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Scheme for multistep resonance photoionization of atoms
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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-depedcigatinger 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 excitediratimgher 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 23U 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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[. INTRODUCTION —cosA(t)]. When the pulse aread(t)=/'_Q(7)dr, is
equal to (21+1)7 (multiple 7 pulse, all the population in

Selectively ionizing atomgor moleculeg can be easily the lower level transfers to the upper state. For a multilevel
performed by means of a multistep resonance photoionizasystem, one might expect that a seriesNofpulses, each
tion technique, which has been widely used in the fields ohaving the area ofr, should completely transfer the popula-
isotope separation, single atofmolecule detection, and tion from a ground state toldth excited state. However, it is
chemical dynamics studies, etc. Generally, one or two laserery difficult to determine the Rabi frequen€)}(t), because
beams are employed to excite the atoms from a ground stateansition dipole moments are usually not well known. This
into a higher bound state, and another laser to pump thproblem seriously hinders the operationmpulse technique
atoms from the bound state into an ionizati@ontinuum or  in practice.
autoionization state. In traditional schemes, as well known, Recently, a technique of Raman chirped adiabatic passage
all the laser beams are set to interact with the atoms simulwas developed for dissociation of moleculdsb]. For a two-
taneously and high laser power is required for obtaining highHevel system, the population of a lower state can be com-
ionization probability. However, the photoionization effi- pletely pumped to the higher level by an intense light pulse
ciency is low in most cases, leading to heavy waste of lightvith a chirped frequency, which sweeps across the resonance
power. Accordingly, raising the photoionization efficiency center during the interaction. Although this technique has
and lowering the laser power are highly desirable in the apbeen well-demonstrated experimentdlB;7], it can hardly
plication of the photoionization technique, especially in thebe used for isotope separation because the chirped frequency
engineering of laser isotope separation. covers a too large range, abatiB% around the resonance

The difficulty of raising multiphoton ionization efficiency frequency.
can be understood theoretically by examining population dy- In the present paper, we analyzed the processes of two-
namics of a multilevel system coupled with laser fields. Itand three-step photoionization via the traditional scheme,
was found that the population variation is strongly dependenite., all the laser fields simultaneously interacting with the
on the values of Rabi frequencies and detudihlg In some  atoms. It was shown that mainly because the decay rate of
cases, when these parameters are badly matched, almost thkk autoionization state is very fast, efficient ionization re-
of the population stays trapped in the ground state and thguires all the laser fields must be intense enough. Based on
system behaves as if no laser fields interact with it. In fact, aghe technique of population transfe,8—11], a photoioniza-
discussed in Sec. Il of the present paper, for a multistepion scheme was proposed. The advantage of our new
photoionization system, where the highest state is an autscheme was well demonstrated by numerical calculations of
ionization state, all the laser beams must be intense enoughree-step resonance photoionization’&tJ and other sys-
to ensure high ionization probability even though the paramtems.
eters(Rabi frequencies and detuningse best matched. Al-
though the line shape and the lifetime of an autoionization
state may be manipulatg@], we must pay a price of em- Il. ANALYSIS OF THE TRADITIONAL SCHEME
ployed two additional lasers with high power.

The technique of ar pulse or a Cook-Shore pulse is of
interes{ 3]. For a two-level system coupled resonantly witha Two-step resonance photoionization is diagrammed in
single mode laser, the excitation probabilityRét) =1/2[1 Fig. 1. Lasel, couples a ground stat&) and a bound state

|2) with a detuning ofA. Simultaneously, laset, couples
the state|2) and an autoionization staig). The ionizing
*Author to whom correspondence and requests should be agerocess causes the sta® to decay with a very fast rate
dressed. Email address: xjning@fudan.edu.cn (=10s™1), denoted byy, whereas the decay of the state

A. Two-step photoionization
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FIG. 1. Energy-level diagram of a three-level system. Laser FIG. 2. Population evolution of the three-level system shown in

couples an initial populated staj#) with a bound statd2), and ~ Fig. 1. When the conditiong7) are not satisfied @{¥~Q{

laserL, couples the statf?) with an autoionization stat). Ais ~ <v), most populations oscillates between the stgtesand |2),

the frequency detuning, angdthe decay rate of the stal. denoted by curves 1 and 2, respectively, and the final ionization
probability (curve P;) is very low.

