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The Effect of Nuclear-Coulomb Electron
Scattering on High Altitude EMP Sources

Capt Gary R. Knutson
Air Force Weapons Laboratory

Abstract

A Monte Carlo transport code was used to calculate
the ionization rate and three components of the electron
current created by monoenergetic primary electrons. The
effects included in the calculation were nuclear coulomb
electron scattering, continuous slowing down method of
electron energy loss, and electron turning in the B field
of the earth. Results are presented for 16 sets of initial
conditions of electron energy, altitude, and angle between
the radial direction and the B field direction. This set
of calculations is intended as & benchmark set of cal-
culations which may be used to test the ac®racy of the
approximations used in EMP source calculations.
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I. Introduction

The.problem of calculating tThe EM? sources (ionization
ra@e_andﬁelébﬁﬂon currents) created by a high altitude nuclear
weapon burst is indeed a complex one. Consider, for example,
all of the many interactions which must Dbe accounted for in
order to accurately calculate the EMP sources. First of all,
the weapon produces a particular energy distribution of
gammas and X rays. This distribution of gammas and X rays
scatters in the atmosphere, the density of which varies
with altitudg. When the gammas and X rays scatter, they
create an energy distribution of primary electrons, both Dby
Compton scattering and by the photoelectric effect. As
the primary electrons scatter in the atmosphere, they
create secondéry electrons, which in turn can create
additional secondary electrons. And finally, the trajectories
of all these primary and secondary electrons are affected
both by the B field of the earth and by the E and B fields

created by the electrons themselves.

Considering the complexity of the problem, one can
easily see that it is necessary to include many approximations
in order to attempt a solution. Consider, for example, some
of the approximations that are used for a typical palculation
of the EMP sources at any particular point in theratmosphere.
If the weapon X-ray duﬂput is included in the cgiculation
(not always the case), then many people use one gamma energy
to represent the weapon gamma spectrum and one X-ray energy
to represent the weapon X-ray spectrum. Only the primary
electrons produced on the first gamma or X-ray scatter in
the atﬁosphere are included in the calculation. Multiple
gamma and X-ray scattering is not considered. The trajectories
of all the primary electrons created by the gammas and X rays
are represented by the trajectories of two electrons, the

average energy electron created by all gamma interactions



and the average energy electron created by all X-ray
interactions. As these two electrons are followed on

their trajectories, the electrons turn in the earth's B
field and slow down while creating thermal energy

secondary electrons. The electrons are not deflected from
their trajectories by electron scattering in the atmosphere.

Self consistent field calculations are usually not

attempted.

When such a large number of approximations are used
in the calculation of high altitude EMP sources, one must
question the accuracy of the EMP sources and subsequently,

the accuracy of the EMP fields which result from their use.

“Recently more sophisticated approximations have been
inciuded in some EMP source codes. For example, Longmire
andnLongley (Ref. 1) have included approximations which
ettempt to account for the effect of having a Compton
distribution of electrons instead of one representative
monoenergetic electron, and for the effect of multiple
electron scattering in the atmosphere. Even though it 1is
logical to assume that these more sophisticated approximations
should produce more accurate EMP sources, it is impossible
to determine the accuracy of the sources unless they can be
compared to experimentally obtained data or'ta more exact

theoretical calculations which include all Fr the physics of

the problem.

7 Presented in this report is the first such set of
benchmark calculations which can be used to test the accuracy
of approximations used in EMP source calculations. The Monte
Carlo method was used to determine the electron currents and
ionization rate produced by monoenergetic electrons at various

altitudes and with various angles between the initial direction



of the electron and the B field of the earth. Included in
the calculation were nuclear coulomb eclectron scattering Iin
the atmosphere, the continuous slowing down method of

electron energy loss, and electron turning in the B field
of the earth.

The author plans to continue work in the area of high
altitude electron transport by studying the effect of
electron-electron scattering in the atmosphere and by deter-
mining a practical method of including the effect in a Monte
Carlo calculation. Then, another set of benchmark calculations
will be made to determine the EMP sources produced by the
complete distribution of electrons created by monoenergetic
gammas and X rays. Included in these Monte Carlo calculations
will be the-effeects of nuclear coulomb scattering, electron-

electron scattering, and electron turning in the B field

of the earth,



II. Electron Scattering and Energy Loss

The two interactions which must be included in electron
transport calculations in air are nuclear coulomb scattering
and electron-electron scattering. Electron energy losses by
bremsstrahlung interactions are negligible in air for the
energy range of the electrons included in these calculations.
For example, for a 1 Mev electron in air the bremsstrahlung
radiation electron energy loss is only 1.03% of the energy

loss due to electron-electron scattering.

