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" variation of the far infrared power with orientation of the LiNbO
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Soon after optical second harmonic generation was discovered, it
il

was suggested by several perSonsl'that difference freqnency genera-—

_tion in a nonlinear crystal using two température tuned lasers would
‘ prOVide a_tuneable?SOurce of coherent far infrared radiation. In this

letter.we describe the first observation of this tuneable narrow band

far infr;fédiradiatiOn. Fi#ed ffequéncy fér infrared radiation has
beep réporﬁéd ﬁy two groups: Zérnike and Bérman2 détécted_broadband
radiation near 100 cmf1 résﬁlting from the mixing of an unknown number
of modes from absingle'pulséd neodymium’glaés.lasér. Yajima and Inoue3

used the Rl and R, lines of a single ruby laser to generate a fixed

2

difference frequency, Vv = 29 cm—l. In neither case was a spectral

f’analysis reported. We have used two, simultaneously Q-switched,

témperature tuned ruby lasers to generate radiation between 1.2 cm—l

2

and 8.1 cm—l. By using sum frequency generation to normalize the

pulse;tofpulée variations, we have measured the far infrared frequency

directly and found it t6 be in agreement with the known temperatﬁre

4coefficienth of the ruby laser frequency. We have also measured the

3

crystal near the phase-matching angle. Difference frequency generation

and & comparison is made of their

3

electro-optical coefficients as calculated from their relative

was observed in quartz and LiNbO

efficiencies.

: Conéider two cylindrically symmetric beams of finite'transverse

radius a travefsing a crystal of lengthvl. ‘The field intensities of the

beans (i = 1,2) are

' 21 ; :
§i<£’t) = 2[§i exp (1k1z - 1wit) + c.c.]
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A nonlinear polarizotioh'of frequency w = wl - w2 will be produced in
the”cylindefJof;léngthﬁlpood“radius/a by the interaction of the two electric
fields with the medium

(2) a.a ik + Ak)z - iwt

P(r t) = et + c.c.
®
whore kl - k2 = k-+ Ak = E—n+ Ak and where n is the index of refractlon .

at the difference frequency w. By integrating over the contributions
of the cylindrical,polorization wave in the far field approximation,
- we obtain the total far infrared pover, W, oollected in the detection

system. We neglect the effect of the boundary by assumlng ‘that the

detector is buried in the dielectric medlum -
27 (£).2

N
W= nw |X(2 2 |& |2 -I& l2 22‘ (TTa2)2 ¢m Slan d(b s1nn 1
hed | 1 2 _ 4 (1)
: : : $=0 o ~ -
where ﬁ‘= 5&.(1 + é%-— cos ¢) L= ka'sin¢,v ¢'is the angle betweeﬁ

3Jthe iﬁcoming beam.and the generated radiation; ¢m is the,maximom angle
collected in the detection'é&stem.

ﬁq. 1 is valid for 31ngle—mode lasers. ‘A beanm witﬁ.diVergence Q
‘ and area A’ contalos N = AQ/X modes. Under fhe condition of small
difference froquenc1es and llmlted collectlon angle, (which ex1sted
1ﬁ;our experlments), the measured.51gnal arlses only from each mode
'of one laser'ihtoracting with one mode from the other laser. Therefore,
the detectéd power is redﬁced by a factor of 1/N from that orédicted
: _oy Eq. 1.

In our oxperiment, the‘tyo laoers were simuiténeouélyvQ-switched
by using the _same rotatihg mirrof in both'optical cavities;s_ The
' mode purlty was controlled by u51ng a resonant reflector as the

output . mirror and by using a saturable dyecell (Eastman 10220) One

. of the lasers was éooled by circulating ethyl alcohol at T > -L0°C

r\
(

Iy



‘ UCRL-18525

and the other was operated at room temperature. The two laser beams

were made coincident and accurately parallel (within one minute of arc)

by careful adjustment of a beam splitter. No focussing lens was used.

‘The polarizations of the lasers were made:accurately perpendicular

-

(vertical and horizontal) by the usevof external polarizers. Each
' 2

~laser typically delivers a power of one MW over an area of 0.2 cm

8

with an angular divergence of 1.5 m-fad and a pulse duration of 3 x 10~
sec. The power is uéually distributed into two frequency modes
separated by 0.2 em L,

The far infrared signal was detected using a crystal of n-type
(6) |

InSb (Putley' -’ detector) at T = 1.3%°K in a magnetic field of 5500 Oe.

