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Abstract. The polarization of the VUV light generated by of left- vs. the right-handed excited molecular states of
four-wave sum-frequency mixing process = 2w1+w  enantiomers of a chiral molecule [7]. Polarized radiation
in mercury vapor at room temperature is analyzed in deat 10eV is also of interest for photoelectron spectroscopy
tail. Due to the specific two-photon transition used to enwhich is highly selective to the state symmetry. Right- and
hance the nonlinear process, the polarization of the VUMeft-handed circularly polarized radiation will produce spin-
wave is shown to be identical to the polarization of thepolarized electrons from single crystal and gases [8,9]. It
wave at the frequencw,. In particular, circularly polar- was also recently demonstrated that photoelectron spectro-
ized VUV is observed with degree of circular polarizationmicroscopy is a powerful method to study the electronic

exceeding 0.99. structure and dynamical properties of molecules adsorbed on
surfaces [10].
PACS: 42.65 Pc; 42.25 Ja During the last decade, spectroscopic studies with VUV

polarized light have been largely stimulated by the devel-

opment of performant VUV sources either high-brightness
Vacuum ultra-violet (VUV) light with a high and well-known synchrotron radiation beam lines [11] or coherent nonlinear
degree of polarization, in th&0-eV range & 125nn), is  sources [12—15]. But to extract useful information, the state
a powerful tool for a large amount of investigations. Manyof polarization of the VUV light must be accurately deter-
important properties of various materials may be revealechined. Various optical devices based on reflection [16,17] or
by experiments using either linearly or circularly polar-transmission with birefringent material suchMgF, [18, 19]
ized VUV radiation. For example, linear polarized VUV (but in that case, at energies lower than flfs8-eV trans-
light is useful for the study of anisotropic properties of parency limit) have been proposed to produce or to probe
oriented samples [1]. A method such as linear dichroisnVUV polarized light [20, 21]. The use of reflection-type ana-
is extremely sensitive for analyzing differential absorptionlyzers usually necessitates a good calibration procedure in the
of oriented molecules. Moreover, for measurement of optiVUV energy region in order to characterize the polarization
cal constants, the ellipsometry technique is now becomingroperties of radiation [22].
available to the VUV region [2]. The first reported spec- Coherent VUV radiation generated by nonlinear frequency
troscopic ellipsometry study aboweeV was using linearly mixing presents a number of advantages such as intensity,
polarized synchrotron radiation and triple-reflexion polar-high resolving power, and adjustable polarization state. We
izers [3]. Energetic polarized light is also convenient to obtairpresent in this paper, a detailed analysis of the polarization
vectorial information on photodissociative excitation pro-properties of VUV light produced at25 nmby a 4-wave
cesses through measurement of fluorescence anisotropy afm-frequency mixing (FWSFM) proceag = 2w; + ws in
excited fragments [4]. It can be used to control the reacmercury vapor. The dependence of the polarization state of
tion geometry of small encounters when one of the reactanthe VUV radiation is studied as a function of the polariza-
is generated by a photodissociation process [5]. With cirtion state of the visible wave at frequengy. The paper is
cularly polarized radiation, fundamental information aboutorganized as follows. In Sect. 1 we describe the experimental
electronic structures are accessible. Circular dichroism isetup. In Sect. 2 we present the experimental results obtained
an extremely useful tool for investigating the electronicwhen the visible fundamental bearity) is elliptically po-
properties of optically active molecules. It is particularly larized, the UV beamHK;) being kept linearly polarized. In
sensitive to the conformation structure of molecules [6]Sect. 3, the results are discussed and analyzed. It is demon-
and gives the possibility of obtaining different populationsstrated that use of a two-photorh § = 0) resonant four-
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wave-mixing process leads to a convenient polarized VUVa)
source.

1 Experimental setup

The laser system, which generates intense pulses of VUV
radiation has been described previously in [23]. Briefly, we
used only one pulsed dye laser (Quantel TDL50) operating
with a mixture of Rh640 and DCM which is pumped by the
green output of a doubledd: YAG laser (Quantel). The tun-
able visible output laser beam n&26 nm(wz‘l) is frequency
doubled in a type-ll KDP crystak{; = 2w;). Behind the KDP
crystal, a “zig-zag” device, composed of two dichroic mir—b)
rors (Rmax for 308 nn) and two right-angle prisms, is used
to split and recombine the two UV and visible beams. The
two collinear laser beams are then focused with an achro-
matic lens f = 38cm) in a vapor pressure mercury cell at
room temperaturéNpg ~ 4 x 1013 at/cm®) closed by aLiF
window (Fig. 1). With such a specific arrangement it is pos-
sible to modify independently the polarization of the UM}