A. ©Nuclear Coulomb Scattering
Electrons are scattered elastically by the coulomb
potential of the nuclei of the atmosphere. Since the mass
of eac@ nucleus is so much greater than the mass of the

electron, thé energy loss of the electron is negligible.

The nuclear coulomb scattering cross section is very
large and the scattering distribution is peaked in the
foreward direction, Thus, an electron undergoes many small
angle scatters and a few large angle scatters before the
electron loses its energy by electron-electron collisions.,
For example, in the Monte Carlo calculation of the EMP
sources produced by a 0,742 Mev electron, the electron

undergoes approximately 4,400 nuclear coulomb scatters while

slowing down from 0.742 Mev to 0.001 Mev. P —

The Rutherford differential cross section for scattering

from a coulomb potential into the solid angle 27 du is given

by

) _a2
doR = 2npri z2 (1 8 ) du (1)
BY (1-u)?2



where = Rutherford cross section

G

pR = atom density of scatterer
TS = classical electron radius
z = atomic number of scatterer
g = v/c

v = velocity of electron

¢ = veloecity of light

u = cosine of the scattering angle

To account for the screening effect of the atomic
electrons of the scatterer, Moliere (Ref. 2) used the WKB
approximation and a Fermi-Thomas potential to derive a
screening angle n. The effect of introducing the screening
angle is to greatly reduce the Rutherford cross section
when the scattering angle is less than n. The screened

form of the Rutherford cross section is given by

a2 '
do_, = 2mpr? 22 (l ; ) = (2)
g% /J (1-p+n)?2
where Gsc = screened nuclear coulomb cross section
1/3 2 : 2
_r2
= 128 2 1.13 + 3.76( =2 (3)
2g2 | (0.885) (137) 1378

Mott (Ref. 3) started with the Dirac equatTon and
derived a complicated expression for the nuclear coulomb
scattering cross section in the form of an infinite series.
Mckinley and Feshback (Ref. 4) evaluated Mott's expression
by expanding in a power series in o and o/B, .where o = 2/137.
By neglecting terms of order o3 and higher, they derived an
expression which is wvalid for ¢ < 0.2. They expressed

their result as the ratio R of Mott to Rutherford cross section.
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The value of R becomes significant only for large scattering
angles. Doggett and Spencer (Ref. 5) used a computer to
accurately calculate the ratio of Mott to Rutherford cross
section for various values of z and electron energy. Thelr
tabulated values for z=6 (closest to air) agree within 1%

to values obtained using equation (4).

Rester and Rainwater (Ref. 6) experimentally measured the
differential cross section for coulomb scattering of electrons
by aluminum for scattering angles between 30 and 150 degrees
and for electron energies between 0.1 and 3.0 Mev. They
found that all of their measured values of cross section

agreed within the experimental error with the theoretical

Mott cross sections.

The nuclegr coulomb differential cross sections used for
the Monte Carlo calculations presented in this report include
both the screened form of the Rutherford cross section
given in equation (2) and the ratio of Mott to Rutherford

cross section given in eqguation (4).

do = R do_, B (5)
) % -
B. Electron-Electron Scattering

When electrons scatter inelastically from the atomic
electrons of air, the incident electrons lose energy and can
free the atomic electrons from the atom. Most of the
secondary or knock-on electrons thus created have so little
kinetie enefgy that they do not create additional ionization
But the secondary electrons created by large angle scattering
can have sufficient energy to create additional ionization.

In order to do an "exact™ Monte Carlo calculation of time-



dependent EMP sources, one must include electrnon-slectiron
scattering collisions and must include the histories »f
the primary electrons and of 211 secondary electrons which

can create additional ionization.

