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Abstract

The performance characteristics of single pass and multipass
storage laser amplifiers are presented and compared. The effects of
the multipass amplifier parameters on the extraction characteristics
are examined. For a wide range of conditions the multipass

Ve
amplifier is fund to provide high energy gain and high efficiency
simultaneously. This is a significant advantage over the single
pass laser amplifier. Finally, three specific storage laser
amplifier systems, flashlamp pumped V:MgFZ, XeF laser pumped
Tm:Glass, and photolytically pumped Se1€h;,% are examined. The

performance charcteristics for each of the three systems are

calculated and compared.

I. Introducticn

Highly efficient short pulse high power Yasers have many
potential applications, inc¢ uding laser fusion drivers. One
technique for achieving irigh pewers in short pulses is to use a
storage Taser amplifier. A storage laser amplifier uses a laser
medium with a Tong lived upper laser level. The upper laser level
can accumulate energy from a pumping source over a relatively long
time, This stored energy is then extracted by stimulated emission
over a relatively short time. Examples of such storage laser media
are Nd:YAG, Nd:Glass, V:Mng, Tm:Glass, COZ, and Group VI media
(e.g. Sulfé: and Selenium).

The single pass amplifier system depicted in figure 1 (top) is
the simplest approach to amplifying a laser 1ight pulse. The Taser
beam is passed once thr;ugh the laser medium. The beam is amplified

as it extracts energy stored in the medjum's upper Vaser level. The
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single pass amplifier performance is Jimited in that it cannot
simultaneously provide high energy gain and high efficiency. Under
certain conditions these 1imitations can be overcome by using a

multipass system such as the one depicted in the lower part of

figure 1.

In this paper a single pass amplifier will be investigated first

using the Frantz-Nodvik theory of short pulse laser

amp]ification.l’z The multipass system will then be treated by
sequentially applying the single pass extraction equations for each
extraction pass. In order to find the gain for each extraction, the
changes occurring in the Taser medium and in the laser beem fluence
between extraction passes are determined using a simple three level
Taser kinetics model. The single pass and multipass results are
compared to determine when 2 multipass system has an advantage over
the single pass amplifier. The effects of the variation of
different medium and syster parameters on amplifier performance are
then discussed, Finally szveral specific storage amplifier systems

which are candidates for laser fusion drivers are discussed.



I1. Single Pass Extraction

In this section the extraction characteristics of a single pass
amplifier are considered. The analysis to calculate the single pass
extraction performance characteristics is developed, For practical
systems the pulse Tength and extraction period are generally short
compared with the upper and lower level ertimes,'\’2 and 1;?\
respectively. This condition on the Tower level lifetime is called
"bottlenacked" extraction. For this period then the only changes in
the upper and Tower laser level populations, fy and My, dre due
to the stimuiated transitions induced by the photon field of the
laser beam, The rate equations for the populations of the two laser

Tevels and the photon field become:
(t/e) OT/ot + D2/D2 = dT/dz > T
(A1)

Awd

Do )f = -« I/I]) (A2)

where the laser beam propagation is in the z direction and T is the

intensity of the laser light. The gain coefficient, o¢, is defined

o 3 a—[m,_-— (21/;1)“:]) (A3)

where §7is the cross section for stimulated emission and qz/gl
is the upper to lower level degeneracy ratio. The amplifier medium

loss is generally negligible. The saturation f]uench is defined as:
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where hY is the energy of the laser photon. Eqns. (A1) and (A2) can

be solved to give:

M= Lm [enp ( S::t,(f,_)JZ) ferp(R/) -1+ 1] (35)

In this equation [?Fis the laser pulse energy fluence and is

defined as:

20

me= S I(z,'t)el'f_ (16)

—o‘

Pi and 10 are the input and output flvences respectively., The
small signal gain coefficient,cﬂo, in the gain-length integral is
the gain immediately prior o extraction and is evaluated at the
time te of extraction.l’2

The output fluence thus depends only on the input fluence
normalized by the saturation fluence and on the integral of the gain
along the amplifier axis. It does not depend on the specific

distribution of the gain along the amplifier axis.

Equation (A5) for the output fluence has two 1imiting forms:

T v
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For small input fluences relative to the saturation fluence, the
output fluence depends exponentially on the gain-length integral,

At large relative input fluences the output fluence depends linearly
on the gain-length integral. This behavior can be seen in figure 2,
which is a graph of equation (A5) for several possible values of the
gain length integral.

