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' THEORETICAL STULIES OF SOLAR-PUMPED LASERS

By
Wynford L. Harriesw¥

' SUMMARY

’ This report s:mmarizes work performed under NASA grant No. NSG 1568
during the period trom July 16, 1981 to January 15, 1982, Two important

problems concerning solar-pumped lasers were investigated:

(1) Cowparing experimental resuits frow pulse experiments with steady-
state calculations. "Tige Varying Behavior of an IBr Laser' pre-
seats & siwple analysir which takes account of the behavior vs.

ime, The analysis iy only approximate, but indicates that condi-

tions occurring in a pulsed experiment are quite ditferent trom

those at steady state.

(2) Determining whether steady-state lasing is possible in an IBr
laser. This requires examining the effects of high temperatures on

the quenching and recombination rates. Although uncertainties in

S TN W T T T T e m——— m—w ———

the values of the rate coefficients make it difficult to draw firm

concluzions, it seems steady-state running may iLe possible at high

, temperatures. 4
L LIST OF SYMBOLS %
| &
' A, unit cross section

C number of tiwmes the solar radiation has been concentiated
v

c velocity of light

AG free energy 5
| D dissociation co.stant
:
!

| * Professor, Department of Physics, Uld Dowinion University, Norfolk,
? Virginia 23508.
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depth of laser
Planck's constant

Boltzmann's constant

quenching rate coefficients

quenching rate vs. temperature
absorption length

number of passes through the gas
pressure, torr

production rate

source term

temperature, Kelvin
time

position
temperature effect
function of a
conductivity
waveleng’i
bandwidth

A at pesx sbsorption
gas density

heat capacity

cross section

frequency

solar radiance
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TIME-VARYING BEHAVIOR OF AN IBr LASER

The purpose of this analysis, which is approximate, is to illustrate
the difference between a pulsed and a steady-estate IBr solar-pumped laser.
We shall consider variations with time, but asswie lasing does not occur,

and estimate whether inversion is possible.

A flow chart for the processes occurring in an IBr snlar-pumped laser
is eshown in figure 1. The IBr pressure is assumed sufficiently great so
that almost all of the incoming radiation is absorbed, each photon of which

dissociates the IBr into I + Br*, If complete mixing of the Br* occurs
Céal
through the volume, the rate of production of Br¥* is 3 2_ where C is the

number of timen the solar radiation has been concentrated, ¢()) is the

solar radiance in photons (cm‘zo'zx"), and A\, the absorption bandwidth

in A. If quenching by IBr dominates the loss processes just prior to

attaining iaversion, then the rate equation for Br* is approximately

PO

it

dBr* CoaA
dt d

2 - Kk Br*(IBr) (1 3

where k; is the quenching rate coefficient. .

Neglected are guenching by I,, Br,, and He which may be present. The

et et

amounts of T, 1nd Br, present should be small because they are photodis-

sociated and quenching by He is probably negligible. Three-body recombina-
tion of Br* with 1 and spontaneous emission are also assumed negligible

compared with the quenching.

The rate equation for Br is approximately

%%L = k,Br*{73r) - kg(I)(Br)(IBr) - kgBr(IBr) - kgBr(IBr)2 (2) f

The Br is produced by quenching Br* with IBr. Neglected are the rates for

Br* quenched by I,, Br,, and He for the same reasons as above. Three-body




. recombination occurs with a rate coefficient kg. The last three terms
represent exchange reactions which remove Br by forming Br,. The firet

suggestion for including exchange reactions was made by W. Meador (ref. 1),

who pointed out the reaction
k - 30
| Br + 2IBr N I + Br, + IBr ; kg=10 cmfs~ !

This reaction is three-body. A two-body exchange reaction was described
by Clyne and Cruse, who claimed they had measured the rate coefficient for

) the reaction (ref.2):

ke gRLIEE SO
Br + IBr + I + Br,; kg = 3.5 x 10 cm”s

However, doubt exists whether this exothermic reaction is possible, as
0.2 eV of energy has to be removed. It will be shown later that the high §
value of kg is not compatible with measurements of k), as k; = kg has

to be positive.

1f the three-body exchange process with IBr as the tl.ird body is

possible, then it is suggested that, if an appreciable amount of He is

|
|
|
?
P
|
|
i
|
|
|

present, the exchange process:

k -
k) 0 .

