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Origin of the Phase Lag in the Coherent Control of Photoionization and Photodissociation
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The phase lag associated with coherent control by two-pathway excitation in the presence of
autoionizing and/or predissociating resonances is studied experimentally and theoretically. For a
mixture of HI and DI, the phase laghé between the two-parent ion signals vanishes to within
experimental accuracy, whereas for an/HIS mixture,|A§| reaches a maximum in the vicinity of
the HI 550 resonance. These and previous observations are all explained within a single theoretical
model which clarifies the origins of the phase lag in different atomic and molecular systems.
[S0031-9007(98)08101-0]

PACS numbers: 33.80.Eh, 32.80.Qk, 33.80.Gj

There has been much recent interest in using the phasaeen the modulated signals. Because the phase shift is
of electromagnetic radiation to manipulate the motion ofchannel specific, it is possible to maximize the yield of
electrons and nuclei [1,2]. The method of coherent conproductS by setting¢ = —855. The origin of this phase
trol uses two coincident laser fields to induce a transitiorshift is important for understanding and optimizing control
in an atom, a molecule, or a solid. Control is achievedmechanisms and, more significantly, as a route to discov-
by varying the relative phase of the two fields so that theering new molecular properties that could not be inferred
induced transition amplitudes interfere constructively orfrom more conventional observables. This is particularly
destructively. This method has been used, for examplgrue when the continuum is structured (i.e., in the presence
to control the ionization rate of an atom [3], the dissocia-of predissociating or autoionizing resonances), in which
tion rate of a molecule [4], and the direction of the currentcase(ESk~|DY)|g) is markedly energy dependent, both
generated in a semiconductor [5]. An especially interest;, magnitude and in phase.
ing opportunity arises when an excited particle decays into The phase shift in Eq. (1) appeared in the coherent con-
more than one product. In this case, variation of the relagq) theory of Brumer and Shapiro [2]. Its very existence,

tive phase of the two fields can be used to control not onlyis possible origin, and its significance have been the sub-
the total decay rate but also the branching ratio for the varicts of controversy in recent literature [9,10]. The first

ous channels [6]. _ experimental measurement of a phase lag was reported
A much cited example of coherent control is thej, pet [6] for the case of ionization vs dissociation of
quantum mechanical interference between one- and thrégy ygjecules. Further experiments found the phase lag
photon transitions [7]. In this case, the probability of yenyeen the ionization and dissociation channels to vary
obtaining producs is given by [8] strongly with the transition energy in the vicinity of the
pS =pd + p5 +2phlcodp + 8%, (1) Sso resonance of Hl and DI [11]. In particuldd §| was
s s _found to have a large value far from the resonance and to
whereps andp;y denote the one- and three-photon transi-a| to a steep minimum at the center of the resonance. This
tion probabilities, and phenomenon was explained in terms of a model [11,12] for
" L R o unimolecular decay into several competing channels, each
| pisle’®s = / dk (g|DP|ESk™)(ESk™|D™M]g). (2)  of which may take place both directly and via a manifold
of resonances. Reference [12] relates the structure of the
Here D'/ are effectivej-photon dipole operator/) =  phase lag to the underlying system properties. For the spe-
e 9D ¢ = ¢V — O is the relative phase of the cific case of a single resonance with a direct component, it
lasers,E is the total energy corresponding to either threewas shown that near the center of a single resonance the de-
photons of frequency; or one photon of frequenay; =  coupling of the excitation and decay processes cafies
3w1, k denotes the scattering angles of the photoelectrof reach a minimum. The phase lag far from resonance,
or photofragment, andj is referred to as thphase shift  arising solely from the direct process, is a consequence
for channelS. Variation of ¢ produces a modulation in of the phase of the complex continuum wave function
the signal for each channel. For any pair of channgls, (the so-called “molecular phase”), whereas the structure
and S’, a phase lagA§(S,S’) = 83 — 6153/ appears be- of the phase lag near the center of the resonance relates to
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properties of the resonance state [11,12], as is further excoated spherical mirror6f = 20.3 cm) mounted in the
plained below. phase tuning cell focused the two laser beams to a common
More recent experiments revealed new and surprisingoint within the molecular beam between the electrodes of
behavior. In the present study we present new data time-of-flight mass spectrometer. The ions produced in
along with theoretical results which provide a globalthe reaction region were detected by a microchannel plate
understanding of the origin of the phase shift in differentmounted at the end of a 1-m-long flight tube.
physical scenarios. In particular, we identify two distinct In a separate experiment, the single-photon (VUV)
sources of the phase shift. One originaj§ is the phase spectrum of each gas was obtained by focusing the output
of the complex transition amplitude, which, under certainof the third harmonic generating cell into the main vacuum
circumstances [12], survives integration over scatteringhamber with a Mgk lens (f = 8.9 cm at 355 nm) at
angles and leads to a nonvanishing molecular phase. A5° to the molecular beam axis. The VUV focal point
second, independent source &}, which has not been Was separated from the UV focus by at least 4 cm. The
previously recognized, is the Breit-Wigner phase of asample gases were introduced into the vacuum chamber at
scattering resonance. As illustrated below, the phase shiffom temperature, and the molecular ions were detected
in this case displays qualitatively different behavior fromas before. o _
that produced by the molecular phase. The identification 1he gas mixtures used in this experiment wereDI
of this new source ob?; resolves a controversy regarding @nd HI + H»S. Typical modulatlon+dat_a for the Jit,S
the origin of the phase lag and its implications for controlMixture are shown in Fig. 1. The"Isignal, produced

