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Molecular lens applied to benzene and carbon disulfide molecular beams
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A molecular lens of the nonresonant dipole force formed by focusing a nanosecond IR laser pulse
has been applied to benzene and, @®lecular beams. Using the velocity map imaging technique

for molecular ray tracing, characteristic molecular lens parameters including the focal (€ngth
minimum beam widti{W), and distance to the minimum beam width positibn were determined.

The laser intensity dependence of the observed lens parameters was in good agreement with
theoretical predictiondV was independent of the laser peak intensiy) (wheread andD varied

linearly with 11,. The differences in lens parameters between the molecular species were well
correlated with the polarizability per mass values of the molecules. A high chromatographic
resolution ofRs=0.84 was achieved between the images of benzene molecular beams undeflected
and deflected by the lens. The possibilities for a new type of chromatography are discussed.
© 2001 American Institute of Physic§DOI: 10.1063/1.1367380

I. INTRODUCTION nique, where ions of the same velocity are focused into a

When a nonresonant laser beam is focused onto moBOint on a 2D ion image detector regardless of their positions

. . g in the ionization region, provided dramatically enhanced

ecules, the interaction between the laser electric field and threesolution for a detailed investigation of molecular rays af-
induced molecular dipole mome_nt can exert a me.Chan'f:atjected by the molecular lens. The characteristic molecular
force_ on the_ molecules prop(_)rtlonal to the laser IntenSItyIens parameters were determined from the tracing and their

gradient. This nonresonant dipole force has been Succes(ﬁépendence on the laser intensity was studied. In accordance

fully used to control neutral molecules. By focugmg mtensewith theoretical predictions, the focal length and distance
nanosecond Nd:YAG or CQaser pulses, deflection of mo-

. . to the minimum beam width positiaiD) were inversely pro-
lecular beams of simple linear molecules such,aanld CS positiof) yP

. rtional he | r intensi nd the minimum m width
was demonstratetf Intense laser fields also have been use ortional to the laser intensity, and the um beay dt

to control the molecular orientation. A theoretical description W) was independent of the laser intensity. A chromato-
. . P raphic resolution of 0.84 was achieved between the molecu-
was given for the pendular motion of molecules about th

axis of polarization of an intense laser fiéldnd this align- ar ray deflected by the lens and the one unaffected by the

lens. Analogous to the dispersion of an optical lens depend-
ment effect of molecules was observed by Raman experi- g P P P

ments on two intermolecular bonds of a naphthalene trﬂnermg on the wavelength of photon beams, the deflection of
) . hap ‘molecular beams by a molecular lens depends on molecular
Molecular alignment with the laser polarization was also ob-

. o ; X roperties such as the mass and polarizability.
served using an ion imaging technicqié.Analogous to an prop b Y

optical lens focusing a photon beam, a molecular lens focu In order to trap neutral molecules in space, all three Car-
P gap ' Ste%sian components of molecular motion should be reduced to

e e o oy o by appyg igh forces e imensinaly. n con
were discuséed by Seiderfidrand experiments on a cylin- ?r_ast, _the separation of moI_ecuIes can be achieved by a single
. . directional force exerted differently on each molecular spe-
drical molecular lens formed b)t/Jé}‘ocusmg a nonresonant IRcies. The separation of molecules using a light force, there-
laselrnptlsllissepgsg \C\?:igg)érrtegr?ra Sn.olecular lens of the non—fore' ShO.UId pe WUCh easier than th_e trapping of m_o_lgcules,
resonant dipole force which was applied to manipulate benz-it Ieast_ inprinciple. We have cqnflrmed the pOSSIb."Ity of
zene and CSmolecular beams in detail. Ray tracing of the separation of molecules with the I|ght_force by ob§erv!ng that

s : the lens parameters correlate well with the polarizability per
molecular lens was performed by applying a velocity Map, .- s ratios of the molecular species
imaging techniqué on the molecular ions produced by '
resonance-enhanced multiphoton ionizati®EMPI) of de-
flected neutral molecules. The velocity map imaging tech-

Il. EXPERIMENT
dAuthor to whom correspondence should be addressed. f@2-2-880- A schematic C_“a_gram of the vacuum Char_nbe'j is shown
8130; Fax:+82-2-877-3025; electronic mail: dschung@snu.ac.kr in Fig. 1. Thex axis is the laser propagation direction, the
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ber, electrodes, detectors, and the coordinate conven-
tion. The molecular beam propagates along ztexis
OPMT and the laser beam along thxeaxis. Dipole force is

exerted along they axis. The neutral molecules de-
1

FIG. 1. Schematics of the setup: the inside of the cham-
y
MCP phosphor screen

focused ions of
undeflected molecules

¥z
molecular beam dy\e

flected by the upper region of the molecular lens pro-
ceed downwards. After 34 ns, they are ionized by a dye
) CCD laser pulse and focused onto a detector by the electrode
deggclgzdnll%?;c?ﬁes \‘* image intensifier ion images of system. The image of molecular ions on the phosphor
molecules screen is detected by PMT or intensified by an image
repeller  extractor  ground deflected molecules intensifier for recording with a CCD camera.

