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Adiabatic inversion in two- and three-level systems excited by stochastic fields is investigated. The
stochastic electric fields, which are called the chaotic field and the phase-diffusion field, can invert the
population of a two-level atom. In a three-level system, we compare the method of sweeping the laser
frequency with that of the resonance excitation by lasers that have bandwidths appropriate to the width
of Doppler broadening. When the Doppler shift is taken into account, bandwidths of the electric fields
are effective to ionize atoms efficiently. When sweeping the first exciting laser frequency, the delay of the
second laser pulse increases the ionization probability. If the half width at half maximum of Doppler
broadening is narrow and two lasers irradiate atoms simultaneously, the finite bandwidths of the lasers
ionize more atoms than sweeping the laser frequency. On the other hand, if the Doppler broadening is
large or the second laser irradiates the atoms properly after the first laser, sweeping the first laser fre-
quency is efficient for ionization. Sweeping the laser frequency is not suitable for the system where the
intermediate state’s spontaneous-decay constant is short. For that system it is efficient to ionize the
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atoms by lasers that have the finite bandwidth appropriate for the Doppler broadening.

PACS number(s): 32.80.Rm, 42.50.Lc

I. INTRODUCTION

Much attention has been paid recently to the study of
multiphoton excitation and/or ionization of atoms. In
particular, increasing the ionization probability is of
great interest in laser analysis, laser chemistry, and laser
isotope separation. Sweeping the laser frequency was
proposed for enhancing ionization of atoms [1,2]. On the
other hand, it was shown that the bandwidth and the in-
tensity fluctuation of the laser have a large effect on mul-
tistep photoionization [3,4]. In this paper, a computa-
tional investigation is made to analyze to what extent the
ionization probability can be increased by sweeping the
laser frequency with the laser bandwidths and the
Doppler-broadening effect taken into consideration.

Sweeping the laser frequency to achieve high ionization
probability is called adiabatic rapid passage (ARP),
which has been intensively studied recently. With this
process, the population of two-level atoms is inverted by
means of sweeping laser frequency and/or amplitude.
The frequency-sweeping excitation is more efficient in
some cases than resonant excitation, especially when the
levels are split. It was proposed that this could be uti-
lized for isotope separation [5,6]. Meanwhile, the fluctua-
tion of the laser frequency and amplitude has a large
effect on the laser-atom interaction. There are two types
of laser electric fields. One is the field of the intensity sta-
bilized cw laser, which has only phase fluctuations, and
the other is the field of the pulsed multimode laser which
has high intensity but large fluctuations of the frequency
and amplitude. These fluctuations introduce laser-
bandwidth effects on the laser-atom interaction. In order
to investigate the difference between the two fields we em-
ploy two different models; one is the chaotic-field model,
which corresponds to a pulsed multimode laser, and the
other is the phase-diffusion model, which is an amplitude
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stabilized cw laser. The chaotic-field model deals with
phase and amplitude fluctuations, while the phase-
diffusion model deals only with phase fluctuations.

The method of adiabatic inversion for exciting atoms
makes use of coherent effects. The fluctuations of the
laser frequency and amplitude, however, destroy the
coherent process of multiphoton excitation and ioniza-
tion. To investigate adiabatic-inversion schemes, there-
fore, it is very important to take incoherent effects into
account.

This paper is intended to give a numerical investigation
on the effects of the incoherence on adiabatic excitation
and the methods to excite and ionize atoms efficiently in
various systems. In Sec. II the atomic system that we
consider and the assumed electric fields are summarized
and the density-matrix equations are derived for each
electric field. We investigate the ionization probability
under the various conditions in Sec. III.

II. THEORY

We consider an atom which has a three-level system as
indicated in Fig. 1. Each state is denoted the ground
state |1), the intermediate state |2), and the autoioniza-
tion state |3 ), respectively. Their energy levels are given
by o, =E; /% (i =1,2,3).

