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Abgtract It isassumed that both trandationa and rotationa nonequilibrium cross reaxations play a role s multane
oulsy in low pressure supersonic cw HF chemicd laser amplifier. For two-type modd sof gasflow medium with laminar
and turbulent flow diffuson mixing, the expressons of saturated gain spectrum are derived regectivey , and the nu-
merica caculations are performed aswell. The numerica results show that turbulent flow diff uson mixing mode isin
the best agreement with the experimenta result.

Keywords: chemical laser , trandational and rotational nonequilibrium, laminar and turbulent flow mixing, satu-
rated gain spectrum.

In early years, it wasfound!*! that the saturated gain profile related to frequency in low pres
sure CO, molecular laser exhibits some mixed phenomena of inhomogeneous and homogeneous
broadening. Subsequently the crossrelaxation effect of Doppler broadening CO, laser (CO, N
He=0.1 0.1 0.8,133.32 x 10 Pa) wasinvestigated in experiment!?!. The operation pressure of
cw HF chemica laser is generally maintained at the order of (1 —10) x 133.32 Pa. At thispres
surelevel , the gain medium should be inhomogeneoudy broadening, but it is not < in experi-
ment'®. In early stages, laser output power wasinvestigated usng the modd of the trandational
and rotational equilibrium of lasng medium!*’. The models, including either rotationa nonequi-
librium!®! or trandational nonequilibrium!®! | were developed , and ource flow effect in cw chemi-
cal laser was a0 investigated!” ®! | in termsof which , ome propertiesof cw chemical laser were
interpreted reasonably. Stepanov et a. (91 have studied the saturation intendty of homogeneous
and inhomogeneous broadening for severa laser systems, such as the discharged CO, laser , the
pulse and cw HF chemical laser , etc. Mireld®! intended to study the saturated gain spectrum of
HF chemica laser amplifier and saturated properties of laser oscillator usng a mode including
both trandationa and rotational nonequilibriums. But infact , the calculation performed and con-
clugon obtained werein the case of the trandational nonequilibrium and rotationa equilibrium. In
refs. [11] and [12], the gain saturated law and saturated gain spectrum for two-type cases of
laminar and turbulent flow mixing in gas flow medium have been studied usng a modd of
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convection-nonequilibrium cross relaxation”. In the practica operation condition of supersonic
cw HF chemical laser , it has not been reported that both trandationa and rotational nonequilibri-
ums are conddered s multaneoudy.

In this paper, the gain saturation theory of Doppler broadening low pressure cw chemica
laser is further developed. Conddering both trandational and rotationa nonequilibrium crossre-
laxation effects, the genera expressons of saturated gain spectrum are derived for the two-type
mode sof laminar and turbulent flow diffuson mixing. The precise numerical calculation and il-
lustration are performed. Comparison of caculation result with the experiment shows that the
present theory isin good agreement with the experimenta measurement.

1 Experimental alignment

In thispaper , the caculation example is the experimental result in ref. [3]. The experimen-
tal dignment in ref. [3] isthe supersonic diffuson cw HF chemicd laser amplifier , which isillus
trated infig. 1. Experimental conditions are asfollows: the gasesof H, and F diff used from stan-
1 y dard 36-dit supersonic nozzles and react-
l
|
|
|

ed to produce HF, and caused vibra
tiona excitation of HF. The nozzle pro-
duced HF medium of 18 cm width and
2.5 cm height norma to the flow direc

| tion ( x-direction infig. 1). The oper-
’;’o t=x/ur, ating pressure of an active medium was
1 ' | ' f ' J(Saturation beam) maintained at 6 x 133.32 Pa. This anr

plifier was illuminated by two cw HF

Gsin-probing lasers that were perpendicular to the HF
Fig. 1. Schematic diagram of the supersonic diffuson cw HF chemica flow direction. The beamsfrom the two
laser amplifier. lasers were arranged oconcentrically in

the amplifying medium, 0 that both interacted with the same molecules of the medium. One of
the two lasersproduced a high-power densty up to 85 W/ cm? , = that it was sufficient for saturar
tion of HF. The other wasof much lower power , which probed the active medium from opposite
sde, 0.4 cm downstream of the dit nozzle exit. The probing laser swept frequency to determine
the frequency dependent gain-profile of the investigated transtionon the P,(8) lineof HF. Inor-
der to diginguish the low-power gain sgna from the colinear high-power saturating beam, the
two beams were polarized orthogonally to each other. It can be seen in detail from ref. [3] that
the total experimenta gppartus was complex and precise.

