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ABSTRACT

Dispersion of the Second Hyperpolarizability of the
Carbon Tetrachloride Molecule

by
Scott Wilde
Dr. David Shelton, Examination Committee Chair
Professor of Physics
University of Nevada, Las Vegas
The second hyperpolarizability of a molecule is the microscopic version of the third
order susceptibility. Direct measurements of the ratio of the second hyperpolarizability
of carbon tetrachloride to diatomic nitrogen are made possible through electric field
induced second harmonic generation.  Whenever the dispersion of the second
hyperpolarizability is not negligible, there should be deviations from Kleinman
symmetry. Previous experimental data for second hyperpolarizability of this molecule
have only been at two frequencies and theory predicts the zero frequency value. In order

to provide for a better extrapolation to zero frequency, additional gas phase

measurements of this ratio at optical frequencies are presented and discussed.
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CHAPTER 1
INTRODUCTION

A molecule in external fields will respond accoglito the strength of the applied
fields. The subject of linear optics is the casheme the material response is
characterized by a linear coefficient multiplied tnwe applied field. For low amplitude
electric fields the response is an induced eledipole by the molecule that is linear in
the field. The subject of nonlinear optics is canmed with the case of a nonlinear
response to external fields. In the dipole appr@tion, the molecular response to
external fields is modeled by the induced dipoBy Taylor expanding the polarization
equation in powers of the electric field, the ctted response to strong fields will
become nonlinear in terms of hyperpolarizabiliti&s terms of static fields the dipole per

molecule can be written as:

,u:,u(o’+aE0+§E§+%E§+... (1)

The terms that vary as the square of the fieldtaectube of the field are referred to
as the first and second hyperpolarizabilities reBpely. The first constant term in the
expansion is referred to as the intrinsic dipolemmant and it is nonzero for dipolar
molecules. The vector nature of the polarizatiod the applied field(s) require that the
polarization,a, be a second rank tensgra third rank tensos; a fourth rank tensor and
so on. The field(s) in equation (1) has been preed as scalar(s) but in general the
field(s) is vector quantities and can be oscillgtmth non-zero frequencies. As in most
systems, symmetry can reduce the number of indgmereilements of tensors describing
physical processes. Kleinman symmetry is a camtithat is always valid at zero

frequency, but for non-zero, and especially optié@quencies, deviations from



Kleinman symmetry become more apparent as frequergases and approaches the
threshold for absorption. In general, Kleinman syetry is not valid where dispersion of
the hyperpolarizability is not negligible. [1]

Sum frequency generation is the process where twoave photons are converted
into one photon with a frequency equal to the sunthe frequencies of the incident
photons. When the process takes two identical l#agéhs and the resulting sum photon
has half the wavelength it is called second harmgeneration (SHG). If the process
occurs along a focused beam of photons, generai@oms will begin to be out of phase
with photons that are generated further along #ebpath. It is possible to “match” the
phase of generated photons from multiple sitesdherent addition. Phase matching is
difficult to achieve in an isotropic medium such asgas, but it can be done by
introducing a periodic phase shift in one or mokr¢he applied electric fields. A static
and an optical field can be used to induce SHG ftbenthird order response of the
molecule, hence electric fieldduced second harmonic generation. If the directiorhef t
static field is reversed periodically, then phaseahing of the static field and the second
harmonic can be found directly by scanning the terend measuring the second
harmonic signal.

This work involves the measurement of the nonlingaoperties of carbon
tetrachloride (CG) by using the technique of Electric Field Inducecond Harmonic
Generation (EFISHG) for gas phase molecules. Redabsorption is the process that
makes both the deviations from Kleinman symmettgrigsting and also the process that

makes measurements difficult.



An additional complication comes from the G@w vapor pressure, and samples of
high densities would require heating of the samplBy taking advantage of the
experimentally measured hyperpolarizability fortdrmic nitrogen (M) as a ratio to
helium (He), for which an exact calculation candmme and has been done by Bishop

and Pipin, the experiment can be done using migtasesamples. [2, 3]



CHAPTER 2
THEORY
The following formulations are based on the workWwrd and New and also the
work of Shelton and Buckingham. [4, 5] The statiectric field in the y direction as a
function of position along z, the axis of the fundntal beam propagation, can be
defined as a periodic function.

E, (2)=E, cosK2) (2)
whereK=2zN/L, whereN is the number of periods, or paitsjs the total length of the
electrode array, andpks the static field amplitude. The phase mismdietween the
fundamental, g, and the second harmonic,Eis related to the difference of the index
of refraction.

an
Ao

_—2n
(na) n2w)_A £

w™0

Ak =2k, -k, = (@, —a,)p+(termsn p?)  (3)

The phase is matched wh&k=77/1_, wherel. is the coherence length of the gas.