The first laser whose complex electric field is

E,(t)=e,[€,(t)expliw,t)+c.c.] (1)
excites an atom from |1) to |2) and
Eb(t)=eb[€b(t)eXp(i(L)bt)+C.C.] (2)

denotes the second laser electric field which excites the
atom from |2) to |3). The laser electric fields, therefore,
are described as E(¢#)=E,(#)+E,(z). The detunings of
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FIG. 1. Schematic energy-level diagram of the three-level

system considered in this paper.

the laser frequencies and the transition frequencies are
written as A;=w, —(0,— ;) and A, =0, — (03— ®,), Te-
spectively. The atom is ionized from the autoionization
state at a constant rate I'. The spontaneous decay con-
stant for |2)—|1) is denoted by 7, and that for
|3)—|2) is by 7,. By the selection rule, the transition
from |3) to |1) is forbidden.
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The density-matrix equation for Fig. 1 is given by

i ot Pl ®

where H is the total Hamiltonian.

A. Chaotic field

In this section we assume that the laser electric fields of
Eq. (3) are described as chaotic fields [7]. The chaotic-
field description is suitable for thermal light or light from
a pulsed multimode laser with a large number of indepen-
dent modes. The Nth-order correlation function of the
electric-field amplitude €(¢) of the chaotic field is given by

(e(t))*

. €(t2")>

_’z H(e (t )e(tp(1+n))> y

P j=1

et )*elt, )

4)

where P stands for permutation. Assuming the laser line
shape to be Lorentzian, the first-order correlation func-
tion can be written

(e(t)*e(t))=(|e|?)e bl =11 (5)

with b being the bandwidth of the spectrum. Taking the
chaotic field into account,we obtain from Eq. (3) the fol-
lowing density-matrix equations in the rotating-wave ap-
proximation [8]:

Q, —
:11:0?5"_ —iA— 21 +b,(2n +1)+2mb, —I—Z—(Vm+lcr —Vmolr ™)
‘/__— ~Q“ nm n+1m
_l—' (0'” — 01 2 (0'22 —0n ) N (6)
d nm _— . 1 1 1 + +1)b nm+~_‘k’_ \/—ﬁ nm_‘/— n—lm)
0B —iA,— > ?l—+;;+I‘ +2nb,+(2m +1)b, | 1033 +i > (Vn+1lo73 nof;
Q Q, —
—i—Vm F o —ofy +i Y m F e —o it M
d am— | —i(A+A )— 1 +F +2n +1)b,+(2m +1)b —‘IQ—\/ =+ 1( —olrth
208 1 2 2 |7, m b m oo
Q — 4
+i—2-\/n +1(0%n—0'33 lm) , (8)
d 1 Q S n—1m Q“ S 1 1,nm S an—1m
:1707 = —(2nb, +2mbb)ai'§"+—-02§"+z——(\/n +lof—Vn ol "M —i 5 (Vn+la—vVnol, '™, 9
d nm_— __ 1 nm 1 nm -'Q'“ vVa+1lo"m—vy ot~ Im -Q“ vV F1lo™m vV oh—im
207 —TT+2nba+2mbb o5 +1-—2033 —1—2—( n+lo3—Vnoj, )+z—2—( n+loiy—Vnoi, ™)
Q J— — Q S —
—i - (Vm Flof—Vm ol T+ m F o —Vim ot T (10)
d 2 — _nm—1 Ay m—1
Eag'g"— -—+I‘+2nb +2mb, |05} +t-—-(\/m +1o37—V'm o5 )—t—Z-—(Vm Flo—vmaoy™hH, A1
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with n,m =0,1,2,. ..
each laser, and where

Q,=2"u,(le, )2, (12)
Q,=27"'uy(le 1)1, (13)

are the Rabi frequencies of the first and second lasers
with p15,11,; being the dipole matrix elements of |1)<>(2)
and [2)<3).

The population of each level is given by

denoting the correlation order of

(0;)=02. (14)
The ionization probability, therefore, is denoted by
(P(1))=1—0%—08—0% . (15)

The above (n,m) density-matrix equations must be solved
numerically to obtain the ionization probability.