The laser beam energy exiraction efficiency is defined as:

Ceut T (M-P1) /6L, (1)

where L is the amplifier i=ngth and Ep is the pump energy density

deposited in the upper laser level., Eqn. (A9) can be rewritten as '
Ce g™ (PN I'“/.’g)/ [:( 1+ 3:{?,) (-(.L);J \ (A10)

where GiDL)M is the maximum possible gain-length integral for a

given pump energy density, ramely,

ér,L)H = (:r/l.v) E‘,L z EFL/L_Q (|+Jz/9.)], (AT1)

Egn. (A10) for the extraction efficiency has the following limiting

forms:
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Efficient extraction only occurs at input fluences comparable to :
or greater than the saturation fluence. For all values of input i
fluence a larger value of the gain-length integral will result in a '
larger efficiency for & givenf‘i/f;. This effect of the
gain-length on efficiency becomes less pronounced at higher input
fluences. The factor St-(odz/G#DL)M iﬂﬁ;he limiting
efficiency, eqn. (A13), represents the loss due to the deplstion in
the gain prior to extraction. This depletion is caused by decey
from the upper level population during the finite time period in
which the pump energy is ceposited in the upper laser levei. This
effect will be jnvestigated during the discussion of the multipass
system. To focus attention on the extraction period itself for now
St-(odz will be considered equal to (o{oL]M. Then there is
no decay from the upper level and no population in the Tower level,
The extraction efficiency for such a single pass is plotted in

figure 3 as a function of input fluence. At Targe input fluence the



efficiency is limited to the value ﬂ/(] + gzlg]) because the net
gain E:ig5g¢§zro when n2/92 = n]/g]. The efficiency is thus
very sensitive to the degeneracy ratio as shown in egn. (A13). If
the extraction period is long compared with the Tower level
1ifetime,'TT, the extraction is said to be “unbottlenecked". In
this case the above analysis is still valid, but a zero degeneracy
ratio should be used for extraction since the lawer level population
will not live long enough to infiuence the extraction. The
extraction efficiency then will not be so sensitive to the real
degeneracy ratio.

Figure 3 shows that the extraction efficiency for a single pass
amplifier falls rapidly from unity with decreasing
Pi/f; ( H/T§ ¢ 1). Tiwe reason for this reduced efficiency
is demonstrated in figure £, which shows the general behavior of the

energy extracted per unit volume, E_ . along the length of a laser

ext
amplifier for a small input laser 1igh: pulse. Initially the light
pulse is in the small signal regime and experiences exponential
growth. Since the amplified pulse is still small compared with the
saturation fluence, it has not extracted a significant portion of
the energy stored in the upper laser level. As the pulse is
amplified it becomes large enough that it is extracting most of the
stored upper level popuiation. The curve of extracted energy
density now approaches the availabie stored energy density. The
energy remaining in the form of an upper laser Tevel population
after the passage of the extracting laser pulse represents
urextracted energy and therefore producefa decrease in extraction
efficiency. In fig. 4 the area between the horizontal line

Eext/Ep =1 and the extracted energy curve represents the energy




" left in the amplifier after the extraction process. This area is
shaded for the'1i/'2 = 0,1 curve. 1In the small signal regime

the pulse amplification is high, but the extraction efficiency is
Yow. In the saturated regime the pulse amplification is Tow, but
the extraction efficiency high. So the single p?ss amplifier can
provide high energy gain at low extraction efficiency in the
exponential growth regime. Alternatively it can provide high
extraction efficiency with low energy gain in the saturated
extractior regime, But it cannot obtain both high energy gain and
high extraction efficiency simultaneously. Efficient extraction
begins to occur for input fluence values comparable to a saturation
fluence,

IT1. Multipass Extraction

These 1imitations of the single pass amplifier can be overcome
by using multipass extraction as illustrated in fig. 1. In such an
approach a small input fluence is amplified in the exponential gain
regime, and the resultinz cutput pulse returnad into the same
medium. The returned pulsz has sufficient fluence to extract that
part of the stored energy remaining after the first extraction
pass. High energy gain can then be realized with a higher

extraction efficiency than is possible from a single pass amplifier.

