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Vacuum ultraviolet oscillator strengths of Hg measured by sum-frequency mixing
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We have measured oscillator strengths for the transitions 6'S to (5d' 6s np) n ' Pl for n=6 to
13 and to (5d 6s 6p) 6p' 'P for atomic Hg. Two new techniques for measuring dispersion based on

nonlinear-optical sum-frequency mixing are used to achieve 10% accuracy for the stronger transi-

tions. One method uses crossed beams in a Hg heat-pipe cell to map dispersion curves in regions of
anomalous dispersion. The second method uses input beams of three separate frequencies and maps

regions of normal and anomalous dispersion by tuning one of the input frequencies to the red and

blue of the 6 Pl level. Because the dispersion of the refractive index near a resonance is determined

over a large wavelength range, the oscillator strength of that resonance is determined independent of
the strengths of other transitions.

I. INTRODUCTION

Measurement of atomic oscillator strengths or f values

by nonlinear-optical frequency mixing has been demon-
strated by a number of authors. ' These measurements
are based on the fact that maximum sum-frequency gen-
eration is observed when certain restrictions on the refrac-
tive indices are met. For example, for collinear plane-
wave inputs at frequencies co, , co2, and co3 and an output
frequency m4

——co&+coz+r03, the intensity at co4 maximizes
when b,k =k4 —k3 —k2 —k& ——0; that is, when the wave
vector of the r0& wave, k4, is equal to the wave vector of
the atomic polarization at frequency co4 driven by the in-
put waves, i.e., k ~+k2+k3. Such index matching can be
achieved in a number of ways. For example, if co4 lies
near a resonance of the nonlinear medium, index match-
ing will be achieved, at a particular frequency near the
resonance, because of the strong dispersion of co4 there
By measuring the frequency of this b,k=O, or zero-
crossing, point, one can, under favorable conditions,
deduce the oscillator strength of the transition from the
ground state to the near-resonant state. This technique
has the advantage that in a pure atomic vapor, the zero-
crossing point is nearly independent of density at suffi-
ciently high density. Absolute density measurements are
thus unnecessary. This method was used by %ynne
et al. to measure Ca oscillator strengths and by Mahon
et al. to measure Hg oscillator strengths.

A second way to achieve index matching is to mix two
gases, one normally dispersive and one anomalously
dispersive. Puell et al. used a mixture of Xe and Rb to
determine the refractive index of Rb at a single frequency
and deduce from that an f value. Kramer et al. ' deter-
mined the index-matching frequency for various mixtures
of Xe and Ar to map the dispersion of Xe near the
7s[—,]~ resonance and thereby derive an f value. For
these techniques, the refractive index of the companion
gas and the density ratios xnust be known.

In this paper, we introduce two additional techniques of
index matching to the measurement off values and obtain
highly accurate values for the 6'S n'3P& (n =—6—13)
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FIG. 1. Partial mercury energy-level diagram showing the
two mixing schemes for producing vuv light. Both methods are
two-photon resonant with 7'S. The crossed-beam method (a)
uses equal photons to reach the 7'S while for the three-laser
method ( b) we tune one laser near the 6 Pl level.

series for atomic Hg. The first method, the crossed-beam
method, employs crossed input beams of two frequencies
(a in Fig. 1) with changes in crossing angle producing
changes in the frequency of the index-matching point.
This allows us to map the dispersion curve of Hg in re-
gions of anomalous dispersion near the P states of Hg.
To obtain f values from these curves, the absolute Hg
density must be known. The second method, the three-
laser method, uses parallel beams but the index-matching
frequency is varied by changing the detuning of cot from
6 P& (b in Fig. 1). This allows mapping of the dispersion
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curves in regions of normal as well as anomalous disper-
sion. Another advantage of this method is that the deter-
mination of f values does not require knowledge of the
Hg density.

For both methods, a substantial portion of the disper-
sion curve near a resonance is mapped. This makes possi-
ble reliable measurement of the f value based on the shape
of the curve, independent of other transitions. In con-
trast, when index matching at only a single frequency is
determined, it is necessary to know all other f values
which contribute significantly at that frequency.

