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COMPTON CURRENT IN PRESENCE OF FIELDS FOR LEMP 1

by

H. J. longley

ABSTRACT

This is a companion report to LA-4346 end LA-4347. If a
Compton electron is produced by & gamma ray of energy E in
air and with an electromagnetic field (Er,Eg,ﬂp) present, it
will slow %o a-stop at an everage position {DX,DY). DX is the
average distence the electron travels in the direction of the
gemma ray and DY is the average distance the electron travels
perpendicular to the direction of the gamma ray. This report
gives, as a final result, the nonlinear fitted values of the
functions DX(Ey,EE,Er,Bw) and DY(ET,Ee,Er,B@). The uses of DX
and DY in LEMP 1l are discussed.

I. INTRODUCTION n/2

The recoil Compton electron from an incident R = ‘];— Re cos Geaedﬂe ) 1.3
0 gamma ray of energy E7 will have an angular differ- €0

ential cross section given by

2 (1+ 7)2 cos ee 272 'cosh 9e ' 2(1+ 7)2 sin® Be cos® ee
6 = 47, 5 5, 21" 7 .2 2y 1 25 2 -1
[1+27+ 7" sin 9e] [1+2y+77 sin 9e][1+ 7y +2) sin ee] [1+ y(y+2) sin Be]

where Ty = e2/mc2, Yy = Ey/mce, ee is the angle the where Re is given by the fitted range-energy rela-
electron is scattered with respect to the incident tion,
gamma ray, E7 is the gamma ray energy, e 1s the
absolute value of the charge on the electron, m is 0.312 - 105E§

. = R
the electron rest mass, and ¢ is the velocity of Re p(0.5 + Ee, ’ .
light. The element of the solid angle of the re- A
coil electron is d.ne = sin eeﬁae. The probability p is the air density (gm/liter), E, is the electron
that the electron will be scattered into any angle energy in MeV, and Re is the electron range in centi-

. is given by the total Compton cross section; i.e., meters. One may note that, for the solution of R in
Eq. 1.3, we have ’
n/2
2
g = o dQ_ . 1.2 m.c 7%
c e e E = 2 1.5
(o} e 1+ €’
h

The mean forward range of the electron is defined woere
by ' 2 cos® 6,

F =

(1+ )% - %y +2) cos” @,




If an electromagnetic field is present while
the recoil electron is slowing to a stop, the
electron will heve & mean forward range (DX) and a
mean perpendicular range (DY). We let only the
field components Er’ Eg, and Bq) be different from
zero. The equations of motion;of:the electron, ..

slowing down in air is

_1;=-elE+V§.BI 1.6

P
- A T§T ,
where P is the electron momentum and A is the drag

force magnitude, We calculate A = dEe/dRe from
Eq. 1.4 end obtain (A in dynes, and E_ in MeV)

’

1.6021 - 107%(0.3 E )2
SO (0.6 v E,) . o T

A=

We use, mostly, cgs Gaussian units so ‘that the

electric fields are in esu and Qa is in gauss.

With the fields present we must average over Be
and @ (see Figure 1) to obtain DX and DY (see

Figure 2}.
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Fig- 1. Geometry for ® and 9.

Fig. 2. Geometry foér -DX and DY.

The turning effect also requires a modification

>

to the source (7 in ion-pairs per cm” per sec) in
the air-ion equations of LEMP 1. Since the electric
fiéld does an amount of work on the electron given
by

W, = -e[Eer + EgDY] , 1.8

we must multiply the 7 as obtained without the
turning effect by a factor given by

f =28 1.9

vwhere Ee is. the’ average (mean) electron energy as
5:5 &gfined by - -
.. o 1

anf2

“E :if Eodr . 1.10
e-aé e e e
0

It should be noted that if an electron stops
in a finite differencing mesh cell (as in LEMP 1)’
then the Compton currént in thé radial direction is
proportional to DX and the Compton’ current-in the
6-direction is proportional to DY. = ~ * K
1I. CAICULATION OF DX AND DY

