
fer from the initially populated ground state to the second
empty ground state without placing appreciable popula-
tion into the excited state. This scheme of population
transfer with frequency-chirped laser pulses (chirped
STIRAP) was discussed in Ref. 7, and recently the possi-
bility of coherent population transfer in quantum systems
with a laser-induced continuum structure was analyzed
in Ref. 8.

The condition of two-photon (Raman) resonance is a
crucial one for effective population transfer to take place
in the STIRAP and the chirped STIRAP techniques.
This condition, however, may not be fulfilled simulta-
neously for all atoms of an atomic ensemble that has dif-
ferent Doppler shifts of transition lines because of the dif-
ferent motion velocities. Such a problem of controllable
population transfer of atoms with Doppler-broadened
0740-3224/2000/010107-07$15.00 ©
transition lines arises, for example, in the field of coher-
ent control and vibrational state shaping in quantum
chemistry,9–12 in laser manipulation and cooling of atoms
(see, e.g., Refs. 13–17), and in other applications of the la-
ser control of atomic or molecular dynamics18 and has to
be investigated in detail.

The influence of the Doppler broadening of transition
lines was discussed in Ref. 19 for the STIRAP scheme of
population transfer, and it was shown that one can com-
pensate for the effect of Doppler broadening on excitation
of a ladder system by increasing the intensity of the
pulses. Power broadening of the transition lines seems
to be the main reason for such compensation. The Rabi
frequency of the intense laser pulses, however, may ex-
ceed the frequency difference between adjacent eigen-
states, leading to poor selectivity of the population trans-
fer in the STIRAP scheme.

The third scheme for effective population transfer con-
sists of sweeping the laser carrier frequency through reso-
nance with the atomic (molecular) transitions during the
laser pulse in such a way that the frequency of the laser
radiation is far from resonance at the beginning of the in-
teraction (at the leading edge of the laser pulse); then it is
swept through resonance with the atomic transition at
the center of the laser pulse when the laser amplitude is
maximum and goes out of resonance at the end of the in-
teraction (at the trailing part of the laser pulse). This is
the so-called method of adiabatic following or adiabatic
passage (AP).1 There are two important conditions for
AP of inversion with frequency-chirped pulses to take
place. The first one is that the time variations of the fre-
quency (chirp) and that of the envelope of the laser pulse
must be sufficiently slow. The second condition is that
the range of the frequency chirp must be larger than the
peak Rabi frequency of the laser pulse (for exact condi-
tions for AP to take place, see Ref. 1). One may satisfy
both of these conditions by using sufficiently intense laser
pulses. It is worth noting that there is no power broad-
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ening of transition lines in the AP regime of interaction
with the frequency-chirped laser pulses (see, e.g., Ref. 20)
and, consequently, there are no losses in the selectivity of
the population transfer in the case of high-intensity laser
pulses. The AP with frequency-chirped laser pulses was
successfully used for generation of narrow-band inversion
with broadband picosecond laser pulses with chirped fre-
quencies in Na atoms,21 for coherent control and vibra-
tional state shaping in quantum chemistry,9–12 and for
phonon squeezing22 and for the fast laser cooling and
manipulation (deflection and splitting of the beam) of at-
oms with narrow transition lines when ordinary laser
cooling methods cannot be used effectively.13–15 Another
important application of AP with chirped laser pulses
was proposed for fast laser cooling by use of Dicke
superradiance.16

An advantage of using the AP scheme with frequency-
chirped pulses is the robustness of this scheme. That is,
this scheme is insensitive to the precise duration and
shape of the laser pulses as well as to the precise reso-
nance conditions and hence to the Doppler broadening of
the atomic lines. The last-named property of the AP
scheme with frequency-chirped laser pulses can be used
for population transfer in the quantum systems with
Doppler-broadened transition lines.