Br, + I + He; klo ~ 10 cm 1

Br + IBr + He 8"
where the value of k), is guessed. Recombination where the third body is

I,, Bry, or He is neglected.

Equation (1) yields the approximate time behavior of Br¥:

C¢Aka

Br¥ & —————
dk, (1IBr)

1 - exp [- kl(IBr)t]l (3)
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For small ¢,

CQAX.t

Br* = -4 it small Y]

and for large t, the Br* reaches a saturation level independent of time:

COAX.
Brv 'm; t large (5)

For small ¢t, the first term on the right in equation (2) will dominate. By

neglecting all other terms, and integrating using equation (4), then

k) (IBr)CoaA 2

Br & ——————— (6)

Thus, the inverted population Br* - Br/2 is given by:

(7)

Br¥ -

L J -—T—-———

B _ C08%, ( ) kl(us:.-)c>c
2 d

The equevion is very approximate and the function Br* - E% ie represented
by a parabola displaced from the origin. The quantity Br¥* - E% grows with
. . . 4 .
v, -
time, but then decreases to zero in a time of order fTTTEFY' Assuming kl

10712 ¢m3s”! (ref. 3) and a pressure of 10 torr, the calculated time is of

order 20 us, somewhat smaller thau the observed experimental times of 45us.

Despite the approximation, the result is included here as it clarifies
one important aspuct: On the above assumptions the population of the lower
laser level, Br, is formed from Br*, which fills up first. Equations (4)

and (6) show Br* <« ¢, and Br = t2, so for small t, Br* > Br.

The above analysis s an coversimplification and, as equat on (2) is
nonlinear, the set was solved by computer and plotted graphically in figure
1. The values assumed are C = 10“, k) = 107 12cy9357 2, kg = 3 x 10 30cpmbg™ 1,
and kg = 0 (for reasons to be explained later). The corresponding IBr pres-
sures are 1, 3, and 5 torr respectively. In figures 1(a) and (b), no He is

present; in figures 1(c) and (d), 30 torr of He is added. The plots show
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the inverted population Br* -';5 ve. time and slightly different values of

kg are assumed. In figures 1(a) and (c), kg is assumed to be 1030, gnd

in figures 1(b) and (d), ko is assumed to be 3 x 10030 cnbs~ !, cCases (a)

and (c) show that an inverted population would be maintained for a duration

many tens of us, but cases (b) and (d) show that the ordinate stays positive
as time increases. Evidently the value of kg is critical, but steady-

state running may be possible.

The requirement Br¥ - Ql > 0 is a necessary but not sufficient condi-
tion for lasing. The curves should bear little relation to the time
behavsior of the laser light, as the loss of Br* by stimulated emission is
omitted. The laser light profile would, however, be contained in time,
within the regions the curves are positive, and it seems steady-state lasing
is at least possible., Als2o, in a pulsed experiment it may be possible to
get lasing, although lasing would not occur in the steady state. In the
experiments at NASA with C = i0“ (ref. 4), the laser pulses were of about
45-us duration at 1.5, 3, and 5 torr of IBr and almost independent of
pressute, The times when the inverted pcpulation could exist, shown in

figure 2, agree in order of magnitude.

Care must be taken in comparing pulsed and stcedy-state conditions., If
steady-state running cannot be acl.ieved, then one possibility is to consider
Q-switched lasers, where the input is continuous, and the output pulsed.

The possibility of attaining a steady state is examined in the next section.
TEMPERATURE EFFECTS IN SOLAR-PUMPED LASERS

Introduction

The purpose of this section is co examine the possibility of running a
steady-state IBr laser. The new aspect to be considered is the effect of
high temperatures on the various rate coefficients, as high temperatures
will occur anyway for high solar concentrations. The parameters of the

laser are also checked for compatibility with reasonable mechanical con-

struction,

T TP S,




The physical mechanism and condition for inversion are discussed under
"Phyrical Procerses of the Laser." The temperature of the lasing gas is
then calculated (see '"Gas Teaperature in an IBr Laser"), followed by a die
cussion of its effects on quenching, dissociation, and recombination
, ("Effect of Temperature on the Rate Coefficiants"). The population inver

sion condition for various temperatures is examined under "Speculations on a
) Steady-State IBr Laser."