Sy
==

axis the molecular beam deflection axis, and thexis the  pulse(A =477.4 nm for benzene, 483.0 nm for £&hich is
direction of molecular beam. The vacuum system consists giumped by the third harmonic of the Nd:YAG laser. The 34
two differentially pumped chambers, source and detectioms time delay is to avoid temporal and spatial overlap be-
chambers, which are separated by a skimmer with a 0.5fween the IR laser and dye laser pulses. IR and dye lasers are
mmdiam hole. The source chamber, containing a pulsedombined and focused by the 175 mm convex lens. The dye
valve (9-365-900 Solenoid Valve, Parker Instrumentalies  laser divergence is controlled by a set of convex lenses in
pumped by a 2400 I/s oil diffusion pum¥HS-6, Varian  order to compensate for chromatic aberration and to locate
with a rotary backing pump, yielding a pressure of 8.0|R and dye foci at the samecoordinate. A 0.15 mJ dye laser

X 10" Torr, Thg detiCti?n ch?)mber is a ZOOhmTS CUbg withpulse ionizes the molecules mostly into molecular ions by
o e e o 5 e a7 REUPL process 18 X Ay(2+ 1) o
pressure inside the detection chamber is about’ Torr, be”ﬁi” and [Tgsl4poy, (Thy) X "2q (3+1)  for
which is maintained by pumping with a 250 I/s turbomolecu- % .
lar pump(Turbo-V 250, Variapand a rotary backing pump. The deflected and subsequently ionized molecules fly

Pulsed supersonic molecular beams are formed by exNto @ 570 mm TOF tube along the molecular beam &xis

panding 50 Torr benzene or €& 2 atm Ar through a 0.5 axis) guided by an electrostatic lens system of three electrode
mmdiam valve nozzle at a rate of 10 Hz with a 228 plates: a repeller, an extractor, and a grodkRig). 1). These

duration, which makes the source chamber pressure abofitéctrodes are made of 2-mm-thick aluminum and have an
106 Torr. The molecular beam travels to the detectionPUter diameter of 110 mm. The distances from the repeller to

chamber through the 0.51 mmdiam skimmer and a 0.ghe extractor and from the extractor to the ground are 35 mm
mm diam pinhole along the axis. The nozzle and pinhole and 15 mm, respectively. The repeller and extractor elec-

determine the molecular beam size at the point of deflectiorff0des have a central part made of stainless steel. The 0.6
The estimated divergence of the molecular beamt@s5°. MM diam pinhole at the center of the repeller determines the
The velocity of a molecular beam along thexis is given molecular beam size. There is a 10 mmdiam hole at the

by2 stainless steel center of the extractor instead of the grids
s usually used in molecular fragmentation experiméhfshe
UZ:(ZCpT0> 1) repeller voltage is varied from 150 V to 1500 V and the
M ' extractor voltage from 100 V to 1000 V keeping the ion

whereM is the number-averaged molecular weight of the gad0cusing condition. The ground electrode has a hatlike shape
mixture, cp is the number-averaged molar heat capacity afVith @ 1 mmthick and 20 mm long head, which minimizes
constant pressure of the gas mixture, dhd-293K is the  distortion of the electric field. .
initial temperature. Benzene and Q8olecular beam veloci- When the ion image is focused on a 2D detector using a
ties are 570 m/s and 560 m/s, respectively. combination of the three electrodes without grids, ions of the
After propagating 85 mm from the nozzle, molecules areSa@me velocity are mapped onto the same position regardless
crossed § a 7 ns(FWHM) IR (A=1064nm Nd:YAG la-  Of their initial positions. If molecular ions witly,=0 are
ser pulsgSurelite 11-10, Continuumpropagating along the ~ focused onto one pointY(=0) at the detector, the ions hav-
axis. The laser pulse is focused with &/ 175 mm convex Ing a velocity ofv, are focused on the point=v, < TOF.
lens. The molecular beam is deflected by the nonresonarherefore, although the trajectories of molecular ions differ
dipole force of a laser field whose energy and polarizatiorfrom those of neutral molecules, the shifts due to the velocity
are adjusted by a zero-order half-wave plate, a Glan-lasery (AY=v,XTOF) are retained regardless of the electric
polarizer, and a quarter-wave plate. The energy of the circufield of the electrodes. This focusing electrode configuration
larly polarized laser pulse is adjusted in the range from 24s called velocity map imaginy: Since blurring due to a
mJ to 64 mJ. The waist radius§) of the focused IR laser is finite ionization volume and distortions in the ionic trajectory
about 14.5um. The peak intensity of the IR laser is varied induced by grid wires are removed and all the ions are trans-
up to 8.4x10''Wicn?, which scarcely ionizes the mitted in this scheme, the signal intensity and resolution of
moleculest images focused by the gridless electrostatic lens system are
After a delay of 34 ns, the deflected molecular beam isdramatically enhanced. The focal length of the electrostatic
crossed B a 5 ns(FWHM) dye lasefND6000, Continuumn  lens is controlled by varying the ratio of the extractor voltage
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Vg to the repeller voltag®/r. For our electrode system, a Since the rise time of MCP and PMT are 550 ps and 2.2 ns,
ratio of 2:3 gives optimal focusing at the 2D detector locatedrespectively, the overall response mostly depends on the P47