We show in this paper that a single laser pulse with
frequency chirp may produce complete population trans-
fer between two ground states in an ensemble of L atoms
with different Doppler shifts of the transition lines with-
out placing appreciable population in the intermediate ex-
cited state. The population transfer takes place in the
intuitive order; that is, the frequency of the laser pulse is
first swept through resonance with the initially populated
ground state and the excited state of a moving atom and
then through the transition between the initially empty
ground and the excited states. We show that it is pos-
sible to avoid appreciable population of the excited state
by use of sufficiently intense laser pulses with fast enough
frequency chirp under the conditions when the adiabatic-
ity of the population transfer still fulfilled. Unlike in the
STIRAP scheme, the increase in the pulse intensity does
not lead here to the loss of selectivity. The selectivity of
the population transfer survives even when the Rabi fre-
quency exceeds the frequency distance between the two
ground states or the width of the Doppler-broadened tran-
sition lines of the atomic ensemble. It is worth noting
that population transfer in the scheme with a single
chirped laser pulse is robust: Moderate variations of the
laser pulse shape, the Rabi frequency, and the param-
eters of the frequency chirp do not affect the process.
Note that the negligibly small population of the excited
state is temporary (i.e., it tends to the zero value at the
end of the laser pulse). This means that the spontaneous
decay of this state will be negligibly small for laser pulses
with durations shorter than the decay time of the excited
level.

When the population of the excited state is comparable
in the STIRAP and the single frequency-chirped pulse
schemes, the latter scheme seems to be simpler. The
other, more important, advantage of the scheme with a
single laser pulse is its insensitivity to Doppler broaden-
ing of the transition lines (see below). One has only to
use a frequency chirp that covers the width of the
Doppler-broadened transition lines to compensate for this
broadening and to provide the same population transfer
in atoms that belong to different velocity groups. Be-
cause the duration of the laser pulse is assumed to be
shorter than the decay time of the excited level, and be-
cause the population transfer in the AP regime is insen-
sitive to small variations in the intensity, duration, and
envelope function of the laser pulse, the population trans-
fer is fast and robust in the scheme under consideration.

The possibility of nearly complete population transfer
in a three-level chainwise (ladder) atomic system was
shown in Ref. 8 in the AP regime of interaction with
single laser pulses whose frequencies are chirped in the
counterintuitive manner. The condition of two-photon
resonance is crucial here also, just as in the case of
STIRAP. It is easy to show, however, that the condition
of two-photon resonance can be achieved only for the lad-
der systems in the case of a single laser pulse. This con-
dition, however, is impossible to realize in the case of the
L configuration of nondegenerate levels under consider-
ation in this paper (see also Ref. 4).

Our main goal in this paper is to show that population
transfer between two ground states of the L atom in the
single frequency-chirped laser pulse scheme can be pro-
duced with nearly the same effectiveness as, for example,
in the STIRAP scheme. The main advantage of the
single-pulse scheme compared with the schemes of
STIRAP and chirped STIRAP is its insensitivity to the
Doppler shift of transition lines of the moving atoms.

In Section 2 we present and analyze the equations that
describe the interaction of a three-level L atom with a
single frequency-chirped laser pulse in the dressed-states
picture. The results of numerical simulations are pre-
sented in Section 3. In Section 4 we discuss the results
obtained and present the main conclusions of this paper.

2. MATHEMATICAL FORMALISM
We consider the interaction of a linearly polarized laser
pulse with chirped carrier frequency with a three-level L
atom moving with velocity component v along wave vector
k of the laser pulse; see Fig. 1. The pulse duration is as-
sumed to be much shorter than all relaxation times of the

Fig. 1. Three-level L atom in the field of a single laser pulse
with chirped frequency.
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atom and allows us to deal with the Schrödinger equation
for the probability amplitudes cj of the atomic states u j &,
j 5 1, 2, 3, (see Fig. 1) instead of with the Bloch equations
for the density matrix elements23,24:

