
1074 IEEE  JOURNAL OF QUANTUM ELECTRONICS, VOL. QE-20, NO. 9, SEPTEMBER 1984 

Continuously  Tunable  Sum-Frequency  Generation 
Involving  Sodium Rydberg States 
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Abstract-Broadly  tunable sum-frequency generation  has been ob- 
served in a  vapor of atomic sodium in the presence of a dc electric 
field. This field induces a x(’) nonlinearity which is resonantly  en- 
hanced  when  the sum frequency  corresponds to the energy  separation 
between the  ground  state  and  an  atomic  Rydberg state. In a  vapor of 
number density  4 X l O I 4  ~ m - ~ ,  we obtain an energy conversion effi- 
ciency as large  as 3 X lo4 and a x ( 2 )  as large as 1.2 X ESU. We 
have  also observed sum-frequency  generation  in the absence of an 
applied  dc field, and we relate  these observations to mechanisms that 
have  been proposed to explain  this effect. 

T 
INTRODUCTION 

HERE is currentIy great interest  in  sum-frequency  genera- 
tion as a  means of producing  tunable ultraviolet radiation 

[l] -[ 101 . Most of the mixing processes that have  been  dem- 
onstrated  thus far make use of a third-order or optical 
nonlinearity, in which case three  input fields combine to pro- 
duce the  output  frequency. To avoid the inconvenience of 
using three separate laser sources, such  mixing  experiments 
usually derive at least two  of  the  input fields from  a single 
laser. In  such cases, at least one  of  the  intermediate steps of 
the mixing  process is  usually nonresonant,  which  limits  the  ef- 
ficiency  with  which the ultraviolet frequency can be  produced. 

In  this  paper, we describe a nonlinear  mixing  process utiliz- 
ing two  input lasers in which  each  intermediate  step is reso- 
nantly  enhanced [ 1 11 , [ 121 . As shown in Fig. 1,  an incident 
laser field at  frequency w connects the sodium 32S1/2 ground 
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Fig. 1. Optical waves at  frequencies w1, w2, and w g  = w1 t- w2 
interact  by means of the nonlinear  response of an  atom  with eaergy 
eigenstates li), l i ) ,  and Ik). In  the  experimental  work,  these  states 
correspond to  the 3 2S1p, 3 2 P 3 p ,  and a Rydberglevel, respectively. 

state  to  the 3 2 P 3 / 2  excited  state  while  a  second laser field at 
frequency o2 completes  a two-photon resonance  with  a so- 
dium  Rydberg level. In  addition,  a  dc electric field is applied 
to the  atomic  system.  This field breaks the inversion  symme- 
try of the sodium atom,  and  thus allows the existence  of  an 
electric dipole  moment  oscdlating at  the sum  frequency w3 = 
o + w2 [ 131 . The resulting nonlinear  polarization is related 
to  the applied field strengths E(w,)  and E ( w z )  through  the 
relation 

P(W3)  = 2X(2’(W3 = 0 1  -I- W 2 )  E(U1) E(w2) (1) 

where the nonlinear susceptibility describing the mixing  pro- 
cess  is  given by [ 1 1 ] 

x q w 3  = w1 + 0 2 )  
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Here N denotes  the number  density of atoms,  and plm denotes 
the electric dipole matrix element  connecting levels I and m. 
In these  equations we have suppressed the  tensor aspect of 
the nonlinear susceptibility since in our experiment all of  the 
electric fields were polarized in the same direction. In  the 
absence of  the  dc electric field, at least one of the  three ma- 
trix elements appearing in (2) would vanish as a consequence 
of  the  parity selection rule for  electric dipole transitions. 
However, dc field strengths of the order of 1 kV/cm are 
sufficient to mix nearly completely  opposite-parity sodium 
Rydberg states  with n 2 10 [ 141 , thus inducing a large non- 
linear susceptibility [ 151 . To good approximation,  the wave 
functions describing the sodium Rydberg states can be con- 
sidered hydrogenic in character. Within the hydrogenic  ap- 
proximation, closed from expression can be derived for  the 
electric-field induced dipole moments that appear in (2) [ l l ]  . 
An approximate value of the nonlinear susceptibility can be 
obtained from these expressions. Let us consider an  atomic 
vapor of density 4 X l O I 4  with o1 detuned 1 cm-' from 
the  intermediate resonance and o1 t o2 detuned 5 GHz  (i.e., 
several linewidths)  from the Rydberg state resonance. Under 
these conditions,  the numerical example given in [ l l ]  pre- 
dicts a value of x(') as large as 8 X ESU. 