|2), caused mainly by spontaneous emissions, is slower by

four or five orders of magnitude, and neglected here. i Qq A [
Within the RWA approximation, the equation about the Ri=- §Q_ZC1_' Q_ZCZ_ ECS'
probability amplitudesC,,C,,C; of the stateq1), |2), and . (5)
[3) reads R~_'c —EC
2 2 2 2 3
( . 1
iC]_:—QlCZ, - - . .
2 where R;=C,/Q,,R,=C3/(,. Before the interaction of
1 1 laser pulsesC,(0)=C;(0)=0. Thus, the contribution to
{ iCy=20,C;+AC,+ =Q,Cg, ) R;,R, results directly fromC4(0). Obviously, if Q;<Q,,
2 2 thenR(,R; is kept small all the times, causing the population
L1 1 of the stateg2) and |3) to close to zero. So, another neces-
\ 1C3=50,C,— 517Cs, sary condition for efficient photoionization is
01~Q5. (6)

where(), is the Rabi frequency df; coupled to the statd)

and the stat€?), and(}, is the Rabi frequency df, coupled  From conditions(4) and (6), the necessary conditions for
to the statg2) and the stat¢3). From the third equation of efficient photoionization should be

Egs. (1) and the initial conditionC5(0)=0,

Q1~Q5~. (7)
Ca=— I—Qze* yt/ZJ'tCZ(T)e'yT/ZdT 2) In order to test these conditions, we carrliedlout the fol-
2 0 lowing numerical calculations withy=8x10's™* and A

=0. LaserL,; and L, are chosen to be single mode Gauss
From Eq.(2), we have pulsed lasers, and the corresponding Rabi frequencies can be
expressed as

2
|C3(t)|2<(%) @ Q=00 7 (=12, ®

where 7 is the half-width of the laser pulse. Whér® and
Obviously, if ,<y, then|C5(t)|?>~0. In this situation, the { are both equal to % 10° rad/s[the conditions(7) are
population oscillates between statisand|2), and the prob-  destroyed, the solution of Eq(1) shows that the population
ability of photoionization should be very low. Accordingly, oscillates between the statl$ and|2), and the ionization
one necessary condition for efficient photoionization is thaiprobability calculated throughf .| C5(t)|2y dt, is only

the intensity ofL, should be strong enough to ensure about 0.05Fig. 2. WhenQ{?) is increased to the value of
with 9(20) unchanged, the ionization probability is about 0.03
Qp~y. (4)  and the population of the staté® and|2) oscillates much
faster (Fig. 3. Full ionization takes place Wheﬁ(lo) and
With this condition, we obtain from Eqsl) Q(ZO) are both equal toy (Fig. 4).
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FIG. 3. Population evolution of a three-level system shown in
Fig. 1. WhenQ{?~ y andQ{” <y, the population oscillates more L,
quickly (compared with Fig. Rbetween the statdd) and|2), and
the final ionization probability is still very low. For clarity, only the 1>
population evolution of the stat@) (curve ) and ionization prob-

ability (P;) are shown here.
FIG. 5. Energy-level diagram of a four-level system. Lakser
B. Three-step photoionization couples the initially populated staf#) with an intermediate state
. .. |2, laserL, couples the two intermediate stat®s and |3), and
Figure 5 shows the processes of three-step photoioniz aserL; couples the higher intermediate stéd with an autoion-

tion. In the traditional scheme, three lasers are set to act Witﬂation statel4). A, and A, are frequency detunings, andis the
the atomic system simultaneously. Within RWA approxima-decay rate of the staié). '

tion, the probability amplitude€1, C2, C3, andC4 of the
states|1), [2), [3), and|4) satisfy the time-depende@ichie  where y is the decay rate of the autoionization state and
dinger equation: A;,A, are the detunings of the laser frequencies off the reso-
p 1 nance centers df2)—|1) and|3)—|2) transitions, respec-

iC,==0,C,, tively. Compared with Eqs(1), Egs.(9) are essentially the

2 same. Hence, from the fourth equation of E(®. and the
1 initial condition C4(0)=0, it can be shown that if)3<7y,

0,C1+A,Co+ 592(:3, then

oL

|2 0

1 1 © |C4(1)|2~0. (10)

|C32592C2+ A2C3+ §Q3C4,

In this situation, the population is oscillated among mainly
ic.—la.c i the three statel), |2), and |3), leading to low ionization

1Ca=5 328037 5170 efficiency. Obviously, one of the necessary conditions for

efficient photoionization is

............... - Qa"" Y. (11)

