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Summary

The main purpose of this paper is to apply the density matrix formalism
for treating multiphoton ionization of multirovibronic level systems. Both
direct photoionization and photoionization through autoionization states
are taken into account. Numerical results will be presented for demonstrating
the effect of the interference resulting from the neighboring rovibronic
levels. The theoretical results are applied to interpret two sets of experi-
mental data on two-color photoionization of molecules; one set is for two-
color threshold photoionization spectra of jet-cooled aniline which exhibit
autoionizing Rydberg structures and the other is for high resolution Rydberg
spectra of H, by stepwise resonance two-photon ion-pair (H* + H™) produc-
tion.

1. Introduction

Two-color photoionization studies have provided important insights
into studies of the properties of highly excited states of molecules, such as
the precise determination of ionization energies and lifetimes of excited
states, the detection of autoionizing states and the investigation of photo-
fragmentation phenomena [1]. By using resonant two-photon excitation,
the weak transition probabilities due to small Franck—Condon factors for
single-photon excitation can be greatly improved. New excited states whose
transitions cannot be easily reached from the ground state can be studied.
For small molecules, the spectrum can also be simplified by selective
labelling of the rotational states.

In previous papers [2, 3], we have developed a density matrix formalism
for treating one-photon ionization and two-photon ionization of molecules.
We have shown that Fano’s results {4] for one-photon autoionization can
be reproduced by this formalism. It has also been shown that this density
matrix method can treat two-color photoionization spectroscopy and the
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measurement of excited state lifetimes by the multiphoton ionization tech-
nique.

In this paper, we shall extend this density matrix method to take into
account the multilevel effect on one-photon and two-photon ionization of
molecules and apply the theoretical results to the analysis of some recent
experimental data. It should be noted that in our previous papers [2, 3] for
one-photon ionization we considered only two discrete levels and for two-
photon ionization we considered only three discrete levels. In this paper, the
effect of the existence of multirovibronic levels in the ground and excited
electronic states is taken into account.

2. Theory

It has been shown that the master equations (MEs) for the photo-
ionization of molecules in the Markoff approximation can be expressed as
[2, 3] '

3p i | \ ,

—a—tnf' + —‘h_ z (Vnrnpmn—pnmvmn) + E Pmmprmn"' z ERmmpmm’ =0 (2'1)

and

W . mn i

_a'_ + (“—‘Jm + Pmn)pmn + — E (me'pm’n'— pmm'Vm’n)

t o
+ XY RE Pmin =0 (2-2)

m' n'

where

Rg"‘n’ = arm'Jmm' + 8mm‘ J:n' (2‘3)
1 ~ :

Jrm' = 33 Z [ 4T Vo (8) Ve (2 — 7) exp%-i [ at wm'(m} (2-4)

€0 t—r
and
VvV=D+0 (2-5)

Here U represents the perturbation for inducing autoionization and D denotes
the interaction hamiltonian between the system and the radiation field.
In eqns. (2-1) and (2-2), the I'™ . are the relaxation rate constants and I"7
represents the dephasing rate constant. In eqn. (2-4), the summation over ¢
refers to the continuum states above the ionization threshold.

For convenience, we shall present the theoretical treatment of one-
photon ionization and two-photon ionization of multilevel systems separately.
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2.1. One-photon ionization

We shall let n denote a vibronic (or a rovibronic) level in the ground
electronic state g and m represent a vibronic (or a rovibronic) level in the
excited electronic state a (see Fig. 1). The MEs in this case are

0 Pmm 1
Lo 4 z%—(v,,.npm. — DrVor) + BB + R O
ot ol &}
+R™p  + 3T® 5e=0 (2-6)
P
OPnn 1
—_— + 2 = (anpnm“pmvmn) +R',:',."p,,,,, + R::nmpmn
ot m |’
+Ropant 2T pm =0 (2-7)
P
and
s . . 1
37 + (i, + 00+ R Pon + ;Vm(Pnn_Prmn)

+ R Ppn + Ry Pmm = 0 (2-8)

where Z,I'® o.. and Z,I'™p,. include both electronic relaxation and
vibrational relaxation. For convenience we shall ignore the inverse electronic
relaxation.

Fig. 1. One-photon ionization.
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Applying the steady state approximation to eqn. (2-8) yields (Appen-
dix A)

90nn -

? + (R:: +Ann)pnn + Z Anmpmm + 2 anr:npm + Erznnpn'n' = (2'9)
and

OPrmm o

(2-10)

wh'ell'e the '™ represent electronic relaxation rate constants, while l",,”’,,',’,"",
2" etc. denote vibrational relaxation constants. Other quantities in eqns.
(2-9) and (2-10) are defined as follows:

_ il¢n1D(—w)gmdIA(1 —i/qnm)zg

9 x Ny — 2 2
A=A = -—-—zlmzll(,nlD( W)|d 1% + 1/qpm*) (2-12)
h i(wmn—w)+I'oh+ R
2 i (P | D() NP A + i/qpm)? %
Ay, = — -
w2 i W oy — w) + T 0 + R (2-13)
P Ucm ;
($m)= lm) + — 5 —< |o) (2-14)
and
(n|D(—w)ldm)
Arm = 2-15)
(W/h) ZDnc(_w)Uanﬁ(wmc) (
In this case, the photoionization yield Y(t) is given by
. %P 0Pmm |
¥(n) = ~ "ot “~ Bt

n

-5 (R:: FAL+S Am,.)p,.,. s (R':.:,." * Ay + z:Am)pm (2-16)

The integrated yield (or efficiency) is defined by
I()=1—=3 pm— X Prm (2-16A)
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In the weak intensity and short time regime, we can ignore the excited state
distributions p,,,,,,

A (1) (@i — @)+ (1/g YRR+ T ()
T B[R - g B S T s

X |<n|ﬁ(w)|¢m>|2]p,.,. (2-17)

where I' 77:(r) and R ;;(r) represent the real parts of I' i and R respectively,
and determine the bandwidth of Y vs. w; the imaginary portions of '™ and
R which determine the band shift of Y vs. w have been included in w,,,
(see Appendix A).

