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Scheme for multistep resonance photoionization of atoms

Bo Liu and Xi-Jing Ning*
Institute of Modern Physics, Fudan University, Shanghai 200433, China

~Received 8 September 2000; published 30 May 2001!

Traditional schemes for multistep resonance photoionization of atoms let every employed laser beam interact
with the atoms simultaneously. In such a situation, analyses via time-dependentSchrödinger equation show
that high ionization probability requires all the laser beams must be intense enough. In order to decrease laser
intensity, we proposed a scheme that the laser beam used to pump the excited atoms~in a higher bound state!
into an autoionization state does not interact with the atoms until all the population is transferred by the other
lasers from a ground state to the bound state. As an interesting example, we examined three-step photoioniza-
tion of 235U with our scheme, showing that the intensity of two laser beams can be lowered by two orders of
magnitude without losing high ionization probability.
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I. INTRODUCTION

Selectively ionizing atoms~or molecules! can be easily
performed by means of a multistep resonance photoion
tion technique, which has been widely used in the fields
isotope separation, single atom~molecule! detection, and
chemical dynamics studies, etc. Generally, one or two la
beams are employed to excite the atoms from a ground s
into a higher bound state, and another laser to pump
atoms from the bound state into an ionization~continuum or
autoionization! state. In traditional schemes, as well know
all the laser beams are set to interact with the atoms sim
taneously and high laser power is required for obtaining h
ionization probability. However, the photoionization ef
ciency is low in most cases, leading to heavy waste of li
power. Accordingly, raising the photoionization efficien
and lowering the laser power are highly desirable in the
plication of the photoionization technique, especially in t
engineering of laser isotope separation.

The difficulty of raising multiphoton ionization efficienc
can be understood theoretically by examining population
namics of a multilevel system coupled with laser fields.
was found that the population variation is strongly depend
on the values of Rabi frequencies and detuning@1#. In some
cases, when these parameters are badly matched, almo
of the population stays trapped in the ground state and
system behaves as if no laser fields interact with it. In fact
discussed in Sec. II of the present paper, for a multis
photoionization system, where the highest state is an a
ionization state, all the laser beams must be intense eno
to ensure high ionization probability even though the para
eters~Rabi frequencies and detunings! are best matched. Al
though the line shape and the lifetime of an autoionizat
state may be manipulated@2#, we must pay a price of em
ployed two additional lasers with high power.

The technique of ap pulse or a Cook-Shore pulse is o
interest@3#. For a two-level system coupled resonantly with
single mode laser, the excitation probability isP(t)51/2@1
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2cosA(t)#. When the pulse area,A(t)5*2`
t V(t)dt, is

equal to (2n11)p ~multiple p pulse!, all the population in
the lower level transfers to the upper state. For a multile
system, one might expect that a series ofN pulses, each
having the area ofp, should completely transfer the popula
tion from a ground state to aNth excited state. However, it is
very difficult to determine the Rabi frequencyV(t), because
transition dipole moments are usually not well known. Th
problem seriously hinders the operation ofp pulse technique
in practice.

Recently, a technique of Raman chirped adiabatic pass
was developed for dissociation of molecules@4,5#. For a two-
level system, the population of a lower state can be co
pletely pumped to the higher level by an intense light pu
with a chirped frequency, which sweeps across the resona
center during the interaction. Although this technique h
been well-demonstrated experimentally@6,7#, it can hardly
be used for isotope separation because the chirped frequ
covers a too large range, about63% around the resonanc
frequency.

In the present paper, we analyzed the processes of
and three-step photoionization via the traditional schem
i.e., all the laser fields simultaneously interacting with t
atoms. It was shown that mainly because the decay rat
the autoionization state is very fast, efficient ionization
quires all the laser fields must be intense enough. Base
the technique of population transfer@3,8–11#, a photoioniza-
tion scheme was proposed. The advantage of our n
scheme was well demonstrated by numerical calculation
three-step resonance photoionization of235U and other sys-
tems.

