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A Preliminary Analy sis of GD!. Performance

for Short and Long Ikilse o perat ion

The development of a three—dimensional gain code for s v sic m I ’d- r iormance i r ~d I ( 1  tons

has been accomplished . This code , Synthesized Ne odymium Amp i t l i e r  Anal~ sis l’r ograiii

~SNAA P). has been used to predict the operating performance of the t’ n i ’c rslty of Rochester ’s
Glass Development l.ascr (GI)L) . Ln it s present form , the Code essentially traces the propa-
gation of a laser pulse represented by a three—dimensional matrix th rough a given (~~t I C a 1

system .

For the (~DL system a pulse whose spat i a l  and tempora l ~ aei ’t . ’ r .ns ~~cz ’t’ i n i t i a l l ~
gaussian was convolved with a spatially apodizing function and then propagated th rough the
system. The pulse is represented by a matrix (m l fl , j ) . Each mth x ~th x ~th beam ele ment
represents an intensity (w/ cm 2 ) . The code then propagates each such element and operates

on it according to the type and sequence of components . Physica lly there are three types of

optical components :

1. AmplifIers which Include all gain media where passive and reflective
losses are calculated where indicated.

2. Spatial filters where an assumed transfe r function operates on each
beam element and readjusts its Intensity accordi ngly.

3. Attenuators which include all other optical elements such as lenses ,
polarizers , Pockels ’ cells , etc .

In its present form , most calculated parameters including B-integral (both total and

delta B per stage), each intensity (m tt~ x ~th x Jth 1, etc . are stored in arrays for future

calculations or manipulation. A great deal of flexibility and universality has been built

into the code to enable both present and future users ease of modification and an under-
standing of the codes operation .

The Input parameters used for this preliminary analysis appear In Table 1. The

stored ene rgy density profiles for each amplifier are input in the format

E8(r ’) E 1 ‘ E 2 r ’1 ( 1)

The specific gain for several types of Nd :doped glass ( LHG-7 , Q—88 , ED—2 , EV—2 ) are

Implemented In the code and the appropriate values used depending on the glass type speci-

fied as input .

1 
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Presently the spatial filte r transmission function used for the pinhole calculation is

take n from the Lawrence l ivermor e i.aborate ry 1975 Annual Heport . I h r  function used Is

T(B — exp [—(B/3 . 4) 8 1 (2 i

Associated w ith each mth x ,~ ~th in tens ity element is a B-lntci~ral value i~(m , n . j~ which

attenuates each Intensity element at a pinhole according to Equation 2i .  Mod ifications U)

Equation (2 1 are presently being discussed and may be imp lemented into the code at a late r

date .

The effect of circular polarization is not at ~resent contained within the code and is

handled by inputting n .) 1. 5 in place of the n 2 val ues listed In Table 1. Anothe r parameter

which is not presently implemented into the code is fil l  factor . For the purpose of sim-

plicity , the code exactly fills the aperture of an optical element with m x n spatial elements

of specified profile . As an ex a mple, suppose we have a 15-mm diameter clear aperture

amplifier , area element m x n (actually intensity ) is magnified by a factor of four but occupies

the same relative position in amplifier II as it did in amplifier I (center transforms to

center , and edge-to—edge , etc.) .

In the beginning of this report It was mentioned that the spati al profile of the beam was

a gaussian convoluted with a supergausslan. More specifically , the actual profile is

1( r) exp (_ (r/0 .3) 2
~~ (r/O . 53)~~~J (3~

where r is in cm. Thi s spatial profile is the Input to the first (16—mm) amplifier . Since

the fill factor is 0. ~~ and the code does not automatically adjust for vacuum spatial f i l ter

magnification (it adjusts for differences in clear aperture (CA) only), it is necessary to

correct for the fact that the first two amplifiers (i .e. 16-mm and 30-mm) are underf illed.

Basically , we wish to map the 0. 001 10 beam edge onto the edge of the 40-mm (third ) ampli-

fier. From the magnification factors listed in Table 1 this is accomplished by a simple

linear transformation

16 mm — 12.60 mm : r~ 6. 3 mm (4)
30 m m —  28.99 mm : rb 14 . 5 mm

We designate these new diameters as the effective clear aperture for the respective ampli-

fiers. The radial gain profiles for the code are all normalized to r/r0, where r goes from

0 to r0. In order to correctly correlate the initial beam profile with the amplifier gain

2
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pr ofi le , It is necessar s to tran storm the initial stored energy density proliles such that

from Equation ( I I  we have

F ’ , F 9 ) . 7~~i n. ii; (5g .

f i the Hi —m m amp lifier , and

.,
F~, F 2~0 . 97~~’’ 0. 12

for the 30—mm amplifi er .