Physical Processes in the Laser

General. - A flow chart for an IBr + He solar-pumped laser is shown in
figure 2. The He is introduced to increase the three-body recombination of i
the lower level, Br, and yet have a low quenching cross section for Br¥,
The IBr is dissociated by the photons so that the rate of production of Br¥
per unit volume is S,(IBr) where (IBr) is the molecular density. The Br* is
quenched by IBr, He, and I, with rate coefficientn k;, k,, and k,. It

also recombines with I where IBr and He act as third bol'.es, with coeffi-

T W T e e TR R e

cients k, and kg. The Br, representing the lower laser level, is created

N

if Br* is quenched, spontaneously emits (the rate is negligible), or if

lasing occurs. It is removed by recombination with I where IBr or He acts

as a third body with rate coefficients k; and k,, respectively, and by

the exchange reactions mentioned earlier ("Time-Vary’-z Behavior of an IBr

j Laser") with coefficients kg, kg, and k4.

Numerous approximations have been made, as the intent here is to obtain
results correct in order only It is asssumed that the densities of IBr and
He will be much greater than those for I, and Br,. I and %r will te created
; by thermal dissociation at high temperatures and then wil. recombine to form
I8r, I,, Br,. The error in neglecting the effect of I, and Br, as third

bodies would be expected to be small. However, quenching by I, should be

RTVIT T Ty

inclnded, as at room temperature the rate coefficient for I, is 60 times

greater than for 1Br.




The rate equations for Br* and Br are

= k Br*I(IBr) - kgBr*(I)(He) - A Br* 3
%% = S,(IBr) + k) Br*(IBr) + k,Br*(He) + kjBr*(I,)
- kgBr(L1)(IBr) - k,Br(1)(He) + A _Br% - kgBr(IBr)

- kgnr(IBr)2 = k)oBrHe (9)

The 8, source term represents the reaction hv + IBr + Br + I, and,
for IBr, 8, is approximately zero. The Einstein coefficient Ae = | and

spontaneous emission is negligible.
We shall consider the case where inversion just beccmes possible,
because this can be solved simply. Inversion is just possible when

B* > Br (19)

2

The factor 2 enters because the B* is in a 7P1/2 state with a degen-

erscy of 2, while the Br is in a 293,2 state with a degeneracy of 4. The

condition for inversion is less stringent than for lasing, whicn requires

finite gain to overcome laser losses. It is a necessary but not sufficient
condition for lasing; but if not satisfied, lasing is impossible. The cal-
culation avoids the inclusion of stimulated emission, which has not started
yet, A quasi-static condition is envisaged with C slowly increased; hence

steady-state conditions are assumed,.

The absorption process. - The source term of Br*, S,(IBr), is calcu-

lated assuming an absorption cross section o‘(A) constant over a bandwidth
AAB and zero outside the bandwidth. The effect of aa(X) being a Gaussian
is considered later. Assuming that the number of photons absorbed between a

depth x and x + dx is proportioned to O and to the density of the

s
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sbsorber (IBr), then the intensity of radiation in the absorber will decay
exponent ially with an absorption length 2 = ((Ilr)o.)'l * 100/p wvhere p is
the IBr pressurc¢ in torr. Assuming that the Br* undergoes complete mixing
and its density is approximately constant throughout the volume, then the

rate of production of "% per unit volume is

) CO(X)AA.

dBi? 1 - exp znd
de 4 1 (11)

The quantity n is the number of passes through the gas; a reflector
on the far side (n = 2) would help considerably ir cetting an even distribu-
tion of Br*. For example, for n = 2 and ¢t = d, the variacien in d§§1
throughout the volume, even if there were no mixing, would be abovc 30

percent,

In th2 case of £ >> nd and the exponent small, equation (11) shows

w
9Br¥ & ncear o (1IBr) (12)
aa
dt
. A*A) 3 . L
The cross section o, equals —&——— vhere A;; is the Einstein
AﬂchA‘

coefficient for the transfer from level 1 to level 3 of the laser, 1},
the wavelength at peak absorption, c¢ the velocity of light, and A),

the absorption bandwidth as before. 1In this case

nCéA“A |,
dBr* _ a ‘?(1IBr) . 25> nd (13)

de 4nlc

independent of AA, and d, the case of an optically thin absorber. Few
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photons ara absorbed per unit distance, and 45{! is roughly constant with
position x. The geometry of the solar laser is described by n and C,

the ratio of reflector %u vbsurber cross section. The absorbing material is
described by 1Ay, which determines the magnitude of ¢(1), and A;;. In-

creasing the pressure (IBr) increased the rate.