It was biased with a constant voltage'of 0.25 volts and the current

" was measured using an operational amplifier with a feedback resistor

F

6f-ﬁhe detector was measured using a black body at7200°C and a filter

R ¢=,205 kQ. The response time of this system is évﬂS; The sensitivity

passing O—SO‘cm_l; This showed the'avérége noise equivalent power in

5

a 5 x 10” Hz bandwidths to bevlo_6 watts;'*However; since the sensitivity

T . . . . 6 .
is certainly not uniform in this energy region and since there are .

inevitable local system resonances at these long wavelengths, the ;

absolute values of fhe‘infrared powér may be invérror by nore than an

order of magnitude. For this reason, emphasis was on relative powers

in our medsurements.

The non-linear crystal was mounted on a rotatable table directly

in front of the light pipe leading to the detector. A black polyethylene

filter was uscd to reject unwanted radiation.
The infrared power generated is proportional to the integrated

overlap in space and time of the two laser beams. Since this overlap
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-&afies ffom shot to shot, it is desirable té obtain an independent
méasﬁrement of it fér.hse as’nbfmalization.7 This was donerﬁy monitoring
- the intensity of the sum frequeﬁcy generéted in a crystal of KDP.

Thé discrimiha£ion of the sum frequeﬁcy from the second harménic Y
signal was achieved by using the scheme of Maier et ai.8_aﬁd Armstrong.
vAAdiéérimihatioﬁ;faqt@?lﬁgtﬁéf:tﬁan 50'agaihst:secoﬁd'harmonic:m
radiation was obtained. Because oflthe sﬁall k-vector of the far
infrared radiation, fluctuafions in beam alignment and angular mode
aistribution are éxpected»to be more critical for diffefence frequency
than_for sum ffequencyigeneration. The far infréféa’difference frequency
signaiééwefe fqugd to bé proportional to tﬁeisum freéueﬁcy within é
féctor ofhé;

; Tiiical_infrared'signals are shown in Fig. 1 where they are
f%ompared with the sum frequency signal and the signal; ffom_the
iﬁdividual lagsers. Satisfactory correlation is obéerved'between_the
_differénée ffeqﬁehcy signal, the sum frequency signal and the laser
timing._ - |
2

vcr&stal is rotated through the phase matched direction is shown in

ﬁThe'variatibn of the farvinfraréd'power'as the 1.5 ¢m LiNbO

Fig; 2. The experimental points are compared with the theoretical

cﬁf&e plotted assuming that the output of each laser is split equally

. bétw%en two frequencies separated by 0.2 em Y. The position of the
' peak in Fig. 2 agrees within experimental accuracy with the phase 'Q

matching angle of 9.5° from the optic axis computed using n, = 2.109
o 1, 11
)

and ﬁo = 2.273 (at the laser frequencies)lo and n, = 6.55 (at 8.1 em

The measured far infrared power from a 0.047 cm LiNbO_ crystal

3
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? at the phase—matching peak is about 1 mW. This is in order—of—magnitude
-agreement with the valuél@élculétédafrqm Eq. 1 with a collection half-angle of
302, For the 1.5 cm crystal, the measured peak power is 2 x 10—2 W, |
vwhiéh is two OQaersvof magnitude iower than what is expected. This
éiéérébahcj'ié_ﬁbsﬁ;likély due“tquc§ystél'ihhomégéneityle which would reducé
the efficiency of optical mixing in long crystals. All the long crystals

‘we used suffered damage after several hundred shots. The validity of
quantitgﬂive comparisons with Eq. l.is also limited by the unrealistic
boundary conditions used in its derivation. Neglected effects include
radiation from the edges 6f the crystal and multiple reflections at
the faces.

Tﬁe far infrared wavelength was measured using a Fabry-Perot
interferometer with eléétroformed metal mesh mirrors.13 Typical trans-

-mission curves are shown in Fig. 3. The solid curve is_obtained from
the Airy formula by_integrating over the finite éoliection angle so as
to.fitwthe decrease in Q with increas;ng order number. The wavelengths
used w;re’3%3(3a) and S%v(3b) smaler than those predictéd from the
knpwn temperaturé dépéndence of the ruby laser frequency. The finesse
was comgptéd=fr§m thé»geometry of the ﬁesh. The fit shows ﬁnambiguously
that we ;re observingra diffgrence frequency with a bandwidﬁh less fhan
the ~.1 cm_l resolution of our interferometer. Th¢ linewidth of the

'tWO fre@uency_mbdes (séparated by 0.2 cm-l) frém each laser js less

“than 0.02 cm’l, leading to a predicted line width of less than 0.0k cm'l

for each‘of thevthree far infrared frequencies produced.