For the weak field case, if we can apply the steady state approximation
to p.. given by eqgn. (2-10), then substituting the resulting p,,, into egn.
(2-16) we obtain

Y=3 (R;;;; +A,, 2 A,,,,) Do (2-17A)

R + W

Wwhere W,,,, = —2,['7" represents the electromc relaxation of the mth level.
Here the vibrational relaxation terms X~ m D™ p . have been ignored; this
approximation is valid only when the vibrational relaxation is very slow or
when the vibrational equilibrium is established. When W,,, > R eqn.
(2-17A) reduces to eqn. (2-17) and when W,,,,, € R'" eqn. (2-17A) reduces to

Y= S(R™ +Aum)nn (2-17B)

which exhibits the Fano-type bandshape (cf. eqn. (2-20)).

According to the theoretical analysis of the two-discrete-level model of
one-photon ionization of molecules, for the weak-field case, and in the short
time region {3}, the approximate expression for Y given by eqn. (2-17) is
more accurate than that given by eqn. (2-17A).

Notice that R}, and R}: denote the direct photoionization rate and
the autoionization rate respectively, that is

2n ~
Ron= 37 2 e ID(w)r)?8(w — we) (2-18)
and
mm 27 2
Rmm = ﬁ_2 E‘Uanl 8((‘-’cm) (2-19)

[

Equation (2-17) shows that the photoionization yield consists of two parts,
the contribution from the direct photoionization R}, and the contribution
through autoionization A4,,+ X, A,.. (or 4,, if eqn. (2-17B) is valid). The



178

latter contribution gives us the Beutler—Fano asymmetric bandshape of
photoionization. From eqn. (2-9), we can see that the rate constant

K,=R™+A,, (2-9A)

represents the depletion rate of the nth level of the ground electronic state
through the ionization channel, and again K, consists of the contributions
from the direct photoionization and from autoionization A,,. Notice that
A,, can be rewritten as

2 (1 —1/gun){T 7n(x) + RIR(D)} — (2/nm (@i — W)

Ann =
P> (@i — @)? + (T I0(D) + R0
X KnlD(—w)ldn,)? (2-11A)
where @'y, = W, + R™(i) + T™(i). Defining the detuning
W — D (2-11B)

€mn = Tny + R (n)
eqn. (2-11A) becomes

Qm? — 1+ 2¢m€mn  HRID(—wW)| P, )P

- = 2-2
A= 33 § 1+e6m’ 9nm’ {T R (x) + RA(D)} (2209

Notice that (gu,2—1+ 2¢,m€mn)/(1 + €,.,2) is the lineshape expression
derived by Fano [4]. However, the physical meanings of Fano’s expression
and ours are somewhat different. In Fano’s case, the spectral linewidth is
due to autoionization only while in our case the spectral linewidth consists
of the contribution from the lifetimes of the n-level and the m-level and
pure dephasing through I' 7i:(r) and the contribution from the rates of direct
photoionization and autoionization through R7%(r).

2.2. Two-photon ionization

Figure 2 shows the energy level scheme for two-color two-photon
ionization of molecules. That is, we let /, n and m represent the rovibronic
(or vibronic) levels of the ground electronic state, first excited state and
second excited state respectively. The equations of motion for the diagonal
elements p;;, 2, and p,,,, are given by

ap i
57 * 7 Z (Vi — P1nVin) + T o = 0 (2-21)
n k
00nn i i
—— + _E(anptn —Pu Vi) + Z (VenPrmn — Prm Vinn)
at 4 h <

+ Rmprm + 2 (er Pmn + Rmpnm) + 2 Fmpkk 0 (2‘22)
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Fig. 2. Two-color, two-photon ionization.

and

Pmm
at

i
+¥E(anpnm PmnVom) + R Pmm+E(R Pmn + RomOnm)

+ ZTHom = 0 (2-23)

Using eqgns. (2-3) - (2-5) and eqn. (A-2) of Appendix A, eqns. (2-21) - (2-23)
become

op 2 oy
¢ — 7 2 Im{Du(—w1)10u(@)t + ZTH o+ ZTH pyp = 0 (2-24)
n n Hd
ap,,,, 2
3¢ ;z!; Im{D;, (—wy)1om(w1)}
2 . i
Y %} ;(R|D(—w2)2|¢m)( — ?n;)pm"(wﬂi
+R"n=pnn+z F EFH prm+zrrm Prnin = (2'25)
and
9P0mm 2 ~ i
ooy 2 Elmg(nlD(—wz)zw’m)(l + —f)pm(wz)i
n 9nm

+Rmpmm+zrmpmm —“Zrmpmm—o (2'26)
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where

Ucm

: P

< mc

P Uerm
W)= Im)+ — F——— |

c W2 W,

le>

' (nID(—w2) | ¥m)

@ = (#17Y 3 Dyol—2)2 U 8(o — @om)

and
q — (n!ﬁ(—w2)2l¢m>
e ("/h) ZDm(_wz)zUcma(wcm)

(2-27)

(2-28)

(2-29)

(2-30)

The derivation of eqns. (2-24) - (2-26) is similar to that for the one-photon

ionization case given in Appendix A.