ċ1 5 iV12~t !c2 exp@ie21~t !t#,

ċ2 5 i$V21~t !c1 exp@2ie21~t !t#

1 V23~t !c3 exp@2ie23~t !t#%,

ċ3 5 iV32~t !c2 exp@ie23~t !t#, (1)

where V ij 5 V ji* 5 (1/2h̄)dij A(t) (i, j 5 1, 2, 3) is the
Rabi frequency and dij is the dipole moment matrix ele-
ment for laser-induced transition from state u j & to state ui&
and A(t) is the real envelope of the laser pulse. e21
5 vL(t) 2 kv 2 v21 and e23 5 vL(t) 2 kv 2 v23 are
the detunings from one-photon resonance, where vL(t) is
the time-dependent carrier frequency of the laser pulse,
v21 and v23 are the resonant transition frequencies be-
tween the corresponding states, and kv is the detuning
that is due to the Doppler shift of the transition lines of
the atom moving with velocity v. In what follows, we as-
sume linear chirp in time for the laser carrier frequency:
vL(t) 5 vL0 1 2bt, where vL0 is the central frequency
and 2b is the speed of the chirp.

It is convenient to make the following transformations
of the amplitudes:

c1 5 a1 , c2 5 a2 exp@2ie21~t !t#,

c3 5 a3 exp@2i~e21~t ! 2 e23~t !!t#. (2)

We can rewrite Eqs. (1) in more-compact form by intro-
ducing the column vector a 5 (a1 , a2 , a3) and using Eqs.
(2):

d

dt
a 5 iĤa, (3)

where the Hamiltonian Ĥ in the rotating-wave-
approximation is

Ĥ 5 F 0 V12 0

V21 e21 1
d

dt
e21 V23

0 V32 v13

G . (4)

The detuning eR from the Raman resonance is eR
5 e21(t) 2 e23(t) 5 v23 2 v21 5 v13 , where v13 5 (E1

2 E3)/h̄ is the angular frequency interval between two
ground states of the atom and E1 and E3 are the energies
of these states; see Fig. 1. Note that the Raman detuning
eR 5 v13 is a constant here that does not depend on time
and on the atomic velocity. The solution a(t) of Eq. (3)
can be represented on the basis of the adiabatic dressed
states b (k)(t):

a~t ! 5 (
k

rk~t !b ~k !~t ! expF2iE
2`

t

wk~t8!dt8G , (5)

with the initial condition at t → 2`: a(2`)
5 (k rk(2`)b (k)(2`), where b (k)(t) is the eigenvector
that corresponds to the wk eigenvalue of the Hamiltonian
Ĥ:
Ĥb ~k ! 5 wkb ~k !. (6)

We obtain the following equation for the eigenvalues
wk , using Eqs. (4) and (6):

w3 2 w2~v13 1 e21! 1 w@e21v13 2 ~ uV23u2 1 uV12u2!#

1 uV12u2v13 5 0. (7)

It reduces to the following equation when the laser field is
switched off (V12 , V23 → 0):

w~e21 2 w !~w 2 v13! 5 0.

A. Case of an Atom at Rest
The time dependencies of the three solutions wk

(0) (k
5 1, 2, 3) of Eq. (7) form three straight lines in the case
of linear frequency chirp assumed in our consideration.
These lines, often termed diabatic curves, cross at some
points. The lines w (0)

1 5 0 and w (0)
3 5 v13 cross the

line w (0)
2(t) 5 e21(t) but not each other because of the

constant Raman detuning eR 5 v13 in our case of the
single laser pulse, as is depicted by dashed lines in Figs.
2(a) and 3(a), which correspond to the case of an atom
with zero velocity component (v 5 0) in direction of laser
pulse propagation.

Which of the two lines crosses the third one first de-
pends on the sign of the slope of the line w2(t) (on the
sign of the frequency chirp).

Fig. 2. Time dependence of the energy eigenvalues and the
populations of the adiabatic dressed states. Positive chirp:
population transfers from one ground state into the other ground
state. (a) The adiabatic solution. Dashed lines are the diabatic
lines. (b) The result of the numerical simulation. The param-
eters applied are btL

2 5 3, V21tL 5 V23tL 5 5, and v13tL 5 7.
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We obtain for the components b (k)i (k, i 5 1, ... 3) of
the adiabatic dressed-state vector b (k)(t) from Eq. (7), us-
ing Eq. (5):

b1
~k ! 5

V12~wk 2 v13!

