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OPTICAL QUADRUPOLE SUM-FREQUENCY GENERATION
N IN SODIUM VAPOR ‘

D. S. Bethune, R. W. Smith, and Y. R. Shen
Department of Physics, Univetsity' of California |
' Berkeley, California 94720 '
and
Materials and Molecular Research Division,:

Lawrence Berkeley Lab
Berkeley, California .

ABSTRACT

We show that second-order coherent sum-frequency generation via
quadrupole transitions in metal vaopors can be easily detected. The process
is as strong as the allowed third-order processes. Our experimental results

agree very well with theoretical predictions.
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Nonlinear optical effects in atomic vapors have recently Been studied quite
extensiQely.l-Av'Because of their large resonant nonlinear susceptibilitigs,
wide ranges of transparency, and high optical breakdown'threshplds, atomic vapors
are excellent nonlineérrmedia'fof geﬁeration of new coherent radiation. Thus,

" in atomic Vapors, third-harmonic generation has been uéed to generate soff_X—ray
and vacuum UV radiation, four-wave mixing proéesses to generate tunable vacuum

UV and infréred,2 and stimulated Raman sca;tering':o generate-tunéble 1nfrared.3
Nevettheless,'in all cases reported wp to date, third-ordef'and occasionally

odd higher-order4 nonlinearities of the vapors:are élways responsible for the
obsefved'eﬁfects. The second-order nonlinear processes, being forbiddgn by
symmeéry under ;léctric-dipole approximation,‘éere‘belieQéd to be too weak to

be significant. .We however realize that in.many cases; if’electric—quadrupole
transitiot mafrix eleﬁents are taken into accounﬁ iﬁ.nonlinear suséeptibilites,
then an u th-order electric dipole-forbidden proéess_cén often be as strong as

or stronger tﬁan an (n+l)th-order allowed protesé. Hinsch and Toséhek5 have
cénsidered collinear sum freduency generation (SFG) due to dipole forbidden
suscebgibiijties, and concluded that it wili_not.occur. ‘In ghis péper, we present
theory and expéfiment to show ﬁhat noncollinear second-order SFG in“atom1vaapdrs
is ih fact easily‘obser;able. The effect may be used tokgenefate coherent tunable
uv radiation:over cértain narrow ranges.

We consider the case of sodium wifh two puﬁp 1éser ffeqﬁencies W) and w,
close tp'thévBS + 3p and the 3p + 4d  transitions regpegtively. Under
electric-dipole approximation, the second-order nonlinear susceptibility ;* 2)
ghould vanish. But if we include the electpiéquadrupole matrix element between

4d and 3s, then we have:
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@ ~1(Kp+K,)* -“i-;z <3$(»i;fllod;zhd£;|321??%;[335
17W3p/ W3W44d
172,372
= -i(ii+§2)' ;;(2) | a @
vhere wy = w +.w2, N is the number of atoms per unit volume, and T is an‘appropriaCe‘
half width for the 4d - 38 transitionm. ;;(2) is a fourth rank susceptibility. tensor

relating two applied electric fields to the induced quadrupole moment density. Since
all the matrix elements and transition frequencies in Eq. (1) are known,6 we can

easily calculate Ix(z)l with given w, and w,. For (w ,-w3ph) =-10 cm-l, w

1 2 1 37 “4dr
-1 (2) ~-24 : -
and T = 0.15 cm , we find |x  |/N = 1.6 x 10 esu. This value can be compared
with the value of |x(3)E|/N for a third-order mixing process. For example, in

infrared generation by four-wave mixing in potassium, Sorokin et al.z'7 had lx(3)E|/N
~ 102 esu  for |E| = 20 esu corresponding to a 100 kw/cm2 beam. Therefore, we
should cxpect this second-order SFG to be readily observable.