and visible ;) beams by introducing different waveplates.
The entrance and exit windows of the mercury cell have >
been installed very carefully in order to avoid stress-induced 2
birefringence, which could affect the measurement of the po-
larization of the VUV. Moreover we have checked that the
reflection and the transmission of the second dichroic mirror
does not change significantly the polarization of the incident
beams. When scanning the dye laser, two pulsed 7 ns
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repetition rate 020 H2) VUV emissions are produced by the rig 23 1. schemes of nonlinear sum-frequency generatioHgrvapor ).

FWSFM processy = 2w + w> (Fig. 2). The first emission at  vUV emission lines observed by scanning dye-laser wavelength between
625 and626 nm(b)

Dichroic
Dye laser mirror 12514A is observed when the doubled dye-laser frequency
Nd:YAG ! O N a w1 is tuned to the two-photon transitiors % « 6s'S
= xop Glan polarizer (2w1 = 63928 cntl). The second emission #2505 A is ob-
® E: served when the doubled dye-laser frequengyis weakly
== L3 (A/4) detuned from the two-photon transitioa s, < 6s'S, to the
blue [23]. The emission intensities are twofold enhanced by
E —— L2 (MR2) resonance effects. A VUV outpli,, ~ 10 photongpulse
— A is measured for these two emissions [23, 24]. This result is

L1 (M2) y X

U comparable to the intensity obtained by FWSFM experiments
using hot metal vapors. Moreover it is two orders of mag-

In the VUV range, transparent birefringent materials are

nitude higher than the intensity measured at the same wave-
length when using rare gases as nonlinear media.
Achromatic lens <€——>» Y,

Oscilloscope

PM Hg-cell
Lyman o filter
~
T
—

rather scarce and reflection devices are more convenient as
polarizers [19]. Also, we used, behind thig cell, a set of

two lithium fluoride (iF) plates a#t5° incidence angle which
reflects a part of the VUV beam ontoGsl solar-blind pho-
tomultiplier (due to our experimental arrangement, the choice
of 45° is much more convenient than the Brewster incidence).
Moreover, for a total rejection of the UV and visible beams,

a Lymana interferential filter is placed in front of the photo-

[l multiplier. After amplification, the VUV signal is visualized
and stored by a Textronic digitizing oscilloscope. In this con-
/ - figuration, theliF plates act as polarizers since their reflectiv-
ities depend strongly on the polarization state of the VUV in-

LiF plate cident beam. For an incident angle4&, a ratioRs/ R, ~ 8.6
Fig. 1. Experimental setup. The Glan prism is used to obtain a better linealS Obtained al25 nm In principle, to analyze the polarization

polarization of the visible wave £

of the VUV light we need to rotate the analyzer composed



501

of the LiF plates. Nevertheless, experimentally it is much % ' ' ' ' ' '
more convenient to rotate the VUV electric fidi, in front -
of a fixed polarizer rather than to rotate an analyzer in the oo -
vacuum chamber. This rotation can be readily achieved by ro- .
tating simultaneously, by the same ang}@, two half-wave 30 L
plates L1 and L2 introduced in the “zig-zag”. The fundamen-g
tal fieldsE, andE; are then rotated by. Due to the isotropic S
nature of the nonlinear medium this is equivalent to rotating=>
directly the VUV field E4 by the angled. Moreover, a zero- &
order quarter-wave plate (L3) is used to make elliptical theg -0
polarization of the fieldE,. g

60 | u

2 Results 90 . ! . ! . |
-1,0 -0,5 0,0 0,5

Initially, the visible (E2) and UV (E;) beams are linearly Ellipticity of the visible wave &

polarized along the verticaly) and the horizontalx) axes,  Fig. 4. variation of the angle) with respect to the ellipticity: of the visible

respectively. We have measured the variation of the VUV inwave B. Theline represents the functiopr = tan-(¢)

tensity reflected by the twaiF plates as a function of the

rotation angle §/2) of the two half-wave plates L1 and L2

and for different ellipticityé of the visible wave, which is ized ¢ # 0) the signal still varies sinusoidally, but the ampli-

modified by using the quarter-wave plate L3. Some typicatude of the oscillations decreases and the curves are shifted

curves, obtained for the emission 514 A are presented by an angley to the right (Fig. 3b) or to the left (Fig. 3c) de-

in Fig. 3 (the fieldE; is kept linearly polarized). If the fun- pending on the sign of the ellipticit§. This means, on one

damental beams are both linearly polarized, the VUV wavédand, that the polarization of the VUV becomes elliptical and,

is then necessarily linearly polarized. In these conditions, then the other hand, that the major axis of the ellipse is in-

variation of the VUV intensity on the detector is sinusoidalclined by an anglgs with respect to the vertical direction. We

