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— : ' *ABSTRACT

Thébrétical calculation of far-infrared péwer spectra
generéted>by_picosecond pulses in a nonlinear optical-crys—
‘tal is preéented. Results are illustrated by two pragtiéal__
examples with a LiNbO3 slab.orienﬁed for differeﬁt ph;se—

matching conditions.
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Stimulated'bj a genéral interest in non-linear optical effects
and by the scarcity of powérfglISOurces in thé far infrared region,__
several aﬁthorsl_6 havé invéstigaﬁed far infraréd géneratidn by optical
beating in éléctro—opfic matérials; Following the'dévéldpméﬁt of mode
lockéd lasers with pulsé widthé'iﬁ thé picosecond rangé, optical recti-
fication has become a féasiblé-méthod of générating broadband radiation
of high péak powér (~ 1 KWS, as supportéd.byvthe récent expérimentai
results.7 .Théoréticaliy, Gustafson ét al.8 héve calculated the recti-
fiéd-field‘for an infinité plané wavé in thé limit that the optical and
far infraréd phasé Vélocitiés.differ négligibly. They have also
néglécted réflectioh and refractioﬁ at the crystal boundaries. This
letter feports a.mére realistic calcuiation ﬁhich includes the various
effects due to a finite beam croéé-sectibn,‘crystal boundaries, and the
signifiééﬁgiy different optigal and far—infraredvphase #elocities.

Consider a-éhort laser pulée incident normally 6n a thin slab of
electro-optic materiél. The slab has a transverse dimension much lar-
ger than the beaﬁ diameter, and-we éan assume that ﬁhe laser pulse

: . 9.10

propagating in the slab in a single transverse mode is given by

= E.. ) i
E, § B (r,t) with

L : 2, 2 | (ﬁ.z/c~£)2 .
’ ’ 1 X + ) )
E . (I‘,t) = & {—-—_————-‘ exp[_ Yy - . +
~&3 < ~23 v(1+1£j) w2(1+ig_) | 02
o J
ot i {‘%_(an/c -t) + icb'} | (1)

<

where LA is the beam radius in the focal plane, ¢ is the pulse width,
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gj = (L + z/nj)/(wowi/zc); L is thg'diSténce‘bétwéén»ﬁhe'focal point -
'and'théﬂfron£ surfacé’of thé siab, and z isvthé'distancé"away‘from the
front surface into thé‘slab. Thé sﬁbindéi, j; indicatés thé polarizatioﬂ
_ sfaté of the laser.field.. Thé othér qﬁantities ha&é their usual

physical meaning. |

' The laser pulse induces in the slab a nonlinear polarization at

difference frequencies of the form

NL * _ . (2)

if we neglect the dispersion of the_nonlinear éusceptibility XNL. The

~ |

far infrared radiation field E(r,t) generated in the slab can then be
~ obtained by solving the wave\equation

2

=

2 :
A M) (3)
ot™ v 7

(7 (0 ) + (/%) 751 B (5,8) = -

Jt

(o]

with ﬁhe pfoper boundéry conditions. Here, we have-also neglecfed the
dispersion of &.
To solve Eq. (3), we use essentially the scheme of‘Bjorkholm.lO

From the Fourier fransform:of E (r,t) and PNL(r;t) on x, ¥y, and t, we

NL(

" obtain the Fourier components ?v(ET,w,z)and gv kW, respectively.

~T°

We then use  the Greén's function method to find E(k ,w,z). Although

~ T
far-infrared- radiation is generated'in the slab in all direétions, only
the part which propagatés in forward and backward directions with nearly

normal incidence on the plane surfaces of the slab can get out of the -

slab bécauée of the large refractive index of a crystal in- the far
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infrared. If we are interestedloniy‘in that part of the far—infrered
'radiaﬁion, then we can ﬁsé the"Green‘s fuﬁction for normal incidence
esian approiimation~in findiné ?(Efgw;z); Multiple reflections at the -
?lane boundaries of the slab are cleariy importanté so that the'selﬁtion
shoﬁld be proportioeal to a febry-Perot factor. _For far?infrared field
in ﬁhe i polarization state; we find at the back.surface of the slab,
2= %, - S

~

- e (8) -
Ei(gT,w,z) = Fi[gi._CET,w, zeﬂ) -

- 23S g, 220) e Gunrje) )

((0) f dg! P (k w,z") exp( 1U)n ,Z -z I/C>

(2ﬂ1w/cn
: o

where F = (1 fRi)/[l eRf exp(i2wn£w}2/c)] is the Febry—Perot factor,
- and R = (l —nﬁw))/(l+n§w)) is the reflection coefficient for the i
polarization‘state.

l_ Experimentally; the far infrared output from the slab is collected
by a tapered light plpe leading to a solld—state detector. 12 Since . -
wave propagation in the light pipe has a cutoff angle ¢ “the tetal

far infrared power seen by the detector is given by

Pi(w) - (c/éﬂ) f’kT!=(w/c)sind}M dekT |§i(lfT’w’£)'|2 cost | (5)

o]



5 "~ UCRL-2039k

where ¢ = sin—l(ch/w) <l¢m. To_calcﬁlafe Pi(wj from Eq..(S)‘Vith the
help of Egs. (1), (2), and‘(h); Wé USe'tHé'following appro%imatibns.