B. Phase-diffusion model

The phase-diffusion model corresponds to an
intensity-stabilized single-mode laser and has only the
phase fluctuations. The Nth-order correlation function of
the phase-diffusion model satisfies

(elt)* - elt, ) elt, )" - - €lty,))

2n—1
=TI €e*(t))eltpj+1)) . (16)

jodd

For the phase-diffusion model the density-matrix equa-
tions of Eq. (3) can be derived in the following way [9]:

d 1 B
—_ R J— __+2 —_—
dto'lz lAl 271 ba A%+Bg 012
Qb
—— ) 0'13+l 2 (0'22 0'11) ’ (17)
d 11,1 32
L =A== +
dt 23 \. IAZ ) + 7 +I 2bb Bb ] 23
.‘Qa .‘Qb
+lTUl3+lT(U33——022) ) (18)
d_—|_; 11
dt0'13 I(A1+A2) 2 7_2 +T
2 2
+2b ZB 2 bb ZBb ) 013
AT+pB5 As+B;
Q, Q,
i opti— 5 023 (19)
d 1
E;UII—T_IUZZ+ImQa012 ) (20)
da. __1 1
dt 0'22—_;022"';;0'33—Imﬂa012+1m0b023 , (21)
a. |1,
dt0'33— T2 r 0'33_Imﬂb0'23 . (22)

Q, and Q, are the first and second Rabi frequencies and
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the ionization probability for the phase-diffusion model is

(Pion(1)) =101 =003 . 23)

The cutoff parameter S makes the laser line shape
Lorentzian near the center but cuts off the wings of the
laser spectrum. In other words, for A <<f the effective
laser linewidth can be written approximately as

B
2b =~2b , (24)
A*+p?

which corresponds to being Lorentzian, while for A >>B
the laser linewidth

BZ
25 =0 (25)

can be ignored.
C. Adiabatic inversion sweeping

The following condition is adopted to occur the adia-
batic inversion:

A(0)= —Agyeep » (26)
A(TL)=Agyeep > (27)
where T is the interaction time, and Ag,.., the sweeping
range [10]. We choose the linear sweep for the detuning
Ay
A12=)"t_Asweep ’ (28)
where
2A
A=—7"2 29
T, (29)

To simplify and to analyze only the effect of the change
of the laser frequency, only the first frequency is swept
while the second laser frequency is kept constant and the
Rabi frequencies are not changed for the interaction
time.

We analyze in the following section under the condi-
tion that the Rabi frequencies 2, and (2, are set to be 1
GHz. We also assume that 7,=100 nsec, 7,=500 nsec,
I'=0.5 nsec” !, and that the first and second lasers pulse
duration are 20 nsec.

ITII. RESULTS AND DISCUSSION

A. Two-level system

At first, in order to confirm the effect of the laser band-
width and compare two assumed electric fields for sweep-
ing, we investigate a two-level system.

1. Chaotic field

Figure 2 shows time evolution of the |2) population
for the chaotic field with the laser bandwidth being 0
GHz. The population of |2) does not show Rabi oscilla-
tion even in the case of resonance. The maximum value
of |2) is approximately 90% at about 12 nsec. When the
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FIG. 2. Time evolution of the |2) population. The chaotic
field (CF) is used for the laser electric field. The laser band-
width b, is 0 GHz.

laser frequency is swept from 1.0 to 10.0 GHz, we can ob-
serve that population inversion occurs. The sweeping
range of 1.0 GHz achieves the highest population inver-
sion with laser bandwidth 0 GHz. For the sweeping
range of 50.0 GHz, population inversion is negligible.

For the laser bandwidth 0.1 GHz, we see in Fig. 3 that
the population inversion takes place, but the sweeping
range of 5.0 GHz inverts the population at only 10%.
This figure shows that on this condition the clear adiabat-
ic inversion does not occur. From Figs. 2 and 3 for the
chaotic field the population inversion decreases as the
laser bandwidth increases.

