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Control of Phase Matching and Nonlinear Generation in Dense Media by Resonant Fields
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~e sho~ that the atomic dispersion and therefore the efficiency of the nonlinear generation at a
given frequency can be controlled by the addition of an extra resonant laser field. Using this
change in dispersion, eve explain some of the recent observations on the vacuum ultraviolet genera-
tion in Xe and Hg.

PACS numbers: 42.65.0r, 32.80.Rm, 33.80.Rv, 42.50.—p

Nonlinear generation of radiation in atomic vapors
depends critically on the dispersion in the medium.
For example, the efficient vacuum-ultraviolet (VUV)
generation by four-wave mixing under tight focusing
conditions takes place when the medium is negatively
dispersive at the frequency of the generated VUV. '

Consequently, such atomic vapors that have high
X'3'(3to, to, to, to) for the generation of VUV but are
positively dispersive cannot be used on their own.
One well known method to overcome this difficulty is
to use along with the original gas another gas which
has a negative anomalous dispersion region at the gen-
erated VUV frequency. z In this Letter we propose
another method of circumventing this difficulty by the
addition of a strong saturating resonant laser field.
This method of changing dispersion provides in gen-
eral more than one frequency region in which efficient
VUV generation can take place. We demonstrate the
generation in the region where it was ordinarily forbid-
den. The proposed method can have practical advan-
tage as both the intensity and the frequency of the sat-
urating field can be used to control the dispersion and
thus provides one with greater flexibility. Using the
results on the change in the linear dispersion, we ex-
plain some of the recent observations of Compton and
Miller3 and that of Normand, Morellec, and Reif.4

Note that in the recent experiments of Compton and
Miller3 on multiphoton ionization in Xe, the ionization
signal was controlled by the addition of a resonant
laser beam. We also present detailed results on the ef-
fect of absorption on the nonlinear generation.

In order to demonstrate the basic idea of use of the
resonant field to control the dispersion and absorption
at the frequency of the generated VUV we consider
the atomic level structure shown in Fig. 1. In Xe,
e.g. , the ~3), ~2), ~1) could correspond to Sp 'So,
6s [—', l J= i, and 7p [ —', ]1= 2 states whereas in Hg (3),
i2), i I) could correspond to 6s 1$, 6p 'Pi, and 6diD2
states. Normally for third-harmonic (or VUV) genera-
tion the fie1d Ez is absent. In this case the power of

the generated VUV is given by
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FIG. 1. The effective three-level structure of the atoms
considered.
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Here too is the beam waist at the focus of the funda-
mental beam and b is the confocal parameter. d „ is

the dipole matrix element between the states ~ m) and

)n). K23Ei is the matrix element of the effective
Hamiltonian for the absorption of three photons of
field Ei (frequency toi) between the states ~2) and

~3). The phase-matching integral F is given by

(gkb p) exp[( —iAkb/2)(p' —p)] dp, (2)(I+ tP')'

with p=2(z —f)/b and ( is p at z=0. z is the direc-
tion of propagation of the fundamental Gaussian-mode
field Ei, and f is the focal distance from the face of
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the medium at which the field Ei enters. Note that
6 kb is complex and is given by

b kb = 2m o)„bX"'(3o)i)/c = 3/(5, —i123), (3)

with

3 = 6m o) i n i d 23 i b/h c

Here X' i(3coi) is the linear susceptibility at the fre-
quency (~„=3&vi) of the generated VUV, and n, I'23,

and 5i are respectively the density of atoms, the relax-
ation rate of the density matrix element p23, and the
detuning cu23

—3~i. Because of the three-photon reso-
nance, 3', ——cu23, the susceptibility X (3~, ;co, , oui,(3)

~i) has the structure = nd32K23/t(5t —il 23). Note
1

that the matrix element d23 in the denominator of Eq.
(1) cancels with the one in the b, kb. Notice further
that the VUV for the resonant medium is governed by
l~kbF(&k&) 12 rather than by IF(5kb) 12 which is the
case for the VUV generation in a nonresonant system.
The properties of F(b, kb, P) are well known for the
case of no absorption in the medium. The efficient
generation is determined by the dispersion of
Xt'i(3cui). We now investigate how the nonlinear
generation changes by an additional laser field.