II. ANALYSIS OF THE TRADITIONAL SCHEME

A. Two-step photoionization

Two-step resonance photoionization is diagrammed
Fig. 1. LaserL1 couples a ground stateu1& and a bound state
u2& with a detuning ofD. Simultaneously, laserL2 couples
the stateu2& and an autoionization stateu3&. The ionizing
process causes the stateu3& to decay with a very fast rate
(>1012s21), denoted byg, whereas the decay of the sta
d-
©2001 The American Physical Society01-1
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u2&, caused mainly by spontaneous emissions, is slowe
four or five orders of magnitude, and neglected here.

Within the RWA approximation, the equation about t
probability amplitudesC1 ,C2 ,C3 of the statesu1&, u2&, and
u3& reads

5
iĊ15

1

2
V1C2,

iĊ25
1

2
V1C11DC21

1

2
V2C3,

iĊ35
1

2
V2C22

1

2
igC3,

~1!

whereV1 is the Rabi frequency ofL1 coupled to the stateu1&
and the stateu2&, andV2 is the Rabi frequency ofL2 coupled
to the stateu2& and the stateu3&. From the third equation o
Eqs.~1! and the initial conditionC3(0)50,

C352
i

2
V2e2gt/2E

0

t

C2~t!egt/2 dt ~2!

From Eq.~2!, we have

uC3~ t !u2,S V2

g D 2

~3!

Obviously, if V2!g, thenuC3(t)u2;0. In this situation, the
population oscillates between statesu1& andu2&, and the prob-
ability of photoionization should be very low. Accordingly
one necessary condition for efficient photoionization is t
the intensity ofL2 should be strong enough to ensure

V2;g. ~4!

With this condition, we obtain from Eqs.~1!

FIG. 1. Energy-level diagram of a three-level system. LaserL1

couples an initial populated stateu1& with a bound stateu2&, and
laserL2 couples the stateu2& with an autoionization stateu3&. D is
the frequency detuning, andg the decay rate of the stateu3&.
01340
y
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2
C22
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2
C3,

~5!

where R15Ċ2 /V2 ,R25Ċ3 /V2 . Before the interaction of
laser pulsesC2(0)5C3(0)50. Thus, the contribution to
R1 ,R2 results directly fromC1(0). Obviously, if V1!V2 ,
thenR1 ,R2 is kept small all the times, causing the populati
of the statesu2& and u3& to close to zero. So, another nece
sary condition for efficient photoionization is

V1;V2 . ~6!

From conditions~4! and ~6!, the necessary conditions fo
efficient photoionization should be

V1;V2;g. ~7!

In order to test these conditions, we carried out the f
lowing numerical calculations withg5831011s21 and D
50. LaserL1 and L2 are chosen to be single mode Gau
pulsed lasers, and the corresponding Rabi frequencies ca
expressed as

V i~ t !5V i
~0!e2t2/t2

, ~ i 51,2!, ~8!

wheret is the half-width of the laser pulse. WhenV1
(0) and

V2
(0) are both equal to 43109 rad/s @the conditions~7! are

destroyed#, the solution of Eq.~1! shows that the population
oscillates between the statesu1& and u2&, and the ionization
probability calculated through*2`

` uC3(t)u2g dt, is only
about 0.05~Fig. 2!. WhenV1

(0) is increased to the value ofg
with V2

(0) unchanged, the ionization probability is about 0.
and the population of the statesu1& and u2& oscillates much
faster ~Fig. 3!. Full ionization takes place whenV1

(0) and
V2

(0) are both equal tog ~Fig. 4!.