"y
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In order to analyze the multipass amplifier system it is only

necessary to repeat the extraction calculation for p°/r; for

each extraction pass using the appropriate values for Pi/I; and

the gain~-length integral. The appropriate input fluence value for
the nth extraction pass is the output fluence of-the previous
extraction pass reduced by the optical 105%9( during the turnaround

time, namely,

n A= (e, 5/ n#) (a1a)

vhere T is the optical transmission coefficient. The subsuript n on
a quantity indicates its vaiue prior to or during the n¥th
extraction pass.The value of the gain-length integral to he used in
the nth extraction calculation will depend on the prior changes that
have taken place in the two laser level populations, n and nis

and is given by

§oon 1042 = L an 002 ~(p) § 1) 00 2

These changes have occurred during the pumped period, during
previous extraction passes, and during the optical turnaround time
between previous extraction passes. The changes in the populations

during an extraction pass are proportional to the energy extracted:

. - .
A§nd2 == 88 Mande () /b, 09

Figure 5 illustrates the model used in analyzing the laser

medium. The cross section for stimulated emission between the upper



and lower excited states is &7 Tha population in the unper state,
Ny, is also depleted by nonstimulated transitions which may be
collisional or radiative. The total rate of depletion of the upper
aser level, "2""2’ is characterized by a lifetime,T,. A
fraction, f2] of this upper state decsy adds tu the lower laser
Tevel populatiom, M and the rem~-nder decays to unrelated
states. The 16wer state is also characterized by a lifetimeT",
and.the total rate of depletion of the lower laser level is

n]ﬁTi.

During the pumping time,”rp, the upper laser level is
populated by some form of energy deposition, e.q, flashlamp or laser
light pumping in the case of most solid state lasers, photolytic
bleaching-way? pumping in the case of the group VI lasers, and
collisional pump®ng in the case of the CO2 laser. The volymetric
pump rate Rp is EPITb and is assumed constant for time'rp.

The rate of change in th2 vzz2r level population due to decay and
pumping is governed by:

dn, Zdt = p’\p" n,/m A7)

The rate of change of the lower laser level population is determined

by |

dn /dt = S A - nl/l‘\\ (/-‘\-9)



(A18)

Equations (A17) and (AI8) are subject to the initial conditions that
the two levels are unpopulated at t = 0 in the pumping period. -

Under tihese conditions aquations (A17) and (R18) have the solutions

M. ()= (Er 1) (. £ "“P) [1- exp (- /Ej_] (426)
n, ('r‘,)= ('Cu Ep /h‘-’)(’h/i‘p) D - Q.rp(:l?/‘f;_)'r‘_ /('I;_—'\\,)

(A21)
v exp (T A7 /(o)

except when‘?i ='T}. In thiz case n is given by
Ylu("‘ﬂ = (‘Fz_l E-P /L\V) ETT /"I‘P - exP (—-’l\?/’r‘) —-(}T/q\?‘ C(’; 2()*7’, /’]‘;ﬂ

During the optical turnz-ound time‘T} the decay of the two
laser levels has the same form as during the pumping time, but thera
is now no pumping of the upper level. Equations (A17) and (A18)
still describe " and n, if Rp is set equal to‘zero. Now the
initial conditions are determined by past changes in the laser level
population§ The initial values of n; and n, are constants
determined by the values of ny and n, after the previous
extraction. Under these conditions equations (A17) and (A18) have

the solutions:

M (13427 M (1y20d 2 e (2/73)

£
L \g . '
i M2 X 992 [enpas) - oy

L
xR /() - Sonm (=002 exp (- Tr/'r,)

{A25)



where ')’ ('; ny 0z becomes

o (1) 422 &, S:nm (%9 d2 (%A explh por) /1)

[
+ So R (=042 exp (/)
when’T} ='Té.

Eqn. {(A16) is used to calculate the values of Sthn(r}=0)dz

and Stﬂln('l‘iso) in terms of the known value before the

previous extraction. Eqns, (A25), (A26), and (A27) are used in egn.
(A15) to calculate the gain-length integral prior to extraction.

The gain-length integral value 1§Tused in eqn. (A5) to calculate the

output fluence. +hea

V. Results of Multipass Extraction Analysis

The multipass aralysic dascribed in section [10 was applied to
several hypethetical sy.t:s. Different combinatiops of paramster
values were used in order t~ highlight their effects on the
performance characteristic:. Figs. 6 to 11 show the results of this

analysis.
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A, Multipass Extraction Characteristics