Our measurements are accurate to about 10% for the
stronger Hg transitions. This represents a significant im-
provement in accuracy for all transitions except
6'S—6'P~ and —6 Pi. Previous experimentally mea-
sured f values for other transitions from 6 'S appear to be
good to only a factor of 2. Reliable theoretical calcula-
tions of these f values could not be found. Considering
the importance of Hg to optical and atomic studies, and,
more recently, its applications in vacuum ultraviolet (vuv}
light generation by nonlinear mixing, the results reported
here become increasingly important. Furthermore, the
techniques that we report here should also be applicable to
a variety of other gases.

The remainder of this paper contains a brief exposition
of the theory of index matching in nonlinear mixing in
Sec. II, a description of the experimental equipment and
methods in Sec. III, a presentation and discussion of re-
sults in Sec. IV, and a conclusion in Sec. V.

II. BACKGROUND

In this section, we present a discussion of the expres-
sions describing three-photon sum-frequency mixing in an
atomic vapor. We first consider sum-frequency mixing
with parallel, unfocused beams. For this case, the sum-
frequency intensity is given by'

I4-L N IiIiI3 ~X ( Cthe Ni COQ ~3)
~

sin( b,kL /2)
hkL /2

where co4 ——co~+co2+~3, X is the atomic density,
bk =k(co4) —k, (co, ) —k, (co2) —k, (co&), z is the direction
of k4, k(co)=ron(co)/c, n(~) is the index of refraction at
frequency co, L is the length of atomic vapor, g'~' is the
third-order susceptibility, and I„ is the intensity at fre-
quency ~„. We have assumed that the vapor has a uni-
form density N over a length L. If this is not the case,
the product NL is replaced by fN(z)dz and hkL by

f b,k(z)dz. We have also assumed negligible absorption
of I„and a weak intensity I4. The sine function in large
parentheses is an index-matching factor arising from the
sum of electric field contributions over all points from 0
to L. Restricting ourselves to the case where coi+co2 is
nearly resonant with the intermediate state

~

i ), X' ' is
given by the following:

where
~ g ) is the ground state,

~

e ) and
~

e') are states
one-photon connected to the ground state, d is the dipole
operator, and y„ is the half-width of

~

n ). The index of
refraction is given by

n (co)=1+2irNo, (co),

where a(co) is the atomic polarizability at frequency co,

(3)

(4)

df/dc', = o(co)
2m e

(5)

(cgs units}. o(co) is the continuum photoabsorption cross
section. The absorption oscillator strength, or absorption
f value, is given by f~„,

f „= g ) (nm„(d tg ms) ), (6)3' gg

where g is the degeneracy of the ground state and the
sum is over magnetic sublevels. The sum in Eq. (4) is
over all bound states; fur„being the energy of

~
n ). The

integral in Eq. (4) is over the entire continuum.
The above expressions show that the atomic oscillator

strengths enter the expression for sum-frequency mixing,
Eq. (1), in both the susceptibility and the index-matching
factor. If X' ' is not a strongly varying function of co4,
then the peak intensity will occur at a frequency such that
6k=0, i.e., where the index-matching factor is a max-
imum. Both methods for measuring oscillator strengths
discussed below take advantage of the sensitivity of the
index-matching factor to various oscillator strengths as co4

is varied.
The crossed-beam method uses the same input beam for

coi and coq [u& co2 E(7'S——)/2R——] and a second input
beam for co& (a in Fig. 1). This method requires the
beams to be crossed at a small, variable angle 8 (see Fig.
2). If the two beams are not parallel, then, strictly speak-

FIG. 2. Addition of wave vectors for sum-frequency mixing.
Upper figure is for two crossed beams while the lower figure is
for parallel beams.



