Wsd e 5 = R SO Vol. 18, No.8
1998 4 8 J] ACTA OPTICA SINICA August, 1998

Transition Cross Sections in Two—-Photon Process

Lin Fucheng”  Jonghoon Yi”  Yongjoo Rhee”  Jongmin Lee”
1), Shanghai Institute of Opties and Fine M echanies, The Chinese Academy of Sciences,
Shanghai 201800
2), Laboratory for Quantum Optics, Korea Atomic Energy Research Institute,

T aejon 305600, Korea

Abstract The concept of transition cross section is re-examined in two-photon process. The rate
equations and the relevant transition cross sections are good approximation in the region where the
diagonal elements of the density matrix change slowly with time. The rate coefficients are derived
explicitly: those describing formally the single photon process will be subject to a significant modifi-
cation for strong light field compared with that of the weak laser field and those describing formally
the multi-photon process can also be constructed from the parameters relevant to the real single
photon proeess. The optimization of power distribution of laser fields changes dramatically from
weak to strong total laser intensity available. To describe the interference effect originated either
from the multi-mode laser field or from a group of energy levels located closely needs more compli-
cated computation of the transition cross sections than using the Bloch equations directly.
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1 Introduction

MultiPhoton process is important in excitation and ionization of materials with lasers.
There are two kinds of multi-photon process: one is with near resonance intermediate levels,
such as atomic vapor laser isotope separation (AVLIS); the other is with far offresonance
intermediate levels, such as Raman spectroscopy, single—color multi-photon ionization, and
some strong excitation in solids. Normally. rate equations and relevant transition cross sec—

: [ 1]
tions are used to address these processes .

For example, it is very important to know the
transition cross sections at every step of the ionization ladder in AVLIS'"'. However, the
plausibility of using rate equations and transition cross sections in multi-photon process was
inspected and discussed by several authors. Wilcox and Lamb discussed the general relation—
ship between the rate equations and the density matrix for a multidevel system and derived

. o . . . . (3]
the expression of the transition cross section for microwave-optical excitation ™. Ackarhalt
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and Shore derived the rate equations of two-evel atom from the Bloch equations with consid—
ering spontaneous emission and collision and discussed briefly the case of multidevel atom'”
Paisner and Solarz also derived a general formation connecting the rate coefficients with the
Rabi frequency between separate transitions'” . In the last literature, the authors pointed out
that the saturation effect of one transition would change the fTeuristic” rate equations in
which only the transitions between the adjacent levels were considered.

In this paper, we shall use the simplest multiphoton process, i.e. two-photon process,
to examine the conditions leading the simplification from Bloch equation to the rate equa—
tions. We find that the rate equations hold only in the fong pulse” situation where the laser
pulse duration should be much longer than any relaxation process of the material system. We
also find that the saturation effect leads the {ransition cross section” for adjacent transitons
approaching to each other when the relevant transition dipole moments exhibit large differ—
ence and hence the laser utilization rate which is important in AVLIS will be improved. As
an example of single color two-photon process, we derive the rate coefficient and its line—
shape. The rate equations can also demonstrate the interference effect of multi-mode laser or
of closely spacing energy level group. In this case, the rate equations show no advantage

over the Bloch equations.

2 Conditions for the Simplification from Bloch Equations to Rate
Equations

Our simplest model is shown in Fig. I. The threedevel atom is with a bound state 1 and

two excited states 2 and 3 wheih decay to the states outside these three states with a rate R:
n
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quencies w2 and @23 match the atomic transition @ and jonization it

and Rs respectively. Two laser light fields with fre-

wss respectively. The technique to obtain suitable Bloch o aks

equations for such a system is to choose a convenient

interaction representation, and the transformation of \2
Rz

the density matrix elements P and the interaction
- iz alz

Hamiltonian V between the interaction representation

and the Schr dinger one are

2 = pf‘j"‘h exp (iwjt). Vi = V:;['h exp (iwjt) Fig. 1 A threedevel atom and two-
The difference between our interaction representation photon process
and the normal one is that we use the atomic resonant frequency @ in the transformation in—
stead of the laser frequencies which have several values in the few-mode case. In this new

representation, the Bloch equations are:

dPun/dt = = PuuBRuw — (2m/h) Zi(ViPim — Pt Vi) (1)

w here
Vie= & (= er* E exp (i6ut)| k) = = pu* E exp (i6ut) = — (7Qu/2) exp (idut) (2)
wa = A er| k) (3)