In this section the dependence of the mulilpass amplifier

performance on the amplifier gain, the medium degeneracy, the laser
Tevel relaxation characteristics, and the number of extraction
passes will be specifically examined. To ii;ustr;te consider the
fig. £, consisting of 3 sets of curves labeled "A", "B", and “C"
respectively. The set of curves Yabeled “A" are plots of rormalized
output fluer-e for each of & total of & extraction passes, and the
sets labeled "B8" and "“{" are plots of the cumulative extraction
efficiency,

Cext = (M- W‘)/(EPL) (A28)

for each of th2 % passes. A°° the curves in fig. 7 are plots of
cumulative extraction efficiency, A1l of these curves in figs. 6 and
7 are plotted against input {iuence normalized to the saturatioa
fluence. The parameters for pump time, optical turmaround time,
f2], and degeneracy ratio wara made equal to zero in the figure 6
calcutations in order to isolate the effects of optical loss.

The curves for the first extraction pass in figure 6 correspond
to the ngodz = 4 curves for the single pass amplifier ir
figures 2 and 3, Figura 6A illustrates the increase in extracted
energy possible by utitizing more than one extraction pass. This
advantage is most dramatic for the lower input fluences. At inputs
higher than a saturation fluence the output curves for different
mumbers of passes become almost indistinguishable on this scale.
This is because an input fluence greater than a saturation \lusie

will extract a significant portion of the stored energy on the first
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pass. In addition, the input fluence itself is a major part of the
resultiig output fluence. Differences in performance
characteristics for different numbers of passes are more apparent
from the ex“raction efficiency curves in figure 6 B. Figure 6B
shows that there are clearly defined ranges where a specific number
of extraction passes is optimum in terms of effici;ncy and output
fluence. These results show that for input fluences less than a
saturation fluence twc or more extraction passes are favored over a
single pass. However, operating a multipasc system with more
extraction passes than the optimum number can be heavily penalized
in efficiency due to the increased optical losses to the high
fluence beam between passes. This can be seen by compaéing the
efficiencies for different numbers of extraction passes in figs. 68
or 6C. The penalty for opzreting with too many extraction passes is
especially true forl‘ilfg » 1, where for these conditions the
single pess emplifier is hickly favored. Too few passes will not
extract the stored energy efiiciently. Too many passes will incur
heavy optical losses. Of course any specific system will be
designed considering a tradecff between the greater efficiency of
operating with the optimum number of passes against the added costs
of the optical and system elements to provide each additional
extraction pass. For this purpose a separaie calculation must be

made for the specific system being considered.
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As seen by comparing fig. 6B with fig. 60, increasing the

optical losses between passes by 10 percent decreases the extraction
efficiency for the multipass system by roughly 10 percent, This is
understandable because the higher optical loss puts greater
penalties on each additional pass. For the same reason, the penally
o operating with too many passes increases substantially.

The purpose of the efficiency curves in figure 7 is to
demonstrate the effects of the degeneracy ratio and gain recovery on
the multipass system efficiency. To isolate these effects, the pump
time and f2] are set equal to zzro. The efficiency curves in
figure 7A i1lustrate the dramatic effect of the degeneracy ratio in
reducing efficiency for bottlenacked extraction. When T]/r2< 1
the lower level will relax faster than the upper level. In this
case the gain will actually inz-ease or "recover" during the
turnaround time. The efficiency curves in figure 7B are for an
example of such gain recovery, where some of the efficiency which
would be Tost due to the modarate value of degeneracy ratio is
regainad guring an appruprigte optical turnarcund time. Fig. 7B
shows that a multipass system with gain recovery is favored over a
single pass system for inputs up to nearly 10 saturation fluences.
This is considerably higher than for the systems without gain
recovery. It certainly includes the entire input range of practical
interest. This recovery does not continue indefinitely. Eventually
the lower level will be effectively relaxed and additional time will
on.y deplete the upper level and thus the gain. Where gain recovery
is possible there is an optimum value of the turnaround time which
will maximize the gain. It can be calculated from eqns. {A15),

{A25), and {A26) by setting the time derivative of the gain equal to




“ zero. Because of its appearance in eguation (A3), the expression
for gain, equattom—{A3), increasing the degeneracy ratio exaggerates
any effects which depend on the behavior of the Tower laser level
population, including gain recovery during the turnaround time or
gain degradation during the turnaround time or the pump time,

The efficiency curves in figure 7 are for an GaoL)M value of
1.5 while those in figure 6 are for a value of 4. A comparison then
of the curves in figure 68 with the tap curves in figure 78
illustrates the effects of 6{0L)M variatien. The higher value
of &xbL)M, due to a greater pump energy deposition, will result
in higher values of gain throughout the multipass extraction
operation. The higher gain will recult in smaller input fluences
being amplified into the saturatad extraction regime. As shown by
comparing figs. 6B and 7A the efficiency curve for any extraction
pass will then be broader for tho higher value of GN%L)H. R
comparison of figs, 68 and 7A 2730 shows that the value of input
fluence for which single pass cstraction becomes more efficient than
multipass extraction is affected only slightly by the change in
6x;L)M'

During the pump t»-e the upper level population increases from
zero until the loss rate, n2/1§, equals the pumping rate Rp.