Next we consider the equations of motion for the off-diagonal density

matrix elements

8pn . i
atl + (iwyy + TR + REDpw + E‘fnl(pll — Pnn)
i
+ ry > VimPmi + 2 R omi =0
m m

apml N mi mi i
_5?' + (iwy + 5 + Rn1)Pmy + ;i— Z(anpnl — Prn Vo)

+ 2 Rup =0
and
Pmn . . i
T’ + (lwmn + Fm + R%)pmn + ; an(pnn _pmm)

i
Y zpml‘,ln + (R"rrg’tnpmm +R:lnnnpnn) =0
h g

These expressions can be simplified (see Appendix B) as

apnl(wl)
ot

+ ;l 3 (r|D(—w;)1ld,,) z(l'— q—l)Pml(‘-ﬂx + wz)% =0

m nm

i
+ {i(w,; —w;) + ol + RRj1pn(wy) + gan(wi)l(Pn — Pnn)

(2-31)

(2-32)

(2-33)

(2-34)
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0Pmi(wy + wy)
ot

+ {i(Wpy — Wy — W) + TR+ RO 10 (w04 + w))

—%Epm(wz)Dnt(wl)l + %E(‘l’m|ﬁ(w2)2|n)(1 - 3 )pnl(wl) =0
_ (2-35)
and

?ﬁ%&’i) + {i(Wpp — @) + IR+ R 1o (03)

i i " i
- 'ﬁ‘?ﬂln(—wﬂ,lpml(w: + wy) + ;(lﬁmlD(wz)zm)(l - —}—')Pm

nm

— %(¢m|ﬁ(wz)z|n)(1 + wq—f—)pm -0 (2-36)

nm

where, for example, D,;(w,), = {(n|D(w,),]?). This completes the derivation
of the generalized MEs for two-photon ionization of molecules. Here the
only main approximation that has been introduced is the rotating wave
approximation.

A computer program for solving these generalized MEs has been
developed by us. In the following we shall present the analytical results for
an important case. Applying the steady state approximation to p,..(w,),
Pni(w;) and pp,(w, + wy), we find

pmn(w‘z) = i%(¢m|]-‘-)("“92)2“")(1 + ) pmm

A 9nm

—wmu‘)(wg)zlm(l — af—)pmgFm(wg) (2-37)
Pra(3) = E‘Dm(wl)l(pﬂn—pn)f‘n,(wl) (2-38)

and
i

Pmi(w,; + w;) = )

Fo(w, +wy) Y ;Pm(‘dz)Dm(wl)l

- <wm|ﬁ(wz)z|n>(1 — ;‘—) p,.,(w)é (2-39)

hm
where for example

1 _
Foun(w3) = - (2-40)
i(Wpm — wy) + TR+ R
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In obtaining eqn. (2-37), off-diagonal terms such as D}, (— 1)1 Omi(wW1 + w3)
were neglected and in obtaining eqn. (2-38) the off-diagonal terms such as
(M| D(— 2210 dPmi{wy + ;) Were neglected. Substituting eqns. (2-37) and
(2-38) into egn. (2-39) yields

. \2
Pmi(wq + wjy) = (i‘) Fa(wy + wy)Y [ Fron(@2) Dy (@1) {@m | D(e22),7)

n

X (1 + _l_)pmm — Prn{ Frrm (w3) + Fnt(wl)}(\bm|f)(w2)2|n)

Anm

X

(1_ 'q—;i—)Dnl(wl)l + Fnl(wl)'(wmlf)(wz)'lln)

X (1— ?L)Dnl(wl)lpll] (2-41)

The validity of this approximation is examined in Appendix C.
By using eqgns. (2-37) - (2-41), we obtain the MEs for p;;, pn, and pp.... 88

aPn _

5 > Anz(wl)(Pnn Pn)+ Z I'ilom + 2 ey =0 (2-42)

apm ' ’ nn
_a'r + zAnI(wl)(pnn—pll) + E Anm(wz)pmrn + {Am(w2) + Rnn]'Pnn
1 ’ m

+ 2 I on Pmm — EF?{'PM + Zr‘?w’;n'pn'n’ = (2-43)
[ n'
and
ap, ,
ar:m + {Rm + A (wz)}pmm + zAmn(wz)pm 2 an Pmm
+ X Tl Pmim =0 (2-44)
where

2
Ap(wy) = F|Dnz(“"1)1|2 Re{F,;(w;)}

I'pi(T) + R(D)

(wm — w)?+ {T7r) + Ryi(x))? (2-46)

2
= P|Dnz(w1)1|2
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2 L 1
Arm(w)= = — Im{iqu(Wz)}KnID(—W2)2|¢m)|2(1 . 2)

nm

2 - 1
= — 2 Kn|D("‘W2)z|¢m)|2(1 + 4 2)

I'im(r) + Rpn(x)
(Wmm — w3)? + {T'M(x) + RI(r)}?

(2-46)

Apn(w)) = ‘h’ 2 Im%1Fm(w2)( - a——) %l(mﬁ(_wz)zl‘f’m)l

nm

= ? ¥ KrID(—wy)al .m0 1P

(1 1/Qum M p(2) + R0} + (2/qnm (W2 — W)
(W — w2)2 + {T'T(r) + R (1)}

(2-47)

i \2
A;rm(wZ)— Z:|("ID("'¢-<Jz)z|<i!>m)|2 ImilF (002)(1"' 2 ) E

2 -
= ? Y KnID(—w,) 219,012

3= 1/ ) {T n(X) + RO} — (2/@nm (W3 — Wnn)
(Wmn — w3)? + {T70(x) + R7B(n)}?