A method of calculation which would probably yield
fairly accurate results would be to use the HMoller {Ref. 7)
electron-electron scattering cross sections for electron
energy losses (or scattering angles) above some minimum value
and to use the restricted stopping power given by Berger
and Seltzer (Ref. 8) to account for electron energy losses
for small angle scattering. This method was not used for
the set of calculations perfcrmed for this report because
the ineclusion of electron-electron scattering cross sections
and of a system for storing and following the secondary
electrons created would complicate the Monte Carlo code
and would necessitate a much longer computer run time for
each solution. Also, a comparison of nuclear coulomb
cross sections with electron-electron cross secticns showed
that at most electron energies and scattering angles
the nuclear coulomb cross section is approximately a
factor of six to eight larger than the electron-electron
cross section. Therefore, most of the effects of electron
scattering on the EMP sources can be determined by using
only nuclear.coulomb_scattgring cross sectionségnd by
using the electron stopping power to calculate the energy
loss rate of the primary electrons. However, as was stated
in the introduction, the author plans to include electron-

electron scattering effects in a later set of benchmark

calculations.

Berger and Seltzer (Ref 8) have used the most recent
theories of electron stopping power to publish tables of
stopping power for electrons in many materials. They use

Bethe's (Ref. 9) stopping power theory as formulated by



Rohrlich and Carlson (Ref., 19). ‘“They alsoc include a denclivy
correction factor developed by Chternheimer (Ref., 11). The
stopping power or average electron energy loss per unit

path length due to electron-electron collisions is given by

2
(EE) = 2ﬂorg me2 %— { lnl-g—&giggjr] + F(T)-é} (6)
2
dscoll B -_2(I/mc )
where

me?2 = rest mass energy of the electron
T = kinetic energy of electron 1n mec2 units
I- = mean excitation energy
§ = density correction factor
F(T) = 1-82%+ [TZ/B-(2T+1)1n2] /(T+1)2 (7)

and all other variables have been previously defined. Berger
and Seltzer list a value of 86.8 ev for the mean excitation
energy of air. The density correction factor is negligible

for the electron energies considered in this report.



IITI. Monte Carlo EMP Source Calculations

A. Geometry

The geometry used in the one-dimensional high
altitude EMP field code at the Air Force Weapons Laboratory
is an r,6,¢,T coordinate system. At any point in the
atmosphere where the EMP sources are calculated for the

field code, the coordinate system is defined by

ér = unit vector directed radially away from the weapon
burst
€, = unit vector in the direction B x é where B is the

¢ geomagnetic field of the earth

A

&g < € x é.

T = r:tarded time
= t-r/c
t = real time
r = radial distance from the weapon

The ionization rate and the three components of the electron
current will be presented in this coordinate system. However,
it is easier to follow an electron throughout its history

in an x,y,2,t coordinate system, where

éx = unit vector in direction of B

éz = unit vector in direction éx ble ér

éy = unit vector in direction éZ X éx ‘
t = real time = ) ' =

and then to transform to the r,0,¢,T coordinate system before

scoring the results.

B. Electron History
Starting the Monte Carlo history, the initial

electron parameters are x,y,z,cx,cy,cz,E,t wvhere

position coordinates of the electron

x’YSZ

o] c C
x:ysz

direction cosines of the electron direction
with respect to x,y,2

10



=
1l

energy of the electron

real time

The electron travels a distance . before undergoing a nuclear
coulomb scatter. As the electron travels this distance 72,

it loses energy by the continuous slowing down process and
changes direction by turning in the B field of the earth.
Since the energy loss between collisions is very small, little
error results by assuming that the speed and stopping power

of the electron are constant between collisions. The new

electron parameters after traveling a distance 2 are

x‘,y',z',ci,c&,c;,E',t' where

t' = t+i/v (8)
v = velocity of the electron
E' = E-¢S (9)
S = stopping power of the electron
' =
ct ., (10)
¢' = ¢ cosp - c_ sin 11
v - b z ¢ (11)
] - >
c, ¢, cosp * cg sing¢ ‘ (12)
¢ = angle through which the electron turns in
distance & -
= f2/v : : o, _ (139 -
B 3 1/2
g = 3B (1_g2)%/ (14)
m
q = electron charge
B = earth's B field strength
m = rest mass of electron
=
X X + ¢ 2 (15)
| 1 Al
y y + 7 (el = ¢,) (16)
v
1 = 4+ - - 1
z z 7 (c cy) (17)
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After traveling the distance %, the electron undergoes 4
nuclear coulomb scatter. The electron changes direction
without loss of energy. The parameters of the electron

after scattering are x',y',z',c;,c;,c;,E',t' where

b b .
LU - | B - 1t =
cy = oyu - oy g €O0Sp - cicy o sing (18)
b b
no_ t " _ vty 2 s
ey cly + et — cosg cpe, o sing (19)
c; = Géu + ab sing (20)
a = (c32 + cy_'z)l/2 {(21)
b = (;-u2)l/2 (22)
u = cosine of the scattering angle
) = azimuthal scattering angle

