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Abstract—.

The theoretical propagation of short (150-ps) laser pulses in a

one-atmosphere C02 amplifier is investigated using a fully

coherent density-matrix computer code. The influence of coherent

effects and of the response times of the amplifying rm?diumon the

temporal shape of the output pulse is examined. It is found that

short pulses, whose width is approximately

the medium, can be effectively amplified.

equal to the T2 time of

Introduction.—

Although the general coherent density-matrix theory for pulse

propagation in a laser gain medium was developed several years

ago>-’ its formulation is necessarily complex, and it is often

difficult to anticipate how the amplifying medium will affect the

shape of the pulses transmitted through it The tota~ output energy

of an amplitier is relatively insensitive t the subtle details of

the coherent theory; howei ‘r, the pulse shape, and hence, the peak

power do depend on these effects. To date, only a few calculations

have been published
3-7 that Illustrate the practical implications

of the fully coherent theory for short-pulse (c l-ns) propagation iII
.

real C02 amplifler zystems. Moreover, only a few experimnt,al
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studies have been reported6-10 in which detailed measurements

(including temporal puslse shapes) have been compared with

theoretical predict ion~. In this paper the theoretical propagation

of short laser pulses in a one-atmosphere C02 dmplifier is

inq~estigated. .

This work has been primarily nntivated Ly the result! of a

7
recent pulse-propagation experiment, which indicat~d a factcr-

of-two discrepancy between the observed and pred!cted temporal pulse

shape. !.nthat experiment a 570-Ps

580-torr amplifier with a gL : 5. ‘

was 370 ps, whereas the experiments

‘:hepulse actually broadened during

pulse was amplified by a

he predicted output pulse width

ly observed width was 889 ps.

amplification instead of

nsrrowing as predicted. Modeling of the experiment was somewnat

complicated, however, because the amplifier wa~ triple-passed by a

spatially expanding beam. We therefore plat, to continue these

experiments under more carefullj controlled conditions that will

allow unambiguous comparisons between theory and experimnt. Such

an investigation wo:lldFrovide critical tests of the theoretical

nmciels that are employed in ihe design of the high-power C02

laser-fusion systems and in the generation of “shaped” pulses

dvivifig inertial-fusion targets. As a prelude to these next

for

experiments a computer code developed by Feldman
4,6

is being used

to if,vestlgate the predictions of a coherent theory, under a variety

of conditions that will elucidate the effects ~f various properties

of the medium on ptll~~propagation, with an emphasis on those

conditions that can be readily tested In the laboratory,
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Previous Experimental Tests

Some years ago several experiments were conducted which

indicated that the pulse shapes obtained from C02 amplifiers were

in substantial agreement with those predicted by coherent

theoretical nndels. 8-10 However, all of thes~ measurements were -

conducted at very low pressures (c 20 torr) with long pulses

(> 25 ns). Thus, these tests were made urder conditions in which

the molecules were inhomogeneously broadend, whereas all practical

amplifiers operate in the homogeneously bro?rkned regime. More

recently, Volkin5 found good agreement with theory fur the

prop(lgation of

laser system.

thim the 23-ps

l,U-ns pulses in LASL’S 1900-torr, 0.5-TW Gemiili

However, because the pulsa length was much greater

characteristic time constant (see b~’ , of these

high-pressure amplifiers, this investigation

critical test of the coherent aspects o: the

Gemini system was also complicated by a trip

expanding beams. Finally, In all of the ear

that of Ref. 7) the laser operated at only a

did not provide a

theory. Modeling the

e-pass geometry with

ier experiments ‘except

single wavelength

Atypically, the 10-pm P(20) line], whereas efficient high-power

amplifiers ope:-d[e on multiple w~velenqtnsm Thus, it appears that a

definitive test et’pulse-propagation thsr}ry, as it cpplies to

working high-power C02 amplifiers, has rot yet been performd.