2. Phase-diffusion model

Figure 4 displays time evolution of |2) population in
the case that the laser electric field is assumed to be the

10 F T T T

sweeping range

5GHz
0GHz ’\_\ R

- 2_'1-]1_____

o
@
T

0.6

o
IS

population of excited state |2>

o
o

irradiation time (nsec)

FIG. 3. Time evolution of the |2) population. The CF is
used for the laser electric field. The laser bandwidth b, is 0.1
GHz.
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FIG. 4. Time evolution of the |2) population. The phase-
diffusion model (PDM) is used for the laser electric field. The
laser bandwidth b, is 0 GHz.

phase-diffusion model with the laser bandwidth being 0.0
GHz. This corresponds to the classical electric field. It
means both the laser electric amplitude and frequency are
stabilized. The Rabi oscillation occurs without the fre-
quency being swept. The population inversion is fulfilled
with sweeping ranges from 2.0 to 8.0 GHz. The popula-
tion inversion does not take place with the sweeping
range of 50 GHz.

Figure 5 shows the time evolution of the |2) popula-
tion on the condition that it is assumed that the laser
electric field is the phase-diffusion field and the laser
bandwidth is 0.1 GHz. The population [2) does not de-
pend on the sweeping ranges expanding from 0.0 to 2.0
GHz. But the sweepings of 5.0 and 10.0 GHz make the
population inverted. For the phase-diffusion model when
there exists a laser bandwidth, the population inversion is

10Ff " T " k
ing ra
Sigpige anoe

population of excited state |2>

0 5 10 15 20
irradiation time (nsec)

FIG. 5. Time evolution of the |2) population. The PDM is
used for the laser electric field. The laser bandwidth b, is 0.1
GHz.
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smaller and the sweeping range required for population
inversion is larger in the two-level system.

B. Three-level system

From Figs. 1-5 the population inversion occurs at the
midpoint of the interaction time. Therefore it can be
considered that the second laser pulse is delayed in order
to ionize atoms efficiently. We analyze the three-level
system on the condition that the laser electric field is as-
sumed to be the phase-diffusion model and the laser
bandwidth is 0 GHz (i.e., the laser electric field is the
classical electric field).

Figure 6 shows the ionization probability as a function
of the delay of the second laser pulse on the various
sweeping ranges. In the case that the first and second
lasers irradiate the atoms simultaneously, the highest ion-
ization probability is acquired without the frequency be-
ing swept. But the delay of the second laser pulse for
sweeping makes the ionization probability higher. For
the sweeping range 2.0 GHz the ionization probability is
about 97.5% at the delay time 8 nsec. The highest ion-
ization probability of the sweeping range 1.0 and 5.0
GHz is about the same value as that without the frequen-
cy swept. The sweeping range of 8.0 GHz is too large to
sweep. It is expected that there is the optimal delay time
and the sweeping range for the system. It is about 2.0
GHz at 8 nsec for this three-level system.

C. Effect of Doppler broadening

Doppler shift is important because an atom is moving
against the laser light when the atom interacts with the
laser light. We investigate the effect of Doppler broaden-
ing on the ionization probability in the three-level system.
For the numerical calculation Doppler broadening can be
taken into account in the following way [11].

On the two-level system of which the Bohr frequency is

1.00 sweepiﬁg range
0.95

v
0.90 |

0.85

ionization probability

0.80

0 5 10 15 20

delay of the second pulse(nsec)

FIG. 6. Ionization probability as a function of the delay of
the second laser pulse. The PDM is used for the laser electric
field. The first laser bandwidth b, is 0 GHz.
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o, the atom has a velocity v against the laser light. Ac-
cording to the Doppler effect, the laser frequency «’ ab-
sorbed by the atom is

’

@ =—'9———~C0
1—(v/c)

1+3], (30)
C

where c is the speed of light. Therefore, this Doppler
shift introduces the detuning Ap,;,

ADopp=a)'—coz(o% . (31)

It is assumed that the atoms are irradiated by the two
collinear laser lights. Therefore Doppler shifts of the first
and the second ladders A},opp, A%)OPP can be written as

Abopp =10 /¢ =Apgpy » (32)

Apopp=wyv /c =~ Apopp - (33)
It follows that the detuning of the three-level system is

Aboppt Abopp =24y - (34)

The distribution function of the velocity f(v) at tem-
perature T obeys the Maxwell-Boltzmann distribution,

f(v)<exp(—mv2/2k,T) , (35)

where m is an atomic mass and kj is the Boltzmann con-
stant. It follows that the distribution function of Doppler
shift is