" The nonlinear polarization for SFGC is:

+ (2) - 4—»(2){ >
P (w3 =w + mz) X : El (ml) E, (wz)
’ - - .4—’-(2) -+ .
—— (kl + kz) Xq P E) £2 (2)

Let (El + Ez) = ; be along 2. From symmetry arguments and the requirement that

3
Ei must be perpendicular to Ii in an isotropic medium, we immediately find that
-(2) (2) (2) (2) +«(2)
= - - f
(xQ )xzzx (xQ )yzzy (xQ )xzxz (xQ )yzyz are thg only elements o Xq

responsible for SFG. Then, in order to observe SFG, the two pump beams must be
noncollinear and at least one of them must have a field component in the plane of

I and K . If either beam is polarized along E X Iz. then the sum-frequency

1 2 1
output should also be polarized along il x ﬁz. Finally, SFG vanishes when w; "W,
-+ -+ -+ -+ '
and both El and Ez lie in the plane of kl and k2’



08 oy o 4 S U 5 8 6 7

-3

The above SFG process can be phase-matched if (ml ) <0 by

W3p-38

varying the angle § between i and §2' From il + iZ = E3, we obtain, for the

1
phase matching angle ap

Bp = 2 {‘1;+ wI/ wy ) An( wl) + (1 + wzf wy) Aé ( mz)} (3)
. where | l v L .
Ty ~ -ZﬂNe <3s|x|3p> , ‘
An (w l,z)v = n ( wl,Z) - :E: wl 2'w3p) o (4)

3p1/2 3/2

and we have used the approximations Gp << 1 and n( w3) =

Equations (3) and (4) show that sz should increase linearly with N, the
sodium density,'

. -»> L+
The output power of SFG is a maximum when, El and EZ are orthogonal and

one of them lies in the plane of k, and k If we assume both pump beams

1 27

have Gaussian transverse profiles with variance o, then the output power

as a function of 6 is given approximately by:

)y 2

| 3 4,5 2 |
Patwy = (muytre”) v eyl exp[-zoz<Ak)2/021, )

where Ak = '(k + kz)cos(e/Z) -k is the phase mismatch. Equation (5)

3

'shows that P3 is linearly proportional to the laser powers P ahd.P2 and to NZ.

1
'borh S‘AAJ
At phase matching, Ak= 0, P3 is independent of ve. For fixed k and LZ’ the

phase matching factor in equation (5) can also be expressed as a Gaussian in

6 - Gp), with variance Oy = 2/[(kl+k2)0]. The outppﬁ power should also show a

sharp resonance at w3 = wAd'resulting from the resonant denominator (w3—w4d

In the above theoretical diséussion, we_have not considered absorption,

+il') 1in X(Z).

laser-induced saturation, self-defocusing, etc. These effects should becbme im-

portant when the laser intensities are too strong and as W,

approaches the

3s +* 3p transitions.
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_ an :
Wg have carried out the experiment to verify the above predictions. Two

flash-pumped dye lasers were used as the pump sources; one was tunable around
167\5‘6 -1 » 175 3. - ’
6959 cm  and the other around cm . Each had a linewidth of about

0.3 cmcl. The two beams were focused by long focal-length lenses into a

common .24 mm spot in a heat pipe containing sodium vapor with pressure varied
from ~ 0.3 to.10 torr. The divergence of the focused beams was about 3 mrad.
The two beams crossed each other with an angle 6 " 40 mrad in the focal region.

The coherent SFG from the sodium vapor was monitored by a detection system composed

of a monochrometer, a photo detector, and a gated integrator. Variables in the

2’

experiment were the laser frequencies wy and Wy s the laser powers'Pl'and P

the angle 6 , and the sodium vapor pressure (or density N).
w z .
When @+ 0, “4d

matching angle Op, we could easily detect, in addition to the strong visible

, and the angle © was adjusted close to the phase-

3p 7 3s flourescence, a coherent sum-frequency UV beam at v 34549 cm_l, even
if the laser powers were as small as IW. We found that the predicted selection

rules for SFG were indeed strictly obeyed. The sum-frequency output was always

-

N 5 _
polarized along kl X k2. Since wl = w2 in our case, the output was very

small if both pump beams were polarized in the plane of_l:1 and 12. We obtained

the maximum output signal when one beam was polarized alohg.il X 12 and the other

- -+
in the plane of kl and k2.

