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-200 atm (see Temperley,!o Lehman, and Young,!! and 
Hayward!2). The discrepancy between theory and 
practice appears to be due to the fact that the experi
ments do not measure the attraction between water 
molecules but the attraction between water molecules 
and an adsorbing surface (wall of the container or solid 
particles). The properties of this surface become im
portant and could explain the difference in values 
obtained by the various researchers, who were really 
measuring the strength of the forces of adsorption. This 
leads us to believe that the negative pressures developed 
as the water recedes from the adsorbent surface cannot 
be very high. In the case of the moving rod, the ad
sorbent, having made it possible to nucleate a cavity on 
its surface, moves away. When the water rushes in, the 
collision of water against water converging from opposite 
directions may create a pressure high enough both to 
dissolve the air that might be present in the bubble, and 
to bond water molecules. The high speed films show that 

10 H. N. V. Temperley, and LL. G. Chambers, Proc. Phys. 
Soc. (London) 58,420 (1946). 

11 A. F. Lehman and J. O. Young, J. Basic Eng. (ASME) 86, 
275 (1964). 

12 A. T. J. Hayward, Nature 201, 481 (1964). 

the liquid tears again as the compression is followed by 
rarefaction. When this happens, the negative pressure 
could be high. 

When cavitation is produced by impact, it appears 
that the bubble always grows at the wall and that, after 
its collapse, new bubbles appear at different locations 
but close to the original one. If these new bubbles are 
created in the bulk of the water, away from the wall, the 
same arguments used for the case of the moving rod 
could apply here. On the other hand, if they form at the 
wall, the case is again one of desorption and the negative 
pressures generated should not, according to the 
arguments presented, be very high. TemperleylO has 
proposed "that a prior application of pressure·· ·may 
make it (the liquid) adhere better." However, there are 
no well founded arguments to support this contention. 
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A kinetic model for the four level iodine laser is presented which includes pumping, radiative, and col
lisional transfer between levels. Numerical results obtained are shown to be in good agreement with available 
experimental data. The model correctly predicts the influence of pressure level and flash lamp parameters on 
the laser output and the occurrence of spiked pulses. 

Flash photolysis of CFaI has resulted in laser action 
from the magnetic dipole transition in atomic iodine 
(2p!/2~Pa/2 at 1.315 J..I.).! Extensions to other alkyl 
iodides2 and further experimental evaluations of the 
CFaI system have been reported.a- 6 A simple kinetic 
rate equation model, useful for predicting population 
inversions, gains and efficiencies, is presented in this 
article. The model includes pumping, radiative, and 
collisional effects and the dependence of the output on 
operating pressure and flash lamp parameters. 

* Work supported by Wisconsin Alumni Research Fund. 
t National Science Foundation Graduate Fellow. 
1 J. V. V. Kasper and G. C. Pimentel, App!. Phys. Lett. 5, 231 

(1964). 
2 J. V. V. Kasper, J. H. Parker, and G. C. Pimentel, J. Chern. 

Phys. 43, 1827 (1965). 
• M. A. Pollack, App!. Phys. Lett. 8, 36 (1966). 
• A. J. DeMaria and C.]. Ultee, App!. Phys. Lett. 9, 67 

(1966). 
• C. R. Giuliano, L. D. Hess, and J. D. Margerum, Im'estigations 

of the Potentialities of Photochemical Laser Systems (NASA 
Cambridge, Mass., 1967). ' 

6 C. M. Ferrar, App!. Phys. Lett. 12, 381 (1968). 

Pollack,a using a two level laser model, achieved a 
reasonable fit to experimental data based on matching 
the model to observed outputs at the optimum point. 
This matching procedure, as well as the model's use of 
an average decay rate (instead of integrating the 
equations numerically), ramp flash input, and only two 
levels, has its limitations. In the following model these 
restrictions are removed. 

The CF3I laser may be represented as the four level 
system shown in Fig. 1 with overall reaction mechanism: 

hll* 
CFaI---+CFa, + I (2Pl/2)' 

hll 
CFaI---+CFa, +I(2Pa/2), 

2CFa,---+C2F6, 

I (2 P 1/ 2) ---+ I (2P3/2) + hl'23, 

21 (2P3/2) + M---+I2+ M, 

where 11*>11 and M represents an inert body. 
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FIG. 1. The four level iodine laser. 