(Fig. 3a) and the ratio of maximum to minimum signal char-have determined this anglg by fitting the variation of the

acterizes the polarization analyzer efficiency. The maximayUV intensity as function ob with the curvelyyy = (Imax—

which correspond to a-polarized VUV wave, are observed |min) oS (0 + ) + Imin. The values off obtained for differ-

for 6 = 0 orr, and indicate that the VUV fiel&, is parallel  ent values of the ellipticitg are presented in Fig. 4. Finally,

to E,. When the visible fielde, becomes elliptically polar- we have analyzed the polarization of the VUV light when the
visible wave is circularly polarizeds(= £+1). The result is
presented in Fig. 3d. After the fit procedure the residual de-

1B ] gree of linear polarization is given by [25]:
e
£=i0 |max_ Imin
hn=—. 1
le |max+ Imin ( )
O
0 Assuming that the VUV wave is completely polarized, its de-
gree of circular polarization is then determined using [25]:
= §=1-0.577 9@0% Peirc = (1— F,”2n)1/2 . 2)
S |V @%X 9@9&(? In these conditions we have measurege = 99.9% for the
2 b emission atl2514 A and P = 99.8% for the second emis-
20 sion at12505A.
[0
2 ]
[
— £=0.577 89
§ WWWM 3 Discussion
c The polarization of the VUV wave generated by FWSFM can
0 be readily analyzed using the nonlinear third-order suscep-

i ] tibilities x®. Let us consider two electric fields; and E,
propagating in an isotropic nonlinear medium along the direc-

ey
1}
e

8 oroemonmnl A 800 ° ool tionZ=XAYV (X, ¥, andZ are three orthogonal unit vectors).
THeTTRET T OTREETRO TR0 o e We shall assume the fielg, linearly polarized while the field
, d E; is elliptically polarized, and we shall write:
0 90 180 270 360
Angle 6 (deg) E1 = E; exp(—iwit)X+cc (3a)
Fig. 3. Variation of the VUV intensity al2514 A with respect to twice the E, S NP .
ro?ation angled/2 of the half-wave ?)llates L1 and L2. Tr?e anglecharac- Ex= ng (“E A+HX+A- ISZ) y) exp(—lwet) +cc,

terizes the inclination of the major axis of the VUV ellipse with respect to 3p
the vertical direction (see text) (3b)
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where£ is the ellipticity of the beam at the frequenay.  where the labeK denotes a spherical-tensor rank, @t is
These two fields interact with the nonlinear medium to genthe angular factor:

erate, by FWSFM, an electric fiel&E, at the frequency

w4 = 2w1 + wp. The amplitude of the nonlinear polarization

associated to this process is given by [26]: 0" = (—DX (@™ x (Biee) ™. (8)
— 3 . . .
Pay —SOZXMxxV(—aM’ w1, 01, 02) EixEaxEoy (4)  In the relation (7),f and g (the ground state in our case)
v represent the levels involved in the two-photon transition,

3 . . . dy;0; IS the first-order transition hyperpolarisability de-
where x® is the third-order nonlinear susceptibility and fined in [27],& is the polarization unit vector of the field

p,y =[xyl In these conditions, it is straightforward t0 g, andg stands for a tensor product. The rakkis sub-
write the electric field at the frequenay,. We obtain the re- jected to the selection rule such thak ( J;, K) should

lations: obey the triangle rule [27,28]. In our experiment the levels
- —~ . f andg are of 'S symmetry 0y = J; = 0). In this case,
Es = (EaxX+ E4y¥) exp(—iwst) +cC, (58) K =0 and the tensor products in the relation (8) are re-

duced to the usual scalar product. The angular fagt®r

with . .
E2E can be readily calculated for the various components of
. i ibility ®. Thus, for the components
E 152 14+) x@ (—wa: w1, w1, 5py the nonlinear susceptibility . Thus, p
4x X 2(1+%_2)§ (A1) xuux(—wa; w1, w1, w2) (5b) X)E?/)xy(_a)ﬂ w1, @1, wp) and X)E?()yy(_a)ll; w1, w1, wp) the po-
and larization vectors of t_he field84 andE, areg, = %(—’e}l +
E?E, _ ) =X and s = -(8.1—-€4) =7, therefored©® =0
E —12 (1—it)xD (—wa: 5c V2 ’
4y & 2(1+§2)( 5 Xy~ s @1, 01, 02) (5¢) and X§3y{<y= X}(i)yyz 0. At the reverse, for the elements

