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Anomalous Hyperpolarizability Dispersion Measured for Neon
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Measurements of electric-field—induced second-harmonic generation are presented which show that
the hyperpolarizability (y) of the Ne atom decreases with increasing frequency at infrared frequencies.
Such negative dispersion of y at frequencies far below the first resonance is unprecedented. The new
data, when combined with the results of ab initio calculations, indicate that the electron-correlation con-
tribution is 40% of yne. This raises the question of the adequacy of Hartree-Fock calculations of the
nonlinear optical properties of other atoms and molecules.

PACS numbers: 35.10.Di, 32.80.Wr, 42.65.Ky

The third-order nonlinear optical response of atoms
and molecules is a rich field of study, as well as having
applications ranging from testing ab initio wave func-
tions to optical signal processing and combustion diag-
nostics.! A wide range of third-order nonlinear opti-
cal processes such as the dc Kerr effect, electric-field
-induced second-harmonic generation (ESHG), and
third-harmonic generation (THG) are mediated by the
molecular second hyperpolarizability y.? Quantum-
mechanical expressions for y are well established®~> and
inter-relationships between the various third-order non-
linear optical processes have been explored.®® Calcula-
tions and measurements have been performed for many

atoms and molecules,>”"'" and recently there have been

systematic measurements of the frequency dependence of
7.!'*7'% Since 7 is a delicate and difficult property to cal-
culate, experimental checks on the adequacy of the avail-
able calculational techniques for y of multielectron sys-
tems are important. The near-infrared ESHG measure-
ments of y for the Ne atom reported below were under-
taken to allow reliable extrapolation of the yn. disper-
sion curve to the static limit, where unequivocal compar-
ison with the results of static ab initio calculations would
be possible.

The hyperpolarizability of Ne was measured at A
=1064 and 1319 nm by gas-phase ESHG using periodic

TABLE I. The results of several nonlinear optical measurements for Ne. The linear polari-
zability dispersion values Aa =a(2v) —a(v) were determined from phase-match density mea-
surements, except for the result given by Ref. 18 which was calculated from refractive index
data in the literature. All experiments measure the ratio yne/yue, €xcept the dc Kerr effect ex-
periment in which yne was measured directly. The ratio yne/yHe for the dc Kerr effect has been
evaluated in two ways. The first of the tabulated numbers is obtained by dividing yne by the
experimental value for yy. also measured in the same experiments (Ref. 17). This is done in
the hope that systematic errors will cancel out; however, since the signal for Ne in the dc Kerr
effect experiment would have been 2.5 times larger than that for He under the same conditions
it is likely that some systematic errors were relatively much larger for He than for Ne, probably
precluding the desired cancellation. The second number for yne/7YHe is obtained by dividing yne
by the accurate ab initio value of yue (Ref. 8). The wide discrepency between these two num-
bers reflects the fact that the dc-Kerr experimental value for yue is 30% larger than the accu-

rate ab initio result.

A v vE
Expt. Ref. (nm) (ecm ™" (108 cm 72) Aane/Aake YNe/ YHe
Kerr 17 632.8 15798 4.992 1.91 £0.20
17 632.8 15798 4.992 cee 2.38 +0.20
ESHG a 1319 7581 3.448 1.853 +£0.004 2.534 £0.019
a 1064 9395 5.296 1.850 +0.007 2.487%£0.011
18 694.3 14399 12.440 1.87 £0.01 2.77 £0.09
15 594.5 16817 16.969 1.864 +0.008 2.20%+0.03
15 514.5 19430 22.651 1.881 £0.012 2.28 £0.02
15 488.8 20487 25.183 1.872+0.014 2.36 £0.03
THG 19 1055 9480 10.784 = 1.80£0.18
20 694.3 14399 24.849 2.23+0.38