Qu = 2uu * E/H, Su = Wi — win (4)
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For our threedevel atom, the motion equations of the density matrix elements are

dpu/de = (i/2) [ QizPar exp (idit) = QP exp (= idiat) ] (3)
dPn/dt = = (i/2)] Qi2P21 exp (idi2t) = QiPizexp (= idiat) | +

(i/2)[ QP52 exp (i6xnt) — QP exp (= i0ut)] = PuR> (6)
oPu/dt = = (1/2)] Qo3P exp (i021) — Q323 exp (= 1023t) | — PR (7)
dPi/dt = (i/2)[ (P2 = Pn) Qizexp (idiat) — PisQasexp (= i6st) ] = PiR2/2 (8)
dpx/de = (i/2) [ (P = P2) Qusexp (i65t) + PisQizexp (= idiat)] = Pu(R2+ R3)/2(9)
dPu/de = (i/2)[ PQiz exp (i012t) = P12Qos exp (id23t) | = PiaR3/2 ( 10)

Now we try to find an approximation solution of the Bloch equations. If P11, P2 and Pachange

slowly with time, then

P2 = anexp (1012t) (11)
P23 = azx exp (1023t) (12)
Pia=aisexp [1(0x+ O0n2)t] = aisexp (1di3t) (13)

will be a possible solution. On the other hand, the dampling mechanism will smooth the Ra-
bi oscillation of the diagonal elements at the time scalet > 1/R2, 1/Rs. Let us take an exam—
ple to confirm this conclusion: R2= 1, Ri= 5, Q= 5, Qu= 6, 2= 3, 6= 4, and dis
= 7. Fig. 2 shows the Fourier transform of some elements of the density matrix. For the to-
tal interaction time (we taket= 0~ 10), they exhibit quite complicated spectral behaviour.

When we take the transform aftert = 2, the diagonal element P11 decays to a zero frequency
component and the non-diagonal elements approach the frequency components described by

equations (11)~ (13).
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Fig. 2 Fourier transform spectra of some elements of the density matrix. (a) P, (b) fiz, () P23, and (d) Pis.
Solid lines represent t = 0~ 10, dash lines represent t = 2~ 10. The parameters chosen are: R2= 1, R3
= 5 Q=35 Qu= 06, din= 3, diz= 3, diz= 4, and b= 7

Substituting equations ( 11)~ (13) into (8) ~ (10) and after solving the coefficients, the

equations (35)~ (7) can be written as:

dpu/dt = Wia( P2 = Pu) + Wis(Pis = Pui) (14)
dP/dt = Wi(Pri—= Pn) + Wa( P — Pn) — RaPx (15)
dPs/dt = Was( Pz = P) + Wis(Pu— Pi) — RiPs (16)

where
Wio=Wa=|Qo|*Im {[(823 - i(R2+ R3)/2) (815 - iR3/2) = | Qi */4 + | | °/4] 72D} (17)
Wa=Wa= | Qu|*Im{[(82= iR2/2) (813 - iR3/2) + | Q| */4 - | Q| */4]/2D) (18)
Wis= Wai= - | Quo|’| Qi * Im {1/8D) (19)
D= (82~ iR/2)[6x~ i(R2+ R2)/2) (615~ iR3/2) - (812~ iR2/2)| Quo| */4 -

=
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[62 = i(R2+ R3)/2)| Q| */4 (20)

Equation ( 14) ~ (20) are the rate equations and rate coefficients of two—-photon process. The
relevant transition cross section is defined as

o, = W.j/fg (21)

where /i is the power density of the laser.

3 Saturation Effect of the Transition Cross Section

When there is only one laser light field in the interaction., €2 = 0, for example, then

Wi= Wu= QhR:/(461:+ R3) (22)
Wau= W= Wis= Wa= 0 (23)
This is the same result of the literature'”. On the other hand, if Q> = 0, then
Wa=Wn= Q:R:/[465+ (R2+ R3)7) (24)
Wie=Wa= Wia= Wa= 0 (25)

These expressions show no saturation effect in the single photon process. It is interesting to
point out that the rate coefficients of two-photon process in weak signal approximation from
(17)~ (19) are just the same expressions (22) and (24), with the two-photon transition rate
Wis= Wi = 0. Such equations considered only the transition between adjacent levels and
used the rate coefficients obtained from single photon process. Normally, such equations are

. . . . . | 5] - . .
called fieuristic” rate equation limit"” in the strong signal region.