Using density-matrix equations for the system
shown in Fig. 1 we have shown that in the presence of
the extra resonant plane-wave field E2 (frequency 0~2)

the linear and nonlinear susceptibilities become inten-
sity dependent and are found to have the explicit
forms

(, )X (jr@i)=
h

Ig I'
(5, +5,) —ii.„ (4)

2(, ) nd32K23 ~g ~(30)i,Cdi, Alt, Cui) = 5i —/I 23—
5i+~2~ —Ij i3

"~"'(3~,),
23

(5)

where g = dt2E2/il, 52 =~i2 —Oi2, and 1 i3 is the relaxa-
tion rate of pi3. Using (5) and (4) we have proved
that the VUV generation is still given by Eqs. (1)-(3),
but with X"i(3cui) Xt'~(3cut). We next discuss the
important properties of X" (3~i ). The dispersion
[ReX"i(30ii)] and absorption [ImX"'(3cut)] can be
varied at will by use of the intensity and the frequency
(detuning 52) of the field E2. For example, for posi-
tive detuning 5i, one can induce a net negative
ReX" l (3u&i ) by choosing appropriate values of E2 and

52, whereas it is easily seen that for positive 5i and
E2=0, Remi'i(3coi) is positive. In Figs. 2(a) and 2(b)
we show the changes in Red, kb and Imhkb for various
values of detunings 5i, 52 and the parameters A, g. The
absorption peak in the absence of the field E2 splits
into the well known Autler-Townes doublet, ' shown in

Fig. 2(a) for a range of g and 52 values. The medium
in the presence of the field E2 shows two separated
anomalous dispersion regions. Note the change in the
sign of Red kb for I5il & Igl. It is this change in sign
coupled with sufficiently large pressure which is useful
to generate VUV in the frequency range where it is
normally forbidden. Note further that the splitting is
symmetric about 5i =0 if the second laser is exactly on
resonance with the transition ~1) —~2). For off-
resonant field E2 (52e0) the splitting becomes asym-
metric with respect to 5i. Consequently the medium
can be made negatively dispersive even at exact reso-
nance, i.e. , 5i =0. Thus for spectroscopic studies one
has the possibility of generating &U& at desired fre-
quencies.

The intensity of the generated VUV, as given by Eq.
(1)„depends on the phase-matching integral which in
turn depends on b, kb In our study 5kb is complex be-

t cause we are dealing with resonant situations and be-
cause we also have another resonant field which
changes the absorption characteristics. The complex
5kb makes the evaluation of F(b, kb) quite complex.
Even in the tight-focusing limit no analytic result for
F(5 kb) can be obtained.

The behavior of F(5kb) has been analyzed by the
fast Fourier transform method. In Fig. 3 the function
G(5kb) = ~b, kbF(5kb)/2~2 is plotted against Red kb
for various values of Imb, kb. For these figures we
have taken P =10 at the output face. The field Ei is
assumed to be focused in the middle of the sample.
Note that there is no VUV generation in the positive
dispersion region. The peak of G(b, kb) for
Imhkb =0 occurs at Red, kb = —4. This peak starts to
fall in magnitude sharply when Imhkb changes from
0.005 to 0.3; however, its position remains roughly un-
changed. For larger Imhkb ) 0.3, the function G
shown in the inset of Fig. 3 exhibits oscillations on the
negative dispersive side. Thus Maker fringes are ob-
tained for Imhkb ) 0.3, i.e., when the absorption
length of the medium becomes comparable to the con-
focal parameter b. These and the related effects shall
be discussed elsewhere. Figure 2(a) shows two re-
gions of the detuning 5i for which the value of Red, kb
is equal to —4 at sufficiently large pressures. These
regions correspond to 5i & —di2E2/ii and positive
5i & I di2E2/ii I. Asymmetric regions are obtained
when 52 is nonzero. Note that the region of positive 5i
is the one which is normally forbidden for VUV gen-
eration if the extra resonant field E2 were absent. To
have efficient VUV generation in this region one
needs 1mb kb & 0.005. This can be achieved by ad-
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FIG. 2. (a) The real and (b) the imaginary parts of the
complex 5kb vs 6~, in units of I 23, are plotted for three
values of g and 52, viz. , (I) g = & =20 ;0 (2) .g = 155 cm
(E2—- I 6%/cm2, 52=0.0; and (3) g=155 cm
cm '. These curves correspond closely to the experiments
of Compton and Miller at 0.32 Torr with A =116 cm
I 23 I )3 = 68 6Hz as observed experimentally at low pres-
sures. The curves marked (3) correspond to the situation
when the field E2 is detuned by 50V23.

justing the control parameter 52, i.e., the frequency of
the second laser.

Therefore the above analysis shows that by having
an additional resonant field one can (1) change the ab-
sorption properties of the medium considerably, (2)
develop two regions of negative dispersion, and (3)
generate VUV efficiently in the region in which it is
forbidden.

In the case of Hg vapor Normand, Morellec, and
Reif' have reported the observation of third-harmonic
generation on both sides of the resonance St = 0 with a
dip in third-harmonic generation at exact resonance.
For their experiment the role of the extra laser field E2
is played by the fundamental field itself. Their obser-
vation is consistent with the two regions of negative
dispersion as obtained in our analysis.

