PHYSICAL REVIEW A, VOLUME 61, 063404

Polarization-state dependence of the ionization dynamics of a chiral molecule
in intense laser light
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Circular dichroism of a chiral molecule,($)2-butanol, is investigated in intense laser light. Although
theory suggests the possibility of enhanced differences in absorfiéading to ionizatioh of circularly
polarized light of a particular handedness by a random ensemble of chiral molecules, we report results of
experiments that fail to observe such effects. While the ionization probability does not significantly change
with the ellipticity of the incident light, fragmentation decreases with enhanced ellipticity. The kinetic-energy
release accompanying CHormation decreases as the laser light becomes more intense, a possible manifes-
tation of bond softening.

PACS numbd(s): 33.80.Wz, 33.55-b, 33.15--¢

I. INTRODUCTION mation about both the “degree” as well as the “sense” of

structural handedness in absorbing systems. Quantitatively,

Following its discovery in 1825 by Fresnel, and studies byboth semiclassical radiation theory and quantum electrody-

Pasteur in 18501], chirality has remained an important con- namics predict the two-photon CD to be at least as probable

cept in diverse areas of scientific activity that range fromas the single-photon CIP10,11. Though predictions have

microscopic investigations of elementary particles, mol-Peen made on the possibility of observing circular dichroism
ecules, and crystals to considerations of large-scale propei? randomly oriented molecules under two- or three-photon
ties of living matter and the open question of biological ho-absorption, there has been very little experimental work.

mochirality. Contemporary interest in chirality also stemsSiMilar predictions for circular dichroism in two- or three-
from tantalizing possibilities of molecule-level engineering photon absorption have also been made for molecules pos-

using chiral molecules. For instance, Matal. have re- sessing a permanent dipole mom¢dP]. Extending these

cently reported a device that is based on the transition O’?r%l:)r'[ger]n;[cfﬁigarg?z ?Lsgebﬁqfﬁebcées tgiigﬂeo?iiieormm-
right-handed to left-handed DNA and Koumueaal. have b ’ g P g

— : oo circular dichroism.
produced the first light-driven monodirectional molecular ro-

) hiral helical alken@]. Chirali qi . Circular dichroism in the interaction of chiral molecules
tor using a chiral helical alkeri2]. Chirality and its mani- i intense laser light has not so far been explored, either

festation in the interaction of photons has renewed interesf o gretically or experimentally. Intense electric fields that are
not only for possible applications in switching and storageproduced by short laser pulses result in the production of
devices but also from a fundamental viewpoint. The POSSiyery large induced dipoles in molecules, and these can influ-
bilities of controlling laser pulse shapes and widths provideance molecular dissociation and alignméhd]. The large

new impetus for exploring the possibilities of controlling magnetic fields associated with intense electromagnetic
molecular excitation and dissociation. Theoretical advancepulses can also induce transitions due to the magnetic mo-
ments are also being made on the design of pulse widths tment in asymmetric chiral molecules. Furthermore, such
achieve selective excitation of chiral molecules of a particumagnetic fields can couple electric-dipole and magnetic-
lar handedness using circularly polarized laser pul3e§. dipole transitions, leading to the possibility thatm inter-

It is known that in chiral molecules, which have a nonzeroaction terms might result in selective enhancement of the
magnetic moment, the electromagnetic radiation brings fortlabsorption of circularly polarized light of a particular hand-
optical activity due to the combined polarization contributionedness. For instance, there is the intriguing possibility that a
from the electric and magnetic transition momejis The  chiral molecule that is dextrorotary might absorb an intense,
inversion symmetry associated with the magnetic moment iteft-circularly polarized(LCP) pulse much more effectively
chiral molecules leads to circular dichrois@D), which  than a right-circularly polarize(RCP) pulse.
causes the absorption rates for left- and right-circularly po- In this paper, we report results of an attempt to probe
larized light to be different for a molecule of a particular circular dichroism in multiphoton ionization and dissociation
handedness. Linear optical activity is a well-understood pheef a gas-phase chiral molecule. Specifically, we report here
nomenon and is now a widely applied tool for structure dethe results of ionization studies of optically active
termination. Its manifestation in electron scatterifg/] and  S(+)2-butanol using LCP and RCP infrared light in the in-
single-photon ionizatiofi8] have also been studied recently. tensity regime 1&-10" W cm™2. Alas, the ionic fragmen-
Nonlinear optical activity, on the other hand, is studied verytation patterns obtained in our experiments with LCP and
little experimentally, though there has been considerable theRCP light are identical. A more sensitive test is to measure
oretical interesf9]. the kinetic energies with which different fragment ions are