Starting with the electron parameters after the collision
one continues the Monte Carlo history by choosing a new
distance g and by repeating the above set of calculations

until the electron energy is reduced to some specified

minimum value.

C. Use of Random Numbers to Choose g,u, and ¢

The distance the electron travels between collisions
¢ and the scattering parameters at each colli?&on'u and ¢
are chosen in the Monte Carlo calculation by using randomly
chosen numbers with values between zero and one. The
random number generator used for the set of Monte Carlo
calculations in this report is a systems function sub-
routine available on the CDC 6600 computer at the Air Force

Weapons Laboratory.

If p(x)dx is the probability of an event occurring

12



between x and x + dx, then the integral of p(x)dx over

all x is unity.

Les)

pr(x)dx = 1 (23)

o}

If g is a random number between O and 1, then by setting

X

g =fp(x)dx {24)

)
it is obvious that for every value of g, equation (24)

produces a corresponding value of x. This is the method
used to choose the values of 2,u, and ¢ in the Monte Carlo

calculation.

To choose the distance between scatiers, let
p(g)de = oe-ozdl, where g is the nuclear coulomb scattering
cross section. Then use egquation (24) to solve for the

value of & corresponding to the random number g.
1
g = - = n(l-g) (25)
or use the equivalent equation

L = - "n{g) (26)

Q|+

Scattering is symmetric about the direction of the electron

before scattering, so that p(¢)d¢ = %? dg.

Again use equation (24) to solve for ¢. oy _ _—

¢ = 2rg ' (27)

To choose the cosine of the scattering angle u, one would
use p{u)dy = % dg, where dg is defined by equation (5). The
correct form of equation (24) would now be

H
_ do
g e (28)

-1

However, equation (28) cannot be solved analytically for

the value of pu corresponding to the random number g.

13



It is possible to perform the integration and set up

tables of p versus g. But an easier method 1z to chonse
from an approximate scattering probability density function
which can be used to analytically solve for the value of ,,
and then to correct the weight of the electron to account
for the difference between the approximate scattering
function and the real scattering function. The equation

used to choose u in this set of calculations was

];!
dhch(':
g = f -~ (29)
sC

-1
where do_  1is defined by equation (2). Now egquation (29)

can be solved for uy in terms cf g.

_ 2g(1+n)-n
= Sgtn | (30)
The weight factor of the electron after the collision 1is
corrected by multiplying the weight of the electron before
the collision by the ratio of the real scatter probability
to the approximate scatter probability both evaluated at

the value of u chosen for the collision.

oscdo(u) (31)

Na = Nb odg Zui

sSC

—*weight-after collision

E
fa g
1]
H
o
=
i

weight before collision

=
0

and dosc-and'do are defined by equations (2) and (5).

D. Scoring the Monte Carlo Results
Although the purpose of this set of calculations was

to provide a benchmark set of calculations which is as

accurate as possible, two approximations were used to simplify

the calculation and reduce the amount of computer run time.

14



The approximations used were that the air density encounteresqd
by an electron remained constant over the entire electron
history and was equal to the air density at the altitude at
whiech the electron was created; and that the source of
primary electrons was a delta function in retarded time and
was constant over the range of an electron at any altitude.
These are normal approximations used by every EMP source
code. These are excellent approximations at most altitudes

and generally should produce errors no larger than 25%.

The advantage of using these assumptions is that over
the entire range of the electron at any altitude, the density
of electrons is constant in retarded time. In other words
in retarded time the divergence of the electron density is
zero. Therefore, to calculate the EMP sources created by an
electron at a given altitude, it is only necessary to start
the electron history at that altitude, to follow the electron
over its entire history, and to score the EMP sources created
in retarded time at the retarded time corresponding to the
position of the electron. It is not necessary to score the
sources as a function of position because the electron density

is constant in retarded time everywhere in the space determined

by the electron range.