680 mm from the ionizing region. phosphor screen having a 100-ns decay time to 10% of the
After passing through the ground electrode, ions fly to anaximum intensity. In the experiment, the resolutioR (
40 mm diam chevron-type microchannel pléd@CP; 3040- =TOF/2FWHM) of our system is about 100 when the repel-

FM, Galileo with a constant velocity determined by the ler and extractor voltages are 1500 V and 1000 V, respec-
electrode voltages. Signal amplification of MCP is highly tively.
nonlinear in the voltage difference across the front and back Owing to the drastically improved resolution of the ve-
of the MCP. Up to 1300 V, no output signals are observedocity map imaging technique, tracing of the molecular rays
and a voltage of 1800 V is used for detection. To detec@ffected by a cylindrical molecular lens can be achieved by
molecular ions only, the MCP is gated by a negative highmeasuringAY and the TOF of molecular ions. Molecular
voltage pulse. A voltage of 1300 V is constantly applied toions created by the REMPI processes are accelerated by the
the back side of the MCP using a high voltage power supplyelectrode system and then fly to the MCP with a constant
A —500 V pulse generated by a homemade pulse generatyelocity. During the traveling time of molecular ions
using another high voltage power supply and a delay generd=TOF), unaccelerated neutral molecules would proceed a
tor (DG535, Stanford Research Systénis applied to the distance of TOK v, (neutral moleculalong thez axis with
front side when the molecular ions reach the MCP. Electronghe samey-shift as molecular ionsXY). Note that the ve-
emerging from the back of the MCP impinge on a P47 phoslocity changes during the chosen REMPI processes are neg-
phor screer{Galileo) which is activated by applying a volt- ligible and the velocity of a molecular ion is the same as that
age of 3600 V. of the parent neutral moleculep (neutral moleculg
The 2D emissions from the phosphor screen are intensi=vy(molecular ion. Thus the trajectories of neutral mol-
fied about 100 times by an image intensifi@uantum leap —ecules {o;x=0y,z) passing through the lens at=yy,
5n, Stanford Computer Opticsand recorded by a charge Where the origin(0, 0, O represents the center of the IR laser
coupled device CCD) camera(512x 512 pixels, CH350/L, focus are given by
Photometrics The same triggering TTL pulse used for gat- _ _
ing the MCP activates the image intensifier. The noise near Y=YotAY, z=v,XTOF. @
time zero generated by lasers is removed and the backgroumy varying the electrode voltages while keeping the ratio
level is lowered by about 5%. Although the intensified im- Vg /Vg constant for ion focusing, the distance to the detector
ages of molecular ions from ten laser shots are sufficientlys scaled in proportion to the TOF of molecular ions; the
clear, three sets of 600-shot ion images are integrated by ttdistance to the detector plane is virtually changed. Therefore,
CCD camera in order to reduce the effects from drifts anday tracing of the molecular lens can be achieved by measur-
fluctuations in laser intensities and ion optics voltages. Bying AY and the TOF at each, value as the electrode volt-
averaging 1800 shots, a more than 40-fold reductiorages are variedAY is measured by comparing ion images
(=~+/1800) in fluctuations is obtained. for undeflected and deflected molecules, and a TOF value is
The CCD camera and other instruments are controlledbtained from the PMT signals. The extrapolations of the
using internal scripts implemented in the+t\* software regression lines for the trajectorieyy(0,y,z) of neutral
(Photometrick The ion images are stored as unsigned 16-bitnolecules at severg, values yield the characteristic param-
words. The maximum signal intensity of a pixel of a 600- eters of the molecular lens.
shot image ranges from 3000 to 30000 as theis varied
from 150 V to 1500 V. Noise per pixel for a 600-shot image
is about 10 and is reduced by half when the backgrounql“_ THEORY
image obtained without the molecular beam is subtracted.
In order to investigate the effects of the IR laser pulse orfr- Deflection of molecules by the induced dipole
the molecular beam, ion images on the CCD detector witt{orce
and without the IR laser beam are compared. A computer-  |n the presence of a static electric fidig molecules are
controlled homemade shutter is used to block the IR lasellocated in the potential well due to the Stark sHift
The CCD signals of 40 pixels along theaxis near thex . 5
center of the image are binned together to obtain the profiles. U=—3alE|% )
ThQ basiq parameters of the deﬂ_ecting laser fields such as ﬂl‘—%r a time-varying electric field the Stark shift is given by
waist radius () and the potential well depthl,) are de-
termined by scanning the dye laser position alongytleis U(x,y,z,t)=—2aE(X,y,z,t)? 4

near the IR laser center and comparing the deflection results _ . o
with the theoretical ones. wherea is the static molecular polarizability ar{x,y,z,t)