2 Theoretical model

We denote the lower and upper levelsof laser trandtion in the active medium by subscripts 1
and 2, regectively. Vv and @ V) are the laser frequency and the photon number passng through
unit sectional area per unit time for frequencyV , reectively. It isassumed that an incident laser
radiation is perpendicular to the gas flow direction ( x-direction) .v' is the Doppler-shifted fre-
quency of particles with thermal velocity vy , Td

g

(1)

whereV o denotes the line center frequency of the active medium. Let n,(J V') denote the nunr

, V
V' =V 1+
c



No. 10 CROSS RELAXATION DYNAMICSON CW HF LASER AMPL IFIER 1085

ber dendty of particles with vibrational evergy level v, rotationa energy levd J, and Doppler-
shifted frequencyV' . The particles with Doppler frequencyV' emit homogeneous broadening pro-
file with center frequencyVv' and homogeneous widthAv . The trandtion cross sectionc v V') is
oW V') =0oLV V'), (2)
where
Qv ,/2)2
©-v)Z+Qvy2?®
In the case of trandational equilibrium , for the particleswith a Maxwell thermal velocity distribu-
tion, the normalized Doppler profileis

LV V') = (3

' "o 2|
g vy - BIEL L oz 4|n2{\ﬁ‘ﬂ , 0

whereAV  is Doppler width. In the case of rotationa equilibrium, we neglect the effect of vibrar
tiona energy level on the rotational energy temperature Tr. Thefraction f (J) of particlesat ro-
tationd evergy level Jis
n,(J) _ _ag(d)exp(-Ey/ kT)
T DY exp(-Ef kT)
J

where E; = (2J +1) kTristhe rotationa energy. For HF, TR =30.16 K, g(J) =2J +1listhe
degeneracy of rotational energy level , and

f(J) = (5)

ny (9) :IO n@V)d, no= 2n(). (6)
J
We condder the P-type laser trangtion,
v+1l, J-1 5v, J. (7)

P,(8)-lineindicates v+1=2,J=8. It isassumed that the chemica reaction creates only upper
level particles and they are in trandationa and rotationa equilibriums. CGeneraly , the efect of
chemical pumping is related to diffuson streamwise distance of the gas medium. Assume that in
the medium diff uson process, the medium particles are either in trandationa nonequilibriumor in
rotational nonequilibrium , and there are trandational crossrelaxation and rotationa cross relax-
ation effects. These effects cause the variation of the particle number of laser level which ispro-
portiona to the departure from trandationa equilibrium and rotationa equilibrium, repectively.
Then the master equationsof active medium which diffusesin x-direction with a velocity u inter-

acting with laser radiation are expressed as
any(Jo V') any(J V')

ot Y ox

+T{ gV Vo) n2(J2) - na(32V')] +T7H£(32) gV’ Vo) n2 - na(J2V') ]

= np(XN)Tp gl Vo) F(J2) - Telna(J V')

0oL VIO W©)[na(I2V") -Bne(I1v)], (8)
omlliv ) OmR) o (3,v) + T g Vo) M) - m(3v0)]

+T 7 f(J1) g’ Vo) ni- ni(d1 V)]

+0oL O VIO WV)[n2(J2V') - Bni(I1v')]. (9

The termson the right-hand sde of eg. (8) represent the effectsof chemica pumping, collisonal
deactivation , trandationa cross relaxation , rotationa cross relaxation and stimulated emisson and
absorption for the upper laser level. T, ' is the pumping rate of chemica reaction , T, is the
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pumping time, T ¢ isthe rate of collisonal deactivation of the upper laser level ,T { *andT ; * are
the rate of trandafiona crossreaxation and rotational crossrelaxation repectivey, B =
g(J2)/ g(J1). Thetermson the right-hand sde of eq. (9) are the corregponding expresson for
the lower laser leve.