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

0.8

g 0.6
‘_g. 0.4 01~Q5~Q3~. (12
o
(=X
. Becausey may be as large as 13! or much larger, con-
' ditions(7) and(12) require all the laser fields must be intense
00 2 2 enough, otherwise, efficient photoionization is impossible.
‘ This is the critical disadvantage of the traditional scheme.
6 . 2 0 2 s e
time(dns) I1l. A SCHEME
FIG. 4. Similar to Fig. 2, when the conditiorig) are satisfied, Although conditiong4) or (11) must be satisfied for effi-
i.e, Q2~0P~y. Curves 1 and 2 represent the population of thecient photoionization, conditior(§) or (12) can be destroyed
states1) and|2), and the curveP; the ionization probability. if the ionization laser pulsé_, pulse for two-step photoion-
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FIG. 6. Population evolution of the four-level system shown in ~ FIG. 7. S(ci)r)nilar(g()) Fig. 6, exg:ept that the traditional scheme was
Fig. 5 via the new scheme with{® =0 =8x 10 rad/s. Curves Used WithQ3?=05=1.4x10"rad/s.
1, 2, and 3 present the population of the stdtgs |2), and|3),

respectively, and curve; presents the probability of ionization. ~ Cillates many times among statds, [2), and|3), as can be
seen from Fig. 7. From the above calculations, a conclusion

ization, L5 pulse for three-step photoionizatiobegins ac-  €@n be drawn that when the new scheme is used, Rab|.fre—
tion after the total population is transferred into the sfage 9Uency can be decreased by at least one order of magnitude
(for two-step photoionizationor the statd3) (for three-step (I-€-, the intensity o, and L, can be decreased at least two
photoionization via the other laser pulses. In this way, the Orders of magnitudewithout losing high ionization- effi-
intensity of the laser pulses, apart from the ionization pulses;'€NcY- o
may be lowered considerably without losing efficient ioniza- FOr two-step photoionizatioffrig. 1), the new scheme can
tion because the laser power required by total populatioff€ realized as follows: After the population in the ground
transfer is not high3,8—11] state|1) is transferred into the stafg) by thel; pulse with

For three-step photoionizatioifFig. 5), a scheme is pro- itS frequency chirping4,5] or oscnlatmg[9], thel, pulse is
posed as following: the STIRAP techniq{i0] is used for ~SWitched on to pump the population of the stieinto an
population transfer from the ground stdté to the statg3), ~ @utoionization staté8). Numerical calculatlons_show that the
i.e., theL, pulse acts first, then the, pulse; after all the intensity of theL'l pulse can be lowered considerably. How-
population is in the stat{8), the L pulse is switched on to €Ver, this technique can only be used for the areas where
pump the population of the sta{8) into the autoionization high selectivity of photoionization is not required.
state|4). For comparing this new scheme with the traditional
one, we performed the following numerical calculations un- IV. APPLICATION FOR Z%U
der conditions thay=8x10's ™, andA;=A,=0. The se-

. - 2 .
quence of the laser pulses can be expressed exactly in the In the natural uranium mine, the abyr)dance EFU. 1S
Rabi frequencies: only 0.72%. In order to ensure the selectivity of laser isotope

separation of?>U, three-step resonance photoionization is
usually put into use. A possible route of photoionization is
Ql(t):Q(lm exil — (t-0.157)%/ 7], diagrammed in Fig. 8. Because of the nuclei spin momentum
Q1) =02 exd — (t+0.151)%/ 7], (13 1=7/2, an electronic level splits into 8 sublevélFs). The
0 relevant parameters of every energy level are listed in Table
Q5(1) =05 expl(t-2.51%77], I. Although there is no report on autoionization state$%3
. 5 ) up to now, autoionization states of rare-earth elements have
whereris taken as & 10 °s, the width of the laser pulses. peen observed in plenty of experiments. So, we suppose the
WhenQ{0=0=8x10° rad/s, and2{’=4x10" radls,  existence of an autoionization state BfU (Fig. 8 with a
numerical results of Eqs9) show that the probability of |ifetime of 8x 107! s, corresponding to a linewidth of 4
phOtOionization is nearly unit without pOpUlation OSCiIIating, Cmfl_ According to the Fano theory, the reason for an auto-
as can be seen in Fig. 6. In contrast with the new scheme, jbnization level broadening is that a bound state above the
the three laser pulses are set to act simultanedtis/tra-  jonization threshold couples with the continuum states. Thus
ditional schemg with the other conditions unchanged, the the autoionization state 6#°U should correspond to a bound
photoionization probability was calculated to be 0.015.state above the ionization threshold, and we assume that the
Keeping the value of){”’ unchanged, we increase the valuesHFS constants of this bound state are the same as that of
of O and Y, step-by-step. When the values@f” and "M%,
Q(ZO) increase up to 1410 rad/s, about 17 times larger ~ We consider three linear polarization lasers interact with
than the original ones, the photoionization probability wasthe multilevel system of**U, as shown in Fig. 8. From the
found to be unit. Under these conditions, the population osselection rule of dipole transitiom\F=0,*=1, the allowed
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FIG. 9. The diagram of allowed dipole transition among sublev-
els according taA\F=0,*= 1.

