NASA TECHNICAL
MEMORANDUM

NASA TM X-2877

NT3-R94%479
ASA TM X-2877

-

A NEW METHOD FOR UPCONVERSION
OF MONOCHROMATIC RADIATION

_131,; Howard C. Volkin

&
1'7<€
11}! AvLoveis o)

I e

£
‘&

Lot




. Report No. 2. Government Accession No. 3. Recipient’s Catalog No,

NASA TM X-2877

. Title and Subtitle ’ ’ 5. Report Date

4
A NEW METHOD FOR UPCONVERSION OF August 1973
MONOCHROMATIC R ADIATION . ) ' 6. Performing Organization Code
7. Author(s) o 8. Performing Organization hepoﬁ No.
Howard C. Volkin E-7571
10. Work Unit No..
9. Performing Organization Name and’ Address ' 503-10
Lewis ResearCh Center 11. Contract or Grant No.
National Aerona.utlcs and Space Administration
Cleveland, Ohio 44135 13. Type of Report and Period Covered
12. Sponsoring Agencv Name and Address Technical Memorandum’
National Aeronautics and Space Administration "[72. Sponsoring Agency Code '
Washington, D.€C. 20546
15, Supplementary Notes

16, Abstract
.Frequency, upconversmn by.means .of stlmulated Ram'a.n scattering is exammed A mono-
chromatic beam is scattered into the a_ntl Stokes wave in a medium w1th an 1nverted populatlon
of the pair of energy levels involved. A method is proposed in which the beam from a laser
tuned to the desired anti-Stokes frequency provides an initial stimulating wave of sufficient
intensity to ensure the desired Raman scattering dominates competitive proceéses.
AGYI L s : :
17. Key Words (Suggested by Author(s)) {7, BT 5 ,_,_( 18. Distribution Statement
Frequency converters - SR Unclassified - unlimited
Upconverters '
Stimulated emission devices
__Ramanscattering _ _ ________ | e s
19. Security Classif. (of this report) . 20. Security Classif. (of this page) "1 21. No. of Pageﬁ 22. Price®
Unclassified Unclassified | 7 T $3.00

*For sale by the National Technical Information Service, Spiingfield, Virginia 22151




Page Intentionally Left Blank



" " "threshold for comipeting- processes; then~once ‘the-wave- develops it. will-increase: rapldly

A NEW METHOD FOR UPCONVERSlON OF MONOCHROMATIC RADIATlON
by Howard C. Volkln

. Lewis Research Center

SUMMARY
Frequency'lipéonversioxi ‘by means -of stimulated Raman scattering is examined. -A -
. monochromatic beam is scattered into‘the anti-Stokes wave in a medium with an in-:
verted population of the pair. of energy-levels:involved. . ‘A -method is proposed in which
the beam from a laser tuned to the desired anti-Stokes frequency provides an initial
stimulating wave of suff1c1ent intensity to ensure the desired Raman scattermg domi-

nates competitive processes

INTRODUCTION

Consider a medium w1thvar10us excitations, -either localized at the molecules,
atoms, and so forth or distributed in collective motions such as phonons, We focus
our attention on (1) a certain type of excitation from which a radiative transition can
occur-with-emission of a photon of energy E= hy, (2) a partlcular spontaneous tran51-'
tion of this kind whose emitted photon has’ propagation vector- (1n the medium)- k

k:="(2mn/c)v, and (3) a wave of photons k associated with.the st1mqlated counter.part N

of this spontaneous emission. At any location T, ‘the transition probability pér' unit
time for stlmulated -emission into the mode &k is proportional to Nk(r) the number of
photons per’unit volume in'the’ mode:before emission occurs. . If the wave K experlences
uniform radiation and excitation conditions equivalent to a constant positive gain- g(v) -
and the gain exceeds a certam threshold value, then: N (r) will grow exponentially. w1th
distance along - k as-the’ wave traverses the ‘medium. - Such is the case in:a fegion -
where a stimulated wave starts to build up from tli€ noise level-of the spontaneous ::-: .-
: prOCess If the threshold for growth of the stimulated wave’ 'k 'is-attained before the |
and dominate the other processes.- Y P A