AN
,

b2
~k ! 5

wk~wk 2 v13!

AN
,

b3
~k ! 5

V32wk

AN
, (8)

where the normalization factor N is N 5 V12
2(wk

2 v13)
2 1 wk

2(wk 2 v13)
2 1 V32

2wk
2, with wk (k

5 1, 2, 3) being the solution of Eq. (7).
We have to choose that one among the state vectors

b (k)(t) that tends to the initial (bare) state vector of the
atom in the absence of the laser field at t → 2`.

Let us assume that the atom is in the ground state u1&
initially (at t → 2`) with the state-vector components
a1(2`) 5 1 and a2(2`) 5 a3(2`) 5 0. It is easy to
show from Eqs. (8) that, only for w 5 w1 , b (1)

1 → 1,
b (1)

2 → 0, and b (1)
3 → 0 at t → 2`. So dressed state

Fig. 3. Time dependence of the energy eigenvalues and the
populations of the adiabatic dressed states. Negative chirp:
excitation of the atom. (a) The adiabatic solution. Dashed
lines are the diabatic lines. (b) The result of the numerical
simulation. The parameters applied are btL

2 5 23, V21tL
5 V23tL 5 5, and v13tL 5 7.
b (1)(t) is that state that has to be identified with the as-
sumed initial (bare) state of the atom in the absence of the
laser field:

b ~1 !~t → 2`! → S 1
0
0
D 5 a~t → 2`!.

This means that we have to choose the solution
w 5 w1 @w(t → 2`) 5 w1

(0)# of Eq. (7) in the case of the
initial conditions assumed. According to the adiabatic
theorem,23 the population of the atom will remain in this
dressed state if the conditions for adiabatically slow
variation of the laser field have been fulfilled (see, for ex-
ample, Ref. 1).

As follows from analysis of the solutions of Eq. (7), the
solution w 5 w1 tends to the diabatic line w (0)

3 5 v13 at
the end of the laser pulse (at t → `) in the case of positive
slope of variation in time of the frequency chirp [b . 0;
Fig. 2(a)] and tends to the diabatic curve w2(t) 5 e21(t) in
the case of negative slope of the frequency variation
[b , 0; Fig. 3(a)].

The Raman detuning v13 has been assumed to be posi-
tive: v13 . 0 (v23 . v21) for both positive and negative
b. Note that the time behavior of the eigenvalue
w 5 w1 at b . 0 mentioned above must be replaced by
the behavior that corresponds to the case of b , 0 and
vice versa when v13 , 0.

The solution of the Eqs. (8) that corresponds to the ei-
genvalue w 5 w3 is b (3)(t). So, in the case of b . 0
(when the laser carrier frequency is growing in time),
w1 → w3

(0) at t → 1` and, correspondingly,

b ~1 !~t → 1`! → b ~3 !~t → 1`! → S 0
0
1
D .

This dressed state coincides with the bare ground state
u3& at the end of the laser pulse. It means that the popu-
lation of the atom has been completely transferred from
the initially populated ground state u1& to the initially
empty ground state u3&.

The solution of Eqs. (8) that corresponds to the eigen-
value w 5 w2 is b (2)(t). We have from Eqs. (8) that
w1 → w (0)

2 at t → 1` in the case of b , 0 (when the la-
ser carrier frequency is decreasing in time) and, corre-
spondingly,

b ~1 !~t → 1`! → b ~2 !~t → 1`! → S 0
1
0
D .

This dressed state coincides with excited (bare) state u2& of
the atom at the end of the laser pulse.

So the population of the initially populated state u1& has
been transferred into the second ground state u3& in the
case of positive frequency chirp (b . 0 and v13 . 0)
when the frequency of the laser has been swept first
through resonance with the u1& ↔ u2& transition and after
that through resonance with the transition u2& ↔ u3&.
Correspondingly, the diabatic line of the excited state
crosses first the diabatic line of the initially populated
state and only afterward the diabatic line of the second
(initially empty) ground state.
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In the case of negative chirping (b , 0) in the same
atom (v13 . 0), the crossing of the diabatic lines takes
place in the opposite order: The diabatic line of the ex-
cited state crosses first the diabatic line of the initially
empty ground state u3& and only after that the diabatic
line of the initially populated state u1&. The result is ex-
citation of the atom at the end of the laser pulse.