Emissions from the phosphor screen are also monitoreff te space- and time-dependent electric field envelope. For
by a photomultiplier tubdPMT: 1P21/E717-21, Hamamat- a Iqser pulse with a_Gaussmn intensity profilxat0 propa-
su), and displayed on a digital storage oscilloscopéinium  9ating along thes axis,
54345A, _Agilen). This dgal dete_zction method is_ us_eful fpr I=I0exp[—2(y2+22)/w§]exq—4 In2(t2/ 7)1, (5)
optical alignment, MCP time gating, and ray tracing in which
it is necessary to measure both the image shift and the TORnd the induced dipole force along thaxis,F,, is given by
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Fy=—V,U 0
== ﬁyexq’—w exp[—4|n2(i)] 2 — W
w5 w5 )]’ 0 —— / ///
(6) g . - - 7
wheret js time, 7is the FWHM of a Igser pulsa,f v,tisthe : 2 == T
z coordinate of the molecules, att, is the maximum Stark -10 [ N
shift at the laser pulse peak, <>/
Uo=—$aE3=—amolo @) e
with the impedance of vacuum, and the laser peak inten- L T E—

sity 1. The effect of thez component of the induced dipole z (mm)
force can be neglected for the casg>Av,. It is also pos-
sible to neglect changes in the moleculg’soordinate dur- FIG. 2. Theoretical trajectories of benzene molecular rays withis, ex-

: : : _erted by a molecular lens are shown. The peak intensity of the lageis(
ing the deflection whemv,7<y. The experimentally ob 5.3x 10" W/cn? and the waist radiusay) is 14.5um. The lens parameters

served velocity shift is then given by are indicatedW is the minimum beam widthD the distance to the mini-
mum beam width position, anfdis the focal length of the molecular lens.

1 ©
rvy= | Ryt ®)
yielding N(y,z)dy is the number of molecules idy along the linez

AY 272Uy expl —2y% wd) =uv,t at position(y, 2. At z=0, the molecular distribution is
9 constant over the aperture,

AU = = — ,
Y TOF  mww,1+21In2(wy/[v,7])?

wherem is the mass of a molecule. This implies that the ~ A(y,0)= ﬁ:)\o_ (13)
molecular velocity change due to the IR laser dependsion 0
a, andl, as follows: From Eq.(2), the trajectory of a molecule passing through
the lens aty, is given by the line,
Av oc%oca—lo (10 Avy(Yo)
omom y=Yo+ vy—yoz. (12

v
|Av,| reaches a maximum §t= = wy/2. The sign ofAv, is ‘

negative ify>0 and vice versa. This deflection effect resultsAfter a litlle a_lgebra1,_7 the focal lengttt, the z coordinate at
in the focusing of a molecular beam as an optical lens fowhich A(y,z) is maximum, is given by
cuses a light beam. As in the case of an optical lens, we can

a
define and determine the associated lens parameters. f= T (13
0
where
B. Molecular ray tracing mwovg\/l—l-Z In2[ wo/(v,7) ]2 "
a:

_ By assuming, for convenience, a v_|rtua_1l aperture block- \/ﬁa%

ing the molecular beam witlyo| > wg as in Fig. 2, the char- ) . ) ) .

acteristic parameters of a molecular lens can be obtained W is determined by the intersection of two rays starting

from the traces of molecular rays. The focal lengthjs oM Yo=+ wo(— o) andyo=—Bawo(+Bwo) (0=B=1).

defined as the distance to the point of maximum moleculaF"om Eqs.(9) and(12), they value of the intersectiogy; is

density.W is the minimum molecular beam width in tye — 9iven by

direction andD is thez value at which the molecular beam (1+pB)e 2

width is W. Yin(B)=—wo+ eyt
To determind, let us consider a group ™, molecules pe te

in the yz plane passing through a cylindrical molecular lensFrom the conditiondy;,/98=0, the minimumy;., is ob-

of aperture width, &,. At t=0, the molecules are equally tained with3=0.384. TherW andD are given by

distributed along the axis and all the molecules have the

same initial velocitiesy(0)=v,(0)2z. As molecules pass by W=1.1 o, (16)

the molecular lensy, increases before the IR focus center a

and then decreases after the center. Since these two effects D=3.3|—. (17

mostly cancel each other out, the effects of the molecular 0

lens onv, can be effectively accounted for by assuming theThe intensity dependence of the lens parameters is obvious.

same initial velocities along the aperture and neglecting th&Vhile W is independent of the laser intensity, andf are

changes inv,. Let \(y,z) be the line density function: proportional to the inverse of laser intensityl@)/according