FIG. 2. Population evolution of the three-level system shown
Fig. 1. When the conditions~7! are not satisfied (V1

(0);V2
(0)

!g), most populations oscillates between the statesu1& and u2&,
denoted by curves 1 and 2, respectively, and the final ioniza
probability ~curvePi! is very low.
1-2
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B. Three-step photoionization

Figure 5 shows the processes of three-step photoion
tion. In the traditional scheme, three lasers are set to act
the atomic system simultaneously. Within RWA approxim
tion, the probability amplitudesC1, C2, C3, andC4 of the
statesu1&, u2&, u3&, and u4& satisfy the time-dependentSchrö-
dinger equation:

5
iĊ15

1

2
V1C2,

iĊ25
1

2
V1C11D1C21

1

2
V2C3,

iĊ35
1

2
V2C21D2C31

1

2
V3C4,

iĊ45
1

2
V3C32

1

2
igC4,

~9!

FIG. 3. Population evolution of a three-level system shown
Fig. 1. WhenV1

(0);g andV2
(0)!g, the population oscillates mor

quickly ~compared with Fig. 2! between the statesu1& and u2&, and
the final ionization probability is still very low. For clarity, only th
population evolution of the stateu2& ~curve 1! and ionization prob-
ability (Pi) are shown here.

FIG. 4. Similar to Fig. 2, when the conditions~7! are satisfied,
i.e., V1

(0);V2
(0);g. Curves 1 and 2 represent the population of t

statesu1& and u2&, and the curvePi the ionization probability.
01340
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whereg is the decay rate of the autoionization stateu4&, and
D1 ,D2 are the detunings of the laser frequencies off the re
nance centers ofu2&2u1& and u3&2u2& transitions, respec-
tively. Compared with Eqs.~1!, Eqs.~9! are essentially the
same. Hence, from the fourth equation of Eqs.~9! and the
initial condition C4(0)50, it can be shown that ifV3!g,
then

uC4~ t !u2;0. ~10!

In this situation, the population is oscillated among main
the three statesu1&, u2&, and u3&, leading to low ionization
efficiency. Obviously, one of the necessary conditions
efficient photoionization is

V3;g. ~11!

Analyzing in the same way as in the case of two-s
photoionization, necessary conditions for efficient ionizati
can be obtained as

V1;V2;V3;g. ~12!

Becauseg may be as large as 1012s21 or much larger, con-
ditions~7! and~12! require all the laser fields must be inten
enough, otherwise, efficient photoionization is impossib
This is the critical disadvantage of the traditional scheme

III. A SCHEME

Although conditions~4! or ~11! must be satisfied for effi-
cient photoionization, conditions~7! or ~12! can be destroyed
if the ionization laser pulse~L2 pulse for two-step photoion

FIG. 5. Energy-level diagram of a four-level system. LaserL1

couples the initially populated stateu1& with an intermediate state
u2&, laserL2 couples the two intermediate statesu2& and u3&, and
laserL3 couples the higher intermediate stateu3& with an autoion-
ization stateu4&. D1 and D2 are frequency detunings, andg is the
decay rate of the stateu4&.
1-3
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BO LIU AND XI-JING NING PHYSICAL REVIEW A 64 013401
ization, L3 pulse for three-step photoionization! begins ac-
tion after the total population is transferred into the stateu2&
~for two-step photoionization! or the stateu3& ~for three-step
photoionization! via the other laser pulses. In this way, th
intensity of the laser pulses, apart from the ionization puls
may be lowered considerably without losing efficient ioniz
tion because the laser power required by total popula
transfer is not high@3,8–11#

For three-step photoionization~Fig. 5!, a scheme is pro-
posed as following: the STIRAP technique@10# is used for
population transfer from the ground stateu1& to the stateu3&,
i.e., theL2 pulse acts first, then theL1 pulse; after all the
population is in the stateu3&, the L3 pulse is switched on to
pump the population of the stateu3& into the autoionization
stateu4&. For comparing this new scheme with the tradition
one, we performed the following numerical calculations u
der conditions thatg5831011s21, andD15D250. The se-
quence of the laser pulses can be expressed exactly in
Rabi frequencies:

H V1~ t !5V1
~0! exp@2~ t20.15t!2/t2#,

V2~ t !5V2
~0! exp@2~ t10.15t!2/t2#,

V3~ t !5V3
~0! exp@~ t22.5t!2/t2#,

~13!

wheret is taken as 431029 s, the width of the laser pulses
WhenV1

(0)5V2
(0)583108 rad/s, andV3

(0)5431011 rad/s,
numerical results of Eqs.~9! show that the probability of
photoionization is nearly unit without population oscillatin
as can be seen in Fig. 6. In contrast with the new schem
the three laser pulses are set to act simultaneously~the tra-
ditional scheme! with the other conditions unchanged, th
photoionization probability was calculated to be 0.01
Keeping the value ofV3

(0) unchanged, we increase the valu
of V1

(0) andV2
(0), step-by-step. When the values ofV1

(0) and
V2

(0) increase up to 1.431010 rad/s, about 17 times large
than the original ones, the photoionization probability w
found to be unit. Under these conditions, the population

FIG. 6. Population evolution of the four-level system shown
Fig. 5 via the new scheme withV1

(0)5V2
(0)583108 rad/s. Curves

1, 2, and 3 present the population of the statesu1&, u2&, and u3&,
respectively, and curvePi presents the probability of ionization.
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cillates many times among statesu1&, u2&, and u3&, as can be
seen from Fig. 7. From the above calculations, a conclus
can be drawn that when the new scheme is used, Rabi
quency can be decreased by at least one order of magn
~i.e., the intensity ofL1 and L2 can be decreased at least tw
orders of magnitude! without losing high ionization effi-
ciency.

For two-step photoionization~Fig. 1!, the new scheme can
be realized as follows: After the population in the grou
stateu1& is transferred into the stateu2& by theL1 pulse with
its frequency chirping@4,5# or oscillating@9#, theL2 pulse is
switched on to pump the population of the stateu2& into an
autoionization stateu3&. Numerical calculations show that th
intensity of theL1 pulse can be lowered considerably. How
ever, this technique can only be used for the areas wh
high selectivity of photoionization is not required.

IV. APPLICATION FOR 235U

In the natural uranium mine, the abundance of235U is
only 0.72%. In order to ensure the selectivity of laser isoto
separation of235U, three-step resonance photoionization
usually put into use. A possible route of photoionization
diagrammed in Fig. 8. Because of the nuclei spin momen
I 57/2, an electronic level splits into 8 sublevels~HFS!. The
relevant parameters of every energy level are listed in Ta
I. Although there is no report on autoionization states of235U
up to now, autoionization states of rare-earth elements h
been observed in plenty of experiments. So, we suppose
existence of an autoionization state of235U ~Fig. 8! with a
lifetime of 8310211 s, corresponding to a linewidth of 4
cm21. According to the Fano theory, the reason for an au
ionization level broadening is that a bound state above
ionization threshold couples with the continuum states. T
the autoionization state of235U should correspond to a boun
state above the ionization threshold, and we assume tha
HFS constants of this bound state are the same as tha
7M6

0.
We consider three linear polarization lasers interact w

the multilevel system of235U, as shown in Fig. 8. From the
selection rule of dipole transition,DF50,61, the allowed

FIG. 7. Similar to Fig. 6, except that the traditional scheme w
used withV1

(0)5V2
(0)51.431010 rad/s.
1-4
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SCHEME FOR MULTISTEP RESONANCE . . . PHYSICAL REVIEW A 64 013401
transitions are shown in Fig. 9.~For clarity, Fig. 8 only
shows the resonance transition between the sublevels
the sameF number, 11/2.! In fact, because the magnet
quantum numberM52F, 2F11, . . . , F21, F, there still
are (2F11) fold degeneracies in every HFS level. The r
sult is far more than 32 states coupled with the three las
However, because the lasers are linear polarized, the tra
tion rule of magnetic sublevels should beDM50. Therefore,
only 32 sublevels shown in Fig. 8 need to be conside
theoretically. In the energy representation, theSchrödinger
equation can be written as

i\
]Cn

]t
5(

m
HnmCm ~m,n51,2, . . . ,32! ~14!