The kinetic equations include the effects of photolytic 
pumping from level 1 to levels 2 and 3, stimulated and 
spontaneous emissions, level 2 to level 3, absorption, 
level 3 to level 2, and bimolecular and termolecular 
collisions between levels 2 and 3, levels 2 and 4, and 
levels 3 and 4. 

The two body collisional reactions·,7,s are 

I (2Pl/2) + M--,>I(2Pa/2) + M, 

I (2P1/2) +CFaI--'>CFa' + 12, 

( 1) 

(2) 

with the first reaction being predominant. Since 12 is a 
much more effective quencher of 2P1/2 iodine atoms than 
any other species in the system, its contribution alone is 
included in Eq. (1). In addition three body collisions 
are neglected. This assumption should be good for 
small pulsed times «50 /Lsec) due to the long 2P3/ 2 
iodine atom lifetime.4 

The kinetic equations are 

dNddt=-[X(t)+Y(t)]-112N1N2, (3) 

dN2/dt=X(t) -A2aN2(1+r)+A2a(r/2)Na 

-11~IN2-111N2N4, (4) 

dNa/dt= yet) +A2aN2(1+r) -A 2a (r/2) Na+111N2N" 

(5) 

(6) 

where N; (i= 1,2,3,4) r;£resents the number of iodine 
atoms in each level and LiN; is the initial number of 
CFaI molecules present in the system. 

The dimensionless cavity radiation density is 

r (1'23) = W (v2a) /Q23, 

where W(V23) is the radiation density, Q2a= 811'hv2Nc3, 
and 1'23 is the transition frequency. In Eqs. (3)-(5) the 
net pumping rates to the 2P1/ 2 and 2Pa/2 states are given 
by 

X(t) = J a(vh(v)E*(v, t)dv, 

yet) = f {3(vh(v)E(I', t)dv, 

7 R. T. Meyer, J. Chern. Phys. 46, 4146 (1967). 
8 S. Aditya and J. E. Willard, J. Chern. Phys. 44, 418 (1966). 

where a and (3 are absorption coefficients, 'Y is a coupling 
constant, and E(v, t) represents the effective net energy 
pumping supplied by the flash lamp, dependent on 
pulse shape parameters, the photodissociation energy, 
and the recombination rate of CFs radicals and iodine 
atoms. A2S is the Einstein coefficient for spontaneous 
emission, 111 and 112 are reaction rate constants for Eqs. 
(1) and (2), and the factor of t arises in Eqs. (4) and 
(5) from the ratio of the upper and lower state de
generacies. 

The four kinetic equations must be combined with 
the evolution equation9 for r: 

where {3 is a loss coefficient, and cf> is the dimensionless 
line width factor. Spontaneous contributions to the 
coherent radiation density are neglected. 

Prior to a numerical solution of the kinetic equations 
the transition probability, coupling constant, absorp
tion coefficients, energy pumping functions, initial 
radiation density, and loss coefficient must be specified. 

The coupling constant and absorption coefficients, at 
a given pressure, are average values,,5 over the portions 
of the lamp spectrum responsible for 2P1/ 2 or 2PS/2 iodine 
atom formation. The energy function is obtained by 
approximating the lamp pulse as a triangular wave and 
specifying the pumping factors of rise time, pulse width 
(FWHH), and total energy input. lO Quenching effects, 
found to be important for high energy flashes2 due to 
temperature rises, have been described in our model by 
having fast pulse falloff rates at high energy inputs. A 
range of low initial radiation densities10 are assumed 
with the magnitude having little effect on the results. 
The loss coefficient, {3, is assumed constant and may be 
varied from 0%-15%/pass. 

The transition probability, A 2a, is calculated from the 

wz 
>0 
f=iii 
<to: 
..Jw 
w> 
o:~ 

<fJZ 
<fJQ 

t!~ 
~5 

a. 
l? 

0.100..------------, 

2 4 6 8 
TIME (j'sec) 

FIG. 2. Initial time dependence of the excess relative popUla
tion inversion (10 Torr pressure). (a) 2000 J, 20 p'sec rise time, 
50 p'sec FWHH. (b) 1000 J, 20 p'sec rise time, 50 p'sec FWHH. 
(c) 1000 J, 20 j'sec rise time, 100 !,sec FWHH. 