Therefore if the phase matching condition is saikfthe second harmonic generated
between each electrode pair will constructivelgiféare. Note that, is the wavelength
of the fundamental in vacuum,, is the index of refraction for frequeney, andp is the
density of the gas.

The optical field is defined as a Gaussian beamarfaad parallel to the static field

direction that is focused to a spot size definedhigyconfocal parametes.
z, =R,/ A, 4)

(RIRy)=1+(z/7,) (5)



whereR; is the radius of beam at the beam waist Bnd the beam radius at a point
away from the beam radius. The maximum size, améter, of the beam that passes
through the electrodes is therefore limited byrdtgtion. Diffraction sets an upper limit
on how far apart and how many electrode pairs that fundamental and second
harmonic beams can pass through unobstructed. cd$e of a large number of repeats
and a short distance between electrodes is prdfemaet the optical field must pass
through from outside the medium.

If the optical field is focused to the center o€ thlectrode array, then the power

generated at frequencwzan be written in terms of the poweg,Pf the fundamental.

pe®) — L(ﬂ}z (X(s) )2 (P(w) )2 E02 .T dz cosKz) COS{AkZ - arctar(z/ Zo)] ©)
vl I )

where the third order susceptibility’®, is defined in terms of macroscopic second
hyperpolarizability,[. The macroscopic hyperpolarizability is relatedthe spatially
averaged microscopic hyperpolarizabilityand,s), which is the parallel component &f

to the dipole moment.

X9 =% 20) £ ) £ (20)Tp @
(0)
= G @

where .Z (o) is the Lorentz local field factor at frequenay defined asZ (w) =

(nf,+2)/3, andp is the number density of the gas molecules. Téwored term in

equation (8) is an orientational average, and siheantrinsic dipole moment of CCis



zero,I' = <y> , which simplifies the expression for the thirdder susceptibility in

equation (7).

At phase match, the power of the second harmorpeaked aroundAk | =K, and
the height of the peak is proportionald, with a width of 1N, because of the density
dependence gt(3) andAk. The peak power of the second harmonic beamusdidy

evaluating the integral in equation (6), which g&el[5]

P2 = ZO;;’;;) (/;’_zjz(x(s) )2(p(w) )2 EOZL[(ZO / L)arctarf(L/ z,)C(L/ zo)] 9)

where C(L/z, )is a slowly varying function near unity that degeron the focusinggp

and the lengthl., of the electrode array. From here it is plainsé® that the ratio of
hyperpolarizabilities is easier to measure, provideeference gas is available, instead of
a direct measurement. The ratio of the power efsttcond harmonic for both GGInd

N>, in the low density approximation, as long asadliler experimental parameters stay

the same, is written as:

(2w) 2 2
Ppeak ccl, _ SCC|4 _| Yea, Pccl,

o= = (20)
Ppeak N, SN2 yN2 ION2

where S, is the peak count rate for CCISince it would be proportional to the power

by the same factor as t8g , it can be shown that the ratio of peak secondnhbaic

power for the pure gases is identically equal er#tio of peak count rates from equation
(9). For mixtures of low density, the ratio of geanatched power for a mixture of GCI

and N can be written as:



2
Pr(nzif) _ F 5, _ l:y cal, Xcal, Pmix T Vi, XN, Prix :l (11)

In, P,
where X, is the molar fraction of the carbon tetrachlorided x, =1-X. , so the

ratio of hyperpolarizabilities can be solved to be:

e [fema) o) .

W,  Xce, S\, Prmix
whereF is the correction to the signal due to attenuatibthe second harmonic by the
sample, which is the ratio of the unabsorbed sigmaihe absorbed signal, calculation of
this factor will be discussed later. Frequencylied optical fields will start to approach
the absorption band of the molecule and a cormectiust be calculated for the
attenuation of the second harmonic to get the bigsaf attenuation were not present.
This can be done by calculating the ratio of theasg of the amplitudes in the equation
for the power of the second harmonic with an attion factor. The attenuation of the
amplitude from one electrode pair, a site of getieeraecond harmonic, is calculated with
respect to the attenuation through the entire fengthe cell. An attenuation coefficient
in terms of the density of the gas in the cell barused as an attenuation coefficient in a
Beer-Lambert Law calculation for the length of tbell that the light passes through

before exiting the attenuating medium.
t?=1/1,=e?" = (13)
a=apl2L (14)

wherea is the attenuation in terms of the density of ¢fas andua is the attenuation

coefficient that follows the Beer-Lambert law. Tém@plitude from one electrode site can



be approximated by using equation (6) and the a#tigon due to the path through the
rest of the sample in the cell. To find the amyolé of the combined second harmonic
generated at sites along the electrode array omeaaulate the sum of the amplitudes

generated across the electrode array. [7]