where Cn is the probability amplitude of every state, an
Hmn is the Hamiltonian matrix

Hmn5S H11 H12 0 0¯0

H21 H22 H23 0¯0

] �

] H31,32 H31,32

0 0 H32,31 H32,32

D ,

FIG. 8. The diagram of three-step phtonionization of235U. For
clarity, only shows the resonance of center frequencies of th
lasers with the sublevels with equalF number~11/2!. For conve-
nience, the lowest sublevel is chosen asF55/2. In fact, the sublev-
els with largerF number maybe have lower energy than the o
with smallerF number.
01340
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whereHmm is the detuning of the laser frequencies from t
respective levels. A decay term2 ig/2 is added to the diag
onal elements of the Hamiltonian of the autoionization le
els, whereg5831011 s21. The off-diagonal elements ar
calculated according to Ref.@12#:

^gFM ig8F8M 8&5@FF8#1/2S J 1 F

F8 1 J8
D ^gJuPug8J8&.

~15!

In most experiments, pulsed lasers are usually used for
photoionization of235U. The laser pulses in our conside
ation are of Gaussian envelope with a pulse width
431029 s. Although the frequencies of the three lasers
fixed at the corresponding transitions~F511/2, c.f., Fig. 8!,
other sublevels may also be coupled by the lasers becaus
Fourier broadening of the pulses is of GHz. According
population evolution of the multilevel system, shown in F
8, should be different from that of the four-level syste
shown in Fig. 5. In the following numerical calculations, a
the 32 levels are included according to Eqs.~14!.

When our new scheme of photoionization is perform
for 235U, i.e., the Rabi frequencies being of the form of Eq
~13!, the atoms with initial population in the 11/2 sublevel
the ground state 5f 36d7s2 5L6

0 can be completely ionized
with V1

(0)5V2
(0)533109 rad/s and V3

(0)5431011rad/s.
The population evolution is shown in Fig. 10. Under t
same conditions, except for simultaneous interaction of
three pulsed lasers, however, the photoionization probab
decreases to 0.11. KeepingV3

(0) unchanged and increasin
the value ofV1

(0) and V2
(0) step-by-step, the photoioniza

tion probability reaches to unit whenV1
(0)5V2

(0)

5231010 rad/s. The population evolution under these co

e

e

FIG. 9. The diagram of allowed dipole transition among suble
els according toDF50,61.
TABLE I. The constants of235U level shown in Fig. 8,E is energy, LT is the lifetime,A, B is the constant
of HFS.

5 f 36d7s2 5L6
0 5 f 36d7s7p 7L6 5 f 46d7p 7M6

0

E ~cm21! 0 17 36212 34 16112

LT ~ns! ` 41014 4714

A ~MHz! 260.5612 295.4513 86.915

B ~MHz! 4104.1512 2843.013 1313.115
1-5
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ditions is shown in Fig. 11. Compared with the new schem
the intensity of two laser pulses must be increased by ab
50 times with the traditional technique for complete ioniz
tion.

V. CONCLUSION

A scheme for selective photoionization of atoms~mol-
ecules! is proposed, to our knowledge, for the first tim

FIG. 10. Population evolution of235U photoionized by the
scheme withV1

(0)5V2
(0)533109 rad/s. Curves 1, 2, and 3 prese

the population of sublevels withF511/2,F8511/2,F9511/2, re-
spectively, and curvePi presents the photoionization probability.
ys

r-

01340
,
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Several numerical calculations of realistic systems show
the intensity of the laser beams coupled with the bound st
can be lowered by about two orders of magnitude via t
new scheme. Applying the new method to the laser isot
separation of235U may bring enormous economic benefit.
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FIG. 11. Similar to Fig. 10 except that the traditional schem
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