(15
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R — 1500 —
On
(a) Benzene @
- 500 —
FIG. 3. Portion of the velocity-
Y — =500 — mapped ion images of deflected mol-
ecules and their profiles at the detector
of the undeflectedOff) molecules and
r ] the deflected moleculesIR On).
um Schemes show the relative locations of
the foci of the IR laser and the dye
L -1500 ~ laser. The velocity change due to the
molecular lens can be estimated from
— 1500 — the image shift. The vertical scale
(b) CS, R on shows the distance along tieaxis on
@ | _ the phosphor screen. The IR laser is
circularly polarized and of peak inten-
sity (a) 1,=8.4x 10" W/cn? for ben-
L 500 - zene, andb) | ,=8.1x 10** W/cn? for
CS,.
— —-500 —
pm
L -1500 -

to Egs.(13) and(17), and the ratio of their slopes is 3.3. In factors including the initial transverse velocity spread
addition, sincea is proportional tom/«, D andf are propor-  (Avya ) of the molecular beam, velocity changes during
tional to m/«, while W is independent of it. ionization, and blurring at the detector.
Molecular beam geometry determines the initial trans-
verse velocity spread. Simple line-of-sight arguments give
IV. RESULTS AND DISCUSSION Avgn as

A. Deflection of molecules

Shown in Fig. 3 are ion images of the molecular beams (18)

of benzene and GSleflected by the IR Nd:YAG laser pulses
with reference images of the undeflected molecular beamsvhereD\ is the nozzle diameter aridhe distance from the
The peak intensity, of the laser pulse for deflecting ben- nozzle to the dye laser focﬁsSubstituting the values of
zene is 8.4 10" W/cn?. The benzene molecular ion image Dy=0.5mm and =85mm, Avyh =3.4m/s.
with 0.24-mm FWHM obtained by focusing the ionizing dye The maximum velocity change during the REMPI pro-
laser beam 7.6um above (below) the IR laser focus is cesses fvgeyp) Can be estimated from the photoelectron
shifted 0.35 mm downwardupward. These image shifts kinetic energy and the momentum conservation law. The
and a 42us TOF with a repeller voltage of 150 V corre- photoelectron energies of benzene ang @% 1.15 eV and
spond toAv,=+8.3m/s. The chromatographic resolution 0.18 eV, which give transverse velocities of 4.5 m/s and 1.8
(R9 (Ref. 18 between the undeflected and the deflected imm/s, respectively*'® Benzene undergoes a vibrational
ages is given byRs=0.589 Ay,e./W;,=0.84, where relaxatiort® with a raté® of 10"s™* after reaching high vi-
Aypeak@nd W, are the distance between the peaks and thérational levels of théE,, electronic state by absorbing the
FWHMs of the two images, respectively. The resolution ofthird photon with a wavelength of 477.4 nm. The ionization
the CS ion image is 0.80 at the same laser intensity of 8.1rate from the'E,, state is estimated to be & ! for a dye
X 10t W/en?. laser intensity of X 10°Wi/cn?.* Therefore, the vibra-
The velocity spread~WHM) of 4.8 m/s for Cgand 5.4  tional relaxation should be a much faster process than the
m/s for benzene estimated from the ion images of undeionization. As much as 0.82 eV of energy is lost during the
flected molecular rays should be a convolution of severatelaxation proces$ and the photoelectron energy is lowered
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to 0.33 eV which results in a reduction of the transverse o
velocity spread of benzene molecular ions from 4.5 m/s to L (a) Benzene
2.4 m/s. 4+
The charge clouds of the amplified electrons ejected 2'_
from the MCP give rise to a blurring in the phosphor screen = |
: 20,21 : ; g o
image-“~The smallest images of ions produced by ten laser E o 500
shots of minimal dye laser intensity has a spread of 280 >, i ©
FWHM which corresponds to a velocity spreafi(yetecto) L
of 3.1 m/s under the present experimental conditions. There- 4+
fore, it is estimated that 13@m is the minimum image size. s " ©
Note that the smallest detectable change in the center B A I R P I
of an image could be much smaller than the minimum =30 =20 100 1020 30
image size. Assuming that these contributions are random y (um)
and independent, the total velocity spreaduvy
%\/(Avlf?gngz"_(AUREMPI)2+(AUdetecto)2a which gives 5.2 6 o
m/s for benzene and 4.9 m/s for £SThese values agree - (b) CS,
well with those from the image size: 5.4 m/s and 4.8 m/s, 4_‘
respectively. oL o)
The deflected images are about 10% larger than the un- = |
deflected ones. This extra spread comes from the finite pulse 2 0—550 300
duration and size of the ionizing laser. For a given time delay Sl i o
(=34 n9 between the deflecting and ionizing laser pulses, s o
the spatial delay between the deflecting laser pulse and the -4
ionizing laser pulse is adjusted to achieve the maximum de- % B
flection; the molecules passing=0 att=0 also pass the PR I - T e
LT . . ) . =30 20 -0 0 10 20 30
center of the ionization region when the intensity of the ion-
izing laser is at its peak. Due to the finite sizevg( y (pm)

=10pum) and_pulse durationz(=5 ns) of the ionizing Ie}ser, FIG. 4. The deflection velocity changes along thexis are plotted as a
molecules which have been nea+ 0 att=0 are also ion-  function of the relative positions of the IR laser focus from the dye laser
ized. In a four-photon REMPI process, the ionization prob—focusl. The IR laser is circularly polarized with peak intensify-5.8
ability profile will be proportional tol4 and be a Gaussian X 101t W/ien?. The sohc_i curves show the fitting results from whiep and