A. V. SMITH AND %'. J. ALFORD 33

b, k'(co4)=k(co4) —2k(E(7'S)/2iri} —k(cog) . (&)

Thus, hk'(cog) is a function of co& and ru&, but since ro& is
weakly dispersed, it is approximately equal to
k(co4) + const. For a given crossing angle and mercury
density, the sum-frequency maximum will occur at the
frequency co' where b,k=0,

hk = b,k'(a)')+6k„„„„g——0
Ep

01

b,k (co*)=—b,k„„„
0

since the atomic medium must cancel the positive b,k due
to the beam crossing. Thus, using the crossed-beam tech-
nique, one can map out rN'(rog) &0 for a particular mer-
cury density by varying the crossing angle and finding the
frequency co' corresponding to maximum sum-frequency
generation for each angle. If the mercury density is
known, the f value can be determined from the shape of
hk'(co4). The angles necessary for our experiment in
mercury are small, less than 2 .

The three-laser method uses parallel, collimated beams
with roi&r02+coi. For example, using a fixed roi and co2

such that ~, +cog E(7'S)/A' w——ith cubi near E(6 Pi)/iri,
we can scan cog so that cu4 is near E(9'P)/A Maximum.

sum-frequency generation will occur at a frequency ~' for
which hk=O. Since k1+k2 ——k4 —k3 when 5k=0, we
can express Eq. (8) in the form

hk'(ro') =k (cubi)+ k (co2) —2k(E(7 'S)/2R), (10)

where the right-hand side is calculated for a mercury den-
sity of No In general, the. right-hand side of this equa-
tion can be positive or negative and is a strong function of
the detuning of cubi from 6 Pi. The tuning of cubi away
from cubi E(7 'S)/2iri provides——the change in hk'(co4) just
as a nonzero angle produced a change in the crossed-ixmn

ing, the index-matching factor in Eq. (1) will be a more
complicated function of hk dependent on beatn geometry
and overlap. However, for a given trajectory parallel to
It4, the propagation direction for the co4 wave, maximum
sum-frequency output occurs when the propagation vector
of the nonlinear polarization, 2k&+ki, is equal to k4, i.e.,
b,k=0. Different trajectories will have different vapor
lengths, but each trajectory will yield maximum sum-
frequency generation for b,k=O. Crossing the beams in-
troduces a positive b,k, as indicated in Fig. 2. For small
angles, this is given by

~kcrossing=ki+kz+k& I
l~i+lr2+4

I

k)k3
crossing 1+ 3

and is independent of mercury density to a very good ap-
proximation. Note that for difference-frequency mixing,
ki is replaced by —k& in Eq. (7}. For convenience, we
define hk'(co4) as hk for the case of parallel beams and
coi rag E—(—7 'S—)—/2A, and mercury density, No, of
2.41&(10' cm

method. The experimental procedure is to find co" for a
variety of settings of cubi. Since both sides of Eq. (10) are
proportional to Xo, it follows that co* depends on co&, but
is independent of mercury density. The function hk'(ro4)
can be mapped over large regions (hundreds or thousands
of wave numbers) of co&. Knowing hk'(co&) near a partic-
ular nP state, one can then fit the data by varying the os-
cillator strength for the 6'S nP—transition. These f
values are then used in a second iteration to evaluate the
right-hand side of Eq. (4) and to obtain an improved set of
f values.

We have assumed that the third-order susceptibility is
not a strongly varying function of co4 in the region of
6k=0. This may or may not be a good approximation.
When co4 is close to a resonance, we see from Eq. (2) that

[y(3)
~

2 (11)+2+y2

where b, is the detuning from resonance. Often h&&y,
but still small enough to use Eq. (11). In this case,

'2
1 sin(b, kL /2)

bkL/2
(12)

III. EXPERIMENTAL SETUP

A diagram of the experimental setup used for the
crossed-beam experiment is shown in Fig. 3. The three-
laser experiment uses a third dye laser not shown in Fig.
3. The outputs of two Nd:YAG-pumped dye lasers
(where YAG is yttrium aluminum garnet) are sent un-
focused into a mercury heat-pipe cell. Sum-frequency
output from the mercury cell is separated from the laser
frequencies using a LiF prism and is detected with a pho-
tomultiplier.