We now use the results displayed in Figs. 2 and 3 to
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FIG. 3. The behavior of the function G(5kb), whjch js

proportional to the power of the generated VUV, is sho~n
as a function of Rehkb for various values of Imhkb: (I)
I X10 4, (2) 5x10 ', (3) I X 10 ' (4) 5&&10 ' (5) 0.1,
(6) 0.2, (7) 0.3. Inset: The region of Maker fringes for
Imb kb equal to (8) 0.5, (9) 0.7, (10) 0.9.

explain experiments of Compton and Miller. ' They
have observed two color multiphoton ionization sig-
nals much in the manner of this Letter. They, howev-
er, did not report the simultaneous observation of a
VUV signal. Nevertheless, it is interesting to analyze
their two color multiphoton ionization experiments in
view of the possible competition effects due to VUV
generation. It is well understood now that the ioniza-
tion signal depends crucially on the VUV generation
which can be very efficient as a result of the three-
photon resonance. 6 7 Depending on the absorption in
the medium at different detuning at and pressure ( n )
we distinguish three different regions of operations for
E2=0: (1) Imhkb && 1.—This condition occurs at
large pressures in the region of resonance. There is no
resonant ionization signal although a weak VUV signal
may exist. This happens through the cancellation of
the contribution from the two coherent paths of exci-
tation to the resonant state. (2)1mb kb = 0 with
Red, kb = —4.—This condition is satisfied in the far
blue region of the three-photon resonance, i.e., when
the pressure is large enough to make Rehkb = —4 at
large detuning St (0. The excitation wavelength in
this case moves so much out of the resonance profile
of the three-photon resonant level that one has
Imhkb =0. There is no ionization signal in this re-
gion but an intense VUV signal exists. (3) 0.01
& Imhkb & 0.2 with Rehkb = —4.—This condition is
satisfied at those pressures at which the Red kb = —4
occurs in the region nearer to the resonance. In this
region the generation of VUV is not as efficient as for
Im(5kb) & 0.001. However, the contribution of the
third-harmonic path of excitation to level ~2) as com-
pared to the contribution of the path of excitation due
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to the three photons of the fundamental is large. Con-
sequently when the pressure of the gas is varied the
ionization signal shows shift and broadening similar to
the shift and broadening of the generated VUV.

~e now examine the situation ~hen the extra
resonant field is switched on Consider first the one-
color experiment at pressure 0.32 Torr at which no
ionization signal is observed because of the conditions
(1) and (2) prevalent in the regions described above.
At this pressure one finds Imb, kb = 513 for 5i = 0, and
the detuning 5i at which Rehkb= —4 is satisfied is
found to be 8.72X10'2 Hz. For this detuning 5i,
Imb, kb is small, Imhkb = 2.806X10 2. On switching
on the field Ez with intensity of the order of 109

W/cm2, one finds that for 5i =52=0, Im(5kb) drops
from 513 to 0.1 thus disallowing the possibility of ex-
act cancellation of the two coherent paths of excita-
tions and hence there is recovery of ionization signal at
this position due to condition (3). On the other hand,
for 5i=8.72&&10'z Hz and 52=0, one finds that
Im(5kb) increases to 0.08 and Re(5kb) becomes
—5.6. This means that the far blue region which cor-
responded to condition (2) in one-color situation gets
transformed into the condition (3) when the second
field is switched on. Hence ionization signal on the far
blue region is also recovered Note fu. rther the develop-
ment of the region corresponding to condition (3) on
the red side of the position 5i =0, 52=0, i.e., on the
5i & 0 side. Because of this region there is recovery of
ionization signal on the red side also. This is con-
sistent with the experiment of Compton and Miller
which shows a broad peak covering both the blue and
the red sides of the three-photon resonance. It should
be borne in mind that in the two-color experiment
another channel of ionization opens up via the
resonant state ~1). This fact coupled with the above
analysis explains the broad peak for the ionization sig-
nal when field Ez is switched on.

On increasing the pressure from 0.32 to 14.4 Torr in
the two-color experiment, Compton and Miller ob-
served the vanishing of the broad peak of ionization.
From Eq. (4) one sees that with increase of the pres-
sure from 0.32 to 14.4 Torr the value of Im(5kb) in-
creases approximately by a factor of 50. This leads to a
broad region where the exact cancellation of the two
coherent paths of excitation exists.

The analysis given above shows how the generation
of VUV is crucial in determining the ionization signal
via three-photon resonance in the two-color multipho-

ton ionization experiments of Compton and Miller.
In conclusion, we have shown how the control of

the dispersive and absorptive properties of a medium
by the addition of an extra resonant laser field can be
used to generate VUV at some preselected range of
frequencies around the third harmonic of the funda-
mental. Needless to say, the third-harmonic genera-
tion has been selected here to illustrate the basic point
though the method should be equally useful for other
types of nonlinear generation.
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