whereH ., is the detuning of the laser frequencies from the
respective levels. A decay termi+y/2 is added to the diag-
onal elements of the Hamiltonian of the autoionization lev-
els, wherey=8x10'" s™1. The off-diagonal elements are

clarity, only shows the resonance of center frequencies of threealculated according to Ref12]:

lasers with the sublevels with equalnumber(11/2). For conve-
nience, the lowest sublevel is choserFas5/2. In fact, the sublev-
els with largerF number maybe have lower energy than the on
with smallerF number.

transitions are shown in Fig. 9For clarity, Fig. 8 only
shows the resonance transition between the sublevels wi
the sameF number, 11/2. In fact, because the magnetic
quantum numbeM =—-F, —F+1,...,F—1,F, there still
are (F+1) fold degeneracies in every HFS level. The re-
sult is far more than 32 states coupled with the three laser
However, because the lasers are linear polarized, the tran
tion rule of magnetic sublevels should A&1 = 0. Therefore,
only 32 sublevels shown in Fig. 8 need to be considere
theoretically. In the energy representation, Behralinger
equation can be written as

d

C
if r?tHZE HonCmn (Mn=12,...,32 (19
m

where C,, is the probability amplitude of every state, and
Hn is the Hamiltonian matrix

Hll H12
H21 H22 H23
Hon=1 ,

H 31,32 H 31,32

0 0

H 32,31 H 32,32

TABLE I. The constants of*®U level shown in Fig.

S

J 1 F
e <yFM||y'F'M'>=[FF']1’2(F, ) J,)<7J|P|y'a'>.

(15

In most experiments, pulsed lasers are usually used for the
otoionization of?*®U. The laser pulses in our consider-
ation are of Gaussian envelope with a pulse width of
4x10 °s. Although the frequencies of the three lasers are

fixed at the corresponding transitiofs=11/2, c.f., Fig. 8,
other sublevels may also be coupled by the lasers because the
ourier broadening of the pulses is of GHz. Accordingly,
opulation evolution of the multilevel system, shown in Fig.

, should be different from that of the four-level system
shown in Fig. 5. In the following numerical calculations, all
the 32 levels are included according to E¢{s)).

When our new scheme of photoionization is performed
for 2%, i.e., the Rabi frequencies being of the form of Egs.
(13), the atoms with initial population in the 11/2 sublevel of
the ground state 6d7s? °L3 can be completely ionized
with QV=0P=3x10 rad/s and Q{=4x 10" rad/s.

The population evolution is shown in Fig. 10. Under the
same conditions, except for simultaneous interaction of the
three pulsed lasers, however, the photoionization probability
decreases to 0.11. Keepiyy?) unchanged and increasing
the value ofQ{? and Q) step-by-step, the photoioniza-
tion probability reaches to unit whenQ{®=0
=2x10" rad/s. The population evolution under these con-

8E is energy, LT is the lifetimeA, B is the constant

of HFS.
5f36d7s? 5L2 5f36d7s7p "L 5f46d7p ‘M2
E (cm™}) 0 173622 341612
LT (ns o 410 474
A (MHz) —60.56% —95.453 86.9°
B (MHz) 4104.158? 2843.6° 1313.1°
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FIG. 10. Population evolution of®®U photoionized by the

scheme with) (9= =3x10° rad/s. Curves 1, 2, and 3 present
the population of sublevels with=11/2,F'=11/2,F"=11/2, re-
spectively, and curv®; presents the photoionization probability.

FIG. 11. Similar to Fig. 10 except that the traditional scheme
was used with2{? =0 =2x 10 rad/s.

Several numerical calculations of realistic systems show that
ditions is shown in Fig. 11. Compared with the new schemethe intensity of the laser beams coupled with the bound states

the intensity of two laser pulses must be increased by abo@" Pe lowered by about two orders of magnitude via this
50 times with the traditional technique for complete ioniza-"eW scheme.3AppIy|ng the new method to the laser isotope
tion. separation of®U may bring enormous economic benefit.
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