The mercury cell is a stainless-steel cross heated in the
middle and water cooled at the windows. A side view of
one arm of the cell is shown in Fig. 4(a). Each arm has a
23-cm conical section (0.& mm wall thickness) which pro-
vides gravity recirculation of the condensed mercury. The
cell contains about 15 cm of liquid mercury and has been

Thus, the observed sum-frequency signal will be a max-
imum at a frequency, co4, that has been shifted toward the
resonance. It is often the case that the sum-frequency-
mixing peak is narrow enough that the shape of X' ' is not
important. In general, however, one must consider the
shape of I' ' when finding the frequency at which b k=0.
Ideally, one would like to know the shape of X' ' in order
to determine the b,k=O frequency. Near strong transi-
tions we have found Eq. (12) to be valid but near weak
transitions Eq. (12) is not a good approximation and the
shape of g'i' is not known well.

An advantage of the present methods is that the shape
of the hk'(F04) curve rather than a single point on this
curve is used to determine oscillator strengths. This is an
important point since the frequency at which bk'(co4}=0
can be sensitive to other bound- and continuum-state tran-
sitions. Thus, one must be sure these other transitions are
properly accounted for, or negligible, when using a single
point to determine oscillator strengths.
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have shown by Rayleigh scattering measurements that
within the 15% measurement accuracy the Hg pressure
follows the He buffer-gas pressure over a range of 1—4
torr. Figure 4(b) shows a temperature profile of one arm
of the cell obtained with thermocouples attached (spot
welded and covered with heat-resistant cement) to the top
of the cell. This profile is for a He buffer-gas pressure of
3.5 torr. The temperature distribution does not show the
fiat distribution common to other heat-pipe designs.
However, the observed shoulder in the temperature distri-
bution at about 150'C is due to convective heating by
mercury vapor, or "heat piping "A. t 1S5'C, the Hg vapor
pressure is 3.5 torr. The excess temperature at the cell
center reflects the fact that we do not efficiently heat the
liquid mercury. This may be due to the low thermal con-
ductivity of mercury (relative to the alkali metals) and
possibly the fact that mercury does not wet stainless steel
to make good thermal contact with the walls.

The Rayleigh scattering measurements were made at
the center of the cell. The cross section for Rayleigh
scattering by a '5 ground state is given by

FIG. 3. Experimental setup for the crossed-beam measure-

ment. 0 =a (co)k (co)('R 0, )',

((I ) !
&,

jj i I I l I I

used for about three months with no coating of the win-
dows or other problems. Each arm is heated for the first
8 cm from the middle [0—8 cm in Fig. 4(a)] and has
alumina-silica insulation extending out 22 cm. A metal-
vapor heat-pipe cell is characterized by a pure metal vapor
in the central portion with a pressure determined by the
pressure of an inert buffer gas in the end regions. We

where e and 0, are the incident and scattered polariza-
tions. We calibrated the detection system by first Ray-
leigh scattering from a known density of krypton for
which a(co) is known. We then measured the intensity of
the Rayleigh scattering from Hg at the same frequency.
Since the ratio aHs/aK, is known, the mercury density
can be determined. We calculated a(co) for mercury using
measured 6'S nP oscil—lator strengths and adjusted Ber-
kowitz photoabsorption data. (See discussion in Sec. IV.)

The wavelengths used for the Rayleigh scattering mea-
surements were slightly to the blue side of the 6 'S—6 Pi
intercombination line at 253.7 nm. Since we used a broad
bandpass filter to observe the Rayleigh scattering, we
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FIG. 4. (a) Side view of one arm of the mercury ceB. (b)
Temperature distribution measured with thermocouples on the
outside of the cell for a buffer-gas pressure of 3.5 torr. O.D. is
the outer diameter.

FIG. 5. Rayleigh scattering signal (Iz) multiplied by the
square of the detuning as a function of detuning (to the blue
side) from 6 P&. The data (+ ) are normalized to the calculated
curve at 6=33.8 cm
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TABLE I. Various dyes and mixing schemes used input beams for mixing in Hg. KDP is potassium
dihydrogen phosphate. KD P is deuterated KDP.