If L < nd, then equation (11) shows

dBr¥ CQAA.
dt d

All the photons are now absorbed. The rate of absorption is high on the
near side, and approaches zero un the far side of the absorbing vessel. The

redistribution of Br* by diffusion and/or mixing over a distance d is

assumed, o equation (14) gives an average value.

The production rate is now independent of the pressure and, to be con-

1
sistent with equation (1), we define a new source term, §,(IBr):

, CQAA. (1Br)
Sl(IBr) -

(15)
d(1IBr) ;
and the ratio of the two source *erms is §
51 u pdo (1Br) = 2B4 (16)
] a
50
5)

The quantity npd is proportional to the total number of absorbing
atoms a photon would meet in crossing the vessel n times and a similarity

law is obeyed,

In actual practice it would be expacted that the conditions would be
1]
intermediate between S, and S;. To obtain appreciable absorption, we
]
need £ = nd, and, for n = 2, d = 1, and p = 50 torr, then S; and S,

are comparable.

10
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The "absorption efficiency" is defined as the ratio of total
flux absorbed to total flux received. For tha optically thin case,
n, ®=no (IBr)d = 2 x 10" 2npd and is much lees vnan if £ >> nd. For the

A
optically thick case, £ << nd, n, + 1.

The effect of assuming 0, was constant over an absorption bandwidth 5

» instead of being a Gaussian was investigated. The quantity %% per unit

} distance, where S is the rate of absorption events, was compared for the

two cases, If % and ¢ were constants, then %% would be proportional
to eap[~0,(IBr)x]. The variation of ¢ with XA and the Gaussian shape 3
of the cross sections are shown in figure 3, where variations with temperas-

ture are also included (ref. 5). Ausumiag T = 300 K, a more accurate value

of %% ve. x was obtained: :

45 o [° (1Br)o (M e(A) expl-(IBr)a_(A)x]dA (17)
dx o

T TP T TR T

The integral was performed by computer and ¢(A) vs. A was stored.

For the correct Gaussian cross section, at x = £, %% was about 30 percent

T TN T—" T T T T T T N— v em——— W ~———

higher than the case where 0, was a square cross section., AL » < 2&, it

was twice as high for the Caussian cross secticn, as less photons were ab-

sorbed from the wings where the ccross section was small., Hence, in our ;
equations, the constant 0, should be reduced by a factor of order cr i

less than 0.5 from the peak value assumed.

Condition for inversion. - Equations (8) and (9) cau be considerably

shortened if we define the ratio of He to IBr as a = He/IBr, and assume that
i the amount of I, is determined by dissociation obeying the law of mass
action. The dissociation coefficient D = I,/IBc is a function of tempera-

ture, which is known.

The quenching of Br* by IBr, He, and I, in equations (8) and (9) can be

represented by a single coefficient kq:

| kg = k) * ak, " Dkj (18)

11
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and the recombination of Br* with I where both IBr and He act as third

bodies can be represented by a single coelfici«unt k;:

w =
"R " Ky * Okg (19)

Similarly, the recombination of Br and I, where both IBr and He act as third

bodies, can be presented by a single coefficient g

and the three exchange reactions by a single coefficient kg:

In the steady state, egqnations (8) and (9) become

- W w*
S) = koBr* + kh(IBr) (22)

0= (kQ - kE) Br#* - kR(IBr) (23)

It should be noted that kQ depends on a, and the temperature T,
because of the formation of I,. The coefficients kg and k; depend
on a, and may also depend on T, a behavior that will be discussed later.
The exchange reaction coefficient kg depends on the IBr pressure and on

a. In addition, conservation of species exists: I * 21, = Br + Br* + 2Br,.