The Tower Tevel population 2lso approaches a steady value when the



9
loss rate, n1/11, equals the rate of increase from upper level

decay, fZl"ZfTi' Depending on the specific values of

92/91”r1/75' and f21 the gain may rise monotonically to a

steady value or it may have a maximum, Using a pumping time which
produces as high a gain as possible will produce the 5ighest output -
fluence from the subsequent extraction, However, the upper level is

decaying during the entire pumping time. Therefore a tradeoff must

be made between efficiency and output fluence in selecting a pumping
time. The pumping rate will depend on the capacity of the pump
technology and a2ny limits to the pumping powej?or damage
considerations. The total energy density deposited is then this
Timiting pump rate times the optimized pump time, For some systems
it may be necessary to limi* the total deposited energy density to 2
smaller value determined by other damage criteria. In this case the
shortest possible pump time to ceposit this energy density will
produce the greatest efficiency and the greztest output fluence.

In general the shorter the 1ifetime of the Jower state compared with
the lifetime of the upper state, the Tess lower state population
will accumulate to degrade the gain. Where the degeneracy ratio is
zero, the lifetime -atio will not matter. But for nonzero

gzlg], smaller values of the lifetime ratio will lead to better

amplifier performance.

B. Optimum Extraction Efficiency Profiles

As discussed in the previous section there are a large number of
paremeters which affect the multipass amplifier system performance
characteristics. These parameters interact in a complex manner, and

each may cause significant effects on the performance
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characteristics = different ranges of parameter values. For this
reason, one can't identify@%‘:lg or two parameters which dominate
the system performance., It is possible however to form some
qualitative and semi-quantitative conclusions regarding the tradeoff
of the parameters, The form of the extraction equation‘and the
expressions governing the level populations lend themsélves toa
reduction of the parameter space into a minimum set of key ratios
and nondimensional quantities: F/f's,q'T/Té, ’T'p/T’,

T/, 9/9), &llys foys and T, In figures which

follow, 7]/15 vs g,/q; and (<>cOL)M Vs go/g; vere

chosen as pairs of key parameters to form 2 dimensional parmeter
spaces in which to plot efficiency profiles. A set of cptimistic
but reasonable values for the remaining paraieters were chosen, with
some variaticn within a figure end between figures to illustrate
important parameter effects, The paramster F;/f; was limited

to values of 1072 since multipass configurations are most useful

at lower initial input fluences. The maximum number of extraction
passes which can be made is a system limitation thut will be
different in each case. Jt-was canarallyassumed-to-be—f—For—this—
paper— The highest efficiencies for up to 6 passes were plotted in

these profiles.
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In considering a multipass amplifier the designer is frequently

faced with selecting a candidate laser medium. At this point in the
syctem design process attention is focused on the medium '

characteristics, 92/91,‘T]/15, and f,,, rather than system

parameters. Figures 8 and 9 are plots of efficiency prafiles in . ‘
ﬂj/TE - gzlg] space to facilitate medium selection

considerations. These figures show that efficiency reguirements i
divide the T&/Té - 92/91 plane into fairly restrictive l
regions. ANs an example consider the system depicted by the solid

curves in fig. 8. To achieve an extraction efficiency greater than

0.5 either the lifetime ratio must be less than 0.15 or the

degeneracy ratio must be less ithan 0.6. For less optimistic system

parameter values or for nonzero f21, as illustrated in the other

profiles in figs. 8 and 9, this bounding value of'rifré or |
9,/9 is even more tight]yﬁ;:;trained. As depicted in fig,

8 __JQL___ became fairly insensitivz to the degeneracy ratio for
(EZEFEEEion efficiencies greater tha;‘§25>va1ues greater than 0.6 and

highly inzensitive to the 1ifetim ratio for values above 0.15. For
larger lifetime ratios the Jower level 1ifetime has become greater
than the time durinﬁjﬁich there is a significant upper level
population. Then there is insignificant decay of the lower level,
Fufhter increases in Tower Tevel 1ifetime can have no effect on the
gain and therefore none on the efficiency. Conversely the
‘insensitivity to the degeneracy ratio is physically due to gain
'Eecovery counteracting the degeneracy ratio's constraint on
extraction. A small decrease in Vifetime ratio will have a large
influence on the gain recovery. It will thus counterbalance large

increases in the degeneracy ratio, and the extraction efficiency



will lack sensitivity to gzlg].