%'avelength (nm)

170 (7'S—7 PI)
1360 {7'S—7'PI )

798 (7 S—8 PI)
773 (7'S—8'P, )

672—624 (7'S—6p' 'P, 9 'P&)
589—580 {7'S—10 'P))
559—555 (7'S—11"P, )

542—529 (7'S—12 'Pi, 13 'P))
408 (6 P)—7'S)
313 (6'S—7'S, two photons)
254 (6'S—6 P))

Dye, mixing

DCM, 1.06 pm in LiIO3 (21')
R640, 1.06 pm in LiIO3 {21')
LDS 820
LDS 751
DCM
R610
F548 + NaOH
C500
DCM, 1.06 p, m in KD P (58')
DCM, KDP (54')
DCM, doubled in KDP (54') and
Mixed with 1.06 pm in KDP (62')

could not use frequencies to the red side of 6 Pi without
interference from mercury dimers. ' The dependence of
the Rayleigh signal on detuning to the blue side of 6 Pi is
shown in Fig. 5 along with the calculated curve, thus con-
firming that we are measuring Rayleigh scattering.

We next consider the density uniformity and vapor
length in the heat-pipe cell. Using parallel beams in the
three-laser experiment and calculated values of b,k'(co4),
we deduce from the positions of the nulls of the sine func-
tion in the observed sum-frequency-mixing signal a total
vapor length of 36 cm, assuming the density is uniform
and given by that at the center of the cell. This assump-
tion is consistent with visual observation of a broad (3—5
cm) condensation zone at 18—20 cm from the cell center
and with the measured temperature distribution shown in
Fig. 4(b). We believe that the Hg pressure is constant in-
side 18 cm but because the temperature diminishes from
cell center to 18 cm, the Hg density may rise slightly
away from the center. The inaximum increase would be
less than 20%. This will be included in our estimate of
the total uncertainty of our measured f values. Experi-
mentally, we find that the two methods used for deter-
mining oscillator strengths, one of which is independent
of density, agro: very well if we assume the density is that
derived from the measured He pressure and the tempera-
ture at the cell center.

The Nd:YAG lasers shown in Fig. 3 are Quanta Ray
models No. DCR1 and No. DCR2. YAG 2 is used as an
amplifier of the 1.06-p, m light left over after frequency
doubling of YAG l. Each frequency-doubled Nd:YAG
laser pumps a Quanta Ray PDL dye laser having a band-
width of -0.5 cm ' (full width at half maximum). Table
I lists the various dyes and mixing schemes used to pro-
duce the light over the range 250—1700 nm used as input
beams for mixing in Hg. The output of each dye laser is
attenuated with neutral-density filters (ND's in Fig. 3) so
that the sum-frequency signal is not strongly saturated.
An aperture restricts the diameter of each hearn to 2 mm.
Typical power densities of the vertically polarized light
entering the Hg cell are 0.2 MW/cm and 2 MW/cm
from dye lasers 1 and 2. %'e estimate a population in the
7'S state due to two-photon absorption to be less than

10 of the ground-state population at the end of the laser
pulse. The wavelength calibration of the lasers is general-

ly obtained by using laser-induced fluorescence on avail-
able resonances. For example, 7'S—n 'I' resonances are
found by maximizing the 7 S—6 Pi fluorescence which
occurs due to transfer of n 'P population to the triplet
manifold by collisional and radiative processes. The pho-
tomultiplier tubes (PMT) No. 2 and No. 3 (see Fig. 3) are
used for observing such fluorescence. The overall uncer-
tainty in the frequencies of sum-frequency generation
maxima due to laser-wavelength accuracy is & 2 cm
mainly due to the frequency drift (in time) of the dye
lasers.