I(Ak,a)=%k%nh‘i {exp[—a(xc —?')/K]][(l_Ak,K)Cowﬂu(Cﬂ(ﬂr)@ (15)

=N (1+uz)E X, \L+U?
p ="K x -x,)-arctanu (16)
u=(x=x,)/% (17)
‘= (n+%jﬂ (18)

The x parameters are the normalized parameters of the laed cell,x, is the position

of the center of the array with respect to the outpindow multiplied by the period of

the array, so thak, = Kz, and so on for the other parameters. The fagtoxliich the

signal is attenuated is just the square of this liémge divided by the square of the
amplitude with no attenuation. THe factor in equation (12) is the square of the

amplitude with no attenuation divided by the amyalé with attenuation squared.

| (A, @ = 0), ?
= :[ ( ) /(Ak,a)peaj (19)

where | (Ak,a =0).,, is the calculated peak amplitude from equatior) @Bh o = 0,
and | (Ak,a')peak is the attenuated signal. The measured si§qglin equations (11) and

12, of a sample that attenuates the generated|s&joag the beam path will be



attenuated by E/ and the second harmonic generated signal wilt bees the measured
signal.

In birefringent crystals, the phase match conditan be met for optical fields by
changing the orientation of the crystal axes todptcal field. By using a quartz wave
plate in the beam to convert the fundamental imtiobde the frequency, one can measure
the attenuation of the through the length of thié &= a function of density. Therefore
the right hand side of equation (13) can be medsyeslowly filling the cell with CCJ
and measuring the attenuation of the signal froenghartz plate as a function of fill
pressure, which can be converted to a functiorhefléngth of the gas cell the second
harmonic travels through before it exits the cdlhis is used to determine the attenuation
correction.

Kleinman symmetry imposes the condition that theceptibility is invariant under
permutation of spatial indices, such that if theqfrency components were all zero you
would have perfect permutation symmetry and thusirithan symmetry is everywhere
valid in the zero frequency limit. [3] In the cader EFISHG, the third order
susceptibility has four indices, and four frequeramguments, as shown in the full
macroscopic polarizatiof®, in equation (20), excluding lower order terms.

P (2w) =3 Xiju (-2w; w, w, 0)E, (W)E, (w)E, (0) (20)

The electric field in the j-th direction that iscdfating with a frequencw is denoted
by the E{w), where the polarization in the i-th direction itlating at a frequency of@
is Pi(2w). For an isotropic gas, the susceptibility tensloould also be isotropic, which

means that there will be at most two independahehts which can be written as a sum.

X (200 0, 00) = X .., (—20 w, w0) + 2 )., (-2, w, w,0) (21)



where x,.. (—2w, w,w0) = x,,.(—2w,w,w 0) because permuting the indices of the

optical fields of the same frequency should bestwguishable. At zero frequency, if
the frequency components are interchanged simwtestye with the spatial components
and the components of the sum are left unchangedttie independent elements must be
equal, in other wordg,,,, (0:000) =3y,,, (0:0,00) and the ratio of the susceptibilities
should yield Rp=0) = 3 as shown in equation (24). This type of s\atry is referred to
asintrinsic permutation symmetry.
R(w) = x,,,,(—2w, w,w0)/ x,,,(—2; w, w0) (22)

Measurements of this ratio for different frequencigill be in effect measuring
deviations from Kleinman symmetry. Using the dedpproximation further, the
displacement of the electron cloud for the mole@ae be modeled as a driven electron
on a spring oscillator with complex frequency comgais. Taking the real part and
expanding that in terms of frequency will resultan expansion in even powers of
frequency. The same can be done for the secoretigarizability,

(=20, w,w0) = y (0000)(1+ a,0” +a,e' +...) (23)

Several theoretical techniques are used to caktitat zero frequency value, and the
burden on the experiment is to provide an extramrlato zero frequency. As the
frequency increases to the optical, oscillation$ @dcur so quickly that the nuclei in the
molecule will be near stationary and the only cbution to the hyperpolarizability will
be the electronic part. The EFISHG experimentgisapor phase molecules and optical
frequencies is essentially probing only the eleudtrgart of the hyperpolarizability. An
extrapolation to zero frequency using optical freraeies will then result in a reliable

estimate for the zero frequency hyperpolarizability

10



The Kleinman symmetry ratio can also be modeledguaipower series expansion in
even powers of the frequency because of the raktip it has with the
hyperpolarizability.