Besides the system output parameters  provided b~ the code , numerous component

operating parameters are provided at each optical interface . Due to the larg e numbe r of
system components . the latter are provided mainly as a d ia gn stic featur e . Once the system
compone nts are specified , the basic Inpu t to the code is the initial b e. i r n int ensity .  The code

calculates numerically.

E0 f f 1  11(r , 9 , U dr dO dt

whe re

E0 (Aitput pulse energy

Input Intensity profile

The first code runs for the CDL system were at a temporal pulse length ~l 5u p0

( FWHM). The test cases run were for Inputs to the fi rst (16—mm diameter) ampl i fi e r  of

5 ia/cm 2 (1.3 ~iJ total beam energy) and 6 ~~J1 cm 2 (1 .6 ~J) . Figures 1 and 2 are CalComp
plots of the output Intensity profiles after SF—7 (see Table 1) for these two cases , respec-

tively. These graphs are the result of taking a series of 21 radial increments across the

bea m , propagating these through the system and adjusting the intensity of each mth 
~ ~th x

j th el ement for small—scale B—integral losses through the various vacuum spat ia l  filters in

the system . Figure 2 is a rather dramatic representation of the effects of B-integral on a

beam focused through the pinhole of a vacuum spatial filte r . Figure 3 shows a plot of the

Intensity profile for the same 6 1.iJ/cm 2 inpu t as Figure 2 but taken after the 90—mm ampl i f ie r .
This is a representation of the near field of the beam. One can also see the spatial and

temporal evolution of the beam (fo r the 6 ~oJ/c m2 input case) from Figures 4 through 8

inclusive). These are plots of the intensity profiles for the 40—mm , first 64—mm , second

*The primes denote the effective values of E2 from E (r/r ) - E 1 + E’2 (r/ r ) P see
Equation (1).

3
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6 4 — m m , th ird 64—m m and the 9n— m m ampl i f ier , r e spect ively .  The radial stored ene rgy

density profiles for these ampl i f i e r s  account for the higher Inten sIti e s on th l  edge of the

beam . Figures 9 and 10 are plots of the output energy dermit ies  :t~ a 1tIfl cti ~ fl of normali,ed

radial beam 1x) sit ion for the 5 p .1 cm 2 and 6 p~! ~cm r uns , i- esi~ec t ive lS  . Again the outputs

plotted arc those thr ough S F — 7  Isec Table 1~. As mentioned befo re , assoc i~ited wi th  each

bea m intensity element is a B—inte gra l  element B( nr , n , j~. F igures 11 and l~ a n -  plots of

the system B— int e gral  values for these tWO i’Ufl S , r e spe& t ive ly .

The final ( D L  svstenl output energy is obtained by integrating the beam i nten sit~ pro-

file in both space and time. This Is accomplished by integrat i ng the functions appearing in

Figu res 9 and 10 . After per forming the required i ntegrat ion , v a lues  of 40 . 1 .J f O r  the

S pJ/cm 2 case and 4 1. 1 .3 for the 6 pJ ‘ cm 2 ease were uh ta i i a ~ l . Due to th e long computing
time necessary to run test cases ~f 2 1 spatial points across the beam , it was decided th at

for sufficient accuracies four points across the beam would be adequate to predict system

performance. These points are 0, 0. 35, (I . s , and 1.0 r/r0. Note from Figure 9 that the

peak occurs at the °.S r,- r 0 point . The diff e rence in integrations of 4 points vs 21 poInts is

4 . 7(7~ For the 6 fLJ/cm case , the difference is ~~. 9’ ; however , in this case the maximum

does not occur at the 0. 8 r r radial point due to B—integral considerations . In any event ,

the 4-poi nt integration produces more pessimistic results than the 2 1—point case .

In Table 2, the output energy vs input energy for the four temporal cases run (viz .

50 pa , 100 ps , 200 p8. and 1 ns) is presented .