The vuv sum-frequency light is separated from the in-

put light using a 60' LiF prism. A Hamamatsu model
No. R1259 photomultiplier (PMT 1 in Fig. 3) is used to
detect the vuv light and operates at a rather low voltage of
typically 450 V. For strong vuv signals, the output of the
photomultiplier is not linear in the vuv signal. However,
this does not present any problems in finding the position
of maximum vuv generation. The output of the pho-
tomultiplier is sent to a Princeton Applied Research
model No. 165 gated integrator which is interfaced to a
computer. The computer scans dye laser 2 while record-
ing the vuv signal.

The angle between the two lasers, as indicated in Fig. 3,
is measured by noting the separation between beams at a
distance of 3.1 m from the crossing region. It is impor-
tant to know the crossing angle accurately, since an error
in the angle corresponds to an error in 5k*. Typically,
errors in the angle as small as 0.1' can lead to a bad mea-
surement. %e estimate the uncertainty in our angle mea-
surements to be 0.02'. The point of maximum beam over-
lap is at the center of the Hg cell.

IV. RESULTS AND DISCUSSION

Figure 6 shows typical data for the crossed-beam and
three-laser techniques. The scans here are just to the blue
side of the 10 'P level. The frequencies of the signal maxi-
rna are plotted in Fig. 7 versus the hk' calculated from
the crossing angles for the crossed-beam method or from
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FIG. 7. hk (co&) (approximately the dispersion at frequency
~q) as a function of energy near 10 'P. Data points are the ob-
served peak positions from scans like those shown in Fig. 6.
Squares (crosses) are from the crossed-beam (three-laser) mea-
surements. Solid curve corresponds to the f value giving the
best fit to the data.

the detuning from 6 Pi for the three-laser method. The
solid curve is our best ftit to the data and yields the tabu-
lated f value of 10'P. Only the 8 ' Pi and 10'Pf values
were measured using the three-laser method. The agree-
ment between the two methods for the 8'P and 10'P f
values is better than 5%, while for the 8 Pi it is about

15%. All other values reported here were obtained using
the crossed-beam method. All data and calculated curves
shown are normalized to a Hg density of 2.41& 10' cm
(1 torr at 400 K). All data was taken at pressures of
3.3—3.5 torr and a temperature of about 235'C. These
data are then fit using Eqs. (3) and (4) to calculate b.k'
for various trial f values and visually determining a best
value. The polarizability for all four frequencies is calcu-
lated using Eq. (4) with the measured f values for
6'S n—' Pi (n =6—13) and the proper continuum con-
tribution (see discussion below). Thus, we use an iterative
process for obtaining a complete set of f values. Because
a dispersion shape is measured, the f value determined
this way is not very sensitive to other f values. They will
simply contribute to a vertical offset for the computed
curve and it is largely this vertical offset which is fit by
iteration. We have used the data of Baig" for mercury
energy levels. Our results are listed in Table II along with
previous measurements. The 7 Pj dispersion was too
weak to map using our present methods. Only an upper
limit based on our laser-bandwt'dth-limited resolution of
10 was possible.

An idea of the uncertainty associated with determining
an f value from our data may be gained by studying Fig.
8. Here, data near the 12 Pj and 12'P lines are used to
determine 6 'S—12 P i and 6 'S—12 'P f values. The solid
curve is our best fit (fi ——0.0023, f& ——0.0008) while the
dashed line is at the estimated outer bound of our fitting
error (fi ——0.0020, fi ——0.0010). These fitting uncertain-
ties combined with other sources of uncertainty to be dis-
cussed later are reflected in the total uncertainties listed in
Table II.

The fitting uncertainties are largely due to the uncer-
tainty in laser calibration of approximately 1—2 cm
This leads to possible errors in measured f values ranging
from 30% for the weakest transitions measured to less
than 10% for the stronger ones. For crossed beams, addi-
tional contributions to the total uncertainty arise from un-
certainty in the Hg density and the effects of nonuniform
Hg density, from uncertainty in the crossing angles, from
shifts in measured peak positions due to the frequency
dependence of X' ', and from contributions to the refrac-
tive indices due to excited-state population and Hgi mole-
cules.