To obtain the average valué;.of'DX and DY, for
each given set of val»ues’ of EJ, E. Eg, and Brb’ we
must solve the equations of motion (Eq. 1.6) for the
starting con@itions determined by the values of Be

ahd P,
All values of 9, are equally probable, so we
select qv'equél a?gles ] (droppi?g'the-gisubScfipt'
here and for 99 when convenient}. iét 6¢,='F/n¢'§hd
set‘: P, = &p/2. Then set ®; = cp;j_l"f & for'7j = 2,
nw.' To obtain the startiyg angles 5;? calling them
Gi for i =1, ny, we use the following procedure to
determine these angles stich that all will give"éﬁhal
probability for the averaging rieeded” for DX -and DY.
From Eq. 1.2 let BP = ¢ /ng. Set P = 5P/2 and inte-
grate on @ untilo .Uedne-= P. This will determine
91. Thgn add 8P to P and continue the integration

until f oedne = P. This determines 6 Continue

X
this latter prdcedurevﬁntilfdll;ﬁe valuesAof;Bi hdve
been determined. The averaging procedure must then

solve the equations of motion for each combination
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(ai,cpj) with.i = 1 to ng and j = 1, ncp Starting where n is the cycle number and &t is the time be-

values for the equetions of motion are then given tween cycle n and cycle n + 1. Define
by v = Vv, cos 91, Vg = v, sin 91 cos q)d, v
vsine sinq),a.nd _1.A W
€ “2TF
eB
- - 1 i@
ve=¢ 1 5 g2 =3
Ee P 2
1l + -3 me 1+ (mc )
me ) - >, 2.4
. n n
when E_ is given by Eq. 1.5. g5 = Py - 8t (eEr +g,Pp + glpl:‘)
The semiimplicit method used to difference
the equations of motion {Eq. 1.6), which will now g, - Pg - Bt (eEB _ gapl; + gng)
be glven, was selected to save several factors of J
2 in calculational time. For our case, Eq. 1.6 so that Egs. 2.3 give
gives
vaB n+1 +1
< 6 W (1 +g.5t) + Py (g,8t) = ¢
Pr—-e[Er"' ]-AT—l— 1 2 3
B 2-5
. v B P +1 n+l
_ rQ GL Pr(-g Bt) + Py (L +E.8t) = ¢
Pe—-e[EG- = ]-Aﬁl— , 2.1 r 2 6 1 b
. P or
P = -A T
® )
J
where
. 5
[Pl =[PP+ B5 + B, v- VLB, ﬂ=-l%l-,‘a.nd‘/l-ﬂz=—~l——,
2
1+ (lﬂ-)
me
or
_ . ey g5(8,0t) + £, (1 +g,5¢) W
. eB € 2 2
P = -eE - _-q—)V]_ - 32 Pe - A P (l + glat') + (geat)
T r me M 'r
: o /T2 A PP - S5 glst) _ gl‘(gzbt) ¢ 2.6
Pa = -eEe +—c—- l1-B PI‘ - 'l?r Pe > . 2.2 r (1 + g Bt) + (glat)
P =- 2 p At n (1 - 6,5%)
? Tel "o P q> T+ e 6t J
y 1
Differencing, we have
eB 5tV - p \)
+1 - i MRS Y 5 ) _ A ( +1)
Px; —PI;——EEBt- - (9 Pg Bt]—P|3 erl-I'P:
P+l 5 qu,Bt A 52 1 (Pn+1 + Pn) st A e Pn+l)> 2.3
6 -~ Pg = -eEgdt + e 2\*r r] " |P]2(9 6 ! '
n+l n 1 ABT ( n+1 )
- = - = + P.
B T 2 T_l' 9




The nonlinear terms £, and £, used in Egs. 2.6 were

extrapolated to n + % for ‘better centering by set--
ting P v . O PRI

nt __n 1 _ 05t n n—ll‘__~
g1 ‘51+25tn-1(g1'-§1') ’

(the time step
being obtained
from back storage. This time centering of gl and

and similerly for ge*%, with §t2 %
from cycle n - 1 to cycle n) and El

g2 saves & factor of 2 :i.n calculationai time. The

time step was determined by

Bt = 5 2.7

where f_ (an input number) is the fraction (;f sta-
bility (or accuracy).