In optimizing a system design the various systems parameters
must te traded off against each other. Figures 10 and 11 were
included to facilitate this process. In figures 10 and 11
efficiency profiles are plotted in @*OL)M - 9,/ space to
examine how the amount of pumping trades off against othér system
parameters. For a multipass system limited to 6 extraction passes
and with reasonable optical 10S$ between passes @xoL)M must be
above 1 for the efficiency to be above 0.5. For (“BL)M betwaen
1 and 2 the extraction efficiency is relatively insensitive to
variation in g,/q; compared with variatior in (e¢L)y. For
&*bL)M above 2 the extraction efficiency becomes more sensitive
to variation in gz/g] then the variation in (‘%L)M' The
same genera) conclusions are reachad if 15/?5 is paired with

%xbL)M to produce a set of profilas.

For example consider the situation when the deseneracy ratio is
zero, Then the Yower level populatian has no effect on the
extraction characteristics, The enargy stored in the upper laser
level will be depleted by the laser beam extraction and by the upper
Tevel decay during each turnaround time period. And with each
additional extraction pass optical loss depletes the energy from the

laser beam. A higher value of L*OL)m will result in a higher

The characteristic shape of these curves is due to the rapidly

diminishing effect of (®,L)y on the extraction efficiency. e

———
———
———
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amplification of the laser beam, as discussed in Section. II. This

will reduce the number of passes required to amplify the beam into
the saturated extraction regime of efficient extraction. Fewer
extraction passes result in smaller optical los§es and upper Tevel
decay. Thus a given portion of the stored energy can be extracted
with higher efficiency for a higher &*Ol)m;\4ZEe number of
extraction passes required to achieve a given amplification is
approximately inversely proportional to the é%n-]ength. So the
increase in efficiency with increased (qu)mhngjnishes quickly
as (dbL)m.Eﬁﬁ??es large. This is especially true when the total
number of extraction passes becomes very small.

If the degeneracy rztio increases, the 1/(1 + 92/91) factor
in the extraction efficiency causes a strong decrease in

efficiency. To maintain ths same efficiency along a constant

must increase at a nonlinear rate with
Ko
te degensracy, as shown in figures 10 and 11, As fxoL)m besymes
~ _c'

large it must increase at an extreme rate to maintin a given value

efficiency profile é{oL)

of efficiency.

If the optical loss and losses due to upper level decay are
negligible, the afficiency profiles in figures 10 and 11 would
approach limits of constant values of 92/91' These limits can

be calculated from (92/91) = (1 -&)/&, where € is the

limit
efficiency of a given profile. For example these limits are

g?/g1 =1 for the 0.5 efficiency profile and 0.429 for the 0.7
profile, When the optical and decay Tosse. are nonzero, these

constant degeneracy 1imits will decrease. On the other hand gain

recovery can cause the limits to increase. For the conditions

represented by the solid 1ines in figure 10 the 0.5 profile reaches



a limit of greater than 1 due to gain recavery. But since gain
recovery diminishes for smaller degemeracy ratio, the 0.7 profile
imit is less than 0.429,(9},;_,_4\;5; losses have deereased 1t

V. Performance Characteristics of Specific Multipass Amplifier

Systems
In order to evaluate any specific multipass system a specific

calculation of output fluence and extraction efficiency, as
discussed in Sectien III, must be performed. Figures 12 through 15
are examples of such calculations made for specific systems which
have been considered as laser fusion candidates,

In analyzing real systems the extraction may rot be unifor
across the amplifier cross section as assumed in the amalysis in
sections IT and III. This nonuniformity is typically due to the
extiracting laser beam having a nonuniform cross sectional profile or
to the erergy deposition b2ing nonuniform during the pumping
process. These nonuniformities can be handled by dividing the
amplifier cross section i:t> small elements, each of which has an
approximately uniform erdss sectional profile. The final output
fluences are then averaged over all the cross sectional elements.