We believe the Hg density near the center of the oven is
known to be about 5% based on the excellent agreement
of our measured f value for the 6 'S—6 P, transition with
lifetime measurements for 6 Pi and the consistency of
our 6'S—8 ' P, , 10'P f values measured by the crossed-
beam and three-laser techniques. Because of the tempera-
ture profile of our cell, we expect that the Hg density 15
cm from cell center will be greater than at the cell center
by as much as 20%. This could distort our data for an-
gles less than one degree for which the beam overla~p
exceeds 10 cm. This corresponds to a hk' ~ —4 crn
However, it appears that even for considerably smaller an-
gles than this, the nonuniformity actually is not very im-
portant. Since the beam overlap is greatest at the cell
center and tapers off on either side, the effective overlap is
considerably less than the maximum calculated overlap.
The effective mixing length can be estimated from the
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TABLE II. Measured absorption oscillator strengths from 6 'S ground state.

Upper
level

6P
7P
8P
6p'P
9P

10P
11P
12P
13P

Present
work

1.15
0.020{10%)

o.01oo(12%)
0.15(10%)
0.070(10%)

0,0155(10%)

0,0050(15%)

o.oo23(15%)
0,0011(15%}

1p

Mahon and
Tomkins (Ref. 4)

0.0415
0.0142
0.0051

Skerbele
et ai. {Ref. 20)

1.11
0.049
0.021
0.24
0.115
0.029
0.012

Present
work

0.024( lo%%uo )

(10
0.0014( 17%)

o.ooss( lo%)
0.0018(20%)

0.0011(20%)

0.0008(30% )

0.0005(35% )

Pi

Others

0.024

f('Pi)
f('Pi)
0.021

(0.0005
0.11

0.079
0.12
0.22
0.35
0.45

'Weighted average from literature, see Ref. 18.
Weighted average from literature, see Ref. 19.

width of the observed peaks in Fig. 6(a) since the width is
inversely proportional to the interaction length. This
yields an effective length of only 7 cm for the scan at
0.65' crossing angle corresponding to a hk'= —2 cm
Given the good agreement of the two sets of data in Fig.
7, we conclude that the nonuniformity should contribute
less than 5% for b,k'( —1 cm ' and about 5% for
—1 (rN' (0 cm

The effect of I' ' on the peak positions is considered
next. Near a singlet I' state, X' ' is dominated by that
state and diminishes inversely as the detuning from reso-
nance, Eq. (12}. Thus, to normalize our signals, we must
multiply by b . This was done for our 7P, 9P, and 12P
crossed-beam data with the result that each peak was
moved about O.S—1.0 wave numbers towards the blue re-
gion for the 7P. For 9P, the shifts are smaller while for
12P they are larger. This effect is largest when the peak
width to detuning ratio is greatest, i.e., for small f values,
so it will introduce more uncertainty for weaker transi-
tions. Because all peaks are shifted to some extent, part
of the shift is taken up by a small frequency shift in our
visual fits. The estimated uncertainties range from negli-

~
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82400 82450 S2500

WAVE NUMBERS

FIG. 8. hk {~4)vs co4 near the 12'P& and 12'P transitions.
Data are from the crossed-beam method and the solid curve is
our best fit to this data [f('P)=0.0023, f( P&)=0.0008].
Dashed curve shows our estimated uncertainty [f('P) =0.0020,
f ( Pi )=0.0010).

gible for 6p'P and 9'P to about 10% for 13'P. The
behavior of I' ' near the triplets is generally more com-
plex than near the singlets since interference creates nulls
in g' ' near the triplets on both sides so no simple correc-
tion is possible at present. Possible errors range from
20% for 13 P, to less than 5% for 9 Pi.

The angle-crossing error of 0.02' contributes much less
to the f value uncertainty than other sources of error. So
does 7'S excited-state population and the presence of Hg
molecules, both of which are present at levels 10 ~ or less
relative to the ground-state density. '

For the three-laser measurements, error analysis is
much simpler. The density and density profile are not im-
portant except in producing a sufficiently narrow index-
matching peak. Because the peaks are much narrower
than in the crossed-beam method, the effects of the fre-
quency dependence of I' ' are also much smaller so the
uncertainty using this technique is due mainly to laser
linewidth and calibration errors.