« ( T'A )2
§(Apegy) = "—exp | ————2— |, (36)
where T* satisfies
(ku)*= (TT ; (37)

with k being the number vector of the laser light and u is
the average velocity of the atom. The half width at half
maximum (HWHM) of Doppler broadening bp,,, is de-
scribed with T* as follows:

— 1.5

bpopp =V 7In2/T*= T (38)
In the case that Doppler broadening of an absorption

spectrum is taken into account, the ionization probability

is described by
PDopp(t)= f_m P(t;ADopp)g(ADOPP)dADOPp ) (39)

where P(t;Ap,,,) is the ionization probability for the de-
tuning by Doppler shift Ap,,, and g (Ap,,,) is the distri-
bution function of the detuning by Doppler shift [Eq.
(36)].

In the following we will investigate the effect of
Doppler broadening on the ionization probability.

1. Effect of laser bandwidth on the atom
with Doppler broadening

Figures 7 and 8 show the ionization probability as a
function of the HWHM of Doppler broadening on the
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FIG. 7. Ionization probability as a function of the HWHM of
Doppler broadening for the various laser bandwidths. The laser
field is assumed to be that of the PDM.

conditions that the laser electric field is the phase-
diffusion model (Fig. 7) or the chaotic field (Fig. 8). They
indicate that the ionization probability of the phase-
diffusion model is more dependent on the laser bandwidth
than that of the chaotic field. The laser bandwidth of the
maximum ionization probability increases as the HWHM
of Doppler broadening increases. Either field has the op-
timal laser bandwidth for the ionization probability on
the HWHM of Doppler broadening. Without Doppler
broadening (i.e., the HWHM of Doppler broadening is O
GHz), the laser bandwidth of the maximum ionization
probability is 0 GHz in the phase-diffusion model, but it
is 0.1 or 0.2 GHz in the chaotic field. The maximum ion-
ization probability in the phase-diffusion model is higher
than that in the chaotic field.

1.0 ' ]
0.2GHz

0.8 ]
_é‘ -------
2 :
S 0.6
S .
c
S
§ 0.4 7 |
= Ba=Bb=0.0GHz
IS

02} ]

0.0 05 1.0 1.5 2.0

HWHM of Doppler broadening (GHz)

FIG. 8. Ionization probability as a function of HWHM of
Doppler broadening for the various laser bandwidths. The laser
field is assumed to be CF.

delay of the second pulse (nsec)

FIG. 9. Ionization probability as a function of the delay of
the second laser pulse. The HWHM of Doppler broadening is
0.1 GHz.

2. Effect of Doppler broadening on the
ionization probability for sweeping

It was proved in Sec. III A that the laser light of the
phase-diffusion model was suitable for the adiabatic in-
version. Therefore, for the phase-diffusion model we in-
vestigate the effect of Doppler broadening on the ioniza-
tion probability for sweeping the laser frequency.

Figures 9 and 10 show the ionization probability as a
function of the second laser pulse delay on the various
sweeping ranges on the condition that the HWHM of
Doppler broadening is 0.1 GHz (Fig. 9) and 1.0 GHz
(Fig. 10). In Fig. 9 the maximum ionization probability

0.8 sweeping range
4GHz~ 7
207y, ? O
3 [+ 2GHz ~
2 .
o
o
Io%
_6 0.6 1GHz 1
©
N
C
Q
0GHz
0.5F 8
0.4t .
0 5 10 15 20
delay of the second pulse (nsec)
FIG. 10. Ionization probability as a function of the delay of

the second laser pulse. The HWHM of Doppler broadening is
1.0 GHz.
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with the delay being O nsec is acquired at the sweeping
range 0 GHz. On the other hand, if the delay of the
second laser pulse is introduced, the maximum ionization
probability increases. In Fig. 9 the ionization probability
is approximately 96% at 9-nsec delay with the sweeping
range being 2.0 GHz. The delay of the second laser pulse
is very effective for the ionization probability to be
higher.

