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MOLECULAR-GAS COOLING IN A RESONANT RADIATION FIELD WITH LINE OVERLAP

A. M. Starik " UDC 533.011+536.14

Recently, there has been much interest in processes where resonant radiation acts on
absorbing or amplifying gas media. The changes in macroscopic parameters (temperature or
density) are very important, as they govern the refractive-index changes in the beam. In
[1-4], molecular-gas cooling mechanisms on absorption were examined, where the frequency is
in resonance with the line center of an absorbing vibrational-rotational transition. This
kinetic-cooling intermode transition 001 - 1000, wavelength X = 10.6 um [5], and in €D, on
absorption in the P branch of a vibrational-rotational transition belonging to the v, mode
[6]. The absorption is considered for a solitary spectral line in the absence of overlap
with adjacent ones. However, adjacent lines often overlap. The paper discusses molecular-
gas cooling mechanisms on light absorption or amplification under these conditions.

Let the gas molecules be rigid rotors, while the frequency v; in the beam is almost in
resonance with the center frequency v, or the line for a certain vibrational-rotational
transition m(V’, j) = a(V"’, j)

E‘V" - E‘VI -+ E]-u —_ E]-,

N ¢
7 + Av, 1)

Vy=

Here Ey,' and Ey. are the vibrational energies of the lower state m and upper state n in the
absorbing (amplifying) transition, E;; and Ej are the rotational energies there, h is
Planck’s constant, and Av is the frequency difference.

We neglect thermal conduction and convection (our characteristic times are substantially
less than the ones for those processes), and write the equation describing the temperature as

5 R dT de, dey,

T =J, J="kd— =~ | (2)

where T is the translational temperature; p, density; u, molecular weight; ey and e_, vibra-
tional and rotational energies in unit volume; k,, absorption coefficient; and I, intensity.

Let the induced-transition time r; be substantially longer than the polarization relaxa-
tion time r. We neglect spontaneous decay and derive the changes in the numbers of molecules

in the states (V', j') and (V'’, j’’') that intersect with the radiation from [7, 8]
Ny, kI y N (3)
- == :,I'i-J%R-{—J%T:
dN;, koI o
— == o+ Jkr + Jhn (4)

dt v,
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dN keI
v’ v v’ v,
dt =—]’LVI +JVV+'[VTa (5)
dNy, kI
V’ _ Vv VII V”
at "~ hv, +Jyy + Jvr. ‘ (6)

Here N; is the number of molecules excited to the state having rotational quantum number i,
and Ny that to the state with vibrational quantum number v, kg, Jhr, JVv, Jvr - are terms defin-

ing the population changes in the q(V, j) level on account of R-R, R-T, V-V, and V-T exchange.
As eV=ZV:EVNV, while e, = DX E;N;, we assume that the interaction occurs only with a finite
H

number of vibrational-rotational lines q (q; < q < q;) (line center frequency v§), so we
substitute (3)-(6) with (1) into (2) to get

9
5 R 4r a Avg
T = Z ko= 1 — Oy — Dp,
=g, ! (7)
R R B 1( gyl !
(DV=§(JVV+JVT)EV1 (DR-—‘;E]'(JRR‘{"JRT)-
The summation in the expression for &, or & is taken over the vibrational or rotational
quantum numbers correspondingly, while Avy = v;— v,
Let the following condition apply for each line interacting with the radiation:
| (T (W
Ty <<hAvymin | = <hAvqm1n(——- ,
E; By
where Tﬁ=min{T£R, T‘;;T}; T%=min{r§‘;v, orl; Tprs. Trr> Tyr and 7y are the characteristic times

for R-T, R—R, V-T, and V-V exchange.
Then (7) becomes

re| e
)
| =
=%
f

b
E

>

<

wwy
~y

Let vy be equal to the line-center frequency for a certain vibrational-rotational transi--
tion vf,(Avi = 0), If there is no line overlap, Avg = 0 and if r; < t < r; (r; is the Maxwel-
lian-distribution settling time), the gas temperature will not change. Adjacent-line overlap
(e.g., on pressure increase) may alter the translational temperature. For any line satisfying

e
quI VO
ky
1 vy

E.N.
< min ('_:T‘]) (1. <9 <qy), (8)

R

the cooling on absorption will occur if
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2k Avg <. (9)
9=4;

The cooling is thus determined by the overall effect from coollng or heatlng due to
adjacent overlapping frequencies near vi(v}) and for any line having v{>v; there will be a
contribution to the cooling, while one having vi<Cv} produces heating.

The cooling on absorption in a line having v§ > v; is due to the absorption of a quantum
h(vI+ Av,) exciting a molecule from state m having energy En=Ey-+ Ej to state n having
energy E, = E,, +hvi. 1If Avg <0, E, < hvy + E;, and the energy deficiency hAv, is balanced
out by a reduction in the mean kinetic energy in the random translational motion. The gas is
cooled, and cooling may also occur if light is amplified by an inverted medium (k, < 0) if
Av, >0 (vi>vi).