Ve alsoicompared the far infrared p§wer generated from a 0.0h7 cm-

. wifh,that from a,l.cm thick crystél of quartz.

thick crystalﬁof LiNbO3
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Using Eq. 1, the ratio of the electro-optic coefficients r,, (LiNbO3)/r62(quartz)'}

is estimated to be 8.5. According to other meas1.1rements',ll't the ratio is

§.7. Because of the uncertainties in our measurement, this agreement
must be considered satisfacfory.

The tuning range was limited to frequencies less than 8.1 cm—l
by the cooling system used. This rangé.could be.ex£ended to ~ 20 cm~l
by using liquid nitrogen as a coolant. If the warmer laser were

operated on the R, line then the range could be extended to ~ 50 cm_l.

2
The use of a tuneéble dye laser, stimulated Raman radiatién or parameﬁric
éources would, of course, extend this range throughout the infrared..

vWe would like té thank b} Woody for computing the theéretical.
inferferometer burvés} Tiié>réééarcﬁLwas aSﬁé undeffthe jéiﬁf aﬁépiééé“
of the 0ffice of Naval Research and the United States Atomic Energy

Commission.

”

) —
a4



10.

11.

-T-

UCRL-1852
REFERENCES 225

Research supported by the Office of Naval Research under contract
Nonr-3656(32).

Present address: The Clarendon Laboratory, Oxford, England

A. P. Sloan Research Fellow

See, for example, D. C. Laine, Nature 191;?795 (1961) and J. R.

Fontana and R. H. Pantell, Proc. IRE 50, 1796 (1962).

F. Zefhike, Jr. and P. R. Berﬁan, Phys. Rev. Letters 15, 26, 999 (1965).
T. Yajima and K. Inoue, Physics Lettefs‘ééé, T, 281 (1968) and to
be published in IEEE J. Quan. Elec. '

I. D. Abella and H. Z. Cummins, J. Appl. Phys. 32, 1177 (1961).
D. W. Faries and Y. R. Shen (to be publiShed). |

E. H. Putley and D. H. Martin, Spéctroscopic Technigues (North‘

Holland, Amsterdam, 1967. Editor: D. H. Mertin) p. 113.

J. Ducuing and N. Bloembergen, Phys. Re&.'133, A 1493, (196L).

:‘ M. Maier, W. Kaiser ‘and J. A. Giordmaine, Phys. Rev. Letters 17,

1275 (1966).
J. A. Armstrong; Aﬁp. Phys. Letters, 10, 16 (1967).
G. D. Boyd, R. C. Miller, K. Nassau, W. L. Bond and A. Savage,

Appl. Phys. Letters 5, 234 (196L).

J. D. Axe and D. F. O'Kane, Appl. Phys. Letters 9, 58 (1966).

12, A. Asbkin, G. D. Boyd, J. M. Dziedzic, R. G. Smith, A. A. Bellmen,.

13.

lh..

W”JI'J.VLeVinSt¢§néiK{ Néséaﬁ;prﬁ;’Phys..Létféfsng T2 (1966).

"R. eriéh; K. F. Renk and L. Genzel, IEEE Trans. on Microwave ’

Tﬁe@ryﬁgnd Tech.t‘MTT—ll, 363, (1963).

A. Yariv, Quantum Electronics (J. Wiley, New York, 1967) p. 351.

1




-8-

UCRL—l8525

FIGURE CAPTIONS

: ' ’ LN
Fig. 1 Typical oscilloscope traces showing correlation between the R
time overlap of laser pulses and the strength of sum and Y
difference-fréquency signals. The laser signals are displayed
on a single trace (a) at a sweep rate of 50 ns/div with the
cooledﬂlaser signal delayed'by-lQS ns. Difference fréquency
-signals (g)3aﬁd sum frequency signals (c) are displayed at a
sweeb rate of 5.us/div. The pulse widths of (b) and (c) are
characteristic of the time response of the detectors used.
When_there is. considerable time overlab (as on the right), the

sum and difference frequency signals are clearly much larger.

Fig. 2 Variétion of the power of the difference—freqﬁency signal‘as
a function of the angular deviation from the phase—métchéd
anglé. The angles ?efer to the inside of thevl.S,cm LiNbO3
'grystal used.

Fig. 3 éFa%ry~Perot.scan‘of the difference-frequency outﬁut. The upbér

. sc@n'(a) is for a temperature difference AT = 60°C of the:tWO"
laSeré.stor the lover scan-(b)5 AT - 47°C." The theoretical
curves are Airy functions,calculated from.the gebmetrical

'-propertiés of the Fabry-Perot feflectors and avefaged to account L

for the 30° collection half-angle.
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