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Generation of-Far Infrared Radiation by Picosecond Light Pplsés in LiN'bO3
K. H. Yang, P. L. Richards, and Y. R. Shen |
Departmént of}?hysics, University of California

| Inorganic Matei?ils Research Division,'z‘

‘Lawrence Radiation Laboratory,
Berkeley, California 94720

. ABSTRACT

We have observed far inffaréd radiation generated by
picosecond pgises in LiNbO3 with several different phase-
matéhing‘conditions.'vThe outpqt spectra, analyzed By_a
far-infréred.MicheISOn interferbﬁeter'and by a fabry-Perot'
interferémeter agree well ﬁith theoretical éalculatiohs.
The laser-puise-width'deduced from tﬁese measurements was
about 2 psec.in compariéon.witﬁ 5 psec obtainedvffom‘tﬁo— :

‘photon fluorescence measurements.
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Thé'genération of éoherent radiation in the far-infraréd (iR) by
optical beating has béén“of considerablé in‘c..ere's’t,.:"'-5 Becaﬁse'of'its
broad'spectral»cqntént; a picosécoﬁd lasér pulsé can generate far IR
in a nonlihéar crystal.as a résﬁlt qf béating betweén ifé various

frequency components. In this paper, we report our recent experimental

_ 3
Nd:glass-lasér.6 We have investigated the cases with crystal orienta-

results on far IR generation in a LiNbO, crystal using armCde—locked.
tions'corfesponding to phaSé.matching at zéro frequency and at finite
-fréquenéies. In both éasés, théveipéfiméntal résulté aéreé.well with
theoréfical calcﬁlations:.v7

Thé mode—lockéd.iaSer output consistéd of a train of about 30
pﬁlses betweén'thé ﬁalf-poWgr points of the énvelope with 6—nséc separa—.
tion bét&eén pﬁises. :The total‘energy containgd,in the puisé train was
“about 20'mj. Thé puléewidth méésured ﬁith fwo—photon-fluofescence'
téchﬁiques wasiéboﬁt 5 psec.: A lens with 30 cm focal length was used

to focusbthe laser beam'iﬁtOJthe LiNbO érystal vhich was 26 cm from

3
the lens; and 1 mm 6f black poiyethyléne was used aﬁ the output to
érevént‘laser light from reaching ﬁhe far IR déteétorsb The far IR
output.was thén split-into twovbeéms by a mylar Séam splitter. One of
the beams was used for spectfal analysié in either a Michelson inter-
ferometerBI(MI)’or a Fabr&—Perét interferometer9 (FPI) and the other
for normalization. -Théyrweré separately détected.byrtﬁo n-type InSb

11

(Putley) detectors:®® operated at 1.5 * 0.05°K in a magnetic field

of 5.4 kG. The entire far IR system was evacuated to avoid water

vapor absorption. The two signéis detected were amplified3 and
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displayed on a Tektronix 556 dual beam oscilloscope. The fatio of the
two signals was then computed. To7obtainvthe'true spectrum ffom the
Mlchelson‘lnterferogram, the Fourler transform of the 1nterferogram
was divided point by point by the 1nstrumental_funct;on»(the spectral
sensitivity of the spectrometer-aetector system);BI.This instrumentai>
function was measured bf using a Hg arc lamp as a bléékbodyvsoufce.
‘The same source was also. used to elign the MI and locate the zero of
\path difference.8

Two_eryetel orienfatiQnS'vere studied; In the first;ba 0.775 mm ‘
- thick L1Nb03 crystal was oriented with the nofmally ihciéent laser’
beam polarized along the. c-ax1s and propagatlng along 6. In thisicon—
figuratlon,'the nonllnear susceptlblllty X (= 1. 57 X 106 esu) con-
tributes to fhe éeneretioﬁ of far IR polarized along ¢ and phase
; matching occurs at zero difference frequency; The MI Wae used to
investigate the‘far"IRispectrum. ‘The interferogram was eampled at’
iqtervals of 0.2 mm ouf to a maximum of 5> mm which limited the resolu--
tion8 to 2 cmfl. Four laser shots were avereged for each saﬁple. The
final spectrum_computed wiﬁh»lineer a.podi:r;za_.ti‘orr8 and cerrecﬁed bj the
instrumental function is shown in Fig. 1(;). Beeause of the frequency-
.dependent reflectioh c’oefficient8 of the S—mil mylar beaﬁ épiifter in.
the MI, the rellable’ranée of the spectrum measured was from 3 to
22 cm l. The resultlng spectrum contains peaks at 2. 5 6 5 and 10.5 cm
with descending amplltude. The theoretlcal calculatlon7 assumlng a
1.8 psec Gaussian laser pulse‘is also shown in Fig. l(a) for comparison.

The agreement is good.