The solution of the equdtions of motion:for
each set of values of 'quaj wasﬂthusﬁs follows.
Initiel values and back storage needed were obtain-
ed from ei and tpj. Equations 2.6 then were cycled
forward in time until the electron energy was

smaller than €, (an input number) times E, (initial

electron energr) at 6, at vhich time the values of

i;j and wi:j

running sums.

obtained for this i,j were added to

These running sums were set to zero
before starting the @ and @ averasging loops. DX '
and DY, due to equal probabilities in 6 and ¢, were
then computed as the respective: running sum divided
I For better than one percent

The cycle number

by the product Dt
accuracy, we used ee = f = 0.01.
was also carried in _storagg. If this cycle number
was ever determined to be greater than 10,000, then
this case (values of E_, B‘p,E and Eé) was called &
"Run Away" and was disca.rded
oceurred occasionally Hith ‘small B‘P -and large E

and/or Eg; i.e., when the acceleration of the

These Run Away cases

electron by the fields exceeded the deceleratlon due
to the draeg force.: I_jo was féund that ng = “cp = 10
allowed DX and DY values to converge to about one
percent or better. P o

It should be noted from Egs. 1. 6 and 1.7 the
way DX and DY scale with p. All values of DX and
DY in the data to be ipresented in the Appendix was

obtained by using p = 1. Thus, to obtain’ the cor-

reet values of DX and DY, one must divide the de-

" sired field values by p, {find the corresponding

value of DX 'or -D¥: for ‘thege altered fields; and .
multiply this value by -p. - R

The values of DX(E EB,E B ) and: DY(E ,Ee,E 2
B ) are llsted 1n the Appendlx. Seven nested loops
:m the computer were required to obtain this data.

These loops, in order, w:.th the data values used,

were [

E, = 0.5,1,1.5,2, 5,h 5,6 U (MeV)
Eg = -10,-5,0,5,10 (esu).
E,= -2 0,5,10 20 " (esu)

+

Y

B =_'o,2 :z,lo,ao,ho,To 110 150,200 (gauss)

Qi $=1mng. oo i
j = 1,n

‘IJJ J o

Equations of Motion | w

The last three loops glve the average velues of DX
and DY for.the "sl.aecifieid parameters -of the first
four loops. . ,;
Table I gives the dependence on gamma ray
energy of computer time (C.P. tife is central proc-

essor time on the CDC 6600 required to compute the

- data listed in the Appendix), an accuracy check as

‘explained below, and the mean electron energy as

o comp_uf,e_d_ véry accurately by Eq.> 1.10. The accuracy

chéck shown here comi)ares the ratio of DX, at a
given E end with Eg = E = Bq) = 0, as calculated
by the "loops" of Egs. 2. 8 to the value of R as
calculated very accurately by Eg. 1. 3.

TABLE I

SOME GAMMA RAY ENERGY DEPENDENCES -

E_(MeV) C.P. Time DX(E_,0) E_(MeV)
4 (Minutes) -——-——R7, .
0.5 1h .k 1.00070 0.17068
1 23,2 1.00024 0. 4400k
1.5 31.3. 1.00005 0.74022
2 38.2 0.99974 1.06168
3 49,4 0.9993% |  1.73196
- : 58,4 0.99691 2.4277%
5 64.8 0.99690 3.13996
6 70.6 0.99815 3.86402

2;.8 "




It should be noted in the Appendix that the Run
Away cases, for certain parameters of Egs. 2.8, be-
come apparent by their absence from the data listed.
For example, with ET = 5 MeV, Eg = -10 esu, and Er

and the values of ay for this & from an initial
( guessed) given set of a.i's.

Due to the expected fields in LEMP 1, the data
in the Appendix was excluded from the fit if

su, there is no data sh for B = =
Ze ) own for By Oorfoqu-, |EB|>Er+§.o-.foquJ=ow
' |Eg) > E_ + 3.0~ for B =2
The data given in the Appendix is available on |E 1 5 6r0 cor Bcp 5
] . - =
ds. P
data cards Ey < -8.0 ~ for Bq) =10¢ . 3,5
III. FITTING OF DX AND DY 2
The data of the Appendix was fitted, for each EB <E_9.ol+ 0-252131_ - ::or z‘P i Eg
value of E_, in the functional forms > 19:0 + Bg ~ for By =
7 and Er > 21.0 + Eg - for Bcp = 70J
3 ' 2) 2
% 1 B.aEr aquJEe (8.8 + Bng) Ee
R 215 * z 5 ¢ ZJn 3.1
b + '
1+ alB] (1 . 232) L. nE, \2 1+aiE 1+ a)oB
LY 14+ 2B2
>
and
| DY 4y &E, a, ol 4B
T)f = 1+ 2B2+ T - X[Eg- d].chp] X L+ —7— e(Ee' dlqu)) + _LGQ , 3,2
: 1+dgB 1+4d-.B
2% 1+a%8° 2r (] 107
' T AV S vy
® +dSB
67