B. Case of Moving Atoms
The above analysis for an atom with zero velocity compo-
nent (v 5 0) along the direction of laser pulse propaga-
tion can be applied directly to the case of a moving atom
with v Þ 0. The diabatic line w 5 w2

(0) 5 e21(t, v) is
a function of velocity v. In this case, and in crossing the
axes of the ordinates in point w2

(0)(t 5 0, v)
5 e21(t 5 0, v) 5 2kv, the effective detuning eeff

5 e21 1 (d/dt)e21 in Eq. (3) is eeff 5 vL0 2 v21
2 vL0v/c 1 4bt(1 2 v/c) in the case of the moving
atom. The effect of the motion of the atom is the change
of the frequency detuning eeff owing to Doppler fre-
quency shift.

In a real experimental situation we deal with an en-
semble of atoms that have some distribution of the veloc-
ity and hence different resonance frequencies in the labo-
ratory reference frame owing to the Doppler effect. As is
shown below in Section 3, the range of the frequency
chirping of the laser frequency has to exceed the width of
the Doppler-broadened transition lines of the atomic en-
semble for achieving complete population in all atoms of
the ensemble.

3. RESULTS OF THE NUMERICAL
SIMULATIONS
We have numerically solved the set of Eqs. (3) to affirm
the results of Section 2 obtained in the model of the adia-
batic dressed states. The time variable in our simula-
tions is normalized by the duration tL of the laser pulse,
whose envelope A(t) is a Gaussian one: A(t)
5 A0 exp(2t2/2tL

2). The Rabi frequencies and the de-
tunings are normalized by the laser pulse envelope band-
width 1/tL .

The complete transfer of the atomic populations from
one ground state into the other ground state in the case of
positive chirp, or into the excited state in the case of nega-
tive chirp, is shown in Figs. 2(b) and 3(b) for an atom that
has a zero-velocity component along the direction of laser
pulse propagation.

The frequency chirp in our numerical simulations is
chosen in such a way that there is resonance with the
transition u1& ↔ u2& at t → 0 when the Rabi frequency of
the laser pulse reaches its maximum value. As the
analysis shows, the conditions for adiabatic passage from
state u1& to state u2& and further to state u3& are fulfilled
well for the positive chirp (b . 0, v13 . 0) when the atom
is in the ground state u1& initially; see Fig. 2(b). In the
case of negative chirp (b , 0, v13 . 0), the frequency of
the laser pulse passes first through resonance with the
empty transition u2& ↔ u3& and afterwards with the popu-
lated transition u1& ↔ u2&. The temporary population of
state u3& takes place after some population of excited state
u2& from state u1&. At this time, however, the frequency of
the laser pulse is far from resonance with the u2& ↔ u3&
transition. It results in disturbance of the AP conditions
for the u2& ↔ u3& transition and leads to Rabi oscillations
of the atomic populations of states u3& and u2& [and, hence,
to oscillations of the population of state u1&; see Fig. 3(b)].
This is the reason for the asymmetry of the time behavior
of the atomic populations in Figs. 2(b) and 3(b).

One has to minimize the population of the excited state
of the L atoms to avoid the loss of coherence owing to the
spontaneous decay of the excited state. We may success-
fully perform this task by increasing the peak intensity of
the laser pulses and the speed of the frequency chirp, as
we illustrate in Fig. 4, for which a substantial decrease in
the value of the temporary population of the excited state
has been achieved by an increase of the Rabi frequency
and the speed of the chirp (still under the conditions of
the AP regime of interaction).