. o U, are calculated using Eqll). (a) Benzene,wy=14.5um and U,
with wp~5um and7=2.5ns. These effects cause the de-_- g ./ (b) CS,, wo=14.2um andU,— 6.3 meV.
flection near the maximum pointy € * wy/2) to be under-
estimated since the velocities spread to the lower values. At
m her points the velociti r higher and low . )

ost other po .tS the velocities spread t_o gher and lo eghe values obtained from the fit awe,=14.2um and U,
values. We estimate the overall broadening due to these el g 3 meV[Fig. 4b)]

. o i =0 . .

fects to be up to about 1.5 m/s corresponding to a 6% in Using a pulse energy of 44 mJ and an average static

crease in the image size when convoluted with other broa%olarizabilitW w=11.6<10-%°C n?V for benzene andr
ening effgcts. A typlcal longitudinal velocny_ spread of a =9.6x10“0C IV for CS,, Eq. (7) yields values ofU,
supersonic beam is less than 1QPVHM) of its average _ o4 ey and 21 meV for benzene and CEespectively.
velocity** This velocity spread will result in about 10% tpe gifferences between the two setdlf values estimated
spreads off and D values. However, the influence of this om £q. (7) and Eq.(9) are due to the complicated spatial
spread i, is negligible in measuringv, from ion images.  heam mode of the IR pulse and uncertainties in measuring
lons are accelerated to have velocities 20 times larger thajhe waist radii. The Nd:YAG laser generates pulses at a fun-
the neutral beam velocity and the angular spread of ions ofigmental wavelength of 1064 nm. To pump the dye laser, the
the deflected molecular beam due to the 10% spread i8  third harmonic at 355 nm are obtained by passing the funda-
less than 0.5% of its deflection angle. mental beam through the second and the third harmonic gen-
Deflection of the molecular beam as a functionyos  eration crystals. The remaining fundamental component is
obtained by changing thg position of the dye laser focus. then used to deflect the molecular beam. We obtain the in-
Figure 4 showsa\v, of the molecules with a 44 mJ circularly tensity profile of the focused laser by scanning with a 12.5
polarized IR pulse. With &g of 150 V, TOFs for molecular  ;m diam aperture in the vicinity of the waist of the residual
ions are 42 us. Using the molecular beam speed  fundamental beam focused with the 175-mm-focal-length
=570 m/s for benzene and 560 m/s for CGf 293 K calcu-  convex lens. There are three peaks alongytlaeis and the
lated from Eq.(1), and an IR pulse of,=5.8x10"*W/cn?  deconvolution of the central peak giveg=16.3um. Since
with durationT=7 ns, the experimental data are excellentlyonly the major peak is used for the scanning studies, the peak
fitted by Eq.(9) as shown by the solid lines in Fig. 4. The fit intensity calculated from the total energy of the beam is cer-
for benzene yields an IR laser waist radiug) 14.5um and  tainly overestimated. Moreover, an error of onlyuin in
potential well depths,) of 7.9 meV[Fig. 4a)]. For CS, measuringwg for the IR laser leads to an 11% error in the
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-100 FIG. 6. Intensity dependence of the characteristic parameters of the molecu-
lar lens.W is the minimum beam widthD the distance to the minimum
beam width position, antlis the focal length of the lens. Solid lines are fits
1 L 1 L of the experimental results and dotted lines are the theoretical predictions for
(a) benzene andb) CS,. W is independent of the peak intensity of the IR
Distance (mm) laser, whileD andf are proportional to the inverse of the peak intendily.
andf are inversely proportional to the polarizability per mass of a molecule
FIG. 5. Tracing of molecular rays passing through the cylindrical lens ofe/m andW is insensitive to the molecular species.
width 2w, formed by the IR laser. The IR laser is circularly polarized with
peak intensityl ,=5.3x 10" W/cn?. The insert box shows the region near
the molecular lens focus. The res(# is for benzene ang) is for CS.. . . .
Each set of data with the same symbol represents the trajectory of moleculé%erlmental 1/C0nvemen_ce’ We_ measure the  distance
starting from the same point, and each trajectory is obtained by least-squards[ = (a/lg)e ?] to the intersecting point of the two most
fit. Horizontal scale is the distance from the lens traveled by neutral mol-deflected molecular rays, which pass the molecular lens at

ecules during .the TOF given by the produet(neutral molecule) w0/2 and *wo/Z, and calculatef from the relation f
X TORmoleular ion). =f'/gll2

—200

The experimentally obtained values Bf W, andf are
rT;f,hown in Fig. 6 as a function of I}. The energy per IR
laser pulse is varied from 24 mJ to 56 mJ. As discussed
above, the peak intensity is corrected using the calibration

deflecting laser intensity is varied, the ratios of the tug tactor of 3.1 Wis ind dent of th K intensity. wh
values estimated from E¢7) and Eq.(9) remain constant at actor of 5. L.WIS independent of Ine peak intensity, whereas
f and D are proportional to 14. In addition, the ratio be-