(2-48)

From eqns. (2-42) - (2-44) we obtain the differential yield of photo-
ionization as

opy 9Pnn apmm)
Y(t) = — + +y —
(®) (; ot % ot § at

p> %Rﬁ + A (wy) + Alm(wz)ipm

+ 2 ;Rm + A (w,) + EA:;m(wz)£Pm (2-49)

For the weak field—weak field case [3], we can apply the steady state approxi-
mation to eqns. (2-43) and (2-44) to obtain p,,, and p,,,. as

ZA(w1)pey
1
Prn-=

2-50
Rm + Wrm + A;m(wZ) + EARI(“)I) ( )
H
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and

- E A;nn(wz)pnn
Prm = R+ W (2-561)
where W,,, = —Z,I"'/"" and W,,,,, = —Z """ represent the electronic relaxation

rates of the n-level and the m-level respectively. Here the vibrational relaxa-
tion 2, . I’ p,n and Z,,, T'™™p, ... have been neglected. This means that
either the vibrational relaxation is fast so that the vibrational equilibrium is
established or the vibrational relaxation is so slow that it can be ignored.
Substituting eqn. (2-51) into eqn. (2-49) yields

[ ’ W
Y= %R"nn" + Apn(w3) + 3 Apn(w3) E;;;TT %pnn (2-562)

where R,,, denotes the rate of direct photoionization due to the w, photon
originating from the n-level of the intermediate electronic excited state.

For the case W,,,, > R (i.e. the case in which the electronic relaxation
is much faster than the autoionization), eqn. (2-52) reduces to

Y= gR,m + Am(wy) +2Ar'nn(w2)}pnn
4 1 .
= ? [R',:: + -h—z %a—m—n? |<n|D('—w2)2|¢m)'2

(2-63)

Drm( Wy — W) — {Ca(x) + anﬁ(r)}]
(W2 — wmn)? +{C'm(x) + RE2()}? |7

These results for the photoionization yield are similar to the one-photon
ionization case (comparing with eqns. (2-16) and (2-17)). However, for the
case W,,, € R" (i.e. the case in which the electronic relaxation is much
slower than the autoionization), we have

Y =3 {R% + An(w2)}Pnn

2 1 N
= ; RAD+ ey 'Z":;m? {7 | D(—w3)2 | ¢ )2
(@ren? — DT T(E) + BRI (E)} + 201 (003 — Wln) ]
% (G — @) + (T () + R0} i (2-54)

The asymmetric bandshapes in these two cases are somewhat different; the
second case shows the Fano bandshape [4].

Other cases such as the strong field—weak field case, the weak field—
strong field case, the strong field—strong field case etc. [3] can be considered
similarly and will not be given here.
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It should be noted that, although I, m and n in this section and in Figs.
1 and 2 have been referred to as representing vibronic or robronic levels of a
molecule, they can of course also be referred to as higher electronic states
(such as Rydberg states). In other words, by reinterpreting the models shown
in Figs. 1 and 2, the theoretical results presented in this section have quite
a wide range of applications. For example, they can be applied to photo-
dissociation of van der Waals complexes or laser-stimulated desorption of
adsorbed molecules.

3. Discussion

From Sections 2.1 and 2.2 for one-photon ionization and two-photon
ionization of molecules, we see that the Beutler—Fano-type asymmetric
bandshape will be observed provided U,,. +# 0 (autoionization matrix
element) and D, * 0 (direct photoionization matrix element). In other
words, Fano’s q parameter is finite. The Beutler—Fano-type bandshape
disappears if g — o<} this can happen if either U,,, = Oor D, = 0, but D, # O.
To see the consequence of these conditions, let us consider the one-photon
ionization case. For the case U,,, = 0, we have R;; = 0, i.e. autoionization
does not take place, and egns. (2-9) and (2-10) become

a nn )
—gT + (Rnn?z + Ann)pnn + ZAnmpmm + z l‘"n;l:“prmﬂ + z F:nn Pn'nt = 0 (3'1)
and
dap -
ar:m + ApinPmm + EAmmom + Ermnnm Prm'm' — Er'r:nmpmm =0 (8-2)
n m’ n
where
2 Ian(r) + Rn(x) A
= e D — z 3'3
Anm = A = G o= ) + (D) + By | ol (39)
and

(3-4)

As expected, the photoionization yield is dependent-only on direct photo-
ionization, i.e.

Y(t) = 2 RonPon (3-5)

Similarly, for the case D,. = 0 we have R = 0, i.e. direct photoioniza-
tion does not take place. In this case, the MEs are given by



186

0 .
o+ Aunbun + . Armm + Z T o + Z T e = 0 (3-6)
and
9p, -
a:m + (R%n + Amm)pmm + zAmnpnu - 2 P:'nmprrm + ZF:Tm"'Pm'm' =0 (3'7)
n n m'’

In this case, the relations given by egns. (3-3) and (3-4) still hold and the
photoionization yield is dependent only on autoionization:

Y(t) = 2 R Pmm (3-8)

It should be noted that for the case g = <= the MEs given by eqns. (3-2),
(3-6) and (3-7) are the conventional rate equations [5, 6] and that the con-
ventional rate equation approach usually cannot provide the Beutler—Fano-
type bandshape for photoionization. Similar conclusions for g —> ¢ can be
obtained for the two-photon ionization case and will not be discussed here.

The continuum shown in Figs. 1 and 2 does not have to represent only
the ionization continuum; it can represent any other type of continuum
(e.g. a dissociation continuum or separate ion-pair formation continuum etc.).
In other words, the theoretical results presented in Sections 2.1 and 2.2 can
also be applied to other multiphoton processes with the excited electronic
state coupled to a continuum.

Several types of autoionization appear in molecular photoionization
spectra [7 - 9]. The kinetic energy of the ejected electron may come from
the autoionization state by conversion of either the rotational energy or the
vibrational energy of the ion core [7]. Another common type of auto-
ionization involves the conversion of the electronic energy of the core and is
called electrostatic autoionization [8]. One other type of autoionization,
which can be called the spin—orbit autoionization, results from a transfer of
the spin—orbit energy of the ion core to the photoelectron kinetic energy [9].