Wé assumé that thé‘qross—séctioh 6f.the'laser béam rémains unchanged
in:tréversing'the thin slab. If both éfdinary'énd éxtfadrdinary laser

- beams are presént,tﬁén'ﬁéraiéo aséumé thét walkoff of thé two beams in
the slabbis negligible.' Both aSsﬁmptions aré‘cléarly good épproiimétion
whén thé‘siéb'is not unﬁsually'thiék ({ié'féﬁ @ﬁ.). 's;néé ¢mvis often

L .
is

small, we also approximate cos¢ by 1 in~Eq.'(5);~ Then, if X?jk

the only dominating nonlinear‘susceptibility in difference—frequency

p

 generation, we find, for a slab of thickness %,

o S
p.(w) = T;A[F; ["w,0s )
whérel3 | = s , = ’
1, = (m/2¢)(wo/n (‘*’))2| Mg / (1+ 2)l222.
i AR T Xigk Sg5fau/ 1¥E
R AN £= gy (20)
- . + . + 2
M, =.|(Mij% + Mikj) - Ri_(Mijk + Miijl
t - N T
Mijk = [1 - expy(lAkjkl)]/lAkij
Ak?k = (;L,/C)[(wo-m)/g)n‘g‘*’o)._T (wo_w/g)ni“b) t wnié)]
D=1 - exp[-(we/l{fc?) wi(l+€2) sin2‘¢m']
'Sv=‘éxp (—w202/h);
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. | - ’ ..
The various quantities in thé:abOVe éqﬁation have the féliowing physical v
me;nings. A ié thé'efféétive crOsé;section of thé‘béam at thé'slab.
. M;j# tékés caré of thé'phase mismatch‘in thé'différenqé—fréqﬁéncy
generation process, with Akgk énd Ak;k;béing the avéragé moméntum
mismatches for far—infraréd waves propagating in fhé‘forward and back-
ward directions respéctively{ .D.acc0ﬁnts for thé‘diffraction éffect
dué to thé finite béam croés»sectién.';s is fhe spéctral.contént of
: theipicosécqnd laséf pulse. Finaily; IiA giveé the-far—inffaréd power
spectrum if all thé'othér factoré in Eq. (6) afe in unity.

We ﬁow use Eq. (6) to calculaté the spéctfa éf thebfar—infrared‘

output for two cases. In the first case, a 0.1 cm. LiNbO_ slab is

3
oriénted»with the cfaxis parallél to thé plane surfaces of the slab. A
2—§séc. lasér pulse at 1.06 u,.polarized élong thé c—axis; is.normally
incidént on the'sléb, so that ng is the only nonlinear susceptiﬁility
responsibie for the differeﬁce—frequency generation. With j =k =71 along

e and'n§wo) # n§w) iﬁ Eq. (6), phase métching occurs only at w = O.

_The dalcqiated spectrum is shown‘in'Fig. 1. Thé dashed curve gives the
‘spectrum without the Fabry—Perot‘boundary coﬁdition. The peaks at 5,
8.h, and 11.8 cm'.l ére the secondary peakslof the phaseTmatching curve,
which would have théimajo; phase-matching peak at w = 0-if it were not

. for fhe low-frequency cutoff. This ibw—frequency‘cutoff_is mainly

due to the wz—dependént radiatioﬁ effects, and gives rise to tﬁé first
peak at 2{cm_l. Thg diffraction effect (b)’only makés the cutoff even E
éharper? but dqes not affect the spectrum significantl& béyond the

first peak. On thé‘high—fréqﬁéncy sidé, the spectrum is limited by

the spectral content S of the input puise. With the Fabry-Perot
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boundary condition,included, thé'Spectrum is thén modifiéd by the
interférénce pattérn, as shown by the solid curvé with spikés in Fig. 1.
Fof an input pulsé of 1 - GWatt péék power,'thé total.fér—infraréd
outpﬁt energy’is aboutIO.l.‘érg. Our résUlts.héré agrée with those
of Gqstafson ét al}8 in ﬂhé'limit n§w) = n§w0) and when diffraction
and boundary‘conditioﬁs aré_néglectédi