The following nondimendona quantities are introduced :

( =x10¢, R =TJTy, R =TyT,, Ry =T,T,, (10)
where R, , Rrand R are the pumping intendty , trandational crossrelaxation intensty and rota
tional crossrelaxation intensity , repectively. { is nondimensona diff uson streamwise distance.
In the case of steady state, egs. (8) and (9) become

EzaA N(J1,d2¥") = np@) RygW’' Vo) [f(J2) - A n(Jy,32V") - BN (31,32 V")

+ RiglV' Vo)A n(J1,32) - RAN(I1,J2V")]
+ RiglV' Vo) [f(J2) n2 - Bf(J1) 1] - RA N(Jy1,32V")]

- RibLV VA N(I1,32V") (11)
and
fN(Jl,Jz,v') = np@) RyglV' Vo) F(J2) + Riglv' Vo) N(J1,d0)
RiN(J1,J2V") + RegW' Vo) [f(J2) na + f(J1) n1]
RiN(J1,J2V"), (12)
where

An(3,32V") = m(32¥') - Bra(3y'), An(d,d) :J':An(al,az,v')dz',(law

N(J1,d2V") = na(d2 V') + m(d1y'), N(@J1,32) =J':N(31,JZ,V')d1',
N = DNU1,32); (13b)

L =@Q+B)og@V) =3/, I =0V)N, Js=N/(1+B)Od., (13c)
Jsislaser intendgty which characterizes line shgpe distortion resulting from saturation efect. | is
nondimensiond intendty. Egs. (11) and (12) areintegratedforv' and summedfor J;, weobtain

EZQA n(J1,32) =np@) Rof(J2) -A n(J1,32) - BN(J1,32) - R[f(I2) nz - Bf(I1) ni]

RA n(3;,35) + Rth:L(v VOA n(31,3:0") &' (14)
_ZQN(Jl,Jz) = np() Rpf(J2) + R[F(J2) np + f(J1) m] - RN(JI1,J2), (15)
EZQN = @) Ry. (16)

For HF chemical laser , the operation temperature is 400 K, the pumping timeT ,= 4 X 10" Tdor
collisona deactivation timeT . = 1/ ke= 7 x 10" ® s (see Appendix) . The order of pumping in-
tenisty is 10, the order of trandational crossrelaxation R; and rotationa crossreaxation R, are
10% (see s£c. 3). Thusit can be assumed that Ry, R, >1; R, R; > Rp , then we can get from
egs. (15) and (16)

N(J1,J2) = Nf(J2). (17)
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Egs. (11) and (14) can be smplified. We use R; * x (11) , R/ * x (14) , and neglect the terms
with R *and R/ !, getting,

An(d.0V) _ __ qW' Vo) [1 R 1(35) np - Bf(3) (18)
A n(31,32) 1+% FLLO V) Rt A n(J1,37)
t
f(J) np - Bf(Jg) ng R £° An(J;,3V")
Ann o TR EY Y TANG g (19)

Subgituting eq. (19) into eq. (18) , the Hf-condsency equation forA n(Jy,J> V') isobtaned as

An(J;,J,V' 'V R % An(J;,J,V")
Gy TR [1+_RI+LJ‘OL(V’V,) NTORD d"}' (20
1,J2 1+Er+l;L(V,V') t 1,J2
t
In order to obtain the andytic solution of eq. (20) , usng the approximation in eq. (18)
f(J2) nz - Bf(J1) n1 =A n(J1,32) , (21)
and conddering egs. (16) and (17) , we find regectively from egs. (20) and (14)
I'v ) R
An(Jy,32V") = e A n(Jl.Jz)[ 1+.)(1+ 1L PV) } . (22
R Ri
1+ + LbLOV V")
Rt
and
R
_e'A n(Ji,Jo) = aN - BN f(Jy) - |:1+ Ri b 1+ —F P(V)i|A n(J.,Jd2) , (23)
=t =t Rt
where

PU) :J-O“’ L(VR,V')Q(V',VO) @’ :j{r""w dt.
1+ +l’L(VV) » @-t)z[l+ﬁﬂ+[l+&+bJr]z

(24)
where,§ , t andn are respectively asfollows:

V -V, V' -V, Av
Jaln2 , t = J4ln2 , N = VIn2 , (25)
Av g Av p AV p

where¢ andn are repectively tunning parameter and broadening parameter. A n(J1,J2) in eq.
(22) can be obtained by lving eq. (23). To wlve eg. (23) , we must know the character of
flow-field of the gas medium with supersonic velocity. There are two typesof diffuson flow , the
laminar flow and the turbulent flow.