R(w) = 3{L+be? +bya’ +..) (24)

As the strength of the dependence of the hypergalaitity on frequency becomes
more apparent, there should also be deviations K@mman symmetry. The measured

signal from a pure gas in an optical field poladizearallel to the static field would be
proportional to the square of, . (2w w,w  Q)and the measured signal from a pure gas
in an optical field polarized perpendicular to #tatic field is proportional to the square

of X, (—2w w,w0), as shown in equation (25).

Ro =(%jz = o Yo =1, =V >%,>M (25)

where the brackets aroung indicate an orientation average. The measured
hyperpolarizability ratio of CGland N from EFISHG will bey ¢, /), , . For a low

density mixture of two gases, the expression fer rifeasured ratio can be written as

equation (26), in terms of the mixture density as,

Rmix = [Smi% :|2 = yII,CC|4 XCCI4 Prix + y||,N2 Xszmix (26)
mix, O

yD,CCI4 XCCI4 lomix + yD,N2 Xszmix

and this equation can be manipulated by using dhie of hyperpolarizabilities for the

two gases in the mixture,

1 _ 1 N 1 1 |Veo, *ca, 27)
Rcu4 R R RN2 VN2 (1_XCCI4)

mix mix

11



where R, is the ratio for pure carbon tetrachloridg, is the ratio for pure nitrogen,

and R, is the ratio for the mixture. The molar fractiehnitrogen, x, , can be written

X

in terms of the molar fraction of carbon tetrachler x., , which is justx, = (1-

Xca, )» NOtE that this is true for binary mixtures.

12



CHAPTER 3
EXPERIMENTAL METHODS

The optical fields available and used to measuesr#ttio of hyperpolarizabilities
were two laser lines from an argon ion lasers 488.0nm and = 514.5nm, which
produced second harmonic of wavelength 244.0nm 28W3nm, respectively. The
fundamental beam is weakly focused to a confocagtle of 48.85cm and 45.92cm
through the electrode array. Note this is the coalf parameter for the unfilled gas cell.
A diagram of the experimental setup is shown imirggl; a representative line is drawn
to show the path of the beam through the apparaths.beam is weakly focused through
the cell and the beam profile was measured by usifor Labs beam profiler for both
wavelengths prior to installation of the gas célhe diameter of the beam as a function
of position was fit to a hyperbola to find the gimsi of the beam waist with respect to the
center of the electrode array. Periodically thiomg the experiment the beam
divergence was measured downstream from the celetidy the beam profile had not
changed.

The windows of the cell containing the electroded ¢he gas were made of fused
silica to pass the ultraviolet. Since fused silisa susceptible to stress induced
birefringence, it was important to minimize translaal force gradients in the window.
The windows were sandwiched between two polytetuaflethylene (PTFE, Teflon) O-
rings so that the window would seal against theioQOtring and the inner O-ring served

as a spring feedback when installing the windothecell.

13
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Figure 1. Diagram of experimental setup.

The gas was introduced to the cell by way of a feéthbf shut-off valves and copper
tubing and the pressures were measured by a MK&itnents Baratron Transducer, the
output of which was recorded with an Analog to EapiConverter (ADC) sensitive to
micro-volt ranges. The cell is pumped down to & faTorr through a liquid nitrogen
cold-trap by a roughing pump. The cell was filether with pure N or with a mixture.
Prior to filling, the cell was flushed with J\at 1 atmosphere and the G@hd been put
through several freeze, pump, and thaw cycles noppaway dissolved atmospheric gas.

The electrode array used in the experiment hadef@ats, or 160 total cylindrical
electrodes. Spacing between the surfaces of dutretles was 0.71mm, spacing between
electrode centers was 1.27mm and the total lenfytheoelectrode array was 20.3cm.
Other electrode arrays with varying spacing hadhbegestigated to see if the signal
from pure CCJ was high enough to perform the experiment on & gas sample of
CCl;. Count rates for the pure gas were low enougheed several hours for one
measurement. Since the signal from a mixture usiadine array mentioned previously
was found to be several orders of magnitude laigmr the best that could be found from

other available electrode arrays and a pure saofp&Cl,, the choice was made to use

14



mixtures of N and CCJ. Attached to the electrode array is a plate thakes contact
with a high voltage power supply through the ga wall. The only available feed
through ports for the high voltage power supply waseither end of the cell, and the
electrode array was positioned on the front enthefcell. This geometry is a result of
the beam waist position from the lenses and theespaeded to introduce the quartz
plate in front of the cell for both alignment artteauation measurements. The preferred
orientation would have been to focus the fundamdmam even less so that the BK7
lens could be further away from the cell and thayon the far end of the cell. This
would have minimized the attenuation from the gasthe cell because the second
harmonic would have had to travel less distanceuthin the sample before exiting the
cell. The second harmonic travels collinearly witle fundamental beam, and so it is
separated from the fundamental beam by using alelguism spectrometer.