In.thé'second casé;‘the LiNbO3 slab is orientéd yith thé c—aiis
’ tiltéd at 16.80 awgy from thé normal of the slab and thé a~axis is
in thévplané définéd‘by the c-axis and the normal. Tﬁe normally
incident_laser pulse is linéarly=polarizéd at L45° with respect to
the'plane.such that only‘xgi is:rééponsible for. the difference-frequency
signal with polarization?perpéndicular to the plane. We then find
vfrom Eq; (6) that thé phase—matchiﬁg cbnditions Akgk = 0 and Ak;j = 0,
for far iﬂfraréd géneration in fhe forward and thé backward direétions
respectivély,'can bé satisfied at w = 15 and 7.5 pm—l respectively.
The far—infraréd spéctrum is thén ésséntially the superposition of
the two pﬁase;matching curves modified by wQS(w) and the bdundary
'cbhditions. If the boundary ébnditions_are neglected (Bi = O), then
only the far infrared generated in the forward direction éontributes
to the spéctrum as:represénted by the aashed curve iﬁ Fig.'2. With
the boundary coﬁditions, Ri # 0, the far.inffared-ggnerated in the
.backward direction now appéars in thejoutpﬁt. Its spectrum doﬁinates
over that of the far~infrared generétéd in the forward Qirection
because of the high—fréquency cutoff‘dﬁe to S(w).» The total spectrum
is givén by thé solid cufvé inlﬁig._Q, where the spikes are again the

reéult of Fabry-Perot interference. Diffraction has little effect in this
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case. Fcr avlaser pulse with-a 1 - Gwatt peak pdwe?, the total
fér—infrared'energy‘generated'here iéQﬁCO6h .erg. Both cases discussed
above have been investigated eiperimentally; Preiiminary.results show'.’
- good agreement with our theoreticel calcﬁlations.7 |

We have neglected diééersiOn and absorption in the above
discpssion. They canv however” be ea31ly’1ncorporated in the computer
calculations. The effects vary from crystal to crjstal In L1Nb03, ’
,the absorption coefficient, a, in the far infrared is roughly proportional
to . (o - 18 em T at 30 cm-l),lh ‘The decrease.of_the fa?-infrared
power due to absorptien is less than 20% below\lO cm—l. We have also
neglected the effect of possible ffequency chirpiné of a mode-locked
pulse.15 This is not important hefe'since, in the product EQJEZK\’ any

phase modulation in E,, is almost'completely cancelled out by the same

L3

0k Finally, for a train of N identical mode-

%
phase modulation in E
. locked pulses with a time interval T between pulses, the far-infrared

)1/11 -expum)]lg

‘The total far-infrared energyis increased by a factor of N.

1
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FIGURE. CAPTIONS
1. The farQiﬁfrafgé speétrﬁm computed from Eq. (6) for a 2 pséc.
(fuil width at half—maéimum) Nd>laser pulsé ﬁormaily incident on
é l-mm.rLiNbQ3 slab. Theicrystal is_oriénted with the'c—axis
parallél to thé pléne surfacés of thé'slab and thé lasér pulse is

' 6 |
polarlzed elong the c-axis. (x33 = 1.57 X 10 esu). The other .

parameters used in the calculation are WO 0.017 cm. (correspondlng

w) _ 5 05

to = h-mrad dlvergence of the laser beam), L = 135 cm., n.
&nd n(wo) = 2.0. The solid and the dashed curves are computed with
and without boundary conditions réspéctivély.

©. The far—infrared spéctrum computéd from Eq;'(é) with the same
laser paramétérs as in Fig. 1. Héré,'thé 1-mm. élab'is oriented
with,thé c;akis tilted at 16.8? away from thé:normal of the slab,
end the a-sxis is in the plene defined by the c-axis and the normal.

The laser isbpolarized at 45° to the plane, .so that only

Xgi = 1.5 % 10—6 esu is responsible for the difference-frequency -

"signal with polarization perpendiéular to the plane. With ¥ = J

{along the b-axis) =nd R being the directions of polarizations of
the brdinary and the extraordinary light propagating along 2

respectively, we have nim) = 6.6, Niub) = 2.2, and nﬁub = 2.193.



UCRL-2039%

—12-

N

G:_c: \C_o:_fov...co:,:f:m_u |D4}02d G

L]
1O
I
O
>
(&
c .
- D
- | 5
— S— or— e
e 2

 XBL709-3793

Fig. 1 -



UCRL-2039k4 -

413_3 :

— —————
S
Ay mee—

- i A - A A A

3 N = e

Am“."_.:g: Ai04}41G40) co:.anwt..wm._u |04400dg

2 A
. o .
|2. o |6.
oL
o .

_Fred uency (e 'm"")‘,

- XBL709-3794

Fig.




LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: :

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.

o

-




pJm—
e -

-ty

- TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

b