[9,10]. Specifically, it shows that a molecular phase is nofrom the photodissociaﬁon channel of HI, and the parent
required for the appearance of a phase lag. ion signals, HT and HS*, were recorded simultaneously.

A key step in unraveling the possible sourcedéfisto ~ Modulation of the three signals was produced by variation

separate the effects of the photodissociation and photoio®f the pressure of the Hphase tuning gas. The solid

ization channels. It is important to emphasize that the exCUrves are least squares fits of the functior b cog(x —

periment provides only relative phase information. Thatis¢)/@): Wherex is the H pressure. The phase lag between

A is the difference between the phase shifts for two chan@"Y Pair of channels is given by = (c — ¢)/d. The

. . le-photon ionization spectra of HI and $lare shown
nels. For example, for pure HI, the phase lag is the differ>'N9! oo

ence between the phase shifts for ionization and dissocid? Fi9s- 2(b) and 2(c).  For HI théso autoionizing
tion of that molecule: i.e. AS(HI*, 1) = sHI — §/1H!

A way to isolate the effect of ionization is to measure N

the relative phase shifts for the ionization of two differ- 030 L H,S*
ent molecules. Because the absolute phase of the modu- : ‘ ]
lated signal for each molecule is not reproducible from run 025 il 1]‘;‘ ‘M\" ‘,»L‘ Ao ]] L
to run, we obtain the relative phase shift by ionizing both 020 il i | N il ‘Nl UL LW M' “"‘“‘p" i
molecules simultaneously inmaixture of gases For ex- . W“‘!“ “Tp‘ | ,‘1 oy
ample, for a mixture of HI and DI, the phase lag between 015 | ! ‘

the ionization of the two molecules B&(HI*,DIT) =
sH" — 5B, We show that for a suitably chosen mix-
ture it is possible to eliminate the effect of the molecu-
lar phase and thereby to uncover the contribution from the
Breit-Wigner phase. To quantify this argument we derive
a general expression fdr; and examine its behavior in
the limit where molecular phases do not contribute to the
phase lag.

The experimental method has been described previously
[13]. Briefly, the third harmonic of a dye las¢t mJ/
pulse was generated by focusing the ultraviolet (UV)
fundamentalw;) into a cell containing 5—10 Torr of Xe
gas. The relative phase of the UV beam and its vacuum ; ‘
ultraviolet (VUV) third harmonic {3) was varied by S I S B EPPETR S
passing the copropagating beams through a cell containing
1-10 Torr of H gas. A pulsed (10 Hz) molecular beam, H, Pressure (Torr)
consisting of equal partl_al pressures of HI and a referenc IG. 1. Modulation curves for k6%, HI*, and I recorded at
gas, was crossed at a right angle to the laser beams. T Qv wavelength of 353.80 nm for a mixture o8 and HI.

density of the molecular beam was always low enoughrhe phase lag between Hiand HS* is —25° = 3°, whereas
that collisional effects were absent. A pair of/MgF,-  the phase lag between Hiand I" is 22° + 10°.

Ion Yield (arb. units)
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2 ' 1 " ' ; ™) of the angular momentum coupling scheme. The present

o mr.-pr observations are consistent with these predictions [10,14].
B s HI'-HS' ] Qualitatively different behavior is observed for ion-
10 f ? ] ization of the mixture of HI and k5. In this case,

AS(HI*,H,S") falls to zero far from the HI resonance
and rises to anaximumin the vicinity of the resonance.

Opr e +++ - + BERED Sl RN This maximum is blueshifted with respect to the minima

g + ] of A§(HI*,1) andAS8(DI*,1). The finding thawj}' ~

61]';25 off resonance is again consistent with the prediction
[10,14] that the molecular phase for ionization is zero. As
shown below, the maximum iA8(HI*, H,S1) near reso-

20 | + ] nance is explained by a model in which the contributions

Phase lag (deg.)

from the molecular phases vanish.