nonum‘formity along the amplifier axis will be
integrated out in the gain-length integral. The example
calculations in figures 12-15 have taker these nonuniformities into

account when appropirate.
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Figures 12 and 13 piot extraction efficiency and output fluence

against input fluence for a V:MgF2 medium with a nonuniform
extracting pulse profi‘.e.3 At a moderate level of pumping,
letol) = 2, the V:MgF. system can deliver output fluences

0 "v.e 4 -
exceeding nominal damage 1imits with 0.7 extraction efficiency for
~easonable input fluences and with 4 or fewer extraction passes.
The Tm:Glass system in figure 14,3 on the other hind is limited to
Tess than 0.5 extraction efficiency for similar input fluences and

the Selenium {Group VI) system in figure 152’4

produces only
slightly greater than 0.5 efficiency even though it has a larger
Jain-length product, QxOLBm‘:Lik The disparity in these system
performances can be attributed primarily to differences in their
medium characteristics. Tha V:Mng system is phonon terminated,
which means that the Tower l2vel lifetime is essentially zero and
the degeneracy ratio is zerc to account for the completely
unbottlenecked extraction, The Tm:Glass system has a degeneracy
ratio of approximately 0.55 and a laser level lifetime ratidh\)
“Ti/Té)Of 25. For the Selenium system the degeneracy ratio is

0.75 and the lifetime ratio is approximately 0.2. Locating these
points in the parameter space of figure 8 and 9 shows that the
V:MgFZ system is capable of greater than 0.7 extraction efficiency
(for a uniform beam profile) while the Selenium and Tm:Glass systems

are near the 0.5 efficiency profile only for the more optimistic

system parameters.

VI. Summary
This paper has examined laser amplifier extraction from a

storage medium. Two general approaches were considered: a single



pass amplification of the laser beam and a multipass amplifier
system where the laser beam is returned through the medium for
additional extraction one or more times following the initial pass.
The multipass technique provides the opportunity to extract energy
from upper laser level states missed during che first pass. For
this reason it has the significant advantage over.the single pass
amplifier of providing high energy gain and high extraction
efficiency sim:1taneously for a wide range of parameter values.

~yFer—aite TanyEof~practrer—vatues—of-smphifier—penamatersy the
2e~mn 'c‘{v

mu1tipass amplifie~ configuration i ,favored when the input fluence

J

is less than a saturation fluence. Multipass amplifier systems with
significant gain recovery can be superior to a siéé]e pass amplifier
for a1l values of input fluence of practical interest. Multipass
perrormance characteristics cepend on the modiua and system

parameters through their in“iuance on the input fluence to each

extraction pass and on the gzin-length integral, Optical losses

between passes reduce efficizacy and can heavily penalize systens
using too many extraction passes. During the purn time or bzwtesen
passas decay of the energy stored in the upper laser level will

decrease the gain-length integral and therefore the efficiency of

extraction.

Wlneu theae 1y o ?A.u Re covir
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For bottlenecked extraction without gain recovery a nonzero

legeneracy ratio wilt Timit the extraction process and hence the
xtraction efficiency. When the lower laser level population decays
aster than the upper level population, gain recovery can remove
ome of this limitation on extraction. Under these conditions there
s an optimum value of optical turnaround time which will produce
he maximum improvement in efficiency.

An increase in E*OL)M due to greater pump energy deposition
i1l improve the efficiency. This improvement diminishes rapidly
ith larger values of &ﬂoL)M.

A given acceptable valuz of extractian efficiency places severe
istrictions on the possiblz2 values of either the degeneracy ratio
* the laser level lifetime rztio. On the other hand the extraction
‘ficiency is insensitive to z large range of values of either the
igeneracy ratio or the lifetims ratio.
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Figure Captions

1. lLaser émplifier Eﬁergy Etraction anfigurations.
2. Single ﬁass Amplifier Berfomance Gharacteristics. Normalized

output fluence is plotted as a function of normalized input

fluence for several values of the gain length integral.

3. Single Rass Enp]ifier ger.‘ormance Gharacteristics. Normalized
extraction efficiency is plotted as a function of normalized

input fluence for several values of the gain-length integral.

4, Single Bass)ﬁnplifier Ber?crﬂance éharacteristics. The fraction
of the pump energy density =ziracted by the laser ber is plotted
as a function of the norm2”“zad position alang the emplifier
axis for several values of the normalized input fluence. The

position is normelized as thz gain-length.