“The present work.
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phase matching. The experimental technique is essen-
tially the same as previously reported,'> but with the
continuous-wave (cw) argon-ion and dye lasers replaced
by a cw Nd-doped yttrium-aluminum-garnet laser Q
switched at 5 kHz to give a train of 1-kW pulses. Be-
cause of the longer laser wavelength the longitudinal
spacing of the cell electrodes was increased by about 6 or
9 times to keep the phase-match pressure below 60 atm
for the Ne sample gas and 110 atm for the He reference
gas. The voltage applied to the electrodes was adjusted
so that about one second-harmonic photon was counted
for every ten laser pulses. Sources of systematic errors
such as dead time, window birefringence, and coherent
background were carefully considered and dealt with. A
more complete account of the experimental methods will
be presented in a future publication reporting the larger
study from which these yne measurements are drawn. 16

The results of the present ESHG experiment and also
the previous dc Kerr effect,'” ESHG,'>'® and THG %%
measurements for Ne are presented in Table I and in
Fig. 1. In order to combine data from several nonlinear
optical processes the measured yne/yue values have been
plotted versus v =v2+vi+vi+ v, where vi, vo, and v3
are the applied field frequencies and v,=v,+v;
+v3. %1314 A function of the form yNe/ YHe = Al
+Bvi+Cvi] fitted to the five most recent ESHG mea-
surements is shown by the curve in Fig. 1. The striking
feature of these measurements is that yne/yHe Vs V7 is
not monotonic. Furthermore, using the accurate ab ini-
tio results for yy. to deduce yne from the measured ra-
tios,® one also finds that yn. itself has a pronounced
minimum and shows strong negative dispersion at v=0.
The magnitude of the relative dispersion y ~'(dy/dv?) at
vi =0 is larger for Ne than for He, Ar, Kr, or Xe.
These results are most unusual and unexpected. Never-
theless, we believe that the error bars on our data points
properly reflect their accuracy. The reliability of the
near-infrared ESHG data which reveal the negative
dispersion of yn. may be checked in several ways. First,
one may eliminate the possibility of significant impurities
in the sample since Aane/Aape [where Aa=a(2v)
—a(v), see Table I] shows the expected slow monotonic
increase with v.?! Second, ESHG measurements for Ar,
Kr, and Xe, made on the same apparatus, fall on smooth
monotonically increasing dispersion curves.'® Finally,
the older nonlinear optical measurements for Ne are con-
sistent with the five most recent ESHG measurements
(see Fig. 1). The collision-induced contributions to the
measured values of y for Ne and He due to interatomic
interactions have been calculated and are found to in-
crease yNe/YHe by 0.6% at the highest sample densities
employed. '"??

Since there is no previous experimental or theoretical
evidence for negative dispersion of y at incident light fre-
quencies below the lowest resonance frequency of an
atom or molecule, the first question to address is the
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FIG. 1. The measured ratios of hyperpolarizabilities for Ne

and He plotted vs the effective laser frequency vi (see text).
The data measured by the dc Kerr effect (diamonds) (Ref.
17), ESHG (circles) (Refs. 15 and 18), and THG (squares)
(Refs. 19 and 20) should all fall on the same dispersion curve
when plotted vs vi (Refs. 7-9, 13, and 14). A curve of the
form yne/yne=AI[1+ Bvi+Cvi] satisfactorily fits the ESHG
measurements made in the author’s laboratory (filled circles,
error bars are smaller than the drawn circles for three of the
points). The earlier nonlinear optical measurements (open
symbols) (Refs. 17-20) are in adequate agreement with the
fitted curve, despite the apparently significant deviation of
three of the points, since the error bars on those points have
most likely been underestimated. The coefficients of the
weighted least-squares fit for yNne/ywe are A=2.753, B
=—2251%x10"""cm?, and C =6.609x 10 ~2° cm*, where v, is
given in cm ~!. Using the ab initio results for yy. for calibra-
tion (Ref. 8) one also obtains yne=A*[1+B*vi+C*vi],
where 4*=1158 au., B*=-—1.923x10"'"° cm?, and C*
=6.924%x10"%° cm* (one atomic unit equals 6.23538 x 10~
C*m*J 73 for y). The curve for yne has a minimum of 100.4
a.u. at vi =13.9x10% cm =2 (@ =0.069 a.u. for ESHG).