Alternatlvely, when.the number of ‘quanta in the ‘mode:’ k' is- large compared to, other

modes, the transition probability for the particular stimulated transition greatly exceeds




that for other stimulated processes. If there is present initially a sufficiently intense.
wave of stimulating .radiation in the mode _k’, the initial rate of growth of this wave will
be large enough to ensure that stimulated emission into the mode k via the given
process is dominant. A laser beam is ideal for supplying the required initial intensity
of stimulating radiation.- The beam from a relatively small laser. will be adequate in
many cases and the coherence of the laser beam will mediate the coherence of the en-~ .
su1ng stlmulated emission. ; :

APPLICATIONS AND RESULTS

We now apply these principles to obtain frequency upconversion of an intense mono-
chromatic beam of radiation v, byis,timulat,ed Raman scattering (SRS) v.i‘nt_lo_ an anti-
Stokes frequency. A schematic. configuration is shown in figure 1. Inthe medium of . .
the converter cell, the.active molecules have an inverted population of the ,energy levels

BAW
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Vas ) Converter v
- : as
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Figure 1. - Schematic confrguratlon for frequency upconversmn usnng
stimulated Raman effect. In the arrangement shown, iritense beam-
L and stimulating beam. v enter converter cell in parallel. -

E ‘> E , that is;- N > N , ‘where Nb is the number of molecules per unit volume in

_ the upper energy state |b> and so-forth. In the radiative process of interest, a wave
having- frequency Vi and propagation vector kL ‘is .incident on a molecule in the upper
energy. state . |b> simultaneously with a wave at the antl-Stokes frequency ‘ .
Vas = VL * Vpas having the propagation vector k , .where hvb = Eb Ea;' The par- .-

ticular-transition considered is the Raman scattermg in which a photon L.; is absorbed
from. the first wave and a photon - k . is emltted into the second wave whlle the mole-

' cule contrlbutes -the required energy hv in going to the lower state. |a> ref 1) i
The populatlon inversion of the two molecular levels is presumed to be large enough to ’
make the converter cell a high ga.m amplifier for this’ process. . . ' .

" The 1n1t1a.1 st1mu1at1ng wave is supphed by the st1mulator ‘a tunable laser controlled
to oscillate at the des1red anti- Stokes frequency Vas® The’ intense beam VL‘ may also
or1g1nate from a laser but is only requlred to be monochromatm and need not neces—
'.sarlly bée coher,ent For eff1c1ent upconvers1on of, fhe beam 'VL, its frequency mdth
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should not exceed the frequency width of the st1mu1at1ng wave . Vast In pr1nc1p1e a
radiation beam from an incoherent source, if suff1c1ent1y 1ntense in such a’ frequency
width, could serve ‘as the wave’ VL and in the process be upconverted into a coherent
beam " s ', , . ) ) P

Any Raman scattermg mto a Stokes component (e. g , by excmng molecules from ,
the ground state to a higher energy state) has pos1t1ve gain when the population of -the
two states involved is normal. Hence the converter cell is potentlally an ordmary
Raman laser with the beam vy, as the pump or a parametric amphﬁer couphng the
beam to some other excitation, Consider the Stokes wave with the largest gain coeffi-
cient, that is, with the strongest Raman scattering from the beam v;. Let hvy be the
energy increase of the particular excitation involved. In the absence of the laser beam

#8; a Stokes wave VL - UM will grow by SRS and dominate whenever the beam VL,
exceeds a certain threshold intensity. The incident coherent beam v as SErves two ‘
purposes. It stimulates the Raman scattering of the beam L 1nto the desired ant1- C

- Stokes wave v as’ and thereby prevents the growth of st1mu1aj:ed processes w1th ¢om-
pet1t1ve thresholds. It also 1mposes its’ coherence on the induced anti- Stokes em1ssmn

Let us look at the operatlon of the converter under the condltlons of smgle pass
conversion of the beam VL and un1form inversion along the éonverter. .Consider the
case where the beam 123 is pulsed and the pulse length is small compared to the con-"
verter length. Then each pulse experiences over its extent an effective population in-
version Nb Na that is 1ndependent of position. z -along the converter cell. The .
stimulating laser beam Vas' may be pulsed as well S0 long as the pulses of the two
beams spatially overlap. When the ‘anti-Stokes beam Vas . is directed along the length
of the converter, the average (over neighboring modes) number N(z, v) per unit volume

of anti-Stokes photons at frequence v varies with z -according to (ref. 1)

Yo

o . 3 do\ | o
‘dN_(_:_dz V)=:(Nb'-Na) : :;p h(y) Ny (z) Nz,») -~ (1)