Before the results are scored, the posaﬁion and time of
each electron collision is transformed from the x,y,z,t
coordinate system to the r,8,¢,1 coordinate system. Since

the weight factor of the electron changes at every cocllision,

it is necessary to score the electron currents aﬁd ionization
rate at every collision. Between any two successive collisions,
if N is the electron weight, Ar,A68, and A¢ are the changes in
the three position coordinates, and At is the change in retarded

time, then the three components of the electron current are

simply

15



r AT
_ NeAé®
Jo = =i (33)
_ Nedhd
J¢ T AT (3k)

where e is the electron charge.

To calculate the ionization rate in this set of cal-
culations, the energy loss of the primary electron was
converted directly to ion pairs at the rate of 34 ev per
ion pair. This method assumes that all secondary electrons
are instantly thermalized. DBetter methods of electron
ionization and thermalization will be included when electron-
electron scattering effects are included in the Monte Carlo
code. With the present method if AE represent the energy
loss of the primary electron between collisions, the ionization

rate 1is

: A
I = N_g (35)
(3.4x1077) AT

E. Monte Carlo Statistics
The Monte Carlo calculation was run in sets of 100
electron histories. The average value of electron current

or ionization rate in each time bin for each set of 100

histories was used as a sample. If K is the nember of _—

samples and Qi is the ith value of either electron current
or ionization rate, then an estimate of the mean and

variance of Q'is

T ==

g Q (36)

K
i=1

16



K 2
., (Z)
2 = (37)

- L Q2 - 1
! K(K-1) E: i "
i=1

The square root of the variance Y is the standard deviation

from the mean.

17



iv. Results and Discussion

Monte Carlo calculations of the EMP sources created by
monoenergetic electrons including the effects of nuclear
coulomb scattering, continuous slowing down energy loss, and
turning in the B field of the éarth were performed for 16
different sets of initial conditions. Sources were calculated
for a 0.7h2 Mev electron at 20 kilometers altitude, a 0.The2
Mev electron at 40 kilometers altitude, a 0.1 Mev electron at
40 kilometers altitude, and a 0.05 Mev electron at 60 kilo-
meters altitude. The initial direction of the electron was
assumed to be radially away from the weapon burst. For each
of the four sets of initial electron energies and altitudes
given above, the sources were calculated for each of the
four conditions that the angle between the radial direction

and the B field of the earth was 0°, 30°, 60° and 90°.

The 0,742 Mev electron is the average energy Compton
electron produced by a 1.5 Mev gamma scatter in air. The 0.1
and 0.05 Mev electrons were used to represent the lower
energy electrons which might be produced by X rays. The
different altitudes and initial angles between the direction
of the electron (radial direction) and the B field of the
earth were chosen to provide an interesting cross section of
initial conditions to show the effects of nuclear coulomb

electron scattering on the calculation of higﬁgaltitude EMP

sources.

Included in the appendix are graphs of the electron currents
and ionization rates calculated for each of the 16 sets of
initial conditions. The three initial conditions of electron
energy, altitude, and anglé between the radial direction and
the B field of the earth are given in the upper right hand
corner of each graph. All values of current and ionization

rate were calculated using a source of primary electrons of

18



p)

one electron/m3 and an earth's B field strength of 5.6 x 10~

webers/m2 (0.56 gauss). Air densities were taken Zrom U.S.

Standard Atmosphere, 1962 (Ref. 12). The air densizy at 20
kilometers altitude is 3.69T7k x lOEh atoms/m3, at L0 kilometers

1.6616 x 10°3 atoms/m3, and at 60 kilometers 1.2722 x 10°°
3

atoms/m

The histogram on each plot is the Monte Carlo results
ineluding nuclear coulomb scattering. The error bars on
the histogram represent values of Q@ * v as expiained in
Monte Carlo Statistics (section III E.). The error bars
were not plotted for the few cases where y > Q. The zeros
on any solid histogram mean that all values on that part of
the histogram are negative, Any break or discontinuity in

a histogram indicates a change of sign.

Because of various symmetries set up by the initial con-
ditions, it is obvious that some of the EMP sources are always
zero. When the angle between the radial direction and the
direction of the B field of the earth is 0°, both transverse
currents (Je and J¢) are zero. When the angle is 90°, J, is
zero. For these cases where 1t is known that the sources are
always zero, plots of Monte Carlo results ére not given in

the appendix.