Figu res 13 through 21 inclusive present the beam output energy density through SF-7

(see Table 1) as a function of radius for the nine input energies at 50 ps listed in Table 2 .

The ve rtical axis is in J/cm 2 and the beam radius Is normalized to one. Table 2 presents

the Input in J whereas in several places , such as the plots mentioned above , the input Is given

in .j, ‘ cm 2. The assumed conversion for the two has been calculated to be 0. 2626 cm (the

beam effective aperture area at the Input to the 16—mm diameter amplifier). The plots in

Figures 13 through 21 are in descending order of output energy (or input energy density).

Figures 13 through 15 clearly show the effects of B-integral through SF— 7 (see Table i f .

The peak output energy density for the 6. 5 FL J/cm 2 input case is 0. 82 .1 cm 2 at the edge

(0 . 8 r/r0); however , for the 5 M J/cm 2 case , the output energy at 0. 8 r/ r0 is 0 . titi .1 - cm 2
.

Figure 22 is a plot of the output energy as a function of input energy for the nine cases run

at 50 pa . Similar data for the othe r three temporal runs Is presented (see Table 2). Only

b~ A et mention of some Interesting points of these runs will be made since many of the above

comments apply for all four temporal pulse lengths. Because of the effects of the vacuum

4
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spatial filters , the output radial beam profile (at 11W ps~ is almost flat for the 20 p.1 ,

input case (see Figure 23) . Th Is is due to the higher intensity at the ( ) . S r r beam radius .

Figure 33 is a plot of the temporal evolution of this pulse at the 0 . ~ r r0 poi nt . T h e  s( ver e

dip in the center of the pulse occurs due to focusing through SF-7 . Figure 32 is a , h t  ( II  the

out put energy vs input energy for the lOll-ps case ~see Table 2i .  Figures 34 thr ough 44
inclusive contain plots of the output ene rgy density profiles of the 11 cases at 2 ( 1( 1 uis listed

in Table 2, with Figure 45 showing the output vs  input energy curve for these cascu . Fin.illy,

11 cases for an input pulse width of 1 ns were run . The outpu t energy density (through SF-7 1
for these cases is plotted in Figures 46 through 56 inclusive. For this case , the output is

saturatio n flux limited and not B—integral limited as in the previous three C;IScs . As an

example , the highest inpu t energy, 1000 M~ cm 2 (263 ~J) , has a ~~B through the last

amplifie r stage (SF—7 of 1.37 . However , the assumed flux limit of 4 .J :cni 2 is exceeded at

the output of the second 64-mm rod amplifier. Assuming a system could tolerate higher

flux than 4 J/cm 2 at any surface (say, for example , 6 .1, cm 2 i, It is interesting to note that

the gain of the second 64-mm amplifier is down by a factor of four from the small signal

gain . At such high fl uxes , the concept of gain reduces to cot sidering an amp lifie r as an

addi tive medium , rather than a gain medium; i . e .,,

high flux
E = G E E : E . ~~~E

° llmit

Although both of the above expressions are appropriate in either case , the latter is more
useful at high incident flux levels. In order to insure that no system component exceeds the

flux limit (4 J :Cm 2 ) the input energy density must not exceed 145 p.1 ‘cm 2. At an input of
100 pJ/cm 2 (26 p.J ) the 90-mm amplifier ’s gai n is down by almost a factor of three from the

small signal gain . This is pointed out to illustrate the fact that the GDL system as presently
configured is saturatioi~ flux limited under long pulse operation (2 1 fl S ) at low input energies
(~ 1 pJ input). This point will not be dwelt upon here but the results of saturation will be
presented graphically later on in this report.

For each of the four temporal pulse length cases analyzed (50 pa , 100 pa , 200 ps , and

I ns) input vs output energy Is plotted (Figures 58 through 61). Each graph also shows the

total B-integral values (Np) for the system (at the output of SF-7) , as well as the delta

B-integral through the last stage (SF-6 to SF-? “pinhole to pinhole” ; see TabLe 1). In each

case values of B—integ ral vs input energy for the center (0 . 0 r/r0) of the pulse and the edge