62,‘000 62’5&) 63‘1000
Two - color Energy / cm™?
Fig. 3. The two-color PIE spectrum of the aniline I} !B, band.
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Recently, Hager et al. [10] have measured the two-color, threshold
photoionization spectra of jet-cooled aniline, and observed vibrationally
selective autoionizing Rydberg structures in these spectra, containing quanta
of the non-totally symmetric vibrational modes 10b, I and 15. Figure 3
shows the photoionization efficiency (PIE) spectrum for aniline photoionized
from the I} !B, transition [10]. We shall qualitatively interpret this PIE
spectrum by using the theoretical results presented in this paper as follows.

Depending on whether W,,,, > Rom or W,,,, < R, the two-color photo-
ionization yield can be expressed by eqn. (2-53) or eqn. (2-34). For example,
for the W,,,,, < R, case, we have

Y= z‘,[R"" + 53 Shnlb—

nm

X 2g,m(wWy — Wpp') + (Qnm — D{mn(r) + RTZ (].’)}

3-9
(W; — W) ? + {75 (r) + RO} (3-9)
where R denotes the direct photoionization rate
27
R = re P — 3 KelD(wy)2|n)28(w, — wen) (3-10)
and
(RID(—w2)2|¢m) = (RID(—wy)lm) + —z Uem (n|D(—w,),|c) (3-11)

me

Equation (3-9) shows that the photo1omzat10n yield consists of two parts,
one from the direct photoionization which determines the adiabatic ioniza-
tion threshold, and the other from the contribution through autoionizing
states |m). Notice that the autoionization contribution to the photoionization
yield is determined by the matrix element (n|D(—w,),l¢,,) given by eqn.
(3-11). If the autoionization state |m) is a Rydberg state of high principal
quantum number, then {n{D(—w,);|m) is usually much smaller than
(n|D(—wj),le) if ¢ is the lowest ionic state. In this case, the direct photo-
ionization R7 makes more contribution to Y than that through autoioniza-
tion given by the second term on the right-hand side of eqn. (3-9). This is the
reason why one observes a sharp adiabatic ionization threshold due to R}.
In this case, the second term on the right-hand side of egn. (3-11) becomes
important and we see that the autoionization matrix element U,,, plays an
important role in determining the Rydberg structures of the PIE spectra near
the threshold [10].

To interpret the 1} !B, PIE spectrum of aniline, we use the adiabatic
approximation as a basis set:

In) = &, X,(Q1)b4 (3-12)
Im) =&, X,(Q1)0, (3-13)
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and

|C) = Qch(Ql)ecv" ) (3'14)
where ¢,, ®, and ®, represent the electronic wavefunctions (see Fig. 2),
X(€@p) and X, (Q;) denote the vibrational wavefunctions of the inversion
mode Q; and 8,,, 6,,» and 6., are the vibrational wavefunctions of all other
vibrational modes. Thus for direct photoionization

Ropn =

ﬁ2 E KX acu"I((pc'ﬁ(”wz)zlcpa”Xleav)[za(‘-‘% Wewv”, alv)

_ 27
ﬁ2 E|(¢c|D(—w2)|¢’ )lZI(X IXl)lzKecv"IBav)lza(wZ Wewo”, clv)
(3-15)

where, in the second step, the Condon approximation has been introduced.
Owing to the fact that the inversion mode is not totally symmetric, we can
see that the most probable transition is w = 1 and v’ = v provided there is no
big change in geometry between the !B, state and the ground state of the
ion. In other words, the direct photoionization yields the step-function
jonization behavior shown in Fig. 3 for the high resolution measurement.

Next we consider the autoionization contribution to the I} !B, PIE
spectrum. From eqgn. (3-9), we can see that it is determined by the matrix
elements U,,, and {n|D(—w,),lc). Note that for vibrational autoionization
we have

. a a
Ucm = —hz(Xwacuu I(¢c| I ¢b) leabU')

o, oQ
P ax ,
= _ﬁ2<q)c| b WX, l 6,p |8y ) 3-16
20, | — Ql |8y ( )

Here again the Condon approximation has been introduced. From eqn.
(3-16) we can see that the dominant transitions are w =0, v"=v' and w = 2,
v"=v'. However, the latter transition takes place above the threshold
Thus, the Rydberg structures shown in Fig. 3 are due to the w =0, v =0
transition. In this case, we have

(nlﬁ(_w2)2lc) = (Xlecv I(d)a | ﬁ(—w2)2|q)c>| ‘Xwocv”>

K Pol D(— P,
=i (Pal D( 0«72)2| ) (XllQIIXw)(eau|0cu" (3-17)
0

0Q,
Here the vibronic coupling is introduced. In other words, in this case the

vibronic coupling plays an important role in the Rydberg structures of the
1} !B, PIE spectrum.
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More recently, Kung et al. [11] have obtained the high resolution
spectra of new Rydberg states of H, in the extreme UV region by two-step
doubly resonant excitation (i.e. stepwise resonant two-photon ion-pair
(H* + H™) production) followed by H™ ion detection. In other words, their
experiment can be described by the following scheme:

Excitation
hv,y
H,— H,* (B'ZjorCl,)
hy.
I_I2 _2), Hg‘*

Autoionization

H,** —> Hj+e

Ion-pair fqrmation
H,** — H*+ H™

For convenience of discussion, we reproduce their ion-pair production
spectrum of H, and the fitted Beutler—Fano bandshapes in Fig. 4.