The smooth curve on.each graph is a plolgof the EMP -
sources fbr the same initial conditions but without nuclear
coulomb scattering. The same Monte Carlo code was used to
calculate the sources without scatter as was used to cal-
culate the sources with scatter. In the calculation of sources
without scattering, at each nuclear coulomb collisiocn the
cosine of the scattering angle was always set equal to one.
Since the trajectory of each electron is the same throughout
its entire history when there is no electron scattering, the

standard deviation from the mean is zero in every time bin,
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and no error bars appear on the plots of sources without

scattering.

The overlay plots of sources with and without nuclear
coulomb scattering allows one to immediately see the effect
of electron scattering on the high altitude EMP sources. A
brief discussion of some of these effects will follow. But
since the magnitude of the effect can depend strongly on the
given initial conditions, the reader can best observe the

various effects by examining each individual overlay.

The general effect of nuclear coulomb electron scattering
on the ionization rate in retarded time is to reduce the rate
and extend it to later retarded times. At 20 kilometers
altitude ﬁfor example, page 25) electron scattering can reduce
the ionizétion rate by almost a factor of two over the normal
lifetime of the electron without scattering and can extend the
ionization rate or electron lifetime in retarded time by as
much as a factor of six. At higher altitudes such as 4o
kilometers for a 0.Th2 Mev electron (example, page LO) where
the electron lifetime is long enough so that the electron com-
pletes more than one revolution in the earth's B field,
electron scattering not only reduces the ioniiation rate and
extends it to later times, it also eliminates most of the
peaking seen in the ionization rate without sciitering at

the times when the electron completes a revolution in the

B field.

The effect of electron scattering on the electron currents
is in part similar to the effect on the ionization rate,
i.e., the currents are reduced and extended to later times,.
But there are a few more complicated effects on the currents
which should be discussed. One effect is important in that
it is an effect that definitely does not appear when using
any of the approximate methods of electron transport presently

being used in any of the EMP source codes known to this author.

20



That effect is the change of sign in the late Lime currents

Lhe

(example, page 26). The change can easily be explained by

fact that the electron lifetime in retarded time depends on

the angle between the electron direction and the radial
direction. The electron lifetime increases with increasing
angle. Therefore, the majority of electrons which last long
enough to create currents at the late times where the change
of sign occurs are electrons which have backscattered so
that the angle between the electron direction and the radial
direction is larger than 90°. Thus, the current must re-
verse in sign when the backscattered electrons are the major

contributors to the electron current.

For initial condition such that the electron completes
more than one revolution in the B field in its lifetime,
and such that the angle between the radial direction and
the B field direction is large enough so that the current
changes sign many times, the effect of electron scattering
on the calculation of currents is very complicated (examples,
peges U3,45,49)., Electron scattering not only reduces peak
values, but it also changes the time histories enough so
that the changes of sign in the current occur atrdifferent
times. It is doubtful that any of the presently used trans-
port approximations is capable of accurately héndling this

complicated effect. “o : _—

The time and altitude at which electron scattering
effects become important in the calculation of EMP sources
naturally depends on the electron collision rate at the given
altitude. It is obvious from a brief survey of the results
in the appendix that for accurate calculation of late-time
EMP sources, electron scattering is important at all
altitudes. For altitudes as low as 20 kilometers, electron
scattering effects may be important at times which could

affect peak field calculations.
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Appendix

Graphs of EMP Sources With and Without
The Effects of Nuclear Coulomb Scattering
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Plot Reference Guide

Initial Conditions

Energy Altitude Angie Plots of EMP Sources
(Mev) (Km) (Degrees) Page Numbers
0.7k2 20 0 25-26
0.7k2 20 30 27-30
0.T7h2 20 60 31-34
0.7hk2 20 90 35-3T7
0.7k42 Lo C 38-39
0.7k2 4o 30 Lo-L3
0.7bk2 4o 60 Ly kL7
0.7k2 Lo 90 4L8-50

0.1 40 0 51-52

0.1 40 30 53-56

0.1 4o 60 57-60

0.1 40 20 61-63
0.05 60 0 6L-65
0.05 60 30 66-69
0.05 60 60 70-73
0.05 60 90 TU-T6

=
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