The expression can be simplified by assuming I, = Br, and/or that these

species will be dissociated, and it therefore becomes
I = Br + Br¥ (24)
Equations (22), (23) and (24) yield the critical value of §, required

to make Br¥* = %5 :

3
5p = (kg = k) [kaR + g (kg - kg) Ly

2
2 kR

Q (25)

12
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We shall first consider the case where the exchange reactions are neg-
lected and let kp + 0. If k,, kg = 10732 (ref. S), and ke, ky = 10- 30w
and k, is negligible,

(k,+ DK4)3
and if a >> 1,
(ky+ DKy)?2
1
8 “[—-2—‘:;—-— 3 (27)

The valuz of S, which is proportioned to C is reduced if a = (He)/(IBr) is
increased. The value of S; is relsied to the concentration factor C, which
must not exceed a number of around 2,00U, because of overheating of the struc-
ture of the laser. TIrom equation (12), S; = nC¢Ara04 = 3 X 1002c, and

this value will be approximately true in tne regime when £ = d, If we assume

ky = 10012 (ref. 3) and the above values of 10~30 for k3, kg and k,, then
witt. no helium, (a = 0), and D + 0, the value of C just to achieve inversion
is 5 x 105, If a =100, C =5 x 10*. These values are much higher than expe-
rimental values for roughly the same conditions, which were C = 10“, but the

experiments were done under pulsed conditions.

If the exchange reactions are included, lower values of S; and C
are obtained, as these reactions deplete the lower laser level. Neglecting

kR* with respect to kg equation (25) becomes:

(k ~k._) [(k, + Dk,)-(kg + (IBr)(kq + ax,,)]
g, = —L Ep a2t ¥ O T (ky*Dky) (28)
2 Q 2 ky a
ZkR 7

Now kQ - kg has to be positive, and with the values k, = 1012, ¢
seems unlikely that kg 1is as high as 3.5 x 1011, 1f kjo = 10'30, then, at
3 torr (IB<) and a = 30, then kg is again comparable with kQ' irre-

spective of kg. Increasing a lowers C, and accordingly the poesibility

*Values of k, and kg are assumed to be the same as for a similar reaction
in I, taken from reference 6.

13
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of introducing He at 10 or more times the pressure (IBr) is suggested. There are
two restraints: first, if the (IBr) is at a pressure of tens of torr, then the
total pressurs shou'd not exceed limits that would break the vessel; second,
quenching by He may now occur. However, the intent is for He to provide more
third bodies to increase the recombination rate of Br, yet not quench the Br*,
The value of C would be lowered if the quenching were reduced (C « k%).

and this occurs at high temperatures. Unfortunately the recombination rates are

also affected, as will be seen later.

Gas Temparature in an IBr Laser

The temperature of the lasing gas can be roughly estimated assuming all
the photon energy is deposited in the gas, and the heat produced is conducted
to the walls of the containing vessel by gaseous conduction. The walls are at
a temperature T, and are thermally connected with a radiator into space.

Above about 1,000 K, the gas would also act as a blackbody radiator.

The heat conductivity of a single gas x 1is given by «x = XQEpCv/3
where A, is the mean free path, < is the average random velocity, o

is the gas density, and C, 1is the specific heat at constant volume ot a single

molecule., As x « Amp, x is independent of pressure. The quantity (AQE/B) is
the diffusion coefficient of a molecule in its own gas, and (pZ,) is the heat
capacity per unit volume, hence, the heat conduction process is a transport of
the heat content by molecular diffusion. The conduction in a mixture of gases !,
2, 3 is due to all the species diffusing through the mixture and the effective

conductivity is (ref. 7):

]
m2 CV2 M3 CV3
l1*ta[/— — 4b[— — * |
1

Vi
K=k, (29)
l+a— + —_— L.,
9, 9y
e s

14
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Here k; is the conductivity of gas 1, a the ratio (gas 2)/(gas 1), b =
(gas 3)/(gas 1), m = molecular weight, C; = specific heat ar constant volume
per g, and 0 = elastic cross section. As k = ¢, it depends on the temperas
ture, k ¢V17273. The conductivity of He at room temperature is 3.27 x 10°“ cal
s"lcm™2 (ref. 8); that of IBr is not available, but by extrapolation from other
halogens is probably about 9 x 1076 cal s~ lem~2, a value about 300 times smaller
than that of He (ref. (). Expressing the heat conductivity of an IBr-He mixture

in terms of the conductivity of IBr, then at temperature T approximately:
+
k%9 x 106 T [1 3.224a -8 T (30)
273 I_l +5.57 x 107 2a 273

where B is defined here. The cross section for IBr was extrapolated from that

of Cl, (ref. 9). A plot of x ve. a for T = 300 K is shown in figure &.