In fitting our data, the f value is determined from the
shape of the dispersion curves. The vertical offset is
determined by all the remaining oscillator strength, bound
and continuum. Since nearly all the bound-state contribu-
tion is accounted for in our measurements, the continuum
contribution can be determined from our data. When
added to the polarizability due to bound states, the contin-
uum contribution shown in Fig. 9 gives good agreement
with our data, with the dc polarizability of 5.1 A, '

and with the long-wavelength dispersion data of
Wolfsohn. ' This curve was calculated using Eq. (5) and
the data of Brehm, ' Berkowitz and Lifshitz, ' and
Cairns. ' (See also Ref. 9.} Some adjustment of their
photoionization cross sections was necessary to achieve
this agreement. The data of Refs. 15 and 16 were used
below I37000 cm ' and were multiplied by a factor of
1.2 while the data of Ref. 16 were used above this energy
and multiplied by 0.625. These corrections appear to be
within the limits of error for these cross sections. The un-
certainties of our multipliers is about 20%. As an exam-
ple of the importance of this continuum contribution; the
computed curve in Fig. 7 ~ould be lowered by 0.2 cm
without the continuum contribution, in clear disagreement
with the data.
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dispersion curve, their derived f values are sensitive to
these contributions. For the 10'I' and 11 'I', the continu-
um and 6p' 'I' contributions very nearly cancel leading to
agreement with our measurements.

From Table II, it is apparent that transitions from 6'S
to the triplets gain in oscillator strength relative to the
singlets as n increases. This trend was also observed by
Baig" and has been attributed to perturbations by low-

lying autoionizing states, ' particularly the strong au-
toionizing state at 88760 cm ' belonging to the 5d 6s,
J= —, core. The 6p'P state at 78813 cm ' belongs to the
5d 6s, J= —,

' core configuration and also perturbs the
51' 6s nP series, especially the 8P and 9P states.

FIG. 9. The polarizability of mercury due to the continuum
as a function of energy. See text for a description of the photo-
absorption data used to model the continuum. Note that the dc
polarizability, which includes bound-state as well as

0 3
continuum-state contributions, is 5.1 A (Ref. 13).

Earlier experimentally determined f values for the
6 'S—n '3Pi transitions are available for some of the tran-
sitions. The 6'P and 6 Pi f values are known from a
large number of predominantly lifetime measurements' '
and a weighted average gives the values listed in Table II.
The other values in Table II come from Refs. 4 and 20.
The values of Skerbele et al. 2o are derived from low-

energy electron excitation cross sections. Their results are
consistently too high by approximately a factor of 2. The
values of Mahon and Tomkins were obtained by sum-

frequency mixing with parallel beams to find the 6k=0
points. Their 6k=0 points are slightly the red of ours
which might indicate a slight crossing of the input beams.
This does not account for the difference in measured f
values, however. The disagreement between present re
suits and theirs for 9'P is due mainly to the neglect of
contributions from 6P''P and the continuum in their
analysis. Because they measure only a single point on the

V. CONCLUSIONS

We have demonstrated the utility of two new tech-
niques for the measurement off values. Both give disper-
sion curves rather than a single point on the curve so the
measured f value is relatively independent of the distribu-
tion of the remaining oscillator strength. The crossed-
beam method is simpler in that it requires fewer lasers but
it requires knowledge of atomic density. It also produces
broader index-matching peaks due to the shortened over-
lap region, and it can generate data only in regions of
hk &0 for sum-frequency generation or hk'~0 for
difference-frequency mixing. The three-laser method re-
quires an additional 1aser but gives better results indepen-
dent of vapor density or uniformity. The uncertainty in
our measurements using this latter technique was mainly
determined by the laser linewidth and calibration. Using

improved laser sources, we would expect that uncertain-
ties could be reduced to -1%.
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