, @ Xt —0a; 01, 01, w2) AN X (—wa; w1, w1, ), We have
where the four non-zero independent elementg‘dfare re- % =22 In this case?©® = 1/3 and, from the relation (6),

lated by the relation we obtain xJ, = x{3.. In theses conditions, the polar-
ization of the VUV wave should be strictly identical to

3) — 3) + 3 + 3) (6) . . .
KXxxxx = Xyxxy T Xxyxy T Xxxyy * the polarization of the wavéE,. In particular, the angle

. . - should correspond to the rotation angle of the quarter
From the previous expressions it is clear that the polarw P g 9

L ok ; wave plate L3 from an origin given by the vertical direc-
ization of the electric fielde, is completely controlled by .. ; _ Tren P ;
the polarization of the fundamental field,. Thus, if the tion. The functiony =tarr (£ is plotted in Fig. 4 and is

' - . oy ; in good agreement with the experimental points. Finally,
field E is linearly polarized along (§ = 0) then, in agree- 1oy 45" note that in a large number of nonlinear experi-
Iment |W|th lthg odbgervrf:lt|ons (F'gz 3a), trEe fiedi 'f alrs]o ments, with use of metallic vapor or rare gases as nonlin-
inearly polarized in the same directiolef =0). In the o5 eqia four-wave mixing enhancement is obtained with
more general case & 0) the fieldE, is elliptically polar-

ized. In particular, when the wavé, is right-handed cir- Jr =2 < Jy =0 two-photon resonance [29]. In this case

: L K = 2 and the angular factéf? is always non-zero. This im-
cularly polarized § = +1), the VUV wave is rlght-ha(13r)1ded plies thatxff)xy: Xﬁ%y# 0. Therefore, in these experiments,

ioti i i intici — &) ! o . o :
elliptically polarized with the elliptiCityss = +xyx/ Yoo if the two-photon transition is excited with linearly polarized

; XXy
These remarks are, of course, consistent with the Consqf@]ht, the production of circularly polarized VUV light is not

vation of the angular momentum in the FWSFM proces:spossible

w4 = 2w1 + wp. Experimentally, we have observed a cir- )

cular VUV wave when the fielde, was circularly polar-

ized (Fig. 3d). This means that{3,, = x{%,, and there-

fore that x5, = x5,y = 0. This is a consequence of the 4 Conclusion

two-photon resonance used to enhance the FWSFM pro- ] ) o

cess. By writing the various polarization vectors in theWe have analyzed in detail the polarization of the VUV
complex spherical basi§® =2, 8. = F(X£iy)/+/2), light generated by FWSFM, = 2w; +w; in mercury va-
the two-photon resonant third-order susceptibilities can bBOT at room temperature. Due to the specificity of the two-
factorized in two parts. The first part gives explicitly the Photon resonance used to enhance the nonlinear process,
relation between the electric fields, the second part con¥e show that the polarization of VUV wavé, corres-
tains the physics of the atom in the form of reduced maPOnds exactly to the polarization of the visible wakg.

trix elements and B symbols. With use of spherical ten- In particular, we observe circularly polarized VUV with de-

sor techniques the third-order susceptibility is proportiona@'€€ of polarization better tha89%. This allows a full

to [27, 28]: control of the VUV polarization, which could be a great
’ advantage for future applications of this VUV source in
@ (= wa: w1, w1, 02) ocZ(ZK+1)‘1 surface science. It can be, for example, a useful tool for

generating sub-micronic structures [30] and periodic pat-
S ” NS ” 3 >*< 3 ” o ” %) S terning on polymers [31]. It can also be used for prob-
VIR O g [1V9Y99) \VEIT] Qo0 (VY ’ ing [1] or producing highly oriented polymer films [32]. In
each case, the control of the VUV laser polarization state is
(") fundamental.

K
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