(0 . 8 r/r 0) have been plotted . The latter in all cases is the highe r of the two plots. Finally,

the plots have been taken and system output ene rgy vs AB (last stage) = 2. 5 has been cross

correlated. This value was chosen conservatively and Is an indication of system

5
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performance at this given B—integral limit . It Is Interesting to note (although It is not
obvious from the graph) that for the 2(H) -ps case (Figure 60), the system total B-integra l
(~~B on the plot (center vs edge)) crosses over for high values of input energy , typical ly at

16 ~ J where the �.~B is the same for both center and edge . This crossover is not shown
in Figure 60 since the plot does not extend beyond a 12 MJ Input energy . Figure 61 Is again
similar to the previous three; however , in th is case the fl ux (J/cm 2 ) r ather than the
B-integral for both the center and the edge points has been plotted . 1 h i s  is the l imi t ing  case
for long pulse operation of CDL since the B-Integral values are Intensity-depe ndent ; and due
to saturation at long temporal pulse length , the intensity is considerably reduced from that
of the shorter pulses . This is evident In Figure 62 . In put energy with varying scales of p.1
corresponding to the differences in pulse length is plotted vs output peak power . By appro-
priate choice of scale the vertical axis corresponds to constant output power at any of the
pulse lengths (full scale represents 0. 8 TW) . The dashed line on this graph represents the
small signal gain of the system . Although both B-integral and saturation effects are com-
peting for depleting constant system output gain for the 50— , 100- and 200-ps cases , it is

still obvious that saturation effects account for a Portion of the 10~ loss in output power for
the 100—ps case over the 50-ps case (at the peak) and the approximate 20~T Loss for the 200-ps
case over the 100-ps case . The saturation effects for the 1 ns case are quite obvious . Here
the B-integral effects are negligible since even at the highest input energy case , 11 uu p.J cm 2

(26 3 p ,J) . the total system B—integ ral is only 4 . 1 with a ~~~ t a l l  B—in teg ra l s  arc  max imum
spatial and temporal) through the last stage (SF’— 7 t  of 1 .4 ,

Figure 63 is similar to Figure 62 except here AB 2 . 5 ha s been plotted through the
last stage (AB~~ ) for the three shortest temporal pulse length cases (50 ps , 100 ps, and
200 p5). In terms of the 1—ns run the flux limit of 4 J/cm 2 is indicated. Beyond this point,
saturation effects are so limiting that even if new substrates withstanding higher flux were
found very little additional output could be derived from this system. To illus trate this more
graphically Figure 64 is presented , which has a compressed horizontal axis . He re it Is
shown for the aforementioned run that at an Input of 50 pJ/ cm 2 a fourfold increase in input
energy yields an approximate 15% increase in output power.

One final run for the CDL system will be made at 500 ps for the present operating
parameters (Table 1). This run should supply the data necessary to establish the following :

1. Is the AB90 = 2.5 cross plot of system performance (Figure 63) a
straight line ?

2. Where Is the crossover point for flux limit vs B-integral limit ?

When thi s run is m ade , the results will be issued as an addendum to this report.
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In Figu re 65 plots of the output of CDL prior to SF-? have been added to the I revious

info rmation contained in Figure 63 in order to illustrate the effects of B-integral on the

system .

The overall system performance is given in Figure 66 , where on—target output cner g \

and output peak power are plotted as a function of input pulse length full width half m ax imum

~FWHML The output energy increases linearly below 200 ps , with a maximum of 20( 1 .J at

1 ns li mited by the saturation gain of the amplifiers. The maximum peak power of the system

iS 0. 7 TW for short pulse lengths of 50 ps or less. This peak power is limited by the action
of the final spatial filter .

I n summary the CDL system as configured in TabLe 1 (one arm of OM EGA-li)) wi ll

produce the following outputs (see Figure 66):

0. 7 TW at 50 P8
0.65 TW at ioo ps

0.6 TW at 200 ps -

200 J at 1 ns

Consequently, OMEGA-lO up to and including the 90—mm diameter amplifiers will produce:

l6J’TW at SO ps
15. 6 T\V at 100 P8
14.4 TW at 200 ps
4 . 8 kJ at 1 ns

‘Focusable within 500 prad .
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OUTPUT INTENSIT Y PROFILES
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Fig. 1. After SF—? , 5 MJ/cm 2 (1.3 pJ) Fig. 2. After SF—? , 6 pJ/cm2 (1.6 MJ)
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OUTPUT ENERGY DENSITI ES AS A FUNCTION OF
RADIUS THROUGH SF-7