In Fig. 10 the dependence of the ionization probability
on the delay of the second laser is smaller than that in
Fig. 9. Without delay, the ionization probability with the
sweeping range of 3.0 GHz is the highest. The change of
the sweeping range between 2.0 and 6.0 GHz does not
have much effect on the ionization probability.

The ionization probability in Fig. 9 is higher than that
in Fig. 10 because the Doppler broadening of Fig. 10 is
larger than that of Fig. 9. The ionization probability of
Fig. 9 is also sensitive to the delay of the second laser
pulse. On the condition that Doppler broadening is
large, the sweeping range is needed to be larger corre-
sponding to Doppler broadening in order to ionize atoms
efficiently.

D. Sweeping for a short-lifetime atom

For multistep photoionization the characteristics of in-
termediate states are very important. If the
spontaneous-decay constant of the intermediate state
which belongs to the three-level system is much shorter
than the atom-laser interaction time, the population of
|3) decays before the laser irradiation time is finished.
So the achievement of the adiabatic inversion is difficult.
The atom is not excited again since the laser frequency is
detuned to the resonance frequency at that time.

It is considered to be effective that the atom is excited

1.0 [8a=Bb=0.0GHz

ionization probability

0.2 .

0.0 0.5 1.0 1.5 2.0
HWHM of Doppler broadening (GHz)

FIG. 11. Ionization probability as a function of the HWHM
of Doppler broadening for the various laser bandwidths. The
laser field is assumed to be that of the PDM. The spontaneous-
decay time of the intermediate state is 10 nsec.
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by the laser which has the bandwidth appropriate to the
linewidth of the absorption spectrum when the spontane-
ous decay time of the intermediate state is short. We in-
vestigate a three-level system that has 10 nsec as the de-
cay time of level |2).

Figure 11 shows the dependence of the ionization prob-
ability on the HWHM of Doppler broadening. This
shows a similar result to Fig. 7. The ionization probabili-
ty of Fig. 11 is a little lower than that of Fig. 7 because
the decay time of the intermediate state is short.

Figure 12 shows the ionization probability with the
laser frequency swept as a function of the delay time of
the second pulse. The ionization probability is maximum
when the sweeping range is 0 GHz (i.e., always resonant)
and the delay time is O nsec (i.e., simultaneous irradia-
tion). It decreases as the delay time increases while the
delay makes it increase in the system that has 100 nsec
for the |2) decay time. In other words, sweeping the
laser frequency in this scheme is not effective in order to
ionize atoms efficiently.

According to Figs. 11 and 12, when the spontaneous-
decay time of the intermediate state is short and there is
Doppler broadening, the higher ionization probability is
given by the laser that has the appropriate bandwidth
rather than by sweeping the laser frequency.

IV. CONCLUSION

We have investigated the effect of phase and amplitude
fluctuations on the three-level ionization system with the
adiabatic excitation. On the condition that the absorp-
tion spectrum has Doppler broadening, more atoms are
ionized by an amplitude-stabilized cw laser than by a
pulsed multimode laser, and some bandwidths of the laser
are needed to ionize the atoms efficiently.

The adiabatic inversion occurs in either the chaotic-
field or the phase-diffusion model when sweeping the fre-

1.0r '

T T
sweeping range

ionization probability
o o
o ®

o
I

0.2r w

0 5 10 15 20
delay of the second pulse (nsec)

FIG. 12. Ionization probability as a function of the delay of
the second laser pulse for the various sweeping range.
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quency. The inversion can take place more easily when
the laser bandwidth, which is due to incoherence, is nar-
rower.

In the three-level system, which is irradiated simul-
taneously with the first and second lasers, sweeping the
first laser frequency is very helpful to ionize the atoms,
especially when Doppler broadening is broad. And the
increases of the ionization probability owing to the fre-
quency sweeping become more remarkable by the delay
of the second laser pulse than by the simultaneous irradi-
ation. There is an optimal frequency range of sweeping

HASEGAWA, MAEDA, KAKUDOH, AND SUZUKI 45

depending on Doppler broadening. In the system where
the intermediate state has the short spontaneous-decay
constant, the frequency sweeping is not effective, and
therefore the atom is excited efficiently by a laser that has
a bandwidth appropriate for Doppler broadening.
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