We now show that there are cases where (9) applies. We represent the absorption coeffi-
cient at a distance Avgy (i —n<C{¢g<Ci+ n,n an integer, n < i) from the center of line q as

kS, = KL H, (v), (10)

where Hq(u) is a Voigt function and kgo is the absorption coefficient at the center of line g
for Hy(v) = 1. Line overlap is usually due to collisional broadening, and then

5 (9)? wl _ [2RT
Hy( o ——ores —— 0
‘I(V) 2(bq)2 (A q)zw o P \/ an .
Here & is the collisional width of line gq at half height and p, is the pressure.

From (9) and (10),

) q ,
q [Avg] k| 8|
2 AVO AV <2 - Av

\ 2 2"
i< 1+( 4) e i (11)
bgpa bgpo )
Let v; be equal to the central frequency for a line having consider saturation in a
certain vibrational-translational Aj = j'' — j' = -1 (P branch); then Av,= Vit — vl = — (By»

+ Byr) —(2j' + 1} (Bys — By») for adjacent lines in a single vibrational tran51t10n (By is the
rotational constant in state V (V =7V', V''). If j] > j,.;, Jopr corresponds to the peak in
. . . . ; r 1 . . . . :
the rotational distribution (]opt= ‘/m-—g), in which case k%o. for a line having q < 1
will be larger than for one having q > i (it is assumed that the Einstein coefficient varies
only slightly with j). As the #&{ L (7) dependence is substantially stronger than the Av (]j) or

b (j) one, it is clear that the overlap between adjacent lines at v; =wv, will mean that (11)
is obeyed and the gas cooled. For j;<joi, on the other hand, the gas is heated.
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On Q-branch absorption (Aj = 0) Avy = —2(j' + 1)X (Bv» — By») and here one gets a complete
analogy with absorption in the P branch. For j;> j,,; we have cooling, and also heating for
ji <jopt » but less than for a P branch one (By, — By» <« 1) , so the cooling will be very slight.

For R-branch transitions, (Aj=1) Avq = (2j' + 1)(Bv» — By/)+ 3By» — By.. 1If j,'<j0pt, Bl
is layer for a line having q > i than for one having q < i, and (11) is obeyed; the gas
cools. For ]1>]0pt , the situation reverses and the gas is heated.

0

P-branch absorptlon cools the gas for ]q> Jopt, and the same happens for R-branch
absorption with j;<C jopt.

Figure 1 shows these cases, where we show lines having V?n, which correspond to J' = jopt
F (2¥F n), with a minus representing the P branch and a plus R {n = +£1, 2, ..)).

If there is ampllflcatlon on the P branch, (11) is satisfied for j;<jopt and if it occurs
on the R branch, for J; > jut (we envisage that only adjacent lines having identical V' and
V" overlap). The overlap cooling is essentially threshold in type and arises at a certain
pressure such that k31>0 (or k51<0 on amplification) and satisfies (11).

We now estimate the cooling due te line overlap from above. We consider saturation in
a certain vibrational—translational transition whose line center frequency is vl = v+ Avg,
and which occurs for t = t;, while t1<min(r’}g, t%), and (8) is satisfied only for this transi-
tion. We assume for the interaction with only one transition that all the states having
jj', j' are populated in accordance with a Boltzmann distribution at temperature T, i.e.,

dN; R 4T
E—2 — %
i#37,5" Idi w pdt (12)
Then we can introduce a rotational reservoir for each vibrational state V' and V'’, which

have numbers of molecules NE  and NE, [8].
In the interval [7q, t;], we have

dey de,  dey E;y—E;, (13)

. PR A J
ar hv (EV” Ev). o =4 Eyn—Ey,

We integrate (7) with (12) and (13) as

' tr 21
7 R hAV
pTZ“TAT,g:—E'T]——‘EE'T E%”sdeV""l-E%’j‘dNV’ . (14)
¢ ye — Eyr :)
Here and subsequently, AT, = T, — T,, with the subscripts 0 and s corresponding to the parame-

ters for t = 0 and t = t;; (3)-(6) give us that in [rp, t{]

JVVII + NVI — NE{’” + NO , (15)
Nj”-]—Nj/:N +AJII (16)
However, the saturation condition for the m » n absorbing transition for t = t; gives
s, = En p (17)
7 i
We solve (16) and (17) for N;, as
s NL A
Ny =L (18)
1—}—;;

As Ny» =Np+ NE, Ny = N; + N%, in this rotational-model reservoir and N = N¥%, for t =
t; (15) gives

N%(=N‘%/I —(—-Ngu——-N;/; (19)
Ny = N%» + N% — Ni. (20)
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Integration in (14) with (19) and (20) gives