QX!!ZY

The energy levels that are re?evant to tne l(lslngprocess in a

C02 molecule are shmvn lt)Fig. 1.

transition operates between a sing

upper vibrational state and a sing

The Indicated 10-PM P(20)

e rotational sublevel of tile

e rotational level of the loher
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vibrational state. Several time constants, which characterize the

response of the medium, are shown in the figure. T2 (the d-

dephasing time) is the one of greatest interest for descrlb’

coherent effects. When operating In the pressure-broadened

pole

ng

regime

(~ 100 torr’ , T2 is a measure of the width of the rotational .

sublevel. TI is the relaxation time of an individual rotational

level. TR is the tim constant for repumping a particular

rotational level when a reservoir model (in which no AJ selectiwn

rules apply) is assumed. All of the time constants are Inversely

proportional to pressure and also depend on the temperature and

composition (He:N2:C02) of the amplifier gas mix. Empirically,

Tl has been faund to be approximately twice T2. TR is equal

to Tl divided by the partition function for the rotational

sublevel. For a 580-torr amp!ificr under conditions
11 that

pertained inRef. 7, T2 is 83.3 ps, Tl is 172 ps and TR is

2,7 ns.

The computer code that has been used in the present work was

dsveloped by Feldman and described in detail in Refs, 4 and 6. The

following assumptions and approximations were used in the present

calculat~ons:

a.

b,

c,

d,

e.

f.

the semiclassical theory for the Interaction of radiation

and thu medium,

the pulse is an on-resonance plane wave,

repumplng of the rotational levels is described by the

reservoir model,

dipole approximation,

slowly-varyirlg envelope approximation,

the laser pulse is operating on d single line [lO-urnp(20)]

and has a uniform spa+lal dl$tributlon.
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Results

For pedagogical purposes it is useful to first consider how

rectangular phl:es would propagate through the gain mdium, even

though such pulses can rarely be observed in practice. Several

special cases involving rectangular pulses permit analytic solutidns

to the fully coherent theory; and, thus, significant insight into

the effect of the medium on output pulse shapes may be gained.

The first case considered was that of small-signal propagation

(wherein no saturation occurr) for a rectangular pulse. This is

shown in Fig. 2 for the con7 !tlons described above with gL=5. lt is

seen that the output pu-l:ehas relatively long rise and fall times

that a}e approximately equal to gLT2 and gLT2/2, respectively.

Crisp
12 has publisheci a theoretical study of the propagation of

step-function signals in which he showed that an analytic solution

could be ubtained in the small-signal regime. The solid points in

Fig. 2 are the predictions of this analy:ic solution (a ~traight-

forward extension of Crisp’s work was required to include the

f~lltime domain), and It is seen that they ~gree well with the

computer code.

Figure 3 depicts the output expected for a F;qh-intensity

rectangular input pulse that heavily saturates the amplifier. 1he

sinusoidal osc nations typ{cal of optical nutations are seen to

develop, 1.3 and at tires the output intensity falls below the

Input intensity, corresponding to the existence of a negative

popul~ticn inversion in the mdlum. Although the oscillations damp

out, their period remains constant, and for the case shown Is

determll~ed by thu Ilabi frequency thct corresponds to the Input
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intensity. The risetime and width (Fldtf4)of the first peak are 18

anq 52 ps, respectively. Thus, one concludes from this analysis

that it should he possible to amplify pulses whose widths are

shorter than the T2 time of the medium! For example, under the

cimditions of Fig. 3, an input pulse

could have been used effectively.

The conditions of Fig. 2, while “

be of much practical

(1.2 GW/cm2) and the.

amplifier. A number

with a duration ~f -80ps ●

nstruct!ve, vmuld generally not

interest because of the high input intensity

modest gain-length product (gL=5) of the

of cases using larger values of gL and much

lower input intensities have also bee,lstudied. These exhibit the

same general characteristics that appear in Fig. 3, except that the

output pulse ter:dsto develop a substa~tial “tail” after the input

is terminated, This phenomenon is related to the decay time shown

in the small-sigr,al case (Fig. 2), and the magrlitude of the tail is

a function of gL. For a l-MW/cm2 rec’mgular input with a gL of

20, a peak output intensity of - 1.7 GW/cm2 is obtained. The

risetime and widkh of the initial output peak are 45 and 61 ps.