theoretical possibility of such an observation. The ex-
pression for y derived by means of quantum-mechanical
perturbation theory by Orr and Ward® contains two
groups of terms, where each term is the product of four
dipole transition matrix elements divided by the product
of three frequency differences.>*!> The first group of
terms involves sequences of transitions g— m—n—p
— g, where g is the ground state and m, n, and p are ex-
cited states. The second group of terms, which is sub-
tracted from the first group, involves sequences g— m
— g—n—g. In order that y be positive while its
dispersion is negative, a fine balance between these two
groups of terms must be struck. The two groups of
terms must partially cancel, with the first group having a
larger magnitude and the second group having a larger
dispersion. Consideration of the explicit dispersion for-
mulas given by Bishop for atoms® shows that such a bal-
ance is possible, but that the near complete cancellation
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required should make y itself anomalously small. Evi-
dence that y for Ne actually is anomalously small com-
pared to y for other atoms and molecules is provided by
the study of a recently proposed scaling law for hyperpo-
larizabilities.>® The experimental results for fifteen oth-
er atoms and molecules are found to agree with the pre-
dictions of this scaling law, whereas the experimental re-
sult for Ne is 5 times smaller than predicted.

To better understand the origin of the negative disper-
sion seen for yn. we may study the results of ab initio
calculations.?*32  Most calculations have been done
within the self-consistent-field Hartree-Fock (SCF-HF)
approximation and also in the static limit. The calculat-
ed static values of yn. for the SCF calculations fall in
the range 42-84 a.u.?*3° The HF limit probably lies
near 70 a.u. '>* The two SCF calculations which have
considered dispersion give a monotonically increasing
function for yne. 26,27 Electron-correlation effects, which
are not included in the HF approximation, have been ad-
dressed by a static many-body perturbation-theory
(MBPT) calculation of yne,>' and also by a more recent
coupled-clusters-doubles (CCD) calculation which takes
better account of correlations and uses a better basis
set.32 The MBPT calculation (complete to fourth order
in the electron-correlation perturbation but still incom-
pletely converged) gives yne=105 a.u., which is only
10% smaller than the present experimental result of 116
+2 a.u. The CCD calculation gives yne=114%9 a.u.,
in excellent agreement with the present experimental re-
sult. Thus, it appears that a calculation of yn. at the HF
limit accounts for only 60% of the total yne, and the rest
must be attributed to the electron-correlation contribu-
tion. Furthermore, since negative dispersion does not
arise in the SCF calculations, it seems as though the neg-
ative dispersion is in some way due to the electron corre-
lations. It would be most interesting to see whether a
calculation including correlation effects can correctly ac-
count for the negative dispersion of yne.

If Ne is typical of multielectron atoms and molecules,
then one should not expect HF calculations to give reli-
able results for y. But is Ne typical? The electron-
correlation contribution is 40% of yn., while for the He
atom it is only 16% of the total.'> An indication that the
size of the correlation contribution seen for yne may in
fact be typical of the correlation contributions for other
multielectron atoms and molecules comes from recent
calculations for the Ar atom?®’ and the F, molecule®*
which estimate the correlation contributions to y as 25%
and 50% of the total, respectively. The trend of these re-
sults for the correlation contributions to y is qualitatively
similar to that seen previously for the correlation contri-
butions to the linear polarizability a for F, Ne, and Ar
atoms.

In summary, we have found that the dispersion curve
for yne is not monotonic. Consequently our extrapola-
tion to the static limit of yn. differs markedly from the
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estimate made in a previous publication based on incom-
plete data and radically alters most of the conclusions
reached therein.'> It is now apparent that the electron-
correlation contribution to yn. is very large, and that it
can be accurately calculated by MBPT or CCD tech-
niques, at least in the static limit. The present experi-
mental estimate of the static value of yn. is probably re-
liable to about *2%. Further experimental and theoret-
ical investigations of yn. are clearly indicated to confirm
and refine the present observations, and to help deter-
mine the implications for calculations of y for other
atoms and molecules.
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