Fig. 9. 5 ~J/cm 2 Fig. 10. 6 ,tJ/crn 2
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Fig. 11. 5 MJ/cm 2 FIg. 12. 6~~J/cm 2

OUTPUT ENERGY DENSITIES AS A FUNCTION
OF RADIUS AT 50 P8
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OUTPUT ENERGY DENSITI ES AS A FUNCTION
OF RADIUS AT 50 ps (Cont)

Fig. 16. 4.5M J/cm2— 36.34J Fig. 17. 4.O pJ/cm2—’33.69J Fig. 18. 3. O pJ/cm 2— 2 7 .O 1J
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Fig. 22. Output vs input Energy at 50 P8
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OUTPUT ENERG Y DENSITIES AS A FUNCTION
OF RADIUS AT 100 P8

Fig. 23. 20.0MJ/cm2-~ 73.98J Fig. 24. 18.O~~J/cm
2—74.75J
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FIg. 32. Output vs Input Energy FIg. 33. Temporal Evolution of (~itput
at 100 pa Radial Beam at o.b r / r 0

OUTPUT ENERG Y DENSITIES AS A FUNCTI ON
OF RADIUS AT 200 pa

- . . , L I
— - -

A . 1 1
- - 

-

- I
I - 

•
• -

- ‘ I - -
• ~ - 

. I
-
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OUTPUT ENERGY DENSITIES AS A FUNCTION
OF RADIUS AT 200 pa (C ont)
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Fig. 40. 40.O pJ/cm2—129.20 J FIg. 41. 36.0~iJ/cm
2—125.28 J
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Fig. 45. Output vs Input at 200 pa
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OUTPUT ENERGY DENSITIES AS A FUNCTION
OF RADIUS AT 1 ns
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Fig. 46. 1000.0uJ/cm2—272.96J Fig. 47. 850 .O MJ/cm 2 —26 7, 7 7 J
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OUTPUT ENERG Y DENSITIES AS A FUNCTION
OF RADIUS AT 1 na (Cont)

Fig. 52 . 200. O~~J/cm2— 212 .66 J Fig. 53. 100 .0 1.iJ/cm2 —. 180 .63 J

- I 

‘

I

.4 . - . - - :. . I - I .
1,0 I’ - 1’ - -t - A .- -

- ! 1.tOl X I~~L b O A  - ,
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TABLE 1. IN PUT PA I4AME’lEHs

N.I.’ rna) 
~ ~~— I I 0 0. .0, lb .. )‘A rll). I I,,I.- II- b ‘s I Fiw r

I o m poo,Wnt topo’ O Il 
I Itmi I.-nMtC - 3 0 .  1*013.1 1 . - I o n  ,.t l . , , ,  1.)r..*lty I’rl4)I..

I I n,., )4)0. . I 507 I. — 4 I II I

A )  - 0100 0 .011 14~I3. 8)0—7 ,b1 7 I :4 I 0
A )  - A Lnçut .o’ RIo 1. 507 I 24 I lb C

90 mm AmpI F’. 2 0 .50 0. 95 3? III I -, 0.25)0.25 • II . IS)
A )  (*.qnal 1 .100 8)0’? I ‘1117 I 54 . 0
1 0 1 - 7  Inout Lana 0)0- 7 1.507 0 .24 1 II I

Polirinar BK- ’ I 507 1 .24 I 0

11075- WIn,kt 10)0 - 7 3 . 507 1 54 1 02 1
PCS-Cry Stal NIl ° )  1 444 0 0 . 00 III 0 I.
PCS- Wlndo* BI~ -7 I. 307 1 24  I. 0 L
POI.WIIm J3F1 - 7 1 5117 0 . 24 1.0

—44 4914.010 Lana 0)0-7 1. 507 3 . 54 I II (7
1 0 ) 4 4  Input lena 800-7 1 507 0 . 24 0 , 0 (I
04111 AmpI F V - 2  1. 50 O N  17 III 04 C , II 2)1’  N . P 07 3 r 2 - 44 -
I1aam.plott.r Hlb4~7 1.507 I - 24 1 . 0
Ream.plltter 000-7 I. 507 1 24 I - 02