Diffuson flow modd | isfor the laminar flow diffuson mixing:

N = nRL Y2 (26)
Diffuson flow modd 11 isfor the turbulent flow diffuson mixing:
N = npRL . (27)

For the modelsof laminar and turbulent flow diffuson mixing, the solutions of eg. (23) are re-

oectively
A n (31,32 = npRyf(J32) 32
R
[1 + Ll + RJ S,}
t
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oo o A
-Bj1+£1+§jsJZ} (28)
A nr(J1,32) = nRof (J2) [1+[1+1§j s} 2{[143 +{1+%ﬂ s]

Lo o s+ [10 8 s[5 )

2. X 2
where S = RibL PV), D(x) = € XJ'Oet dt is Dawsn integration!*®

and

3 Saturated gain spectrum

Suppose now thatV jisthefrequency of high power laser which causes saturation in HF medi-
um, @ (v;) isthe photon number passng through unit sectional area per unit time. 1; = J;j/ Js(J;
=@ (v;) W;) isthe nondimentiona intendty , smultaneoudy an incident lower power laser (i.e.
probe laser) which istunableinfrequencyVv and isperpendicular to the gasflow direction, is used
at the diffuson streamwise station{ p. Then the gain of the probe laser characterizes the f requen-
cy characteristics of HF saturation effect caused by saturation laser. The gain of the probe laser is

GV , 1)) :fo"(" VOA N (31, 32V (30)
Acoording to eq. (22) ,A nj(J1,J32V") ineg. (30) should be expressed as
er ) R
Anp(J1,32V") = RQ(V 2 unj(-Janz)[ 1+_R[ 1+ |jP(Vj))} . (31
1+ + LW v !
Rt
where, PV ;) isthevaueforv =v;, |, = Ijineq. (24) ,i.e.
2
. nZE-l
PV) = ;]E]’oo n - dt. (32)
2| Iy LAY 2
€;- v {1+ RJ +[1+ R Y IJH

For the modelsof laminar and turbulent flow diffuson mixing, we useA n;(J1,J2) in egs. (28)
and (29) , repectivey , where{ isCp, S is Sj,S;= R¢IjP(V;). Then for the two-type models
of diffuson flow , we obtain repectively

G .d)/ GV =

1+B[ [1+ ;PV))] : 1
R T [1 L“& Sj]” (1+B)D(Lo) -B &b

(o[ 8 [Tk [ 5 o)

dt, (33)
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[GV |/ G’Wo) ]t

R 1 1
=1+ [1+ ,PV)] 2 _ _ ]
Ry 1{“% . (1+B)[1- exp(-Lp)]-Ro
t
-{[1+B +[1+%ﬂSJ[l-exp[-[1+[1+—§jSJZDJ}-B[1+[1+—§jSJ]ZD}
1 o 2 o 2 2
e e e[ = R
o RErerREe:

In order to compare the present results with experimenta ones, we caculated P,(8) line of
HF chemicd laser. For HF chmeica laser , the average temperature T =400 K, wavelenthA =
2.7—3.2um. For P,(8) lineA =2.911u m 3 =1.13, Doppler width is
1/2
Ny =2 2%(1:1212 Vo = (960.3/\) ( T/400)Y2(20/ M) Y2 st (35)
whereA isthe wavelenthin meter, M isthe molecular weight in gram, T isthe abslute temper-
ature. It iscaculated thatAv p = 330 x 10° Hz. The collison broadeni ng plays a dominant part in
homogeneous broadening of molecular laser. Generaly , the collison width of HF laser pectrumis
assumed!®! to be
Aw, = 2 x10°P/ (133.32 /1) , (36)
whereAw, isin radian per second, Pisthe gaspressure with Pa, T isthe absolute temperature.
When P=6x133.32 Paand T=400 K,Aw, =6x10" rad/ s,Av| =Aw /2T =9.55 x 10° Hz,
the broadening parametern =0.02. When P=10x133.32 Pa,n =0.04. The colliSona deacti-
vation rate (see Appendix) k. =1.433 x10°/s,T.=ki'=6.98x10 ®s. The trandationa
cross relaxation timeT =1/ (Av ) =5.24x10 ®s. The rotationa crossrelaxation timeT , =1/
AV, =1.05%x10""s. R =TJT;=133, R =TT ,=0.5R;. In experimenta measurement ,&
=0.4, and the saturated gain was measured at the nondimendona diffuson streamwise distance
{ p=0.305(0.4 cm downstream of the nozzles exit) . The numerical calculations were made for
two-type models of laminar and turbulent flow mixing in termsof egs. (33) and (34) regective-
ly, the results are illustrated infigs. 2 and 3. The experimental resultsin ref. [3] areillustrated
infig. 4. It has been shown that the theoretical calculations are in good agreement with the mea
sured results, particularly for the modd of turbulent flow diffuson mixing.

4 Conclusion and discussion

The saturated gain of low pressure supersonic cw HF chemical laser amplifier is not only re-
lated to saturation intendty, broadening parameter and laser frequency but aso to diffuson
streamwi s distance of the gas medium. The saturated gain profile exhibits an* anomalous’ phe-
nomenon with a mixing of inhomogeneous and homogeneous broadening profiles. Both tranda
tiona and rotational nonequilibrium relaxations make some contribution to the anomaous’ mix-
ing profile.

It s;emspuzzle that the result of turbulent flow mixing mode isin better agreement with the
experimental measurement than that of laminar flow mixing model. We think that even if super-
onic nozzles and channds are ideally desgned and digned, and the H, and F arein idea laminar
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Fg. 2. rrcfilexcf :atureted gan pectraof supersonic cw HF chemica laser amplifier with laminar flow diff uson mix-
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Fig. 3. Profiles of saturated gain spectra of supersonic cw HF chemicd laser amplifier with turbulent flow diffuson
mixing. ZD=O.305,E,=O.4. (@ n=0.02, (b)n =0.04.
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Fig. 4. Theexperiment resultson the profilesof saturated gain gpectraof supersonic cw HF chemicd laser amplifier in
ref. [3].{p=0.305§;=0.4. (@ N =0.02, (b) N =0.04.
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flow diffuson, regectively, it is probable that mixed gases are ill the turbulent flow mixing,
and there is a waveshgpe on the boundary layer of mixed gases. S the turbulent flow mixing
model isin best agreement with the experimenta results.
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Appendix
Calculation of the collisona deactivation rate of HF.
The collidona deactivation of HF chemica laser isin the form

HE(v +1) + M —— HE(v) + M, (A-1)

the net rate of collisona deactivation is
—_i
B Pk -
kC-Pi PRy T’ (A-2)

the vauesof ke / Ro T are givenintable 1. Intablel, Ry =82.06 (cm®-atm)/ (mole- K). The
parameter of cw HF chemical laser id”’HF H, He O, =0.12 0.47 0.39 0.02. The average
temperature T =400 K, when P=6 x133.32 Pa, for P,(8) line ke=1.433%x10°s *; P =10
x133.32 Pa, k.=2.388x10°s ',

Table1l Cdculation vauesof k¢/ Ro T ( T=400 K)

Ke _

M, ke/ Ro T/ (atm-9 **
Caculation formula vaue/ cm® (nole-9) ~*

HF L+1)2%(3x10T *+3.5x10*T2% 4.71x10% 1.43 %108

F L +1)27(1.9 %108 1359 D 4.13 x10%? 1.25x 108

Ho L+1)27(6x101 T 1+10*T2%) 6.54 x 10%° 1.99 x 108

He (L+1)27(3.7x10"°T*9) 3.30x107 1.01 x10°%