In  addition  to modifying the electric dipole selection rules, 
the  dc electric field results in  a splitting and shifting of  the 
Kydberg levels through the  Stark effect. This phenomenon 
leads to regions of broad  tunability of the sum-frequency 
generation process. The  positions of the Stark-shifted Ryd- 
berg levels can be predicted by diagonalizing the Hamiltonian 
matrix describing the sodium Rydberg states  in the presence 
of a dc electric field. Such  a calculation has been performed 
by Zimmerman et al. [ 161 ; the results for energies near that 
of  the n = 15 manifold are shown in Fig. 2. For field strengths 
<I500 V/cm, the I > 2, m = 0 sublevels display a linear Stark 
effect and  fan  out  from these zero-field positions. At higher 
field strengths, the various levels are strongly mixed and cover 
nearly completely t h e  region between successive  values of the 
principal quantum number. 

EXPERIMENTAL SETUP 
The setup used in our experimental study is shown  in Fig, 3. 

An excimer laser (Lumonics Model 861s-2) operating at 
308 nm with XeCl was used to pump  two dye lasers. Each 
laser consisted of a two-grating Littman-style [17] oscillator 
followed by a power amplifier. One laser (hereafter called the 
yellow laser) used rhodamine 6G as the laser dye  and was 
tuned  to  the vicinity of  the  D2(32S1/,-32P3,2) resonance 
line.  The other laser (the blue laser) used stilbene 1, stilbene 
3, POPOP, or DPS as the laser dye and could be tuned Over 
the range 3900-4300 a to access  all Rydberg levels with n > 
11. These lasers produced output energies of typically 0.5 mJ 
with  linewidths of -5 GHz and durations of -4 ns. The 
output beams from these lasers were combined using a di- 
chroic  beam  splitter and were loosely focused to  obtain a 
beam diameter of several millimeters inside the sodium vapor 
cell. This cell presented an interaction  length of 25 mm and 
was constructed of commercially available stainless steel vat- 
uum fittings. The cell windows are 25 mm  diameter sapphire 
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Fig. 2. Energy level structure of the m = 0 Rydberg levels of the so- 
dium  atom in the presence of a dc electric  field.  (Reproduced  with 
permission from M. L. Zimmerman, M. G. Littrnan, M. M. Kash, and 
D. Kleppner, Phys. Rev. A,VOl. 20, p. 2251, 1979.) 
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Fig. 3. Experimental  setup. 

flats  permanently attached  to standard vacuum flanges. Plane 
parallel Stark  plates were mounted inside the cell at a separa- 
tion of 5 mm.  A stainless steel sidearm, high voltage feed- 
through,  and  pump-out line were welded to  the  body of the 
cell. The pump-out line consists of a  1  m long stainless steel 
capillary tube  that is spiraled about  the  body  of  the cell. This 
design prevents the rapid diffusion of sodium out  of  the  inter- 
action region. Typically, the cell was operated  with  no buffer 
gas and with the cell body  at a temperature of 410°C and  the 
sidearm at a temperature  of  330°C,  thus producing  a sodium 
number  density of 4 X 1 014 crnv3. 

High voltage pulses were applied to  the Stark  plates simulta- 
neously with the arrival of the laser pulses. The high voltage 
pulses were produced by an avalanche transition chain (2N555 I) 
that was triggered by a portion of the laser output beam using 
a fast photodiode. The risetime of  the electrical pulse was 
-1 ns, and a  short pulse duration of -10 ns was used to avoid 
establishing a  breakdown  in the sodium vapor. 

The beam exiting the sodium cell was focused onto  the en- 
trance slit of a quartz-prism monochromator. Additional spec- 
tral discrimination was provided by UV-transmitting interfer- 
ence  filters. The ultraviolet signal  was detected using a solar 
blind photomultiplier tube (Hamumatsu R166 UH) and was 
processed using a  boxcar averager. 
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EXPERIMENTAL RESULTS 
Resonantly  enhanced  sum-frequency  generation is found to 