Assuming all the heat Q deposited by the photons flows across unit area

A; rthrough a distance x (one-dimensional geometry), then from equation (30):

dt  x 3V 273

)

]

j @ A 2

» —-ls <T3’2 - Tw3/2> (31)
%

|

where T is the temperature of the hot region, T, that of the colder wall.

) The unit cross section A, is introduced because A,;/x is a parameter describing

? the relative distance the heat must travel (e.g., if A; = 1 cm?, d = 1 cm, and
the heat were uniformly deposited throughout the vessel of depth d, then x =
d/2 = 1/2, and A}/x = 2). The treatment can be extended to several dimensions as
the heat flow is a diffusion process. However, it is sufficient here to get

3 rough est imates of what temperatures are achieved in the center of the gas. In
equation (31), %%'can be expressed as the total heat deposited per unit area; if
{ all the photons are absorbed, this is C¢AA & where £, the average energy of

the photons, is approximately 5 eV. Then

8.179 x 10~2¢c |2/3
Tal|T M2 (32)
8 (Al/x)
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The temperature in the center of the gas depends on T, for which we shall
assume &srbitrary values, on C, a = He/(IBr) (which determines B), and the
geometry of the laser in A;/x. Plots of T ve. a and C were made by
computer. The value a was varied from O to 100 and C from O to 2,000;
increasing a serves to lower T, while increasing C raises it. Values of
C required to raise T to 1,000 and 1,500 K are shown in table ! for values of
AI/x of 1, 4, and 8--the latter achieved by cooling plates. The values of T,
chosen were 400 and 800 K. This table is for illustrative purposes only, as
above 1,000 K, the gas would behave as a blackbody and radiation according to
Stefan's Law would dominate. Hence, the values of C for T = 1,500 are too
low.

Table 1. Approximate values of C that would raise T to 1,000 and 1,500 K
(blackbody radiation neglected, a = 100).

Value of C to Raise T to

T, Ax 1,000 K 1,500 K

400 1 150 300
2 260 550
4 520 1,100
8 1,000 >2,000

800 1 ~ 40 200
2 120 400
4 200 800
8 400 1,600

The rough one-dimensional argument implies that very high temperatures can
occur in the gas and, if C + 2000, then temperatures of well over 1,000 K should
be attninable in a vessel with d = 1 cm if most of the photons are absorbed.

Possible effects of such high temperatures on the laser are next discussed.

Effect of Temperature on the Rate Coefficients

General. - Temperatures can have drastic effects on quenching and recombina-
tion rates. In the case of IBr, dissociation creates I, which thea forms I,,
which has a very large quenching cross section. The effect of temperature on

exchange reactions is not known,.

16
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Quenching. - Unfortunately, experimental data on the effect of temperature
on the quenching of Br* by IBr or I, are not available. The possible analogous
case of quenching of I* by I, was reported by Katazaef et al. (ref. 10). They

measured the quenching coefficient %y vs. temperature and up to about 1,000
K:

kp = 8 x 107! exp (<4.4 x 107%1) cm3s™! (33)

with T in K. For example, kjgo = 2.14 x 10~ 11, compared with a literature
value of 3.6 x 10711 (ref. 3). At 1,000 K, Kjooo is 20 times lower. If a simi-
lar dependence occurr~.d for the quenching coefficient of Br* by IBr or I,, the

high temperatures would prove advantageous.

Thermal dissociation and formation of I,. . The amount of I,, with its high

quenching cross section, present due to thermal dissociation of IBr, is given by
(ref, 10):

= D -
(1Br) (IBr)

(34)

as (I,) = (Br,). The coefficient D is obtained from the law of mass action:

D = exp <:J¥i> (35)
kT

when AG is the free energy and k 1is the Boltzmann constant. The free energy

has been measured (ref. 10):
AG = -1,270 - 1,7449 T (36)

A plot of (I,)/(IBr) ve. T (fig. 5) shows that the ratio is 0.2 at 1,000 and
0.3 at 2,000 K. However, the conditions in the laser may be quite differ:nt be-
cause of photodissociation; the absorption cross section for I, is three times
higher than for IBr. By including D in equation (26), the calculated §; will
be higher--a pessimistic value. By making D = 0, with all the I, dissociated,

the effect of I, car be estimated. The two cases will be compared later.