9 hAv 0
ATs = -7—Tq (,’EJr —_ ‘T;I),

where x; = N;/Ny, Ny = pNa/p; No is Avogadro’s number, and K is Boltzmann'’s constant.
N E, N, E-)
. o v/ _ i 1 0 _ v’ i 1 ( i tati -
We use (18) with xy-_gmji;exp( 27;)222, Zjr —-gn7ﬁ;exp( zﬁz Z;Z (Zy is the statistil

cal sum in state V) to represent the cooling AT, as

0 0 ;
AT — 218V o Ny exp (_ Ej,) 1— V,,Zv,exp(Ej,—Ejn) ’
s = — ex - — Yexp| L L
7 KZy,, N, KT, ) N(",, Zy. KT, )
Emén
Gj=
7 Emtén

(21}

Then (21) shows that the maximal AT, for Ny./Ny. <1, when only adjacent lines overlap
and one considers a linear molecule represented as a rigid rotor, occurs for 7T, = Ej/K: AT

By/G;
=02 i
i

Jopt for the P branch or j' < j,,, for the R one if f'==euﬁer[§l//

At that T,, the maximum AT, occurs on absorption in a transition having j’' >

By, + 8KT
B

~—-1]3:1 (the

VI

minus sign corresponds to absorption in the P branch and the plus to R). Then (21) applies
for any solitary line having v = v; 4+ Avy. If several lines overlap, the cooling will be
determined by the overall cooling or heating effect from each of the lines.

This mechanism for cooling in a resonant field on line overlap applies also for more
complicated molecules, such as symmetrical or unsymmetrical tops. However, it has proved
impracticable to obtain analytic formulas for AT, in such cases, and the equations must be
solved numerically.

We now illustrate that cooling can occur with resonant radiation and line overlap for
HCl and CO,. Figure 2 shows AT, on overlap for HCl on absorption on P-branch transitions
(VV=20,j - V" =1, ;) (solid lines) and R-branch ones (dashed lines) for various j' and T,
(T, = 300, 900, 1500 K for curves 1-3 correspondingly for j;pt =3, 5, 6). Parameters I and
Po chosen to meet (8) only for adjacent lines (jg =)’ 4 1). The absorption coefficient for ),
= 3.5 um (0, j' » 1, j'' transitions in HCl) was calculated from standard formulas. The
molecular constants and the collisional widths for HCl were taken from [9, 10]. At P =1
MPa (the value used in the calculations), the rotational-translational relaxation time for
these levels is about 107! sec and is thus at least 20 times r, [11]. The distributions
show that the cooling is somewhat larger for the R-branch transitions and can attain 1 K.
The maximum occurs only for AT, for Ty = 300 K for the (0.4 + 1.5) transition; otherwise,

AT, < AT™%,

We see from (21) that AT, increases with Av for example when frequency v(j; = j) overlaps
the line having jo=j 41 (I1=2, 3, 4), but the cooling-existence time is much less than in
the case above (j; = j 4- 1) because such large Auq are considerably elevated pressures, and
TRr ~ Py .

Similar AT, = £(j, T,) relations apply for CO, on absorbing radiation having A; = 10.4-
9.4 pm, although there is a much more complicated structure in the spectrum for CO, because
of close frequency spacing between the lines in the main band for the 10°0 (02°0) - 00°4 transi-
tion and for transitions in the band sequences [12]. However, calculations (molecular con-
stants from [12]) show that the cooling here even at the optimum T, is no more than 0.08 K,
while the contribution from the sequence bands to the change on appropriate line overlap is
negligible by comparison with that from the adjacent rotational lines in the main 10° (02°0)
— 00°1. transition.

Cooling on line overlap is also possible on amplification in an inverted medium, where
the cooling increases with the inversion on the amplifying transition. Figure 3 shows the
cooling in hydrogen chloride under adjacent-line overlap conditions on amplification on the
(V'',j”" — V', j) transitions in the P and R branches (solid and dashed lines) for various j'.
It was assumed that the distribution in the HCl molecules over the vibrational levels cor-
responded to a Treanor one having Ty; = 3000 K (Ty, is the effective vibrational temperature
for the first level) and T, = 300 K. With such T, and Ty,, there is absolute inversion
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(Vv»> Ny/) in HC1 for V> V4(Vx = 4) a distribution having such inversion can arise for
example in a discharge. The calculations were performed for the(V, -+ 2)— (V4 -+ 1)and (V, +
3) > (Vi -+ 2)transitions (curves 1 and 2). Here Jpt = 4. The exciting intensity was chosen
as in the absorption case. The cooling on amplification occurs in the R branch for j' < Jopt
and in the P one for j’' > jgu.

This cooling mechanism with overlap operates also for !> thy, but in that case there
will be a contribution to the translational-temperature change from equilibration between the
rotational states that interact with the radiation on the one hand and the translational
degrees of freedom on the other. It is necessary to integrate a large number of rotational-
kinetic equations to analyze how this mechanism affects the temperature change on line over-
lap.
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