In the strong signal region, the heuristic 1'01‘\-1 (Bio)

e
m

. - ETEANY
rate equations are not adequate. Suppose On = o (two)

012 = 0(double resonance), R= 1, Ra= 5, Qn

= 1, and Q3= 4. The rate coefficients calculated

Population
e
o

e
-

in single photon and two-photon process are

0.2
shown in table 1: o
Table 1. Rate coefficients in single and two—pho- °
ton process Fig. 3 Populations calculated by Bloch ( Blo).
Wi W2 Wi heuristic rate equations (heu). and two-
single photon 1 2. 6667 / photon rate equations (two). The ion-
two-photon 0.1181 2.5197 0. 1260 ization process is from the autoioniza-

The populations calculated by using Bloch equa- tion state level 3. The parameters are

di2= 0, ds= 0{double resonance). R:

tions, heuristic rate equations, and two—photon
= 1, Ri= 35, Qo= 1, and Qus= 4

rate equations are shown in Fig. 3. We see that

in this slight saturation situation (Q; ~ R;). the results from two—-photon rate equations

( dashed lines) approach those from the Bloch equations (solid lines), much better than those

from the heuristic rate equations (dotted lines) .

For the double resonance case, the rate coefficients reduce to

Wi=Wu= QblQh- Q5+ Ri(R:+ Ry)1/C (26)
Wa=Wn= Qa(- Qb+ Qh+ R:R3)/C (27)
Wis=Wu= QhL05:/C (28)
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C=R:Rs5(R>+ R3) + R:Q0+ (R2+ R3) Q3% (29)
In comparsion with the single photon process (22) and (24). the saturation effect in two—
photon process will reduce the values of Wiz and W2. On the other hand. the two-photon

transition coefficient W3 incresses with strong laser fields. Fig. 4 shows this situation.

- Wiz o> 8 Was 4 -
T W 3.5
J/,/()/ ——-r-ﬁ'g’;// 3] ” \
I _
5t 5 /1’ 5r 3
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Fig. 4 Wiz, Wasand Wis versus Q2 and Q. Parameters: diz= 0= 0, Ra= 1. Ra= 5

4 Improvement of the Ultilization Efficiency of Laser Energy Due
to the Saturation Effect

In the case of multi-color photoionization, one needs optimizing the distribution of laser
power for different laser frequencies with constant total laser power available. For our sim-—
plest two-photon model, suppose that | | °/R: » |ux|?/(R: + Rs). According to the
heuristic rate equations, the laser power density should satisfy /23 > [z to guarantee Wiz ~
W23 and then no transition bottleneck exits. On the other hand, the photon number ab-

sorbed in each transition is about the same, so most power at frequency w» will not be ab—
0.9

. sorbed and causes the photon utilization efficiency very

0.7 PIRY low. Fortunately this picture is not true due to the sat—

50.5} uration effect. Strong laser fields decrease Wiz and W2

o. 3 which decrease the role of single transition between ad—

jacent levels whereas increase Wis presenting the role of

o 1(; s . + ] direct ” two-photon transition. We can distribute both
12

laser powers to approach to each other with closer por—
Fig. 5 lon yield versus the distribution of tion to be absorbed. The total result will improve the

laser powers. The parameters are: utilization efficiency of laser power.

R:= 1, Rs= 5, interaction time ¢t We take an example to illustrate such an improve—
= ]0, (l{)ul}lt‘ resonandce. Sllp[’}{‘}!-‘u{'. ment. Suppﬂse that | ,U|2| = | ugjl . then thﬁ ﬂp[iﬁﬂl en—
| 42| = | #x|. the available laser

ergy at these two frequencies obeys
pow er Qb+ Q= 36 E/E» = ng/’@%;
We try to find the Q12 for maximum ion yield at the a total optical energy
QL+ Q5= 36
and R>= 1, Rs= 5as in above example. The result from Bloch equations and the rate equa—
tions with the two-photon transition is exactly the same [ Fig. 5(b) ] which is quite different

from the heuristic equations without the saturation effect and direct two-photon transition
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[Fig. 5(a)]. The maximum ion yield improved in the two-photon process compared to the
single photon process. For these maximum ion yield, the two—photon equations demand

E2/Ex ~ 1/8 instead of 1/36 in the heuristic rate equations.