LT vn®

The Lorentz1an h(V) =T b/[41r (v1,+ Yy - 02 4 rzb], with the half-width at half-

max1mum 1" ab. appropr1ate to the pa1r of levels, represents the hne shape for the two
1nduced processes stlmulated emission and absorptlon of the anti- Stokes photons I
the beam TR whose frequency width we ignore, the number of photons per umt volume
at. z is NL(z) .The term proport1ona_1 to. Nb descrlbes the SRS from the beam vy
mto the anti- Stokes wave The, term proportlonal to Na corresponds to an absorptlon

of ant1-Stokes photons at 14 (w1th exc1tat1on of molecules from the lower to the upper
energy state) due to SRS into the beam R2T, whlch 1s now the stlmulatmg wave The .
quantlty doR /dsz is the d1fferent1al Cross sectlon for the spontaneous Raman scattermg
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of photon's‘ vy into'the anti - Stokes' frequency v ,"and n('u)"is”'the index of-re'fi‘action'-“
in the medium. The function N(O v) centered at v=y  isthe '_freduenCy"di'stributibn'
of the incident’ laser béam Vas R o e e B

The higher ga.m at the 11ne center will preserve or even narrow the spectral dis-
tribution of the a.nt1 Stokés wave as it fraverses the ‘converter. Takmg the’ frequency
width' of N(z V) "to be small compared to T b permlts us 1mmed1ately to sum equa—
tion (1) over v a.nd obta.m ' ' T C

- AN L - N 2NN NG @
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asas

where N(z) —fN(z V) du o : .

The geometry in flgure 1 where the 1nc1dent beams are parallel is most eff1c1ent
for overlap of the pulses If the attenuatlon of the beam VL in the converter 1s due -
entlrely to photon exchanges W1th the ant1 Stokes wave, we have ,

Ny (2) = L(0) - [N(2) - N(O)] Th1$ enables us to write equatmn (2) in the form o

dy/dz = g(y - y%), where y(2) = N(2)/[N,(0) + N(©)] and

AN 0+ N BRC

is an effective gain coefficient. . At the value z, where .y(z; ) = 1/2, the anti-Stokes .
wave attains its maximum rate of growth. The integral of the differential equation can
be written :

¥(z) = y.e8% (1 - 82) " and y =y(0) =—NO
¥(z) = y,e%" (1 -y, + V,e°7) and y =y(0) NL(O) T N0

, When y << 1; the fractlonal conversion’ 'is y(z') £p at 7' = g {ln[p/(l ;‘p)] ~Iny: }
For an 1nc1dent ratio y =10~ 5 a gain g ~ 0:1 centimeter™ ‘gives 90 percent con-
version in'a length of 135 centlmeters Such a magmtude of the gain coefficient is °
obtamed 1n Raman’lasers pumped at peak intensities - (A = 6943 A)'of 5 to 50 megawatts
per square cent1meter (condensed medla to h1gh den51ty gases)(ref '2). The expressmn
for the ga.m coeff101ent of a Rama.n lasér has the same’ form as equation (3) with the
inversion term writtén as N - Nb whére N Vand Nb are the nérmal occupatlon
numbers of the ground state- and ‘excited state respectlvely For ‘a Raiman. laser when'
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kT << hv, b Ny is small and Na - Ny = No’ the number of active molecules per unit
volume. From the pump intensities and inversion for Raman lasers at g = 0.1 centi-
meter-l, we infer that a converter cell with the same gain and a population inversion of
10'3 N0 in a condensed medium, requires an intensity of about 5><109 watts per square
centimeter when the Raman cross section, and so forth are comparable, Thus the up-
conversion of short duration pulses requires intensities that are high but readily attain-
able, .
Besides the incident intensity, other factors in the gain should be optimized to
counteract the small cross section for Raman scattering (a second-order process). ’}‘he
cross section is .generally isotropic and largest for a totally symmetric vibration. With
a polarized incident wave, the spontaneous Raman scattering is maximum for parallel
polarization of the scattered wave. Thus parallel polarization of the incident beams is
favored. Enhanced population inversion will result from ''four-level'' operation, that
is, from a lower state with rapid decay and small normal population. The threshold

for amplified spontaneous emission between the pair of levels imposes an upper limit

to inversion. But this threshold inversion greatly exceeds that for ordinary laser
oscillation in the medium, due to the absence of feedback and the generally small direct
radiative probability between a pair of Raman active levels. The parallel beam geom-
etry in figure 1 has a further advantagé if self-focusing occurs, since anomalously high
gain in the beam direction usually accompanies this effect.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, July 11, 1973,
503-10.
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