Kung et al. [11] have fitted the observed Beutler—Fano asymmetric
bandshapes by using Fano’s equation (see eqn. (2-54)). Asshown in Section 2,
Fano’s equation can be used only when we have the weak field—weak field
case and W,,,, €< R7. For comparison, we consider the W,,, > R™ case

|(n|ﬁ(—w2)2l¢m)lz Drnm€nm — 1 ]
Y= R+ 3-18
z [ AL Z T (D150 + RO} €um+1 |0 (518)
10 .| ¥ T
9 N-Isenes limit l mog,m
0.8}
=
Z 0.6}
& \/ ]
Z od" > & ‘\r\r
b= 33 34 35
0.2} v*'=9, N*=3 series 1
%9734 7%3 7:’3 7!¥ B|II 139830

TOTAL PHOTON ENERGY (emit)

Fig. 4. Ion-pair production spectrum of H; and the fitted Beutler—Fano bandshapes:
—, calculated; - - -, experimental.
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in terms of the detunings €,,, defined by eqn. (2-19). As was pointed out in
Section 2, the asymmetric bandshape function given by eqn. (3-18) is some-
what different from Fano’s bandshape function (see eqn. (2-20)). However,
both expressions can be made to exhibit the same asymmetric bandshape
by choosing the two q,,,,, values as follows:
_29nm(F)

where ¢q,,,(Y) represents the q,,, value given by eqn. (3-18) while q,,.(F)
denotes the g,,, value for Fano’s bandshape function. For comparison these
two sets of g, values for the ion-pair production spectrum of H, are given
in Table 1. Note that the widths determined from the Beutler—Fano band-
shapes consist of I',.;(r) and R} (xr) from both m and n levels (see Appen-
dix A).

Also, from eqn. (3-18) (or eqn. (2-52) for the Fano case), we can see
that, within a small wavelength range, we can assume that the contribution
from the direct process Ry, is relatively constant. In this case we can
determine the ratio of the two neighboring |{n|D(—w,);|9,, }? values (Fig. 5).
Forn =25 and n = 26 we find

[{n | D(—w2), | 9,(26))12

£ = 0.32 3_20
Kr | D(—w2)2l m(25))12 (3-20)
Note that -

@un(Y) = (3-19)

EDnc( wz)zUcm a(wm c)
9nm (nID( W2)2|Pm? ¢ (3-21)

Qrn’ (nlD(—w2)2|¢m > anc(_wz)Ucma(wmc)

TABLE 1
Comparison of q,,,(F) and q,,,»,(Y') values of the ion-pair production spectrum of H,

n ng(r) + I-‘mn(r) nm(F)* - J— | Y)b
25 1.76 0.40 0.95
26 0.956 0.20 0.40
27 1.25 0.60 1.756
28 1.10 0.55 1.60
29 0.85 0.10 0.35
30 1.00 0.00 0.00
31 1.20 —0.30 —0.85
32 1.50 —0.30 —0.50
33 0.90 —0.80 —4.50
34 0.70 —0.80 —4.50
35 1.00 —0.15 —0.45

aFrom ref. 13.
b Our results.
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In this way we can determine the ratio

: 2
%2 Dy o(—w2)2Ucm 8 (wpme) i
c 26

7 = 0.21 (3-22)
32Dnc(_w2)Ucm5(wmc)E

e 2S
and estimate the relative magnitude of the terms (n|D(—w,).|m) and
P Um
>

[~ wmc
involved in q,.,,.

It should be mentioned that in Fig. 5, in order to fit the experimental
data, the values of q,,,, and R ;(r) + I'5h(x) for n = 26 have been modified
slightly from those given in Table 1 to take the values of 0.67 and 1.00
respectively. This is due to the interference between the two neighboring
bands, and indicates that it is important to know the behavior of the con-
tribution from the direct photodissociation (or photoionization) and to
take into account the interference effect in order to obtain accurate g,,,
and [(n|D(—w,;)2|¢,)1? values. The widths I'I%(r) + RI7(r) arve relatively
insensitive to the interference effect however.

In conclusion, in this paper we have generalized our previous density
formalism for the treatment of multiphoton ionization of molecules by
including the effect of multirovibronic levels and have shown how to apply
this theory to analyze the experimental data. It should be noted that the
Green’s function formalism for multiphoton ionization of atoms has been
developed by Lambropoulos and coworkers [12]. A main feature of the
density matrix method is that it can properly take into account the heat

bath effect represented by I'>™ in this paper. Thus the theoretical results
obtained in this paper can also be applied to study photoionization of

(n|B(—wy),le)

H ion signal

1975 45 55 139765
total photon energy (cm~1)

Fig. 5. Caleculated ion-pair production spectrum of H, for n = 25 and n = 26.
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molecules in dense media. In this case, vibrational relaxation is often much
faster than other rate processes so that the vibrational equilibrium is
established. Then, for one-photon ionization, we may set p,, = g, P, and
Pmm = PaPm where P, and P, represent the equilibrium distributions in the
ground electronic state and the excited electronic state respectively, 2,P, =1
and %, P,, =1. Equations (2-9) and (2-10) yield

0

-5%' +ap, +bp, =0 (3-23)

and

%a . I

—— tap, tbop,= (3-24)
ot

where

a=3 P.(RE + Ap) (3-26)
b=22 Pu(Amm +T'T2") (3-26)

a =3 A,..P, (3-27)
and

b' =3 Pn (Rm +Apn — 3 F:‘:’) (3-28)

In this case, all the rate constants are weighted by the equilibrium distribu-
tions P, and P,,, and the time-dependent behaviors can be obtained by
solving eqns. (3-23) and (3-24). The two-photon ionization case can be
treated similarly and will not be discussed here.