In order to understand the energy dependencégnfit
is useful to express the transition probability in the general
case in terms of the complex-valued one- and three-
photon transition amplitudes for both resonance-mediated
(at energyws; = 3w;) and direct paths. Equation (1) is
rewritten as [12]

25 F

A LoD LoD
ps=[dmﬁb@ﬂ+ﬁ%@f

. 3 K] 3) ;5@
e (fiue ™+ f5)e)

)

] In Eq. (3) we consider, for clarity, the case of a single reso-

© nance, but our results are more general. Hﬁér%,andfé{j

0.0 x s ' : ‘ < are the amplitudes for thgphoton-direct and resonance-
3934 3536 3538 3540 3542 344 mediated transitions, andl/) and 5!/ are the respective

phases. The phas¥/) may be further partitioned into the
FIG. 2. Phase lags and photoionization spectra. Panel (@umé') + §, 5 — &;, wheres') pertains to the tran-
g1

shows the phase lagd between the photoionization of HI . ! ;
and DI (squares) and of HI and,8 (triangles) in separate gas sition ?]rom the ground state to the resonaniig,s is the

mixtures. Panels (b) and (c) show the single photon (VUv)Phase of the matrix element coupling the resonance with
spectra of HI and bB, respectively. The data points and the continuumg; = cot™'(—e) is the Breit-Wigner phase,
spectra are each averages of at least ten wavelength scans, ané= 2(E — E; — A;)/T’; is Fano’s dimensionless energy
the error bars are 1 standard deviation. variable [15],E; is the zero-coupling limit of the resonance
eigenvalue, and’; and A; are the resonance width and
shift, respectively, due to coupling with the continua.
resonance is clearly visible (see Ref. [11] for DI), whereas Evaluating the square in the integrand of Eq. (3), we
for H,S there are no observed resonances at the energitigd that a phase shift may arise from three sets of terms
studied. [12]: interference between the direct one- and three-photon
Previously [11], we found that the phase lags for ioniza-paths with amplituder(") f*  interference between the
tion vs dissociation of both pure isotopomers displayresonance-mediated one- and three-photon paths with am-
a deep minimum near the resonance. In contrast, owlitude f\)f¥, and “double” cross terms with amplitudes

new results show th%a(H|+, D|+) = 0 within eXpeI’i— (1) £B3) ahdf’(l)f(?’) Far from the resonance, only the first
mental accuracy. It follows that the strongly energy de-sef of terms contributes. In the absence of a direct path,
pendent difference betweens observed for pure HI and 55 \anishes in the particular case of an isolated resonance.
pure DI arises solely from the dissociation channel.

[Thait hoth direct and resonance-mediated paths are present,

Ion Yield (arb. units)

UV Laser Wavelength (nm)

. I/HI
ISI,/%I(S(H”I,/QI— A5I(/%|I+,|) =85 - 514 — 81" +  |AS|reaches a minimum near the center of the resonance,
615 = 613 — 613 .] Reference [10] showed nu- where the resonance-mediated path dominates (except in

merically that the molecular phase for ionization of HI is the limit where neither direct path carries a phase). This
zero. In Ref. [14] it is shown that, subject to the approxi-is the structure predicted [12] and observed [11] for pure
mations of Ref. [10], this result applies more generally toHI and pure DI.

linear and symmetric top molecules. Provided that the Qualitatively different behavior is expected in the spe-
continuum channels are not coupled directly, the molecueial case of a purely elastic scattering Hamiltonian. To
lar phase for an ionization process vanishes, irrespectivanalyze the form of’ in that case, we first decompose
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the scattering functions in Eq. (2) into partial waves, ob—wherefg{',)ﬂi are j-photon matrix elements coupling the
taining (see Ref. [12]) partial waves ESJM) with the initial state. Partitioning
f}EJJ)Ai into their direct and resonant parts, by analogy to

tanss. — DM Imf,(;,)zfg}& @) the decomposition of the %)ngle—resolved elements in
" S ResBh Eq. (@)./4)5, = f17) + f{])e"%", we have
|
M +0B) s (O C)/RSNE) (M B o (1) ©)
anss. — Yoml—f1rfrasinéy, + frafs,sinés, — fr,rfr,siNé,, — 8,,)] 5
anois = DB, B ) ()0 )

@3 1 3 (1) (NN
Yomlfrafia + f1,0f7.a€088;, + frafir C0551,2 + f],rfﬁ,r codd,, — 8;.,)]
where the index of the magnetic state (which is conserved in a linearly polarized field) and the channgliadebeen
omitted for clarity of notation. The molecular phases make no contribution in the limit of Egs. (4) and (5), and, in the
absence of the resonant rouss; vanishes. _
Equation (5) can be rewritten in terms of generalizgehoton asymmetry parameters’ [15] as

(g + €)W — (4 + )30 + (g1 — ¢B)Hz03) )
1 + 62 + (l — q(l)e)z(l) + (1 — q(?’)e)z(?’) + (1 + q(l)q(3))2(la3) ’
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J, and J; are the ground state and excited resonance

rotational levels, respectively, and, are Boltzmann
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