occur  whenever the yellow laser  is tuned near (to  within 
-10 .fi of)  the sodium D lines and  the blue laser  is tuned  to 
complete a two-photon resonance  with  a  Rydberg  state.  The 
W signal  is emitted  in  the  forward  direction in a  beam  whose 
divergence  angle  is comparable to  that of the incident lasers 
(several milliradians). The  magnitude  of the W signal has 
been found  to depend critically on  the temporal  overlap  of 
the laser and  high  voltage pulses [ 121 . Furthermore,  the  pulse 
length  of the sum frequency signal is found  to be  comparable 
to  that of the incident lasers to within  the 6 ns  risetime  of 
our  photomultiplier. We have  also verified that  the wave- 
length  of the  UV signal tunes as the wavelength  of the blue 
laser  is varied. These  observations indicate that  a  true para- 
metric  process is occurring  and rule out  the possibility that 
the observed signal  is due to fluorescence  excited  by the lasers 
or  by  a high voltage discharge. 

We have conducted  a  systematic  study  of  the  tuning char- 
acteristics of the sum-frequency  generation  process.  A typi- 
cal tuning  curve is shown in Fig. 4. Here the  intensity of 
the W output signal  is plotted as a  function  of  the wave- 
length  of  the blue laser, with  the  yellow laser detuned 1.1 A 
to  the  short wavelength  side of the D2 resonance  line.  Reso- 
nance  enhancement of the  output signal  is  observed when- 
ever the sum  frequency is coincident  with  a Stark-split reso- 
nance  of the sodium atom. The I B 2 levels are seen to mix 
and  spread out in a  fan as predicted  by the  theoretical curves 
shown in Fig. 2. 

A series of  high  resolution scans through  the region  near the 
12p level is shown in Fig. S for several different valves of the 
dc field strength. Here the yellow laser is tuned close to  the 
D2 resonance line. The  centroid  of  the  resonance is  seen to 
shift to higher  energies  with  increasing  dc field strength, in 
agreement  with the theoretically predicted  behavior  shown 
in Fig. 2. Especially at  the  lower field strength,  a  pronounced 
dip is observed in the tuning curve. This  dip is presumed to be 
a  phase  matching effect and  not  due  to  absorption of the gen- 
erated W radiation  because  the  calculated value of the line 
center  absorption coefficient based on  the  tabulated value 
[18]  of  the oscillator strength  of  the 3s + 12p transition is 
only 0.02 cm-' . 

Scans covering a  much  broader spectral interval are shown 
in Fig. 6 for several different values  of the dc field strength. 
In these scans a large portion  of  the  Rydberg series of the 
sodium atom is clearly visible. In  the absence of  the dc elec- 
tric field, narrow  resonances are observed  whenever the blue 
laser wavelength  has  a value such that o1 + o2 is resonant 
with  a  Rydberg s or d state.  The  existence  of  sum-frequency 
generation in  atomic  vapors  in  the  absence  of  applied fields 
is well documented  [19]-[2S], although  the origin of  this 
effect is not  completely  understood. Several different  mech- 
anisms have been  proposed to explain the origin of  this  effect, 
and it is likely that  any of these  mechanisms can become  im- 
portant in specific cases.  Our results are most  consistent  with 
the mechanism  proposed  by Mossberg et  al. [22]  and Miyazaki 
et al. [23] which  assumes that  the second-order  nonlinearity is 
induced  by  an electric field generated  by  photo-ionization  of 
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Fig. 4. The measured intensity of the sum-frequency signal is shown 
as a function of the wavelength of the  blue laser. The wavelength 
of emitted UV radiation is shown on the upper abscissa. The yellow 
laser was detuned 1.1 A to  the high frequency side of the D, reso- 
nance line  and  the  dc electric field strength was 1200 V/cm. 
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Fig. 5 .  Tuning  characteristics  of the sum-frequency generation process 
in  the region near the 3s-12p transition for several different values 
of the  dc electric field. The yellow laser was tuned  to  the 0 2  line. 

the  atomic species followed  by radial charge separation. This 
photo-ionization  rate is enhanced  when the applied fields are 
tuned  to  a  two-photon allowed  resonance  with an s or d level, 
leading to  the peaks  observed in our  data.  Another  proposed 
mechanism that can  produce a second-order  nonlinearity in 
an  atomic vapor is an electric quadrupole  or  magnetic  dipole 
coupling  between two  of  the  interacting levels [19]-[21], 
[24]. This  model  cannot  explain  our  observation  of sum 
frequency  generation at  the 3s-ns frequency since no multi- 
pole  moment  connects  two s states. At an  applied  dc field 
strength  of  400  V/cm,  resonances  appear  at  the  energies  of 
the s, p ,  and  d levels, as shown in Fig. 6. As the field strength 
is increased still further,  the position  of the  p-state  resonance 
shifts to higher  energy, that of the s-state resonance  remains 
approximately  fixed,  and  the  breadth  of  the  d-state  resonance 
increases. 