With wl fixed and wz varied over a narrow range, the phase-matching angle

ep, as given by Eq. (3), should remain essentially unchanged, and the sum-

frequency output should have a sharp resonance at wl + w, = We show

2 “aa
in Fig. 1 (a) such a resonant curve obtained with ?1 = 2W and P2 = 25W.
In this case, the width of the curve was apparently dominated by the laser spectral
widths. A typical phase-matching curve, obtained by varying the angle 6 andvkucp—
ing the other variables fixed, is shown in Fig. 1 (b), togethef with the theo -

retical phase-matching curve calculated from Eq. (5) using o = 0.1 mm.



This ¢ .corresponds to an ovetlah region diameter of ~2mm, which agrees
with the measured value within the experimental uncertainty. fhe peak of thé
curve appears at an angle Gp within 1.2 mrad of the value pfedicted by Eq. (3).
| We also measured the phase-matching angle ep as a function of the sodium’

density N and the laser frequency w The results are shown in Fig. 2‘1n

1
comparison with the theoretical curves calculated from Eq. (3). The agree-
ment-between theory and experiment is within 4 mrad iﬁ ail cases. Tﬁe phase—matchéd
sumjfrequency.output power also was measured as a function df‘Nuand .Ql' As

éhown in Fig. 3, the results show both the predicted Nz dependence and intermcd;
(2)

iate state resonant enhancement due to the denominator ( Wy - w3p) in ¥

We also found that at sufficiently low laser powers (depending on “1‘“3p

and N), the sum-frequency output P3 was linear with Pl_and P2 as expected.
s _ - | . -1 .

With Py = P, = 10W at wy - w3p% = 10 cm -anq wl + w, Wiy
the phasa-matched output was approximately 1 uw.iﬁiréasonable agreement with
the value predicted from Eq. (5). At high Pl (for exanple, above 100W at

¥-40 c:m-.1 and N = 1016 cm_3), the laser beam at w

'wl - m3pli stroley self—defocused_

in the cell. As a result, the output P

1

versus P was appreciably lower than the

3

theoretical prediction of Eq. (5); the phaée—matching curve P, versus 0 also became

1

3

appreciably broader. Since w, was always sufficiently far away from resonance,

2

no such self-defocusing effect occurred for the w, laser beam for P2 as high as 5S00W.

However, when the product P was sufficiently large, a broadening of the resonant

1P2 _
curve, P3 versus w,, in Fig. 1(a) was clearly observed. This was direct evidence
of saturation due to resonant two-photon transitions8 from 3s to 4d in sodium.
Q;antitaﬁive results énd discussion on self—défocusing‘and éaturétion of two-photon
transitions will be given elsewhere. |

,'In conclusion, we have suécessfully demonstrated for the first time that

resonant second-order sum frequency generation in atomic vapor, though forbiddeh,
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is easily observable. Our experimental results agree very well with the theor-

etical predictions. Similar processes such as diffefence-frequency generation
and parametric amplification via quadrupole transitions should also occur and are .
now under investigation:
We would like to thank Dr. J. J. Wynne for several helpful discussions. One
of us (YRS) acknowledges a research professorship from the Miiler Institute of
the University of California. This research was supported by the U. S. Energy

Research and Development Administration.
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FIGURE CAPTIONS

Fig. 1

Fig. 2.

Fig. 3

(a) Sum-frequency output P (w 3) as a function of w 2 showing the

. . - l .
sharp resonance at w, + Wy = W, = 34548.8 cm . P1 2 W
P, = 25W ; 6 = 47.9 mrad; N = 1.6x10'® cn™>.
(b) Phase-matching curve P ( w3) versus 0 . Pl =2 W ; P2 = 25 W ;
-1 : 16 -3
W, - w3p% ==25.6 cm ; W), + oWy, = W, N=1.6 x 107" cm ~.

The dashed curve is a theoretical curve'calculated'from Eq. (5), with
o= .1 mm.

Phase matching angle Op versus the sodium density N at Wt W, W

and

(a) dw | = w, - W3 14.9 cm 7

(b) A W, =-40.8 cm-l;

(c) A w, =~80.4 cm.l. The dots are the data points and the curves

are calculated from Eq. (3).

Phase-matched sum-frequency output P (w 3) as a function of sodium

density N at w, - =-40.8 cm-1>ando80.4 cm-l. The other

1 w3pk
parameters fixed in the experiment are Pl = 2 W, P2 = 20 W, and

w1+w=m

2 4d.
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