Theoretical arguments suggest that molecular transitioformed, and these too reveal no dissimilarities. These mea-
probabilities associated with tize- m interaction carry infor-  surements also explore the possibility that different angular-
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momentum states accessed by LCP and RCP light might 4000
yield changes in the shapes of peaks observed in time-of- 1
flight spectra, reflecting changes in the energetics accompa- o 350
nying the resulting dissociation dynamics. Interestingly, we 2 1
find evidence that, counterintuitively, the kinetic energies re- ; 3000 7 °
leased KER) upon fragmentation decrease as the laser inten- & 1
sity increases. This is possibly indicative of a transition be- = 25004
tween molecular bond softening and above-threshold f) 2000_'
dissociation. g ] . M
:-§ 1500-. ° 0 ° CH3+
Il. EXPERIMENT é 1000 A CHCH,'
In our experiments, light pulses of 35-ps duration, of 8 1 v H
wavelength 1064 nm, were obtained from a high-intensity, § %1 45° line
Nd:YAG laser operating at a repetition rate of 10 Hz. The - o 1

laser light was focused using a biconvex lens of 10 cm focal
length in an ultra-high-vacuum chamber capable of being
pumped down to a base pressure of B0 ' Torr. The va-

por of chirally pgre SﬁF)Z-butanpl was leaked into the FIG. 1. Comparison of ion yields obtained with LCP and RCP
charrjlger, resulting in operating pressures &£8 jight The different data points show results obtained at several laser
X10"" Torr. These pressures were low enough to ensurgensities spanning the range'3610t W cm™2. The points trace

that space-charge effects did not alter the results. lons prog 45° line showing that the ion intensities are independent of the
duced in the laser-molecule interaction zone were analyzefandedness of the interacting circularly polarized light field.

by a two-field, linear time-of-fligh{ TOF) spectrometer. A
more detailed illustration of the apparatus used in these eXs Changes in the shape of the fragment jon peaks_ No such
periment can be found elsethlE]. Changes were observed.

In measurements of fragmentation patterns, we ensured The chiral asymmetry in the molecules should, in prin-
100% collection efficiency into our TOF spectrometer bycip|e’ make a difference in mu|tiphoton absorpti@nniza_
using large {100 V cm') electrostatic extraction fields. tion) for LCP and RCP laser light. For two-photon absorp-
However, measurements of kinetic-energy spectra were tyption, theory[13] suggests that the difference in absorption
cally carried out at extraction fields 6¥20 V cm ! to en-  coefficient should go as
sure sufficiently high-energy resolution. The polarization
state of the laser light was changed by using a quarter-wave — Sux 2% (G2). + (B2 2y*
plate, and mass spectra were collected for LCP and RCP 8= SrxIM[(D2)}(G2)ngT (B)ng(Gongl, (D)
light interacting with the chiral molecules under otherwise
identical conditions.

———TT—T7
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ITon counts with RCP light (arb. units)

where Dg)ng is the molecular transition tensor due to the
electric-dipolar fu-d) interaction

([ i )i pl9)
Ill. RESULTS AND DISCUSSION 2yx — ) = -~ =
(PR=(ITlg)=2 g “=- @

The S()2-butanol mass spectrum was found to be
dominated by CHCH; and H" fragments, with small con- (B?) 4 is the molecular transition tensor due to the magnetic-
tributions from CH and GH,O" ions. Peaks corresponding dipolar (m-d) interaction
to single and double ionization of the parent 2-butanol were
also observed. The fragmentation pattern remained un- (n|mlj)j|m|g)
changed with the polarization state of the laser light. These (B? §g=(n|Tmm|g>=2 T E —hy
results are depicted in Fig. 1, where the yield of a particular ! g1
ion using LCP light pulses is plotted as a function of the _, . . .
corresponding yield with RCP light. Since the yields in both (G“)ng i the molecular transition tensor due to both electric-
experiments were identical, the points fall on a 45° line. ThediPolar and magnetic-dipolant- d) interaction
experiment was repeated over a wide range of sample pres-

()

sures and laser intensitiéspanning the regime of multipho- (G?)rg=(n|THM+TM¥|g)

ton ionization, at the lower end of the range, to tunnel ion-

ization at the higher endA much more sensitive search for :2 (n|/u|k><k|m|g>+<n|m|k><k|;u|g>. (4)
differences between LCP-induced and RCP-induced effects k Eg—hv

involved the measurement of kinetic energies released upon

fragmentation. Identical spectra were obtained with LCP and he three-photon absorpti¢a2] is expected to go as
RCP light. Differences in the kinetic-energy release with the

polarization of the incident light would manifest themselves 8. — 6 (- Imm)| ul?. 5)
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larization state of the laser from linear to circular. The parent
ion intensity, on the other hand, shows much less variation
with laser polarization. It is of interest to note that an overall
decrease in the total ionization rate has recently been ob-
served when simple moleculélike N,,CS,) are irradiated

by circularly polarized, intense laser fielpE5]. The change

in ionization and fragmentation patterns arising from the in-
teraction with circularly polarizedCP) and linearly polar-
ized (LP) light may be attributed to two main factors:

(i) At the same intensity of the laser pulse, in changing
from LP to CP, the electric-field amplitude decreases. The
400 decrease in the effective electric-field component in the di-
a rection of the TOF spectrometer can result in a decrease in
a the ionization signal rate that is measured as the ellipticity
300 goes from linear polarization to circular polarization.

(i) Selection rules for excitation by LP light and CP light
A are expected to be different. The excited states accessed
200 F when CP light is used will be different from those accessed
using LP light and, consequently, the resulting fragmentation
o pattern would be expected to exhibit differences when com-
pared to that obtained using LP light.
o H If the ionization probability were solely dependent on the
0 N — electric-field amplitude, then one would expect the intensity
0.0 02 04 0.6 0.8 1.0 of the parent molecular ion to decrease with an increase in
Ellipticity the ellipticity to thesameextent as in the case of fragment
ions. This is not so, as Fig. 2 shows. So, it is probable that

FIG. 2. Change in ion intensities as a function of the ellipticity access to different electronic states in the excitation manifold
of the incident laser radiation. The solid lines are guides to the eyds responsible for the different degree of fragmentation ob-
M™ denotes the parent,8,,0" ion. Ellipticity=0 denotes linearly ~served with an increase in ellipticity. It is intriguing that the
polarized light, with the electric-field vector parallel to the axis of fragmentation pattern remains unchanged in going from lin-
the time-of-flight spectrometer. Ellipticityl denotes circularly po- ear to circular polarized light; all fragment ions merely de-
larized light. crease in intensity as the transition from LP to CP light is

made. If the excitation manifold that is accessed is, indeed,
These arguments can be extended to multiphoton absorptidiifferent, in terms of orbital angular momenta, one might
(ionization of molecules and are expected to yield absorp-expect the gross fragmentation pattern to change in that cer-
tion rates that depend on the handedness of the laser poldgin fragmentation channels might be more favored over oth-
ization. However, the present results do not show any differers. This, however, is not the case here, sialtehe frag-
ence in the ionization and fragmentation probability with thement ions decrease with ellipticity. A more detailed analysis
handedness of the laser polarization. is clearly required in order to understand the observed fact

With present laser technology, absorption-rate differencethat the relative cross section for fragmentation is affected to
of the order of 1% can realistically be measured in experia substantial extent while the overall ionization probability
ments of the type reported here. The present results indicatemains essentially unchanged as the polarization properties
that differences are of smaller magnitude than this. In ordeof the incident light are altered. With large molecules like
to carry out experiments in the multiphoton regime that areS(+)2-butanol, the large density of states as well as large
equivalent, in terms of sensitivity, to conventional single-Stark shifts and dressing of the potentials induced by the
photon CD, it would be necessary to have the ability tointense laser field preclude a detailed analysis at present.
switch laser polarization states at a very rapid r@iethe We have also probed the laser-field-induced spatial align-
order of at least a few tens of kiizOn any intense field ment of chiral S@)2-butanol. Using a half plate, the plane
experiment of the type we report here, a serious limitation i©f polarization of the laser light was rotated with respect to
placed by present-day technology. Our laser operated at the direction of the axis of our TOF spectrometer. Spectra
repetition rate of 10 Hz. It is currently possible to have high-collected with the polarization vector parallel to the TOF
intensity lasers operating at repetition rates of, at most, hxis, or perpendicular to it, were very similar. No decrease in
kHz. Advances in laser technology that enhance this rate bthe intensity of any fragment ion was observed. If there were
a factor of 10 will lead to better sensitivity, which might help any preferential axis of alignment for the irradiated mol-
the development of intense-field CD. ecules, one would expect, on the basis of considerable recent

We have also measured the ionization rates as a functioexperience of the spatial alignment of different classes of
of the ellipticity of the interacting light; Fig. 2 shows the molecules irradiated by picosecond laser fields, that certain
measured variation. As is seen, the intensity of the fragmerfragment ion intensities would be larger when the polariza-
ions decreases, almost by a factor of 3, in changing the paion vector was parallel to the TOF axis than when it was

Ton counts (arb. units)
[
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—Paalll (= 16x10" Wem) ——— Parallel (1= 1.6x10* Weri®) separation between the forward and backward components,
o Pependialar (1= 160" Wen) o Pasallel 1= LOXI0" W onr’) indicating a larger KER value than in the case of measure-
® ib ® 7 lb ments using higher laser intensity. This appears counterintui-

{

tive, as one might expect that as the magnitude of the light
field is enhanced, the KER distribution would shift toward
higher energies, as channels leading to higher degrees of
excitation become accessible.