Another feature of the density matrix formalism of multiphoton
ionization of molecules is that the competing processes other than photo-
ionization can be taken into account. Work is in progress to apply this
formalism to study the photoionization of liquids and solids.
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Appendix A: Derivation of eqns. (2-1) - (2-20)
Consider p,,,, given by eqn. (2-7). Notice that

i
;(anpmn_pnmv )+R pmn"'Rnnpnm

- 21m% (ﬁi Vi + R’,;,'") pm,.§

- 2Re;(€i Vi, + J,,,,,) p,,,,,g (A1)
Here eqn. (2-3) has been used. Writing p,,..(t) as ,
Prmn(t) = pmn(w) exp(—itw) + pp(—w) exp(itw) (A-2)

and using eqn. (2-4) and the rotating wave approximation, we obtain

mce

i i i
2R93(; Vom + Jnm) pmn} = 2Ren;’"Dmn(_w) + F 2 Dﬂc(—w)Uem
¢

* 33 ZDnc( w)Ucma(wcm)gpmn(w)

=.2ReB ry (nID(—w)ip.n)

+ %ZDRC(_w)Ucma(wcm)zpmn(w) (A-3)
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where

Uem
le) (A-4)

P
|¢m)"' [m)+22

L4 wmc
Equation ( A-3) can be written as

2Re%(~i— Vim + Jnm) pmn(t)g = Re}—imlﬁ(—w)lqu)( - i—)Pmn(w)% (A-5)
7 # q

nm

where _
(/1) Dpo(— W)U, 8(wem)

_ c A6
P (nID(—w) ém) (4-6)

Substituting eqn. (A-5) into eqn. (2-7) yields

0., 2 . i
- —;Zlm§<nint—w)|¢m>( = al—)p,....(w)f+R""pm+ZPmp,.k- 0
(A-T)
Similarly, eqn. (2-6) becomes
L Ll S L)
Y < ?Im (riID(—w)|Ym2 |1 + - Pmn(w)
+ R P + ZI‘mmpug =0 (A-8)
where
= Sy __—m A9
1Y) = |m) + ?w wcnIC) (A-9)
and
(ﬂ/h)z Dnc(—w)tjcma(w — Wep)
= - (A-10)

@ rm _<n|1‘3(—w)|wm>

It is commonly assumed that gm = Ghm and (n|D(—w)|Ym) = (| D(—w)ld,)
and that q,,, is a real number. This assumption will be examined in a future
investigation.

Using the relations

exp(ltco)( Vorn +R"") = ;ii—-(wmlﬁ(w)ln)(l— q+) (A-11)

nm
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and

exp(itw)(— % Vi + R',;‘,,,"‘) = — 51 (¢m|f)(w)|n)(1 + ) (A-12)

Qnm
we can rewrite eqn. (2-8) as

0P (W)
ot

+ -:;wmm(w)m(l—

+ {i(Wmn — W) + Ry + Tt } Pmn( )

i i ~ i
nm h nm
(A-13)
Applying the steady state approximation to p,,,(w) yields

(1/AX S | D() 1A+ /@) Poems — (AN | D(0) 1Y (1 —3/@11n ) P
1(Wpygy — @) + RO 4+ '

Prn(W) =

(A-14)
Equations (2-9) and (2-10) are obtained by substituting eqn. (A-14) into
eqns. (A-7) and (A-8). Notice that

_ 2 (A D(— ) b )P 1 D() 121 — i/ (L = /@)
A= 'fl'f?m% (@mn—w) * R+ T a9

2 i{@m D()In)P(1 + 1/gmm?) E
Anm = 72 Im% i(Wpy— W)+ R+ (A-16)
2 i K¥m! D) IR)P(1 + 1/gpn?) %
A 72 Im% (W — W) + RTE 4+ ' (A-17)
and
_ i{n | D(— w) Y Y Pm | D) n) (A + i/qnm)(1 + i/qm)i
Amm = 35 2 o (o — ) + RO+ T (418

Here the only assumption introduced is that q,,, and q,,, are real. Further
assumptions of ¢,, = V,, and @, = @, Will reduce the above expressions for
Ay Apmy Arn and A . to those given in Section 2.

Next we consider the calculation of R}, Using eqn. (2-3) we find

Ry =dpm + Jpe = Ryia(x) + iRFG(1) (A-19)

and from egn. (2-4) we obfajn

2
z | Upnel8(Wme) + i z'U’"' (A-20)

e Wme
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and
|Den ()
2 : -

Jan = Zchn(w)i d(w—wep) +i 73 ? © — oo (A-21)
Substltutmg egns. (A-20) and (A-21) into eqn. (A-19) yields

RyN(x) = 3 (R7: + R (A-22)
and

N | Umel? |Don(w)|?
Rpn(i) = E o 72 2: o — o (A-23)

In other words, R (x) and R mn (1) represent the level width and level shift
due to autoicnization and direct photoionization. Similarly, it has been
shown that the dephasing constant I'7;, due to the coupling between the
system and the heat bath can also be written as [Al, A2]

I'm = Cr(r) + i0m() (A-24)

That is, it can also be written as the summation of the level width and the
level shift. It should be noted that

Fan(r) = 358 + TR + T7R(d) (A-25)

where I'5i(d) denotes the pure dephasing. Equation (A-25) indicates that
() has contributions not only from the lifetimes of the m-level and the
n-level but also from the pure dephasing.

Next we consider an important case, g,,, = 0. We find

<n|15(—w)|¢,..>-q—i—n = D= en(ome) = Fom (A)

<n_|13(—w)|w,,,>ﬁ - %;Dnc(—w)tfc;a(m — Wen) = i (B)
=S 4m | (D)

and |

Amm = T A (E)

Here for convenience we have assumed that r,,, =r,,.. The above results
show that for this particular transition n = m the bandshape is lorentzian:

Y =2 (Ra: + 24,)Pn + Z(R7Z + 2A,00n )P (F)
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Appendix B: Derivation of eqns. (2-21) - (2-54)

First we consider p,;(t) given by egn. (2-31). Notice that

Bni(2) = pa(w,) exp(—itw,) + g,(—w) exp(itw,) _ (B-1)
Prn(t) = Prmn(w2) Xp(—itwy) + Pppu(—w,) exp(itw,) (B-2)
and

Pmi(t) = Pmi(w; + ;) exp{—it(w; + Wy)} + Pp(—w; — wy) exp{it(w,; + w,)}
(B-3)