In Fig. 7 we show  a series of  scans  obtained for several dif- 
ferent values of  the  detuning  of the yellow laser and  with  the 
dc electric field fixed  at  its  maximum value. We see that  the 
positions  of  the  resonances  excited  by the blue laser depend 
on  the detuning  of the yellow laser, as expected  for  a  two- 
photon resonantly  enhanced  parametric  mixing process. These 
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Fig. 6.  Tuning characteristics  of the sum-frequency generation process 
for several values of the  dc electric  field,  with the yellow laser de- 
tuned 1.3 A to  the low-frequency side of D 2 .  The positions  of the 
two-photon resonances in the  limit of zero field strength are  indicated. 
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Fig.  7.  Tuning  characteristics  of the sum-frequency generation process 

are shown for several different values of the yellow laser detuning. 
The  dc field strength is 2000 V/cm. The  positions of the  two-photon 
resonances for  an  on-resonance yellow laser are  shown. The experi- 
mental curves are  shifted  from  these positions due to the  detuning of 
the yellow laser. 

curves  also show that  at  the largest field strengths the  various 
resonances  have  broadened into  one  another, leading to broad 
regions  of  continuous  tunability. 

We have performed another measurement to determine  the 
maximum achievable  value of  the nonlinear susceptibility 
under  our  experimental  conditions.  The  maximum output 
signal is obtained  with  the  yellow laser detuned 1 cm-l to 
the high-frequency side of D2 and  with  the  blue laser tuned 
to complete  a  two-photon  resonance  with  the 13s level, with 
a  dc field strength  of 2000 V/cm.  Under  these  conditions, 
the measured  conversion efficiency (defined as the  ratio  of 
the UV output energy to the  total energy of the  two  input 

pulses)  was found  to  be 3 X The  nonlinear suscepti- 
bility is calculated using the  equation relating the  input  and 
output  intensities  to  the  length  of  the  interaction region and 
to  the k-vector  mimatch Ak [26]. For  our  conditions,  the k 
vector  mismatch is due  primarily to  the dispersion  of the D2 
resonance line and  has the value 58 cm-’.  Taking the  input 
energies  as 0.08 mJ,  the pulse  length as 4 ns,  and the laser 
beam  radius as 1.3  mm, we calculate the value x(2) = 1.2 X 
IO-’ ESU. Due to uncertainties  regarding  our beam profile 
within  the  interaction region, this value is probably  accurate 
only to within  a  factor  of  3.  This  measured  value is in good 
qualitative agreement  with the predicted value  given above. 

CONCLUSIONS 
In  conclusion, we  have demonstrated  that  extremely large 

values of the second-order  nonlinear susceptibility can  be 
obtained  through use of  Rydberg  states  perturbed  by an  ex- 
ternal electric field. Values of x ( 2 )  as large as 1.2 X lo-’ 
ESU have been  obtained in a  sodium  vapor of density 4 X 
1014 This value is approximately  ten  times larger than 
that of KDP. The splitting of  the  highly  excited levels due 
to  the  external electric field creates a  broad  region  of over- 
lapping levels, leading to continuous  tunability.  This  tech- 
nique can be  applied to any  system  displaying  a  Rydberg 
series. When applied to a  system  with  a large ionization  po- 
tential  such as hydrogen  or  a  noble gas, it should be capable 
of  producing  coherent  tunable  radiation in the  extreme 
ultraviolet. 

ACKNOWLEDGMENT 
The  authors gratefully acknowledge  useful  discussions  with 

M. G. Littman, D. G. Steel,  and C. R. Stroud,  Jr. We thank 
M. A. Kramer for his assistance in the  construction of the 
tunable  dye lasers. 

REFERENCES 

[ I ]  S. E. Harris and R. B. Miles, “Proposed third  harmonic genera- 
tion in phase-matched metal vapors,” Appl .  Phys. Lett., vol. 19, 
pp.  385-387, 1971; see also J. F. Young, G. C. Bjorklund, A. H. 
Kung, R. B.  Miles, and S. E. Harris, “Third-harmonic generation 
in phase-matched Rb vapor,” Phys. Rev.  Left., vol. 27, pp. 1551- 
1553,  1971; see  also R. B. Miles and S. E. Harris, “Optical third- 
harmonic  generation  in alkali metal vapors,” IEEE J. Quantum 
Electron., vol. QE-9, pp. 470-484, 1973; see also G. C. Bjork- 
lund,  “Effects of focusing on third-order  nonlinear processes in 
isotropic media,” IEEE Quantum Electron., vol. *QE-ll, pp. 
287-296.1975. 