Our observations are reminiscent of theoretical predic-
tions that have been made of the dependence upon laser in-
tensity of the competition between bond softening and
above-threshold dissociatidTD) in H, [18]. Irradiation
of the zeroth vibrational level of H by low values of laser

intensity (~3x 10 W cm™2, 300 nm wavelengthleads to
| b| three-photon ATD. This is brought about by a crossing of the
N (V8 A 1soy potential-energyPE) curve by the 1s, curve dressed
AR WAL LW by three photons. This leads to the formation of Fag-
— pa o - 7 A ments possessing a mean KER value e#.25 eV. At
somewhat higher values of laser intensity~5§
Time of flight (s) X 10 W cm™?), two-photon ATD dominates the KER dis-

- N __tribution, with a mean H energy of~2.5 eV. This process
e s "ITVOes an il hre-photon transion o th repuiive
the forward- and backward- scattered ion pe@ee text The solid Lsoy (_:urve_ foIIowe_d_ by one-photon emission accompanying
curve shows the spectrum obtained with the laser polarization palgn adiabatic transition tq the &gc' PE c_urve dressed by two
allel to the TOF axis and the dashed curve shows the correspondi oto4ns. AEZ Iaser_ Intensities in exces_s of 15
spectrum obtained with the polarization vector perpendicular to the® 10_1 Wem™<, the single-photon bond-softening process
TOF axis. (b) KER spectra of CH at two different energies, as dominates, producing 1-eV protons. Experimental evidence
indicated in the figure, with the laser polarization vector parallel tofor bond softening in two- and three-photon ATD i Hhas
the TOF axis. been obtained19], but we believe that the data shown in
Fig. 3 probably represent the first experimental manifestation
of the competition between such processes as a function of
light intensity in a more complex molecular system. As in
the case of theoretical predictions that higher laser intensities

When the kinetic energy released upon formation of Cer_favor more adiabatic behavior of the fragmentation process

+o :
tain fragment ions is large, it is possible to observe forward-" Hy It appears f“’”.” our results that the propensity fpr
backward splittings of ion peaks in a TOF spectrum mea/M°"e adiabatic behavior as the strength of the irradiation

sured with relatively low ion extraction field45,17. In the field increases might be more generally applicable than hith-

case of CH fragments observed in our spectra, KER valuese© anticipated.

were sufficiently large to enable us to resolve such splittings In summary, we .ha\{e meastred the polarllzatlon-state. de-
(see Fig. 3 The solid curve shown in Fig.(8 depicts such pendence  of _|o_n|zat|on and fragment_a'uon of chiral
forward-backward peaks recorded when the laser polarizas-(4_')2'bu’[a_nOI in intense, 1064-nm laser fields of 35-ps du-
tion vector was parallel to the TOF axis. The dashed curvdation. No_ circular d|chr0|§m_wa§ observed in mu!tlphoton or
shows the TOF spectrum obtained with the polarization vecntense field absorpt|or(|on|za.t|or.‘). Fragmentation rates

tor perpendicular to the TOF axis. As expected with perpenyvere fou.nd. to decrease as the.|n0|d§antllas§:r radiation became
dicular polarization, a single, broad peak appears at the cenore elliptical. .At the same t|.me,. |0n|zat|pn of the parent
ter of the twin peaks obtained using parallel poIarization.mOIeCUle was little affected. Kinetic energies released upon
Using such spectra, it is possible to deduce the KER distrifragm_entatl(_)n sh(_)wed an ungxpected Inverse depen_dence on
bution function. We have done this at different values ofIaser intensity; this was possibly due to bond softening.

laser intensity and we find that the mean KER value is in-
versely proportional to the laser intensity. Figul®)3hows
the spectraobtained with parallel polarizatiorat two dif- We thank Dr. Ch. S.S.R. KumalCl India) for assistance
ferent laser intensities. The dashed curve, obtained usingith S(+)2-butanol. We are also grateful to our colleague,
lower laser intensity, shows TOF peaks that have a large®. Banerjee, for expert help with the TOF apparatus.

Ton counts (arb. units)

orthogonal to if14]. The anisotropy of the molecular polar-
izability is clearly such that no bond is preferentially aligned
along the laser polarization vector in the present case.
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