3.1, the value which is used as an intensity calibration factort. the s tob andf is 3.3. In Table | . il
In addition, the ratioUy(benzene)ll,(CS,)=1.2 agrees Ween Ihe Slopes andaris s.s. In 1abie |, experimenta

with the theoretical ratio &/m)(benzene)/&/m)(CS,) and theoretical values of the molecular lens parameters are

=1.2, supporting the intensity calibration method used incompared. These are in excellent agreement with B3,

this work (16), and(17) (dashed lines
' In the previous theoretical work, the focal length was

expressed a$/wy=\R/sin(2\/R), whereR is the ratio of

peak intensity. Therefore, the peak intensity calculated fro
the laser pulse energy by E(,) requires calibration. As the

B. Tracing of the molecular beams

Molecular rays passing through the cylindrical molecular
lens of width 2w, are traced by placing the ionizing dye TABLE I. Experimental and theoretical values of the molecular lens param-
laser focus at representative pointgo=0, +0.25w,, o
+0.384wy, =0.50w,, *=wg. Figure 5 shows the experi- Benzene cs Theoretical
mentally obtained trajectories in tlye plane. The peak laser L1 Loa Loa
intensity forming this cylindrical lens is 5:810' W/cn?. W 3'52“0 3:4a“2 3:3allz
and D are obtained from the intersection of molecular rays 0:96(02 0.93w, 11w,
starting atwgy (—wg) and —0.384 w, (0.384w,). For ex-
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TABLE Il. Ratios of various lens parameters for £&hd benzene. 5
Experiment Theory 4k
Uy H(CSy)/U, Y(benzene) 1.2 1.2
f(CSy))/f(benzene) 11 1.2 3+
D(CS,)/D(benzene) 11 1.2
W(CS,)/W(benzene) 0.97 1.0 7 L
1
the kinetic energy of a molecule to the potential energy depth 0
by light-molecule interactiofl (Note thatw/ in Ref. 8 is 142 0 -~ 3
of the waist radiuswg, in this papen. The kinetic energies Wal

of benzene and GSnolecules can be calculated easily from g 7. variations of the lens parameters according to the aperture size
their beam velocities, 570 m/s for benzene and 560 m/s fof2w,). As the aperture size gets close toM,approaches and W ap-
CS,. At a laser intensity of 5.8 10" wWicn?, the potential proaches 0, which means the Igns gberration becomes small. The dotted line
well depths are 7.9 meV and 6.3 meV, respectively. In ReffePresents the molecular lens in this reportvg2:2«y).
8, the potential well depth is treated as a time-independent
guantity when molecules pass the laser. In our case, how- L
ever, the time taken by the molecules to traverse the distanﬁé%'la“o an(_jW— 0.016w,, anod the Ien's.a'lberrgtlon 'S neg-
2w}(=21.m) is about 36 ns, which is longer than the laser igible. (D/f=1.1 andW is 3.2% of the initial width, 2v,.)
pulse duration of 7 n6FWHM). Therefore, the potential well
depth is a time-dependent function and should be averaged. Laser polarization effects
over time to traverse &, for comparison. Then the theoret-
ical focal Ienths U wo) are 40 for benzene and 48 for £S anisotropic, the potential well depth felt by the molecule de-
and the experimental values for benzene and &€ 43 and .

. - ends on the angl® between the molecular axis and the
48, respectively. They indicate good agreement between pr:%)— larization. The Stark shift is aiven b
vious theoretical work and our current work. aserpoia ' 9 y

The dependence of the lens parameters on the polariz- U= —jasE2=— i (a,— a, )coS 6+ a, |E?, (20)

ability per massa/m also agrees well with the prediction
(see Table . Since the parameteris inversely proportional
to a/m, D andf are inversely proportional ta/m, while W
is independent ofv/m. Both the ratioD (CS,)/D(benzene)
and f(CS,)/f(benzene) are 1.1. These values are nearl
equal to the polarizability per mass ratia/m(ben-
zene)kk/m(CS,) of 1.2. On the other hand, the ratio
W(CS,)/W(benzene) is 0.97, independent®fm.

Since the polarizability of a symmetric top molecule is

where a is the effective polarizability and, and «, are

the polarizability components parallel and perpendicular to
the molecular axis, respectivel{.Since molecules seek an
angle of low potential energy, they will be aligned with the
Yaser polarization direction. Therefore, the molecules have
different (co¢ 6) values depending on the degree of align-
ment;{cos #)=1 for perfectly aligned molecules and 1/3 for
randomly oriented molecules. Several theoretical pre-
dictions"®~2"and experimental resuft$® have been reported
C. Aperture size dependence of the lens parameters on the alignment of molecules in laser fields. In general, the
average valugcos 6) depends on the laser intensity; the

As noted in the previous subsection, the ratiolofo f increase in the laser intensity caugeg®s 6) to be closer

was 3.2 and 3.4 for benzene and ,C®espectively. This 01
represents the lens aberration due to the aperture size. Tﬁe X . . .