where d,; = Ey/(o.‘j + Ey), and ai(i =1, 10) and
di(i = 1, 10) are unknowns determined by a nonlinear

leest squares fit code.® All the gamma ray energies,
The 1 MeV
data was not fitted because no 1 MeV gamma source

was used in LEMP 1 (see LA-L347)." The fit code re-

quires the user to supply two. subroutines, one for

except 1 MeV, shown in Egs. 2.8 were used.

the "errors" and one for the derivatives of the
errors with respect to the unknowns (ai or di)' The

errors may be defined as

¢ () - X, 3.3
f
for I, = 1, M date points. The last term in Eq. 3.3

The
derivatives for the fit code are given by aeL/aai.

is obtained from the data in the Appendix.

(The DY case is, of course, similar.) The fit ‘code

finds a minimum for ¢, where

M
2

-3,

1

Private communications of code "FIT2" from William
Anderson,

With the restrictions on the data imposed by
Egs. 3.5, the value of M = 194 was found for the
2 MeV fits. Also for 2 MeV, for the DX/R fit we
found § = 0.176 and for the DY/R fit we found ¢, =
0.183. 1If one defines an average error, €, by

& = Mo , 3.6
then €, = 0.0301 and Ey = 0.0306 for the 2 MeV fits.
At 0.5 MeV we had M = 201 with Ex = 0.0306 and Ey =
0.0534. At 6 MeV we hed M = 182 with € = 0.0436

end € = 0.0264, The average of the average errors
was less than 0.035.
certainly not the only functional forms which can be

used. In fact, the author knows of better forms

Equations 3.1 and 3.2 are

now. However, the average errors obtained in these
fits are considered to be quite acceptable for the
LEMP 1 calculations.

We will not report the unknowns in the form of
Egs. 3.1 and 3.2, but will report them in the more

useful form



. 33E . + a B
%6 e +-:(8

)2

1 DXy _ 1 8k - ‘ )
pR1'_1+aIBI5 T AT 7 1+ 1 +%e, B >
| .(“,,33)\/ P o 107
. 1+aB2
. , 5/ :
and
a . E 4.8
1DvY . 1, 4E, 2 47 2|, 99 8
-5' T) = 5 - - X [EB - dllB(P] X [lh— Z(Ea - dlqu)) SE— s 3
£ | 1+a8 1+ g8 1+4, B>

(o)

d.E.\2
\1+dgB) .

where we eliminated the sgquares of all the ‘unknowns.
S0 the fit code would not give singu_'l.a.rities 1n the f‘unctlons

There were some squared unknowns in Egs.

3.1 end 3.2

In Eqs. 3.7 and 3.8 the density (em/liter)

dependence is accounted for if one substltut.es for E ) Ee, and Bq) in these equations the true fields divided