[ 2 ]  R. T.  Hodgson, P. P. Sorokin,  and J.  J. Wynne, “Tunable coher- 
ent vacuum-ultraviolet  generation in atomic vapors,” Phys. Rev. 
Lett., vol. 32,  pp. 343-346, 1974. 

[3] G. C. Bjorklund, J. E. Bjorkholm, R. R. Freeman,  and P. F. Liao, 
“Enhanced production of coherent VUV radiation by four-wave 
mixing in Sr vapor,” Appl .  Pkys. Left., vol. 31,  pp. 330-332, 
1977; see also R. R. Freeman, G .  C. Bjorklund, N. P. Economou, 
P. F. Liao, and J. E. Bjorkholm,  “Generation of cw VUV coher- 

Appl .  Phys. Lett., vol. 33, pp.  739-742, 1978. 
ent  radiation  by four-wave sum frequency mixing in SI vapor,” 

[4] F. S .  Tompkins  and R. Mahon, “High-efficiency four-wave sum 
and difference  mixing in Hg vapor,” Opt .  Lett., vol. 6, pp. 179- 
181, 1981; see also “Generation of continuously  tunable narrow- 
band radiation  from  1220 to  1174 A in Hg vapor,” Opt. Lett., 

[5]  F. Vallee, S. C. Wallace, and J .  Lukasik, “Tunable  coherent vac- 
uum ultraviolet generation in carbon  monoxide  in  the  1150 A 
range,” Opt. Commun., vol. 42, pp. 148-150,  1982. 

V O ~ .  7, pp. 304-306, 1982. 



1078 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. QE-20, NO. 9, SEPTEMBER 1984 

H. Hemmati, J. C. Bergquist, and W. M. Itano,  “Generation of 
continuous-wave 194-nm  radiation by sum-frequency  mixing in 
an  external ring cavity,” Opt.  Lett., vol. 8, pp. 73-75,  1983; see 
also H. Hemmati  and J. C. Bergquist,  “Generation  of continu- 
ous-wave 243-nm radiation  by sum-frequency  mixing,” Opt. 
Commun., vol. 47, pp. 157-160,1983. 
W. Jamroz, P. E. LaRocque,  and B. P. Stoicheff,  “Generation 
of continuously  tunable  coherent vacuum-ultraviolet radiation 
(140  to  106 nm) in  zinc vapor,” Opt.  Left., vol. 7, pp. 617-619, 
1982. 
B. Couillaud, L. A. Bloomfield, and T. W. Hansch, “Generation 
of continuous-wave radiation near 243 nm by sum-frequency 
mixing in an  external ring  cavity,” Opt.  Lett., vol. 8, pp. 259- 
261,1983. 
R. Hilbig and  R. Wallenstein, “Tunable X W  radiation  generated 
by  nonresonant  frequency tripling in argon,” Opt. Commun., 
vol. 44,  pp. 283-288, 1983; see also “Tunable XUV  generated 
by two-photon  resonant  frequency mixing in  xenon,” IEEE J. 
Quantum  Electron., vol. QE-19,  pp. 194-201,  1983. 
T. Srinivansan, H. Egger, H. Pummer,  and C. K. Rhodes, “Gen- 
eration oi extreme ultraviolet radiation  at  79 nm by sum fre- 
quency mixing,” IEEE J. Quantum  Electron., vol. QE-19, pp. 
1270-1275.1983. 
R. W. Boyd and L. Q. Xiang, “Large dc-electric-field induced 
nonlinear optical susceptibility of hydrogenic  atomic vapors,” 
IEEEJ.  Quantum Electron., vol. QE-18,  pp. 1242-1246,1982. 
D. J. Gauthier, J. Krasinski, and R. W. Boyd, “Observation of 
resonantly  enhanced sum-frequency generation involving sodium 
Rydberg  states,” Opt.  Lett., vol. 8, pp.  211-213, 1983; see also 
“A novel technique for  resonantly  enhanced  sum-frequency 
generation involving Rydberg  atomic states,” in Coherence and 
Quantum  Optics V ,  L. Mandel and E. Wolf, Eds. New York: 
Plenum, 1984. 
D. S. Bethune,  R. W. Smith,  and Y. R. Shen, “Measurement of 
a quadrupole  transition  moment  by  interference of quadrupole 
and dc-field-induced  sum-frequency generation,” Phys.  Rev. 
Lett., vol. 38, pp.  647-649, 1977. 
M. G. Littman, M.  L. Zimmerman, T. W .  Ducas, R. R. Freeman, 
and D. Kleppner,  “Structure of sodium Rydberg  states  in weak 
to strong  electric  fields,” Phys.  Rev. Lett., vol. 36, pp.  788-791, 
1976. 
Once  the  states are  fully mixed,  the values of the  matrix  elements 
appearing in (2) are very insensitive to a further increase  of field 
strength.  For  this  reason,  we characterize the  nonlinearity as  a 
dc-field-induced x(’)(w~ = w1 + w2) nonlinearity rather  than a 
x(3)(w3 = w1 + w2 + 01 nonlinearity. 
M. L. Zimmerman, M. G. Littman, M. M. Kash, and D. Kleppner, 
“Stark  structure of the Rydberg states of alkali-metal atoms,” 
Phys.  Rev. A,  vol. 20, pp. 2251-2275, 1979. 
M. G. Littman, “Single-mode operation of grazing-incidence 
pulsed dye laser,’’ Opt.  Lett., vol. 3, pp. 138-140,  1978. 
W. L.  Wiese, M. W. Smith,  and B. M. Miles, Atomic Tvansition 
Probabilities,  Sodium  through  Calcium, National Bureau of 
Standards, vol. 22.  pp. 2-7, 1969. 
D. S. Bethune, R. W. Smith,  and Y. R. Shen, “Optical quadru- 
pole sum-frequency  generation in sodium  vapor,” Phys.  Rev. 
Left . ,  vol. 37,  pp.  431-434,  1976; see also  “Sum-frequency 