17
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Recombination. - At 300 K the recombination rate for I + Br with a

third body present is of order 10~30, whereas that for I + Br* is on the
order of 10732 (ref. 6)--the higher energy of the Br* makes the recombina-
tion less likely.

Taylor and Rapagnani (ref. 6) have reported measurements of the recom
bination rates for:

kg
L+1+1,+ 20,

]
k,
I +1 + He + 12 + He

The coefficients kg and k, are analogous to kg and k, used

before, where I recombined with Br and the third bodies were IBr and He.

These authors state that measurements of the coefficients vs. temperature

showed :

' E:

kg = 1.1 x 10715 7-5.884 (37)

ky = 8,3 x 10729 T 1.716 (38)

The two coefficients both show a steep fall as T increases. The

value of k; at 300 K is 4 x 10'33, wvhile the k; assumed here is 3 x

CE T PPN

10030, 1t is apparent that more accurate numbers are required.
SPECULATIONS ON A STEADY-STATE IBr LASLR

The required C for steady lasing is given by equation (25), but un-

certainties in the rate coefficients make it difficult to draw conclusions.
Temperatures of over 1,000 K could be easily realized, which should reduce
quenching, but the recombination rates and the exchange reaction rates may

also change.

B P R T T I L R K 2 S SICTIRY TS SR
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If the quenching o€ Br* by IBr and I, obeys similar laws to the quench-
ing of I* by I2, then, after normalizing to room temperature values, the
values would be k; = 3.7 x 10-12 exp(=-4.4 x 103 T) and k3 = 8 x 16-1!
exp(~4.4 X 10} T). On the assumption that the quenching is reduced but

that the recombination rates do not change with temperature, estimates indi-

cate that, if C = 2,000 is a practical upper limit, then lasing should be
possible for T = 1,000 K, a = 100, even if the exchange reactions are neg-

lected. ;

The effect of I, quenching the Br* is also estimated by assuming a

dissociation which overestimates the density of I2 vhen compared with D = 0.

At higher temperature more I, is formed; nevertheless, its quenching rate is
drastically reduced so the effect on the value of C 1is not great. The

estimates are to be regarded as highly speculative as the recombination rate

is assumed independent of T.

On the other hand, if the recombination rates for I + Br + IBr and 1 +
Br + He obeyed equations (37) and (38), then steady lasing would be possible
only if the exchange reactions depleted the lower level, and their depend-

ence on temperat :re is not known at present.
CONCLUSIONS i

The analysis of the time-varying behavior of an IBr laser seems to

explain why lasing is possible under pulsed conditions, yet may be impos-
sible in the steady state. It is apparent that care must be taken in com-

paring pulsed and steady-state conditions.

The inclusion of the exchange reactions lowers the calculated values of
C from the values when they are neglected. Unfortunately, the rate coef-

ficients are not known too well.

High temperatures, which are going to be unavoidable, may cause the
yuonching and recombination rates to vary drastically. At present, insuf-

ficient data exists on IBr to draw reliable conclusions, and there is an
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acute need for reliable measurements of the rate coefficients, espacially as
functions of temperature. If these could be meacured, then the method here
makes it possible to estimate whether lasing is possible. It is speculated
that if che quenching of Br* by IBr is reduced, but the recombination rates
are not greatly changed, the:. steady-state lasing may be achieved. On the
other hand, if the recombination rates behave like those of iodine, then

steady-state lasing may be impossible.

It is assumed here that most of the solar radiation is absorbed and
that considerable dissociation and recombination occur. Continuous flow
systems should alro be considered.
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Figure 1. Plots of B,* _ Br/2 vs, time for an IBr solar-pumped laser at
pressures of 1, 3, and 5 torr. The solar concentratisn C = 10“,
k), = lO'lzcmas'l, kg = 3 x 10'3°cm69'1, kg = 0. Effect of
changing the value of kg: no helium present - (a) kg =
100 3%mbs 1, (b) kg = 3 x 100 30%m8s~ !; with 30 torr He present -
(c) kg = 10~ 30cmbs=1, (d) kg = 3 x 107 30cm6g-1,
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Figure 2. Flow chart for an IBr solar-pumped laser.
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