5 Line Shape of Two-Photon Process

[t is interesting to study the case of detuning. Fig. 6 shows the case of near—resonance
intermediate level. The parameters are R2= 1, Rs= 5, Q2= 1, and Q= 4. In Fig. 6(a).
the peaks of Wi correspond to the dressed states of levels 2 and 3 via €3 (Autler-T ownes ef-

fect). This effect plays a minor role in Fig. 6(b) for W2 because Qi2 1s small in our parame—

ters chosen. Fig. 6(c¢) and Fig. 6(d) show the two—photon rate coefficient W13 and its contour
{b)

Fig. 6 Line shapes and their contours of two-photon rate coefficients. (a) Wi, (b) Was, () Wis,
and (d) contour of Wi. The parameters are R2= 1, Ra= 5, Q= 1, and Q= 4

respectively. There is a peak at double resonance and two negative minimal located at O
= * 1.4, é3= £ 3. 1. The relevant rate coefficients are Wiz = 0.4040, W2 = 1.3688, and
Wis= = 0.0651. In some cases, Wiz, Waor Wistakes negative value when there is Rabi flip—
flop for the population. As we pointed out at the beginning, the rate equations approxima-—
tion is not adequate for such cases and one cannot expect to infer more physical meaning from
the rate coefficients.

Another important case is single-color two-photon process with offresonance intermedi-
ate levels. We can simplify the expression ( 19) by setting

| 612 ~ |82 » Sis. Qia, Qs

and obtain

| @il *l Q23] *R3/487:(48%: + R3) ( 30)
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6 Interference Effect in Two-Photon Process

The interference effect will appear when several transition channels from the ground
state to the final excited state exist. There are two important kinds of interference effect in
two-photon process. The first kind of interference is due to the fact that more than one inter—
mediate level located closely together which respond simultaneously to both laser fields. A

I We modify this exam—

famous example is two-photon transition 3S = 3P - 4D in sodium
ple in a simplified way as shown in Fig. 7(a). For a symmetrical system withd = 2, Qn» =
Q= 1. Qa= Qu= 3. R2= Rs= 1, andRs= 5, the ion yield from level 4 at t = 10 versus

the detuning from the middle point calculated by using Bloch equations is shown in Fig. 7
Cad> O. 6 nhroush {b>

4 level 243
= 0. a0}
3#: I z
> - — 4 .E
_dq:tuning o. 2ol
through level 2
— through level 3
L 0. 00 ) . . =
4. 00 0. 00 3. 00

Dectuning

Fig-7 (a) A simplest interfernce example from two intermediate states 2 and 3 separated each other by d . Exacl
two—photon resonance excitation with a detuning to the middle position of the intermediate levels. (b) lon
vield calculated by using Bloch equations. The parameters are given in the text

(b). As a comparison, we also show the situation where only one intermediate state (2 or
3) exists. It is clear that the destructive interference from these two intermediate states has a
significant contribution. The second kind of interference is due to a multi-mode laser field. A
simplest example is shown in Fig. 8 (a) where the first laser field contains two modes sepa—
rated each other by d. The detuning 6 of the middle frequency to the state 2 is used as a tun—
able parameter and the second laser is exactly resonant to the transition between states 2 and
3. Fig. 8 (b) shows the ion yield from level 3 calculated by using Bloch equations and with
the parameters: Q= Qh= 1, Q= 3, d= 2, Ra= 1, Rs= 5, andt= 10. As a comparison
we also show the result in Fig. 8 (b) when the first laser field contains one mode only. It is
interesting to point out that the maximum ion yield for one mode is larger than that for two-

mode even the total laser power is larger for the latter case.

0. BOI”
3 (ad (b
| ~
OO R e

” ¥ 20. 40}

detuning! 8
mode #1 mode B2
mode # 1 only mode H 2 only

1 0. 00—, . LN ,
-4. 00-2. 00 0. 00 2. 00 4. 00 6. 00O
Detuning

Fig. 8 {a) A simplest interference example from a two-mode laser field for the first transition.

(b) Ton yield calculated by using Bloch equations. The paramelters are given on the paper
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[t is possible to obtain proper rate equations and their rate coefficients for the interfer—
ence cases mentioned above. Taking the first case as an example, we need solving the linear
equations containing 5 complex variables P12, Pis, P2, Ps, and Pu. Substituting them into the
Bloch equations containing the diagonal elements then we have 6 rate coefficients Wi, Wi,
Wa, Woa, Wi, and Wi, Such a calculation is more cumbersome compared to solve Bloch e—

quations directly, without any advantages, and will not be performed here.

7 Conclusion

Rate equations and their coefficients for two-photon process are derived for the simplest
case. Rate equations are a good approximation only after a time scale which is longer than
the decay constant. The rate coefficients are functions of detunings. light intensities, and
material constants. For the more complicated situation, such as multi-channel ionization.

Bloch equations are more convenient than rate equations.
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