9 E. L. Steele, Optical Lasers in Electronics (John Wiley & Sons, 
New York, 1968), p. 23. 

10 P. Emerson, of Edgerton, Gerrneshausen and Grier, Inc. 
(private communication, Jan. 1969). 
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relation 

A2a = (641r4V2N3hca) I R 2a ll Ra21, 

where R is the magnetic dipole transition moment for 
the forbidden 2Pl/2~2Pa/2 transition given by 

R2a = J'l'2*[(e/2Mc)(L+2S)J'l'adV. 

Here Land S are the orbital and spin angular momen
tum operators and 'l'2 and 'l'a are the 2P1/ 2 and 2Pa/2 
wave functions for the iodine atom. The calculation is 
based on using appropriate linear combinations of the 
six degenerate 2p wave functions of Slaterll determi
nantal form 

'l'(2Pa/2) = [1/ (51) 1/2J 

XL Di deti[Ali(1) , A2i(2)·· 'A6i(5)J, 
i 

'l' (2 P1/ 2) = [1/ (51) 1/2J 

XL Ci deti[Ali(l), A2i(2)·· ·A6.(5)J. 
i 

Orbital functions, Ai, of the type proposed by Slater 
and compiled by Griffith12 are employed. The evaluat~on 
of the transition moment then reduces to calculatmg 
the effect of the Land S operatorsl3 on the spherical 
harmonics and Pauli spin functions contained in the Ai. 
The orthogonality properties of the spin functions and 
spherical harmonics considerably simplify the evalua
tion. By this method A2a is estimated to be 9.1 sec-I. 
This value lies within the 20% confidence limits im
posed by Garstangl4 on his estimate of 7.8 sec-I. 

With these approximations the equations have been 
solved by a Runge-Kutta-Gill integration technique 
using step sizes ranging from 0.1 to 1 JLsec. For pure 
CFaI fill pressures from 0.1 to 300 Torr and for a range 
of flash lamp parameters, the populations of each level 
have been calculated as functions of time. Instantaneous 
gains have been calculated from standard equations,1s 
using either Lorentz or Doppler broadening, and then 
integrated numerically to give the overall efficiency 
and output. 

In Fig. 2 a plot of the excess relative popUlation 
inversion, 

11 J. C. Slater, Quantum Theory of Atomic Structure, (McGraw
Hill Book Co., New York, 1960), p. 289. 

12 J. S. Griffith, The Theory of Transition Metal Ions (Cam
bridge University Press, Cambridge, England, 1961), p. 104. 

13 W. Byers-Brown, Univ. of Wisconsin (private communica
tion, June 1967). 

14 J. Garstang, J. Res. Nat. Bur. Stand. A68. 61 (1964). 
15 B. A. Lengyel, Introduction to Laser Physics (John Wiley & 

Sons, New York, 1966) p.42. 
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FIG. 3. Relative power output for CF31 versus pressure. O. 
experimental results from Ref. 3. - - -, model results from 
Ref. 3. --, kinetic model results, 800 J, 20 ",sec rise time, 50 ",sec 
FWHH. 

where (N2/Na) T is the threshold value of 0.5, versus 
time, shows the behavior in the first few microseconds. 
Rapid pumping leads to an abrupt rise in the inversion. 
Once a reasonable inversion is achieved its immediate 
decline thereafter corresponds to a buildup in the 
photon density and the onset of a laser pulse. The 
results agree with Pollack's3 findings that as pumping 
energy and pressure increase the laser pulses exhibit 
faster rise times. Successive buildups and declines in the 
inversion are observed throughout the initial twenty 
microsecond period indicating that laser spiking does 
occur. As pumping energy and cavity relaxation times 
are increased the spikes smooth out as expected.9 

Pollack'sa experimental results and somewhat simpler 
model for relative laser output with pressure are com
pared to our model in Fig. 3. Agreement with experiment 
is good except in the higher pressure region where 
additional collision reactions become important. 

Gains obtained vary from threshold to 150 dB/M 
compared to a reported value1 of 106 dB/M. Overall 
efficiencies range up to 0.3% and threshold gains are 
achievable at 0.3 Torr. 

The results seem to be reasonable enough to warrant 
the model's use as a first approximation for predicting 
system performance. To obtain better results a number 
of refinements should be included: 

(i) temperature dependency of the rate constants 
(ii) more accurate description of lamp pulses and 

absorption coefficients 
(iii) effects of three body collisions 

Further analysis on laser spiking and pulse shapes and 
comparison with experimental data taken in our 
laboratory will be attempted using an improved model 
based on these refinements. 
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