Phys.  Rev. A ,  vol. 17, pp. 277-292, 1978. 
generation via a  resonant quadrupole transition in sodium,” 

D. S. Bethune, “Optical  second-harmonic  generation in  atomic 
vapors with focused laser beams,” Phys. Rev. A,  vol. 23, pp. 
3139-3151,  1981; see also “Erratum:  Optical second-harmonic 

Rev. A ,  vol. 25, p. 2845.  1982; see also “Quadrupole second- 
generation  in  atomic vapors with focused laser beams,” Phys. 

harmonic  generation  for a  focused beam of arbitrary transverse 
structure  and  polarization,” Opt.  Lett., vol. 6, pp. 287-289, 

Phys. Rev. Lett., vol. 43,  pp.  1154-1157,  1979; see also “Inter- 
action of high-power laser pulses with atomic media. 11. Optical 
second-harmonic generation,” Phys. Rev. A ,  vol. 23, pp. 1358- 
1364,1981. 

[24] R.  R.  Freeman, J. E. Bjorkholm, R. Panock,  and W. E. Cooke, 
“Optical  second harmonic  generation  by a single laser beam in  an 
isotropic  medium,”  in Laser Spectroscopy V ,  A. R. W. McKellar, 
T. Oka,  and B.  P. Stoicheff, Eds. New York: Springer-Verlag, 

12.51 S. Dinev, A. Guzman de Garcia, P. Meystre, R. Salomaa, and 
H. Walther, “Role of collisions in second harmonic  generation 
in alkali  vapors,” in Laser Spectroscopy VI, H. P. Weber and 
W. Luthy, Eds. New York: Springer-Verlag, 1983, pp. 183- 
186. 

[ 261 F. Zernike and J. E. Midwinter, Applied  Nonlinear  Optics. New 
York: Wiley, 1973, p. 44,  Equation  (2.46). 

1981, pp. 453-457. 

Daniel J. Gauthier was born in  Peterborough, 
NH, on October  29,  1960. He received the 
B.S. degree in 1982  and  the M.S. degree in 
1983,  both  in  optics  from  the University of 
Rochester,  Rochester, NY. 

As an  undergraduate, he worked  on subsys- 
tem  optimization  for  the  Laboratory  for Laser 
Energetics’ OMEGA fusion laser. His current 
research involves the  study of  nonlinear fre- 
quency mixing and  optical phase  conjugation. 