A set of mirror mounts were used to mount mirroraiperiscope configuration, the
first mirror would reflect the beam upwards and seeond would reflect back down to
the horizontal and turn the beam to pass througtcéi. As a consequence of this beam
steering, the polarization of the beam was alsatedt by the reflections to a horizontal
polarization state before entering the prism po&ati By using a crossed polarizer, the
angle of extinction was measured to be 89.9 * @dreks in reference to the horizontal.

Initially the photomultiplier (PMT) used was a Hamatsu R1527P, reflection type
photocathode, but during the experiment it becappai@nt that a different PMT was
needed. A wire mesh obstruction, which is mearibtos the photoelectrons to the first
dynode, also obstructed the signal beam. The bsaoh size at the window to the

photodetector was about the size of the wires enntiesh, there was a strong systematic

15



error introduced in the Kleinman symmetry measurgsmé&om beam steering from the

change in the polarization. The part of the beamald overlap over the wire mesh for

one polarization and a different overlap would lme &nother polarization of the

fundamental. Since the compensator could be ajust up to three wavelengths path
difference, it would be possible to measure theeatffof beam steering and find a
correction. An alternative was to use a diffel@MT, yet all that was available was one
that had been used in several experiments prithédirst. The advantage was it was
without the mesh, because it had a transmissiotopathode, but the price was lower
signal. Fortunately the signal was high enoughithaould take approximately the same
amount of time to obtain large enough statisties thwould take measure the systematic
error that the reflection photocathode PMT intraetlic All the measurements for

Kleinman symmetry deviations required the use a$ AMT in order to achieve a

precision of <0.1% but some of the measurementshersecond hyperpolarizability

were done using the first PMT since the polarizatwas unchanged during those
measurements.

The input polarization state of the optical fiekl prepared by using a Glan-laser
prism polarizer in order to have a well definedibontal polarization. The polarization
is then controlled by using a Special Optics Sdbaibinet compensator. The different
polarization settings of the compensator would stéer the beam and even though the
mesh-less PMT was used, sometimes there wouldbsgtih detectable difference from
one polarization to another. One method to redhi=effect was to average across a
vertical polarization state defined by rotating tharizontal through a positive rotation

and then through a negative rotation in referencthé¢ fundamental beam propagation

16



direction. The first analysis of a data set wasoaparison between the vertical
polarizations. If both did not agree within thatstical error then the measurements
from that data set were abandoned.

The argon ion laser has an intense plasma glowabedaps the ultraviolet that is
detectable even through the spectrometer. To atéithis and also to address the second
harmonic light generated by the polarization cdntmnponents, the lens just before the
input window of the gas cell is made out of boicaile (BK7) glass which strongly
absorbs in the ultraviolet. A further measurer@vpnt coherent interference with second
harmonic light generated outside the cell is teerse the direction of the static field and
take the average of measurements of one directidrttee other. The interference term
from a 180 degrees phase shift will exactly cameglin an average. This is necessary
because a weak source of second harmonic lightrggtealong the beam path will
interfere with the light generated inside the @eld will change the measured signal.
Large effects were seen using the quartz plateoth bpstream and downstream, and
some cases were observed to nearly cancel out sephatched signal. For normal
experimental conditions, the signals from both dimns of the static field were in
agreement.

To prevent temporal shifts in the apparatus to thasdata, measurements were taken
in ABA triplets, and the average taken over eagblet. For the Kleinman symmetry
measurements, each measured value would be takbnbath polarities of the static

field,

D U () C e () 0 Cs O S &)

17



where (o ,+)(~,-) is an average of the two sequential horizontal suesanents;-

indicates the polarization is along the horizontak + means positive polarity and —
means negative polarity of the static field. Theeptheses represent one separate
measurement, so the horizontal measurement is aumegaent of the positive polarity

across the electrode array and the negative pplavitraged together. The polarization
was rotated in two different directions, and socsthmeasurements are indicated: ator

a positive rotation and for negative rotation, and both are verticallygsded.

For the hyperpolarizability data, the measured esltihat are extracted are the peak
density and count rate. Both are found by fillthg cell to well above peak density, then
slowly leaking the sample gas and measuring presgemperature, and count rate as the
pressure went over the peak to the other side n T peak pressure and count rate can
be found by fitting a parabola, s = b(X-6) S, whereSis the peak signal count rate, s is
the signal count rate, x is the pressure, andtlieigeak pressure. An example of such a
measurement is found in figure 2, where the satid is the weighted parabolic fit. The
range of points used in the fit is the top haltled peak. The signal in figure 2 is from a

N, sample.