by p-
The values of &, (1 = 1, 10) in Eq. 3.7 and the values of d (1 = 1, 11) as obtained from the fit code
are recorded in Table II. As examples, a, = 2.430 - '6 at 0. 5 MeV and a5 = 1.67.- 10 -16 at 5 MeV. It is
TABLE II
COEFFICIENTS FOR EGUATIONS 3.7 AND 3.8
: , o EZ(MEV).:_. 7
0.5 1.5 .2 3 b 5 6
8, X (107) = 0.2430 5.9441 | 9.8815 | 17.413 24,952 7 31,240 35.354
8y % ( 10°%) = |  -h.2364 | -6.6107 | -6.9100 | -7.78uk -7.5221 -7.87T1 -8.3449
8 X (J.o5 = © 0.4875 2.5399 3.,1265° 4,3124 2.5585 2,8476 3.1515
a, x (107) = 7.0611 9.5888 | 9.9550 | 11.489 9.9481 10.330 11.124
a. X ('103) = 0.7224 2.6302 '3.3298 | 5.7655 | 2.67 - 107 1.67 - 1075 | w02 - 2070
ag X (107) = 0.0163%4 | 0.6933 | 1.6965 | u.5006 |  8.0309 11.703 16.462
a; x (107) = 0.00611 | o0.k416 | 1.2430° | 3.6378 7.1799 10.848 15.530
8g X (105) = " 0.3323 0.8759 0.5645 “1.7178 2,0262 2.5751 2.8628
ag X (10°) = | -0.06681 | -0.7793 | -1.0936 | -3.6688 -7.5189 -14.950 -22.380
a,, % (10 ) = 0.006214 0.34877 | 0.5824 3.2042 11.253 29.108 42,208
X (162) = -2,8651 b 7127 -5.2250 -6.3641 --'B.'03+6 -8.2339 -8.4004
d, x (103 ) = _ 0.2805 2.4853 _5.0917 b 4187 4,2738 4, 7962 5.3318
1:13 X (103) = ) 2-391.“' ] 3.9157 379507 5.4597 | 7.5465 7.1+661_ 7.3465
4 x (1) = | o.67™s | 2.8571 | 2.9608 | %.5887 5.8472 6.0947 6.1694
d. X (101).= ' o 1.1235 1.0707 1.0051 1.1881 1.3197 1.310 "1.2926
ag x (107) = 0.093u4 | 1.4608 | 2.7206 | 3.3470 2.6570 | ° 3.2841 3.8603
x (107) = 1.6364 5.6u62 | 7.4260 6.084k | 2.7871 3.5559 %.0895
dg x (10°) = 0.08647 | 0.8083 ’ L6kl | 17027 2,184 2.766; ~3.1627
x (107) = 47957 | 13473 | 17.92 | 38.453 -1. 7436 -1.5551 -1.1603
4o % w9 = | 27.616 | 1.597 | 30.593 |262.67 0.69675 0.69239 0.6952
a, x (20%) = 0.5 0.75 0.8 0.8571% 0.68869 0.90909 0.92308

AT G o L TITRES
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evident from Teble II that, in a few cases, a coef-
ficient is not a smooth function of E.. This un-
desirable feature is caused by two ecircumstances:
one, the functional form {Eq. 3.1 or 3.2) is not
selected properly and/or two, the fit code may find
a different minimum for ¢. There are, of course,

usually many minimums for & on its n-dimensionsl

indicates our functional form is probably good
enough. If one wanted to fit the coefficlents as a
funection of Ey, then one would want to “"play" with
the initlally guessed set of coefficients given to
the fit code. Since we use only the discrete gamma
ray energies listed in LEMP 1 and since our average