A 4 4 - 5  ( Aat~ad lena 000- 7 0 ,507 0 .24 1 0  C
SF-S Inpott Lana 10)0-7 1. 507 0 . 24 0 . 0 C
64)! AmpI 4 110 I II) 1 . 22 37 300 04 C 02 - 0.,, ..~. - .10. . 1  173 r 1 “1

lie.maplItl. r BK-7 I - 5117 I. 24 I - 0
Ioeamsplitt.r 1000 - 7 1 . 507 0 . 24 0 .0
SF—4 (bIpId heir s 10)0-7 1 . 507 I 24 1. 0 1.
SF-4 Input Lana BF1-T 1 .507 0 24 0 . 0 1.
Pnlirlzer joE -? i , ‘1117 0 . 24 0 . 0 I
Faraday Rot . 110-4 I ‘1)6 0 .95 2 54 I

PoIsrI.er BK-7 I 5117 0 .24 I - I I

64! Amp) Q—Nt 0 .53 1 1 22 ‘7 30 P.4 C I 0.22)0 . 365 • 0 073 r 5)
SF-3 COolput Lana 0)0-7 1.507 1 . 24 1, 0 C

SF-3 Input La-na 8)0-7 I - 507 I - 24 I .  I) 0
Polarl ter BK-? 1 507 I. S.o 0 . 0 I
PC-4 WIndow 801-7 0 . 507 1 24 0 .27 1.

PC—I Cryst.I KD P  1 46 1 P .00 1.
PC -4 WIIIdO-n 010-7 1 . 507 0 . 24 1. 27 1

PolarIze r 0)0-7 1.50 0 . 24 1 . 0 1

40—mm A mp) EV- 2 0.50 II 145 37 4 11 411 C . • 0 . 25(0 . 45 • 0 . 05 r 2
~

19-2 (54tput Lana 0)0-7 1.507 I 24 1.00 C
sr -z Input Lana 0)0-7 0.507 0 . 24 I 00
30—mm Amp1 EV-2 0 .50 11 55 37 30 30 C 0 .26(0.5 • 0 . 13$ r 2 214 1

SF-I  (Ao*put Lana 801-7 1. 507 1 .24 0 . 0 C
SF-i Input Lan. IlK-? 0 . 507 I 34 0 . 0 C

PC3 • POL’9 -

IS- mm Amp) E0*’-Z 1. 50 0.95 37 30 1 o • 0 . 25)0 .6(1 I 0 . 3 r - 0.05

18

______ -_______ -—- —-  — -  -
~
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~



TABLE 2

IN PU T ENERG Y VS OUTPUT EN ER GY

50 p~
Input Output Fig.
~pJ) (Ji Ref .

1. 707 39 . 19 13

1 .575 39.61 14

1.313 38.28 15

1. 182 36 . 34

1. 050 33.69 17

0 . 788 27 .01 1 1 14

0 . 525 19. 13 19

0.263 10. 20

0. 131 5. 28 21

100 p8

5.25 73.98 23
4 .73 74 . 75 24

4 . 20 74 . 24 25

3. 15 70 .90 26

2 .36 61 . 12 27

1. 84 51.87 28

1. 58 46 . 51 29

1. 31 40.64 30

1.05 34. 19 31

19



TAB LE 2

INPUT ENERG Y VS OUTPUT ENERGY (Cont)

200 p8

Input Output Fig .
(pJ) (J) Ref .

21.00 144. 77 34

18.38 141.84 35

15.75 139. 12 36
13.65 136.47 37

12 .60 134 .65 38
11.55 132. 28 39

10. 50 129.20 40
9.45 125. 28 41

7 . 88 117. 47 42

5. 25 98 .01 43
1.31 40 .65 44

1 ns

262. 56 272.96 46
223.18 267 .77 47
170 .66 258.76 48
13i .28 249 .43 49

105.02 241. 07 50
78.77 229 . 73 51

52. 51 212.66 52
26. 26 180.63 53
13. 13 145.62 54

2.63 66. 02 55
1. 31 40 . 65 56

20

_ _ _  _ _ _ _ _ _ _ _ _  _ _  _ _ _  —-



ACKNOWL EDGMENTS

I would like to thank 0. Bakeman , GE—HMED , D. Brown , J. S’oures and W . Seka ,
University of Rochester , LLE , for many usefu l discussions throughout the course of this
analysis as well as the programming assistance of B. Hopper , GE-HMED .

~~ .~~
- - .

21