18
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Figure2: Example measured signal (open circles) and pécdfitqsolid line)

The temperature was measured by a type K therméeaugontact with the gas at
roughly 295K. Peak density is determined by usihg temperature and the peak
pressure by application of the virial equationtates. The gas mixtures were prepared by
first filling with CCl, while simultaneously measuring the attenuatioa asction of fill
pressure. Then the cell was filled with Dhtil the pressure of the mixture was just above
the expected peak pressure and the cell was alléavedme to equilibrium. Minimal
fluctuations of the temperature inside the celkmfilling were what determined the
equilibrium condition. The molar fractions are eletined by taking the ratio of the

densities calculated from the fill pressures:

XCC|4 - pcc%mix (27)
XN, = 1- Xeel, (28)
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The virial coefficient for a mixture of Nand CCJ is determined by using the virial

equation of state for a mixture as shown below
Bm = BNZ(T)XEZ +2B i Xn, Xea, t BCCI4(T)XéCI4 (29)
p=1/RT/P+ Bm) (30)
where By, is the virial coefficient for pure N B, is for pure CQ, Bmixm is the

interaction virial coefficient or cross virial cdeient at temperature TR is the gas

constant, ané is the pressure of the gas. [8]
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CHAPTER 4
MEASUREMENTS AND RESULTS
An example of an attenuation measurement is shoviigure 3, the case shown is for

488.0nm, or 244.0nm.

1.05

0.95
0.9

o 085

I/

0.8
0.75
0.7

0.65 A

0.6 T T T T T
0 0.5

1 15 2
Density (mol/m?)

Figure 3: Attenuation of the frequency doubled 488.0nmaidgrom SHG in quartz

The solid line is a weighted linear fit to the datd, =1+ap , wherea is the

attenuation coefficient that depends on densitig, thlue is used to determine the Beer-
Lambert law attenuation coefficient aid, is the ratio of the signal to the signal with
CClyin the cell. The length of the gas the beam teatlgough was measured window to
window to be 50.43 =+ 0.08 cm. The average attemwiatoefficient measured by this
method for 244nm is = -0.1082 + 0.0018 f¥mol, and for 257nma = -0.01562 *
0.00040 n¥mol. These values were used to calcufata equation 19, the peak density

for each mixture was used to calculatand the signal for each mixture is corrected by
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this factor in tables 1 and 2. The average cresfia for 244nm is in agreement by a
factor of two from an extrapolation of measurememthe ultraviolet of the cross section

for CCl, from measurements by Carlat, al. Their measurements were from 185.0nm
to 228.8nm and their measured cross section for82B8 is about two decades larger

than what was measured for 244.0nm in this experimid]

Table 1. Hyperpolarizability measurements for 488.0nm

s Sy F LR e T | by Yoo |y ty,
N, 23148.91 3443.21 295.15 187.28.14
CCl,+ N, 24131.39 1.218+0.016 29392.75 2880.86 295.15 .7B560.12 1.750 + 0.047 20.516:73
N, 23389.91 3437.21 295.15 186.90.14
CCl,+ N, 24546.71 1.220+0.016 29937.46 2882.60 295.15 .8B560.12 1.761 +0.047 20.290:73
N, 23931.41 3432.79 295.15 186.60.14

CClL+N, 24718.31 1.222+0.017 3019495 287591 294.15 .4¥560.12 1.780+0.041 20.570:73

N> 23350.21 3432.75 295.15 186.66.14
\P 2068.57 3431.88 293.9p 185.40+0.14

CClL+N; 209851 1.230+0.016 2582.124 2900.10 294.00 4P560.12 1.734+0.04 19.96 + 0.74
\P 2052.62 344282 294.0p 185.93+0.14

CClL+N; 209351 1.222+0.017 2557.690 291451 29435 0P5¥0.12 1.775+0.04 19.11+0.71
\P 2056.23 344775 294.3p 186.01+0.14
\P 2058.89 344194 2943p 185.69+0.14

CCly + N, 2089.1 1.220+0.016 2548.771 291246 29445 556812 1.764+0.04§ 19.00+0.7[L
\P 2058.12 3443.41 29435 185.77+0.14
\P 2495.67 3408.12 294.7p 185.55+0.14

CClL+N, 2562.32 1.231+0.016 3154.858 2887.50 29485 2B5¥0.12 1.731+0.47| 20.20+0.7B
\P 2460.64 3414.85 294.9p 185.80+0.14
\P 2107.77 342496 295.6p 185.90+0.14

CClL+N,  2179.77 1.225+0.016 2670.717 2894.00 294.05 9#560.12 1.689 + 0.04] 21.66 £ 0.76
N> 2019.95 3436.34 295.9%5 186.33+0.14

After the peak densities, count rates, and sigit@haation are measured, the ratio of
the hyperpolarizabilities can be determined by gigiquation (12) for the mixtures. The

errors in peak pressure and peak count rates fierparameters of the parabolic fits such
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as figure 2 were smak; 0.01%, that they were omitted from the table. 8eaments
for 488.0nm are found in table 1.