errors were acceptable, we did not pursue the prob-

parameter surface (n = 10 in our case). Table II lem further.
APPENDIX. VALUES OF DX AND DY
DX oY B Eg E, R E,(MEV)
(cm) (cm) (gauss) {esu) {esu) (cm)
2 388F+02 .6477E+0L O, -.10D0E+02 ~-.2000E+01 .1991E+02 .5000€E+CO
2393F+07 .7330E+01 .2000E+01 -.1000E+02 -.2000£+401 .1891E+02 .S000E+00
23926407 .BGGE4E+D]l .SOO0E+D)} -.10U00E+02 ~.20006€+01 .1991E+02 .S000E£+00
.23646+07? .11000+02 J1UOCE+0Z -.1000E+D2 ~.2000E+01 .1991E+D2 .S000E£+00
2 188E+07 .1574£+02 L20006+02 -.1000E+D2 -,2000E+01 .1981£+02 .S000E+00
JA436E+07 .2175C+02 L400CE+D2 -.1000E+02 -.2000E+01 .1991E£+02 .S000E+00
4 118E+01 .Z7036E+02 .7000E+02 -.1000E+02 -.2000€+01 .1991E+02 .S5000E+Q0
- .1S81E401 «1399C+02 .1100E+03 ~-.1000E+02 -.2000E+01 .1991E+02 .SOO0E+OO
~.2538E+0) .8876E+0! .1500E+03 ~.1000E+02 ~,2000£+01 .1991E+02 .SUO0E+00
~.1202F+01 .5731C+01 .?000F+03 -.1000£+02 -.2000F+01  .1981F+02 .S000E+NO
2119E+0? .540%E+01 O. -.1000E+02 D. <1991FE+02 .5000£+00
.2122E+0? .H6O087E+01 .2000£+01- -.1000£+02 O. .1991E+02 .SO00E+00
2121E+02 . 7149E+01 .SO00E+01 -.1000E+02 O. .1991£+02 .SOODOE+0O0
.2101€+02 «9014E+01 L1000E+02 ~.1000E+02 Q. .1991E+02 .S000E+00
JJ9TEE+07 L 1293E+02 .2000E+02 -.1000E+02 O. .1991E+02 .S5000E+QC
.1369E+07 .1897E+02 .4000E+D2 -.1000E+02 O. .1991€+02 .SOOOE+Q0
.3854E+01 .188BE+02 .TOODE+02 -.1000E+D2 O. .1991E+D? .S000E+00
-.1808E+01 .1306E+02 .110DE+03 ~-.1000E+02 0. .1991€+02 .SO0DE+QD
-.26316+01 .8211E+01 .1500E+Q3 -.1000£E+02 O. .1991FE+02 .S000E+00
-.1252E+01 .52R5E+01 .2000E£+03 -.1000E+02 O. .1991€+02 .SOQOE+QD
L GTOE+02 .3792E+401 0. - -.1000E+02 .S5000DE+01 .1991E+02 .SOOODE+0O
JUE7IE+02? .4233E+01 .2000E+01 -.1000£+02 .SO00E+01  .1981€£+02 .5000E+0C0
1670E+02 «4917E+01 .5000E+01 -.1000E+02 J5000E+Q01 .1991E+02 .5000E+00
1658E+07? .6115C+01 .1000E+Q2 -.1000E+D2 .SO00E+Q01 .1991E+02 .SO00E+00
.1593£+0? .B714E+0l .2000E+02 -.1000E+02 LS000E+01 ,.1931€+02 .SOO0E+DO
1213E+0? .1391E+02 .4000E+02 -.1000E+02 .SO00E+01 .1991E+02 .SODOE+00
.31776+01 .1568€+02 .70006+02 -.1000E+02 .5000E+01 .1921E+02 .5000£+00
— .2414E+01 .1081f+02 .110DE+03 ~.1000E+D2 .S000E+01 .1991E+02 .5000€£+00
- .2869E+01 .65700+D01 .1500E+03 -.1000E+02 .SON0E+01 .19391E+02 .S000E+00
- .1379E+01 .4184E+01 .7000F+03 ~.1000E+02 .SO00DE+01  .1991E+02 .SOQ0E+00
.1 3886407 .2899E+01 O. -.1000E+02 .1000E+07? .1991E+02 .5000E+00
138864072 371BE+N1 .2000E+01 ~-.100DE+02 .1000E+D2 .1991F£+02 .SDO0E+QD
1 3SEE+07 «3710€+01 .S00BE+0! ~.1000E+D2 .100DE+D7 L198lE+02 .SOD0E+Q0
.137BE+07? .4568F+01 .10QNE+D2 -.1000E+02 L100ODE+07? .1991E+02 .5000£+00
1336E+02 .64s4f+D] .2000E+02 -.10D0E+02 .1000E+02 .19921E+02 .5000E+00
1076E+02? .l10ASE+02 .400DDE+D2 ~.1000E+02 .1000E+0? .1991E+02 .5000E+0U
_223uE+01 «1302F+02 .7000F+02 -.1000E+02 .1000E+0? .1991E+02 .5000€+00
- .3076E+0]1 .8577E+01 .1100E+03 —-.1UO0DE+02 .1000E+02 .1991E+02 .SO0DE+O0
- .31176+01 .4940E+01 .1500£+03 -.1000E+02 .1000E+02 ,1991E+02. .5000E+00
- .1S126+01 .3091E+01 .?000E+03 ~-.1000€+02 .100NE+07 .1991F+02 .S5000E+00
.lNuaE+0? .1958E+01 O. . -.1000E+02 .2000NE+0? .1991E+02 .SO00E+00
Ll043F+07 +2156E+01 .2000E+01 -.1000E+02 .200NE+0? .1991E+02 .5000£+00
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