Thus, significant short-pulse amplification (;Jfactor of 1700 in

intensity) should be obtained with a practical one-atmosphere system.

An analytic solution for optical nutations exists for hlgh-

intensity rectangular input pulses3 in the special case in which

tl,nl scales are nwch shorter than T2 and TI and in which the

output oscillations dre a small perturbation on the input. Several

such analytic tes: cases have been compared with the present

computer cod~. In ge~leral the outputs of the code are In reasonably

good agrwnent (within 5S) with the analytic predictions over the
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first optical cycle. The discrepancy increases somewhat on

succeeding cycles. The source of this small discrepancy is still

under investigation (it may be a real physical effect).

Nevertheless, there appear to be no serious numerical problems

/“bugs”) in the code over the domain of the first peak, which is the\

region of primary interest in the present work.

The present analysis ignores the existence of magnetic sublevel~

within each rotational level of the C02 nmlecule. A “single”

rotational transition actually represents an average over these many

sublevels, and one might expect intuitively that this averaging

would wash out the coherent effects illustrated in Fig. 3. In fact,

a rmre complete analysis predicts that this does not occur. For the

case shown in Fig. 3, predictions of the present code have been

13comp~red with thos~ of a code that includes magnetic sublevels.

When magnetic sublevels are included, the intensity of the first

peai, in Fig. 3 is reduced by - 10’Zand the subsequent peaks damp out

more rapidly, but the form of the olltput pulse is essentially as

shown in Fig. 3,and the shape of the Gutput pulse over the iirst

cycle (tne domain of primary interest) is quantitativ~ly quite close

to that ot’Fig, 3, in which magnetic levels are ignored. This is in

agreement with the conclusions of two other theoretical studies. 2,14

(If circul~rly Polarized light were be~ng used consideration of the

14
magnetic levels would be mre ilnport,mt, )

Short sin2(t/~) Input Pulses

To investlqdte the effects of the medium on propagation in a

mre practical case. the amplification of very short pulses with a

sine-squared temporal shape was studied, using pulses with an 89-ps
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risetirne and a 150-ps width. This pulse shape was selected because

it clcsely

using fast

parameters

approximates those that have been experimentally obtained

electrooptic Pockels-cell switches.
15

The amplifier

were the same as those listed above. Note that the

risetim of the pulse was equal to the T2 of the medium. .

Results for small-signal amplification are shown in Fig. 4. It

is seen that both the risetime and width of the output pulse

increase significantly (to 129 and 237 ps, respectively). The

output peak intensity reaches only 23% of its small-signal va’ue.

Thus, the pJlse is severely “bandwidth” limited, and initially it

does not appear that a one-atmosphere system can amplify such short

pulses very effectively.

However, as the medium is driven mre heavily into saturation,

coherent effects dominate and useful amplification cdn be achieved.

Figure 5 depicts the output predicted for a gL of 30 with a

l-MW/cm2 Sin2(t/T) input. The risetime and width of the ma

pulse decrease to 34 and 44 ps, and a peak output power of

3.2 GW/cm2 is obtained, which represents a power amplificat

n

on of

3200. A substantial tail (whose magnitude depends on gL) d~velops,

but for many applications this wuld not be important.

Discussion

lhe factor-of-two discrepancy between the earlier experinwnt7

and theoretical calculation remains unexplained. Further

theoretical study will be performd to address this question,

Specifically, the serlsitlvityof output pulse shapes to variations

In the values for the T2 and T1 tin constants rm:t he

considered. (Perhaps the experimental values for these parameters
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are not as accurate as previously thought.) The effects of

multi line propagation have not been investigated in this wok,

although, of course. they were included in the calculations of

Ref. 7.