The following pertains to measurements done afterfirst measured value of the
hyperpolarizability ratio for 514.5nm which appeassthe first three rows of table 2. It
was found that for the measurements of 514.5nne tvass contamination of the cell with
carbon tetrachloride during measurements of the pitrogen samples. Measurements
that were intended to be for an uncontaminated Eampre shifted towards a mixture
measurement by left over sample between measursmétrevious work involving the
same electrode array had measured the peak dess®2 mol/mand this work has an
average of 219 mol/frfor 514.5nm. [10] The peak density found by using parabolic
fits to the data are reported in table 2, but thakpdensity used in the hyperpolarizability

ratio calculation for pure Nwas 222 mol/rh
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Table 2: Hyperpolarizability measurements for 514.5nm

Smx i XC
Pressure  Temp Peak Density Cly
Sample S(CpS) F ((—CFpSS)) (Torr) (K) (moI/m3) yCC|4 / yN2
i} (%)
N> 2054.48 4128.78  295.1 222.48 +0.15
1.0279 1.469
CCly + N, 2335.34 0.0028 2400.43  3569.84  295.1% 192.20 £0.13 0.038 17.91 £ 0.46
N> 2078.68 4134.02  295.1% 222.77 £0.15
N2 21526.0 4020.96  295.2 218.51 £ 0.15
1.0300 * . 1417
CCly + N, 24530.3 0.0027 25265.9  3564.19  295.2% 191.82 +0.13 0.038 18.93 £0.50
N> 21511.0 4045.10  295.2 217.86 £ 0.15
1.0289 + f 1416 +
CCly+ Ny 25024.2 0.0027 25746.9  3597.22  295.2% 191.62 £0.13 0.038 19.72 £ 0.52
N> 21683.0 4017.12  295.2% 216.34 £ 0.15
N> 21500.4 4053.54  295.3 218.32 £0.15
1.0292 + . 1432 +
CCly + N, 24725.2 0.0027 254476  3564.61  295.2% 191.82 +0.13 0.038 19.12 £ 0.50
N> 21477.9 4038.54  295.2% 217.65 £ 0.15
N> 22068.0 4077.83  295.0( 220.06 £ 0.15
1.0614 + 1.407 +
CCly + N, 24521.7 0.0028 26026.9  3565.39  295.0 192.05 +0.13 0.038 19.06 +£0.51
N> 22157.5 4076.85  295.1 219.90 £ 0.15
1.0751 + 1423 +
CCly + Ny 23802.1 0.0028 25590.1  3557.87  295.1% 191.54 £0.13 0.038 19.16 £ 0.51
N> 21260.0 4078.60  295.0 219.75 £ 0.15
1.0707 1414 +
CCly + Ny 22959.4 0.0025 24581.7  3553.92  295.1% 191.33+0.13 0.038 19.80 £0.52
N> 20047.9 4096.39  295.4% 220.50 £ 0.15

'measured contaminated phase match density.for N

A summary of the measured ratio of hyperpolarizid are found in the table 3 and
plotted versus wavenumber in figure 4. Solid gettieats are from previous work, and the
solid line is a weighed linear fit to the data. eTpoint at zero frequency is the calculated

zero frequency value, the size of the point isint@nded to indicate error.
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2 see reference [13]see reference [11calculated zero frequency value, reference [16]
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Figure 4. Measured hyperpolarizability ratios plotted verstavenumber squared.

Table 3: Summary of measured hyperpolarizability ratios

Wavelength (nm)

Yeaia! VN,

<VCC|4/VN2>

488.0

20.51+£0.73
20.29+0.73
20.57 £0.73
19.96 +0.74
19.11+£0.71
19.00+0.71
20.20+0.73
21.66 £0.76

20.13 +0.26

514.5

17.91+0.46
18.93 £ 0.49
19.72 + 0.52
19.12 +0.50
19.06 £ 0.51
19.15+0.51
19.80 £ 0.52