5. Three level laser model for multipass amplifier extraction

analysis.
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6. Performance éharcteristics of alﬂlultipass Auplifier when
(o(ol_)m = 4, T/, = 0.1, and 9579 = T/TE =
VLT 75m =458 Ty = 0. This Figure is divided into
three sets of curves. Set A are normalized output fluence
curves for T = 0.95. Sets B and C are extracti)lon efficiency

curves for T = 0,95 and 0,85 respectively. Each curve is
jdentified with its extraction pass number.

7. Performance éharacteristics of aﬁu]tipass/ﬁnp?ifier when
Pl = 4T = 0.1,75/7; = 0, and £y = 0.

v “Extraction efficiency is plotted as a function of normalized
output fluence. Each curve is identified with its extraction
pass number. The upper set of curves in section A of this

*AS T Tigures R /7 < 0.0 and g,/g; = 0, while the laver
set has 'T%/TE =0 and gy/g; = 1. The set of curves in
section B of this figure@'??ﬂ'z = 0.1 and %/9 = 1.

has
8. Multipass Amplifiery Extraction gficiency grnfﬂes-f-c!‘ whes/
(oLl = 8, Bp/Tp. = 0.25, %ﬁo.os,nﬁr; = 10"‘. Solid
curves are for f_, = 0. Dashed curves are for f‘,_| = 1. Each
curve is identified with its efficiency. Each profile
represents the maximum extraction efficiency achieved in a total
of 6 passes.

MULT| PASS Aﬂ/y,:'ﬁé{

w'
9. Extraction gficiency grofiles for (&, L)M = 2,'?;.'/?',__'»" 0.25,
. -3
'l:l./"ll= 0.05, f,"/[; =10 . Solid curves are for f,, = 0.
Dashed curves are for fz| = 3, Each curve is identified with

its efficiency. Each profile represents the maximum extraction




10. Multipass Ad'np]ifier,( Extraction gficiency grofiles £or wiew
= - - Y1 . 1072 :
T/ = 0.05, U/, = 0.1, o =0, /07 = 107, sodid
curves are for’r}lﬁg‘= 0.25. Dashed curves are for
'Tf/'rL= 0.50. Each curve is identified with its efficiency.
Each profile represents the maximum extraction efficiency

achieved in a total of 6 passes.

—
11. Multipass Amplifierx Extract:on sfficiency grofi’les fon-whea/
- -~ N P .
Ty = 005, A = 0.25, Fy = 1, B = 1070, Solid
curves are for /7y = 0.1. Dashed curves are for Tj/ = 0.3.
Each curve is identified with its efficiency. Each profile
represents the maximum extraction efficiency achieved in 2 total

of 6 passes.

12. Performance Characteristics of 2 '-.':Mng
Fultipass Anplifier

ﬁystem. Extraction efficiency ~: plotted as a function of input
fluence whenlp/ T, = 0.174, T/, = 0, T A= 0, gy/g, = 0,
btg)y = 2.077, T = 0.95 and f,) = 0. Each curve is

identified with its extraction pass number.

i
r
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13. Performance Charcteristics of a V:MgF2 ﬁultipass Amplifier
:gystem. Output fluence is plotted as a function of input
fluence. Each curve is identified with its extraction pass

number.

14. Performance Characteristics of a Tm:GlassﬂHu]tipassl&np]ifier
System. Extraction efficiency is plotted as a function of input
fluence when T5/7; = 0.125, Ty/T, = .025, /Ty = 25,
9;/9,= 0.56, @5!.%4 = 1.88, T = 0.95, and f21 = 0, Each curve

is identified with its extractjon pass numbers.

15. Performance Characteristics of a Selenium (]So—:>3P]q>
ﬁh!tipass Ahp\ifier System. Extraction efficiency is plotted as
a function of input fluence whenTp/P, = 0.1, T3/, = 0.05,
N /17 0.2, 9579y = 075, (L) = 3.0, T =0.95, and
f2] = 0. Each curve is identified with its extraction pass

number.

NOTICE

‘L his teport was prepared as an account of work sponsored by the United
States Government. Neither the United States nor the United States
Department of Energy, nor any of their employees, nor any of theit
contractors, subcontractors, or their ¢mployees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness or usefulness of any information, apparatus,
preduct or process disclosed, or represents that its use would not infringe
privately-owned rights.

Reference to & company or product name docs not imply approval or
recommendation of the product by the University of California or the U.S.
Department of Energy to the exclusion of others that may be suitable.
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