-1
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In the second case, a 1.524 mm thick LiNbO_ crystal was cut with

3
its 8-axis 16° away from the normal to the plane surfaces and the &-axis
at 30° from the plane containing the normal and the 8-axis. The

normally incident laser beam was polarized to have equal components in

the ordinary and the extraordinary rays. In this configuration, the

ordinary far IR output produced by X, ) =1.54 x 10—6 esu and

1 1

X, =2.2x 107 esu, is phase-matched at 13.5 cm ~ and 6.7 cm

22
corresponding to far IR propagating in the forward and the backward '
directions'respectively.>.Extfaordinary far IR was produced by X2h’

Xél’ 33° but was rejected in our experiments by a grid

X,p» &nd X
polarizer. The experimental result measured with the MI is shown in

Fig. 1(b). The backward phaée—matched peak7 at 6.5 em L was observed, g
but the forward phése-matchéd peak expected at 13,5 cm_l Was not - .
distinguishaﬁle from the background noise. Theoretical curves for |

1.8 and 2;3'psec Gaussian laser puises_aré shown for gompgrison.

It is seen fhat.thé relative stfength of tﬂe 13.5 em ™t peqk is very
sensitive to the variation of the pulsewidth, which changes with the

laser operating conditions. vIn a séparate experiment, we used a

far‘IR Fabry-Perot to analyze thé spectrum. Since the spectrum is

expected to contain oﬁly two narrow bﬁase—matching peaks, a Fabry-Perot

which has higher peak transmissivity than the MI should be more suitable.

Thé experimental results are shown in Figf'2. The first, third, and

fifth peaks in the figufe arisé from the forward phase-matched peak at 

13.5 cmul; while thé séqond'and‘fourth peaks have coﬁtributions'from

both the forward énd the backward phase-matched péaks. Since the
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resolving power of ﬁhe,Fabr&—Perota’giwas limitedvto about ﬁ:due to the
40° spreading angle of the,far IR radiation from hhe crystal, the:
theoretical_widths (~72'cm-l) of the phase—matched peaks were not
resolved.r'The solid curve in Fig. 2 is the ¢orresponding theoretical
calculation'of the interferometer fringes'assuming Gaussian laser
pulseslwith a 1.8 - psec pulsewidth. It appears to beiin satisfactory :
agreement with the experimental'results} As a separate check using |
the Fabrnyerot interferometer, we rotated the LiNhOj crystal to phase
match at 6 = 14°. The resuit was similar to fig. 2 except that the
phaseématched peaks'appear at il cm-l and S.Sscm-l as expected from
Athe theory. | |
The total far IRbenergy detected froﬁ XBS in the first case

‘(phase matchlng at zero frequency) ‘was of the order of 1 erg, which is

about 20 tlmes 1arger than that detected in the second case (phase

_ matching at finite frequencles). Both agree to within an order of

magnitude with a theoretical estimate based on a,mode-locked'laser
train of 30 pulses and a peak power of .2'GW/cm2. ' We also measured the

relatlve far IR power generated by X3l and X33. ' The measured ratio
33

31 ‘ ’ L ‘ : o o _ ‘
3.5. The peak power of the picosecond far IR pulses in the first case

= L was in satisfactory agreement with the_calculated,valuel2 of

was of the order of 200 W, which could be.increased to'Ska'by increasiﬁé
the laser peak power to 1 CW/cm . In the secohd case,'the spectral,
bwldth and the tunablllty can not compete w1th the two ruby laser |
'system preyiously investigated,g >3 but if the laser pulse,w1dth could

be as short as 0.5 psec, this system would be capable of produCing
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tunable far IR pulses from 3 to 4O em™L. These Pulses can.
be used to investigate transient and nonlinear phenomena in the far

IR region. = ’ ' N ' . ,
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‘FIGURE CAPTIONS

Fig. la. PFar-infrared spectrum generated by mode—lOcked'pplses in‘
LiNbO3 phase-matched at zero freQuency. The experimental peints
were obtained from the Michelson interferogram and tﬁe solid curve
ffom e tﬁeOfetical calculation assuming Gauesian laser pulses with’
a 1.8 psec. pulsewidth}‘ The sPeCtrum can be ﬁnderstood as &
product ef (1) the speetral content of the mode—iocked pulses,
(2);a radiation efficiency eurve; and (3) a phaseématching eﬁfve
eentered at zero frequency,(see_Ref. 7).

Fig. 1b. Far?infrared'spectruﬁ generated by mode—locked pulses in

. LiNbO ‘ariented to have forward and backward phase-matching at’

3
A13.S‘cm;l and 6.7 cm’}.respectively.. The experimehtalfpoints
were obiained from the;Miehelson'interferogfam. ‘The soiid and
'dashed curves vere calculated By aseuming Gaﬁssiaﬁ leser pulses
witﬁ.a puisewidth of 2.3 psec and 1.8 peee respectively. ~In this
expefiment, our leeer condition was somewhat.different than in

.v>£he>ether experiments,iaﬁd.it‘was very likely tﬁat theeoutput
puiees were longer.

Fig. 2. Fabry—Perbt fringee of far—infrared radiation generated
by mode—lecked pu&ses in LiNBO3 sim@ltaneously phaee—matched at
- 13.5 cm_l‘and_6.7rcm‘1. The circles are experimenfal‘points and the
curve was calcuiatedefromvthe dashed theeretical spectrum in

Fig. 1b corresponding to Gaussian laser pﬁlses with a 1.8 psec

vpuisewidth.
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