In the case of the moving atoms, the conditions of the
AP regime of interaction have to be fulfilled for all atoms
of the ensemble for the complete population transfer to be
successful for the all-atomic ensemble. The atoms that
belong to different velocity groups have different Doppler
shifts of the transition lines. This means that resonance
with different velocity groups of atoms with the
frequency-chirped laser pulse will be achieved at different
times and, hence, at different parts of the laser pulse that
have different instantaneous values of intensity. This

Fig. 4. Time dependence of the atomic populations in the case of
higher intensities and faster frequency chirp of the laser pulse.
The parameters applied are (a) btL

2 5 15, V21tL 5 V23tL
5 10, and v13tL 5 7; (b) btL

2 5 50, V21tL 5 V23tL 5 20, and
v13tL 5 7.
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means that a laser pulse has to be intense enough or the
speed of the chirp has to be high enough for the reso-
nances with different velocity groups of atoms take place
in the central part of the laser pulse where the conditions
of AP are fulfilled.

The dependence of the final population n3 of the ini-
tially empty ground state u3& of an atom moving with ve-
locity component v on the maximum Rabi frequency of
the laser pulse is depicted in Fig. 5. As follows from this
dependence, a complete population transfer to the ini-
tially empty ground state takes place also for atoms
whose Doppler frequency shifts are larger than the maxi-
mum Rabi frequency of the applied laser pulse.

The dependence of population n3 on the normalized
width of the Doppler-broadened transition line is depicted
in Fig. 6. An almost complete population transfer to the
initially empty ground state has been shown for all atoms
of the atomic ensemble with the full width of the Doppler-
broadened transition line three times larger than the
maximum Rabi frequency of the laser pulse. Note that
the range of the frequency chirping of the laser frequency
in Fig. 7 exceeds the width of the Doppler-broadened
transition line.

Fig. 5. Dependence of the final population n3 of the initially
empty ground state u3& of an atom moving with normalized veloc-
ity kLvtL 5 30 on the normalized Rabi frequency VRtL
5 V21tL 5 V23tL . The parameters applied are v13tL 5 20 and
btL

2 5 15.

Fig. 6. Dependence of the final population n3 of the initially
empty ground state u3& on the normalized width kLvtL of the
Doppler-broadened transition line. The parameters applied are
v13tL 5 10, btL

2 5 15, and V21tL 5 V23tL 5 10.
The spectral selectivity of the population transfer
scheme by a single frequency-chirped laser pulse consid-
ered in this paper is extremely high. It is illustrated in
Fig. 7, where a complete population transfer from a one
ground state of the L atom into the other one is shown to
be successful also for the case when the Rabi frequency is
much larger than the frequency distance between the
ground states.

4. CONCLUSIONS
In conclusion, the results of analysis of the interaction of
a single laser pulse with a linearly chirped frequency with
three-level L atoms have been presented. We have
shown that such a pulse can make a complete population
transfer from one ground state of the atom into the other
ground state or into the excited state, depending on the
direction of the frequency chirp. The population transfer
takes place in an intuitive manner. When enough in-
tense laser pulses with enough high-speed frequency
chirping are used, the temporary population of the excited
state may be negligibly small.

We have shown that the scheme with single-frequency
chirped laser pulses is effective for complete population
transfer in the atoms that are moving with different ve-
locities and hence have different Doppler shifts of the
transition lines. The range of the frequency chirping of
the laser frequency in this case has to exceed the width of
the Doppler-broadened transition line.

The suggested scheme for population transfer has high
spectral selectivity. That is, the complete population
transfer from a one ground state of the L atom into the
second, initially empty, state is successful also when the
corresponding Rabi frequency is of order of or even larger
than the frequency distance between the ground states.
The spectral selectivity survives also when the Rabi fre-
quency is of the order of the width of the Doppler broad-
ening of the transition lines of the atomic ensemble.

It is worth noting that the population transfer in the
scheme with a single chirped laser pulse is robust: Mod-
erate variations of the laser pulse shape, the Rabi fre-
quency, and the parameters of the frequency chirp do not
affect the process.

Fig. 7. Dependence of the final population n3 of the initially
empty ground state u3& on the normalized angular frequency dis-
tance v13tL between two ground states of the L atom. The
parameters applied are kLvtL 5 0, btL

2 5 15, and V21tL
5 V23tL 5 20.
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