L . . . When the alignment effect is absent, the rotationally av-
closer to 1 the ratio is, the smaller is the aberration. Since the

linear region of the deflection velocity |g| < wo/2 as shown :;ﬁ:iofogziﬁigglt)éagfesao?ylmg:aert“%I;c;anrgc?rl]eg?qlg é?rct:I(:lr
in Fig. 4, the aperture size should be reduced to at leg$d P

reduce the lens aberration. Let the aperture size eg.2 poIanzagon aScave (a”+2ai)/3'. I _moIet;uIe; are per
. ; -~ fectly aligned with the laser polarization direction, the mo-
Then D and W can be found easily from the intersection L o
. . ) 7 lecular polarizability depends on the laser polarization and
points of the lines starting fronyg=+w,(—w,) and y,

s . R the molecular shape. For linear molecules such ag @S
g;ve,rfi’vg;(Jr[%wa). They value of the intersectiop;, is then (=16.8<10° ©CrPN) is larger than a, (=6.2

X107 4°C V). The effective polarizability will not be

(l+ﬂ)e*2(wa/a’0)2 aave DUt ) if aligned with a linearly polarized field and
(19 (ay+a,)/2 (=11.5<107*°C n?/V) if aligned with a circu-

larly polarized field. On the other hand, oblate molecules
The lens parameters obtained by minimizigg(8) are such as benzene have a larger value @of (=13.7
shown in Fig. 7f is independent of the aperture size sincex 10 *°C nm?/V) thane, (=7.1x 10 *°C n?/V), and the ef-
the maximum density point is determined by the molecularfective polarizability is«, for the both polarization cases.
ray starting from neayy=0 and is not influenced by the In this study, however, the results do not show an align-
aperture sizeD andW decrease rapidly as the aperture sizement effect. If there is an alignment effeety; of Eq. (20)
is reduced. When the aperture sizew20.50q, D depends on the laser intensity adds not linear in the laser

Yind(B) = _Wa+Wa,Be_2,32(Wa/wo)2+ e 2Walw0)’
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intensity. Then, the focal length will not be linear with re- and eccentricity of the laser polarization will determine the
spect to the inverse of laser intensity. However, the lineaoptimum separation conditions in optical force chromatogra-
dependence of focal length onld/shown in Fig. 6 is evi- phy.

dence against the possibility of molecular alignment. The

lack of an alignment effect is probably due to the multilon-\; concLUSION

gitudinal mode of an IR laser pulse having picosecond tem-

poral spikes. These rapid spikes prevent molecules from We have constructed a cylindrical molecular lens con-
aligning themselves with the polarization direction, since thesSisting of a far-off-resonant nanosecond Nd:YAG laser pulse
laser field rising time should be long enough for the mol-which acts on a molecular beam as an optical lens does on a
ecules to be aligned with the laser polarizaffdr?. Hence, light beam. This molecular lens is based on the optical dipole

the alignment of molecules is neglected in the present studyorce due to the Stark shift. Molecular beams of benzene and
CS; are deflected by the molecular lens and the trajectories

) of the affected neutral molecules are determined from those
E. Separation of molecules of molecular ions created by a REMPI process. The velocity

The dependence of molecular lens properties on th&ap imaging technique dramatically improved the resolution
value ofa/m resembles the dispersion of an optical mediumof the deflected ion images. The changes in the transverse
depending on the wavelength andm can be called a dis- Velocities of molecular beams were as much as 8.3 m/s and a
persion factor. Ana|ogous to an Optica| prism1 a mixture OfChromatographiC resolution of 0.84 between the deflected

neutral molecules with different,,./m values can be sepa- and undeflected molecular beams was obtained. Tracing of
rated by a molecular lens ut|||z|ng the nonresonant d|-the trajeCtorieS of the deflected molecules allowed us to de-

pole force. For example, benzene and nitrogen oxidéermine the characteristic parameters of the molecular lens

having a,,/m values of 9.x10 °*Cn?/Vkg and 3.8 including the focal length, minimum beam width, and dis-
% 10~ 15C mA/V kg, respectively, could be separated spatiallytance to the minimum beam width position. The focal length
using a molecular lens. This technique can be called “opticafnd distance to the minimum beam width position were pro-
force chromatography.” portional to the inverse of laser peak intensity and polariz-
Alignment effects can also be utilized to enhance theability per mass, whereas the minimum beam width was in-
separation of molecules. Consider a linear molecule and afiependent of these quantities. These successful applications
oblate molecule of similar,,/m values mixed with other of a molecular lens to the molecular beams of benzene and
molecules of differentr,,/m values. Since circularly polar- CS; confirm the universality of molecular optics. The possi-
ized lasers produce much lower ionization than linearly po-ility of separating molecules from a mixture based on their
larized laser€2*it should be easier to separate out the twodifferent polarizability per mass values was also investigated
molecules from the matrix of other molecules using a mo-as & new type of optical force chromatography.
lecular lens composed of a circularly polarized laser of high
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