For a limited number of test cases, the predictions of the .

coherent pulse-propagation code are in essential agreement with

those of analytic solutions in the domains of interest. Ttiesource

of som modest discrepancies is under continued investigation.

It is recommended that a precise experimental test of the

coherent theory (including a comparison of temporal pulse shapes) be

undertaken. It seems desirable for tl,isto employ a 100-torr

amplifier, for which the pressure is sufficiently high so as to be

in the hormgeneously broadened regime, but low enough so that the

interesting coherent temporal effects can be reliably measured with

existing detectors (T2 would be - 500 ps). In general, the

temporal shape of amplifier output pulses is quite sensitive to the

exact shape of the leading edge of the input pulse. Hence, it will

be essential to measure the input pulse shape very accurately in

experiments whose purpose is to test the theory.

Propagation of pulses thro~gh C02 amplifiers under a variety

of different conditions is being studied and these results will be

published elsewhere.

It has been shown

Conclusions—

theoretically that coherent effects permit the

amplification of shmt C02 laser pulses. who~e widths are

approximately equal to the T2 time constant of the amplifying

medium. Although such amplification is not efficient from an e~ergy
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standpoint (only a small fraction of the stored energy is

extracted), high peak powers and fast risetimes (which are often the

parameters of primary interest) can be achievr~,
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Vibrational and rotational energy levels of the COZ

molecule. The 10-vm P(20) laser transition is

indicated.

Amplification of small-signdl

gL=5 . Input intensity is 0.1

psm Dashed line is the input

rectangular p(”’se for.

W/cm2; T2 Is 83.3

pulse; solid line is the

output predicted by the computer code; points are the

predictions of an analytic soluticn to the theory.

Amplification of a large-signal rectangular input

pulse. Dashed line is the input pulse.

Small-signal amplification of a short slnz(t/~)

pulse, Input pulse has a width of 150 ps with a peak

intensity of 0,1 W/cm2, Peak output intensity

reaches orlv 23% of the full “small-signal” (egL)

value. Output pulse width is 237 p~. T2 Is 63.3 ps.

High-gain amplification of a short sin2(t/T) pulse.

,.



CO, LASER LEVELS
.

‘001-LEVEL

J=21
AT; Am= 2,,,

19

17

Y T,

100-LEVEL

18

T*~ lip
T,=2T

2,

FOR: P= 580 TORR

Tz = 03 Ps

TR= 2.7NsT,= 172 PS



RECTANGULAR PULSE

SMALL— SIGNAL: $fi 0.1 W/cm2
T2= 83.3 PS T,= 172ps -

gL=5°

-r—.—
l-I,NegL
I

-1

——— —

/’-7
I

-1
I
I

-1

I
I

-1

I
-1

I
I

‘1
I

ps

I
I

\

~ 9 LT2

I
2

I

I
I
I

I
L —.— —.

L1 I I I !+!~
O 0.2 0.4 006 0.8 0 0.2 04 0.6

TIME ins)

rig, 2



3

2

1

RECTRNGULRR PULSE
.

4

gL=5

I
IN

= 1.2 GW/cm2

——— — —

I 1 I I

.2 .4 .6 .9

TIME (ns)

Fly. 3



3

2

I

o

150-ps SlN2(t/~)

SMALL–SIGNAL; I;N 0.1 W/cm2

~{ I,NegL = 0.23 ~
FWHM: Tou/~~= 1,6

/

/

/

I
I
I
I
I
I
I

I
I
I
\
b

\

.

0 200 400 600

TIME (Ps)

I’lg.4



.

n

150-DS SlN2(t/r)
I

3

2

I

o

\

\

\

\

\

\

\

\

\

\

gL=30

MWcnI=
IN

,0

T

200 400

ME(ps)