Substituting eqns. (B-1) and (B-3) into eqn. (2-31) and using the rotating
wave approximation, we find

0pn1(wy) . n i
e * (wn — @) + T3+ R on(w1) + = Dar(@1)1(01 — Pun)
i
+2 (;“ Vo + R:’:I) exp(—itw;)Pmi(w, + Wy} =0 (B-4)
m .
Notice that
i i
(-f; Vim + R-Tt') ex_p(—-itwg) = ry Dy (—w2)2dm eXp(—itwy) (B-5)
and
_ exp(—itw,) . .
Jnm exp(—lth) = ———f'i,z——“ 2 f dr "nc(t)‘,cm(t - T) exp(—rrwcm)
co
1 .
= 33 D)o Uom —i o + watwm)§ (B-6)

where
D = D(w,); exp(—itw,) + D(—w,), exp(itw,) + D(w,), exp(—itw,)

+ D(—w,), exp(itw,) (B-7)
Substituting eqn. (B-6) into eqn. (B-5) yields

i i . ‘ i

(5 o + RE) expi—iteon) = 3 miBe—watom (1 1) ®B8)

and eqn. (2-34) is obtained by introducing eqn. (B-8) into eqn. (B-4).
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Next we consider p,,;(¢) given by eqn. (2-32). Again substituting eqns.
(B-1) - (B-3) into eqn. (2-32) and using the rotating wave approximation,
we obtain

0Pmi(wy + wy)

3 + {i(Wm — w3 — wy) + T+ R pi(woy + w1)

+2[%;‘1‘Dm(w2)2 + exP(itw'z)z Pm(wy) — ;:-Prm(wz)Dnz(Wl)ll =0

(B-9)
where we have
Jmn exp(ith) = # E Umchn(w2)2§i w + "75((-02 - wcn)z (B-lO)
c 27 Wep
It follows that
= Do (@2)2 + o €XP(itw;) = — <wm|ﬁ(wz)2|n>(1 — —‘—) (B-11)
) ) nm
where
P U,
= + —em B-12

Wm) = 1) + = B 2" ) (B-12)
and

1 (ﬂ/ﬁ)z Ume D on(w2)26(w, — Wen)

— = - x (B-13)
9nm (wmlD(w2)2|n>

Equation (2-35) for p,,;(w; + w,) is obtained by substituting eqn. (B-11)
into eqgn. (B-9).

Finally we consider p,,(t) given by eqn. (2-33). Substituting eqns.
(B-2) and (B-3) into eqn. (2-33) yields

0Pmn(w2) . i
_at__2 +{i(Wnpm— W) + T 70 + RI 10 1 (22) — ;;{E-Dzn(_'wl)lpml(wl +wy)
1
i i .
+ Pnn 7 Dpn(w2); + eXP(ith)Jmni + pmm; - "i;"Dmn(w2)2 +exp(itw,) oy, i
=0 (B-14)

where
1 .
exp(itw,y)dpy, = F 2 Dye Dcn(wz); 1
e

Wa — W,y
+ T U Don(2)8(c3 — “"")% (B-15)
[~
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and
. 1 .
exP(lth)J:m = F 2 Umchn(w2)2 %1 + 7"8( wcm)% (B'16)
It follows that
. . i
%Dmn(wz)z + exp(itw,)dpn, = %‘(Wm|ﬁ(w2)2|n)(1 — = ) (B-17)
nm
and
i i “ i

— ;Dm(w2)2 + exp(itwy)dpm = — 7 (¢m|D(w2)2|n)(1 + —) (B-18)

Substituting eqns. (B-17) and (B-18) we obtain eqgn. (2-36).

Appendix C: Validity of eqn. (2-41)

The performance of the steady state approximation applied to p,;(w,),
Pmi(w; + w;) and p,,,(w,) has been examined in a previous paper [C1]. Here
we shall study the additional approximation associated with the multilevel
system. Using eqn. (2-41), we obtain the improved expressions for p,;(w;)
and P, (w,) as

i) = %Fnz(wl)unz(wl)ltpm— p11) + Apmi(wy) (C-1)
and
Prmn(@22) = T;—an(wz)g((bm!ﬁ(wz)i")(l* q‘ )pm

—<1//m|ﬁ(w2)2|n)(1— q—‘—)pm% + Apm(ws) (C-2)

where Ap,;(w,) and Ap,,,,(wé) represent the correction terms for p,;(w,) and
Pmn{(3) respectively, and they are given by
i

Appi(y) = — = Fuy(@1) 3 <n|1‘)(—-w2)2|¢m>(1 — —‘—-) Py + 003)

;) dnm
i\ ” i
= _(E) Fnl(ﬁ-’1)2(n|D("w2)|¢m)( - ;I_) Fra(w; + w,)

X 2; [Frrm'(w2)Dn’l(wl)l(¢m”5((’-’2)2‘"")(1 + )pmm = Pn'n’

dn'm
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X {Fpn'(w3) + Fn'x(wﬂ}((bmlﬁ(wz)zln')(l - — ) Dy q(wy);

+ Fn'z(wl)(tﬁmlﬁ(wz)zm’)(l" 1’ ) Dn'z(w1)1.0n] (C-3)
and
BPrn(32) = — Foy(69) 3 Dy (—01) P33 + 32)

h 1

. \3
(ﬁi) an(wz)?Dm(—wthmz(wl + wz)z' [an'(wz)Dn'z(wl)l

X (¢m|ﬁ(w2)2ln')(1 + )pmm - pn'n'{an’(wz)

n'm

+Fn'l(wl)}(¢mlﬁ(w2)2|n')(l—— - )Dn'z(wl)l

n‘m

+ Fpo (1) dpm |ﬁ(w2)2|n.')(1 - ) Dn'l(wl)p!.l] (C-4)

These correction terms are indeed higher order terms.
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