19.05+0.19

694.3

15.59 +0.19

1064

12.82+0.21

14.41

0.5 1 15

2 2.5

3

35 4

wavenumber? (108 cm™%)
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The value for the zero frequency value of the raid0.99 + 0.14, and the slope is
2.158 + 0.035 cifound from the weighted linear fit. The major titsution to the error
in the hyperpolarizability ratio is from the mofaaction of the CCJin the mixture. The
error in the molar fraction for C¢vas estimated by the estimate of the error infithe
pressure and temperature. The fill pressure fdy, &C all samples was 52 Torr and the
error was estimated by using the statistical spredil pressures measured at 1 second
intervals by the ADC manometer combination. Therecontribution from the molar
fraction was 1-2% to the hyperpolarizability ratidollowing the molar fraction the next
major contribution to the error in the hyperpolabdity ratio is from the error in the
correction term from the attenuation, which wass lésan 0.3%, it was calculated by
propagating the errors through the sum in equatlé&). The main contribution to the
error in the attenuation correction was from therein the density dependent attenuation
factor from the weighted linear least squares sgcim figure 3.

As shown in equation (25), the ratio for Kleinmamnsnetry using mixtures requires
the measured value of the ratio of hyperpolarizizdsl and the ratio, R, for the pure
nitrogen in order to calculate the R value for carltetrachloride. Measurements were
made using pure nitrogen and are tabulated in tdbleThe weighted means of the
measurements are indicated in the second to ldgtmooand in the last column are

measurements made by Mizrahi and Shelton. [12]
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Table 4: Kleinman symmetry measurements of N
Wavelength (nm) Ry, <RN2> R?

2.9453 +0.0022
2.9478 + 0.0026
2.9475 + 0.0024
514.5 2.9470 £ 0.0024
2.9500 + 0.0026
2.9505 + 0.0027

2.9434 + 0.0030

2.9372 +0.0040

2.9368 + 0.0025

2.9385 +0.0028

488.0 2.9363 + 0.0030
2.9400 = 0.0027

2.9409 = 0.0022

®from reference [12]

2.947 +0.001 2.945 +0.003

2.939 £ 0.001 2.942 + 0.004

After the mixture is prepared the triplet measunetmevould run about 10-20 triplets
per mixture, for between 45-75 seconds for eachsareament. The results from the
measurements of several mixtures are tabulateabile 6 and each value corresponds to

one mixture.

Table5: Kleinman symmetry measurements for gas mixtunelscalculated ratios for pure CClI

Wa\gﬁlrz;lgth N, +CCl, Xeal, R(:Cl4 <RCCI4>

2.9863 + 0.0017 1.426 +0.043 3.137+0.036
2.9838 +£0.0018 1.390 +0.042 3.128 £ 0.036

514.5 2.9831 £ 0.0030 1.459 +0.044 3.117 £ 0.037 3.113 +£0.016
2.9781 £ 0.0017 1.374 +0.038 3.100 £ 0.037
2.9721 £ 0.0021 1.265 +0.038 3.078 £ 0.037
3.0032 £ 0.0056 1.690 + 0.051 3.206 £ 0.035
2.9799 + 0.0045 1.719 +0.052 3.103 £ 0.037

488.0 2.9753 £ 0.0061 1.704 £ 0.051 3.084 £ 0.037 3.123 £ 0.018
2.9777 £0.0048 1.753 +0.053 3.091 £ 0.037
2.9799 £ 0.0045 1.756 £ 0.053 3.100 £ 0.037

27




3.150

3.100 -

3.050 -

Reel,
@

3.000 -

2.950 -+

2.900 T T T T
0 1 2 3 4
Wavenumber? (108 cm™2)

Figure5: Deviations from Kleinman symmetry for CClI

Following the same expansion of even powers inueagy and the results from the
ratio of hyperpolarizabilities, it is expected tllaé measurements will fall on a straight
line that intercepts 3 at zero frequency plottedirgs frequency squared or wavenumber
squared as shown in figure 5. The solid point sevious measurement done by Ward
and Miller. [13]

The errors in the Kleinman symmetry ratios werewated using estimated errors
for the molar fraction of CGJ the statistical error in the mixture and pureragen
measurements, and the calculated error for the roktre measured hyperpolarizability
ratio.

Requirements were imposed on data points takennglukleinman symmetry
measurements that resulted in some triplets tdaaised in the final result. If a triplet

disagreed with the weighted mean by twice thesttedl error it was not used in the final
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result of the mixture. The number of omitted il under this criterion was less than

one per mixture.
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CHAPTER 5
CONCLUSION

The zero frequency value for..,/y,, was found to be 11.04 + 0.14. The zero

frequency value is calculated as 14.41 by Ohtaaletas indicated by the open point in
figure 4. [15, 16] It appears that a linear lielahip between the hyperpolarizability of
CCl, and wavenumber squared is adequate to describe digersion of the
hyperpolarizability even in the optical range. amty for the deviations from Kleinman
symmetry, even though they are large as compardéwu@tions for other molecules that

have been measured. [12]
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