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SECTION I
INTRODUCTION

For nuclear bursts occurring above about 150 km altitude and
below about 600 km, an important aspect of the burst phenomenclogy is the
debris energy patch. Analysis of photographic data taken following the
Starfish nuclear test has indicated that one-fourth to one-half of the
kinetic yield of the weapon arrived in each magnetic conjugate region
during the first few seconds after the burst.

The existence of the debris energy patch was predicted prior to
the Starfish event by Longmire, et. al.,! and their prediction proved to

be essentially correct. The current understanding of the phenomenon is
that weapon debris ions and air ions that are accelerated to high veloc-
ities (107 cm/sec to a few times 108 cm/sec) by the expanding debris-air
blast wave, stream parallel to the (distorted) geamagnetic field lines
from the burst region to each magnetic conjugate, where they are stopped
by ordinary atomic collisions and thereby deliver their energy to the
background air, heating and ionizing it. Ionization thus produced in the
debris energy patches may persist for several hours after the burst. It
is likely to develop structure - i.e., striations - and it therefore is
expected to degrade the performance of communication links which propagate
through it.

Under DNA funding, a highly specialized computer code was devel-
oped at Mission Research Corporation (MRC) to treat the early time phenom-
enology of nuclear bursts in the 150 km to 600 km altitude range. This !
code, known as CMHD (Collisionless Magnetohydrodynamics), briefly
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described in Section 2 of this report, is fully described and documented
in References 2 and 3.

Seven high altitude burst calculations, covering a range of
burst altitudes and yields, have been completed with CMHD, and have been
published in reference 3. The first of these was a simulation of
Starfish. Comparisons of predicted northern conjugate region (NCR) power
as a function of time after burst were made with the published power-time
curve inferred from the photographic data, and adequate agreement was
obtained.

However, the Starfish photographic data do not yield sufficient
information to verify all aspects of the CMHD code. And, unfortunately,
the KLYSMA - SCORPIO - CYLWHAT family of codes at the Naval Research Lab-
oratory (NRL), when applied to Starfish, have given results which differ
in certain respects from those of CMHD. In particular, the two sets of
results differ with regard to the velocity spectrum of the fast ions which
stream from the burst area to the conjugate regions to generate the debris
energy patches. The NRL spectrum tends to be harder, to cause the patch
jonization to occur at lower altitudes, where molecular deionization can
proceed rapidly, and thus produce less persistent ionization than does the
CMHD spectrum (if the energy/cm? of the deposition along the field lines
is less than -107 ergs/cm?® so that molecular species still predominate
after the NRL-type energy deposition).

This report presents results of two additional Starfish runs
that have been made with the CMHD code as part of the continuing effort to
resolve this disagreement between MRC and NRL with regard to the debris
energy patch spectrum. These additional CMHD calculations are described

in Section 3.




In Section 4, several simplified "CMHD-1ike" calculations are

presented, which demonstrate the degree to which the debris energy patch
spectrum is sensitive to different aspects of the physics in the CMHD
code. The result of this study is that the spectrum is highly sensitive
to the rate at which background air is ionized by collisional processes in
the expanding blast wave. The detailed treatment given to these colli-
sional processes in the CMHD code, and the lack of a corresponding
treatment in the NRL codes is believed to be the primary source of the
discrepancy betweer the MRC and NRL results.




SECTION 2
THE CMHD CODE

The physics eibodied in the C(MHD code, the derivation of the
mathematical equations, and the code itself are documented in references 2
and 3. The CMHD code is believed (at MRC) to represent the current state
of the art for early time nuclear burst phenomenology in the relevant
altitude regime. A very brief synopsis of the CMHD physics now follows.

Ideally, one would like to solve the Boitzmann transport equa-
tion for each ijon and neutral species, resulting in several distribution
functions, each a function of time and six space and velocity variables.
However, this is well beyond the capacity of present day computers, and we
are forced to eliminate some of the independent variables. One space
variable and two velocity variables can be eliminated by assuming azimuth-
al symmetry - appropriate for the case of an initially vertical geomag-
netic field - and by assuming that all ions in the same spatial location
have the same average velocity in the direction perpendicular to E. The
latter assumption is justified on the basis of momentum coupling in the
transverse-to-§ direction, which 1is generally believed to occur on a
length scale of an ion gyro radius or shorter. Appropriate moments of the
Boltzmann equation are used, then, to derive a set of equations which are
fluid-1ike in the transverse-to-B direction, but which retain the arbi-
trary distribution function in parallel velocity space. That is, ions
move together as a fluid in the perpendicular direction, but are allowed
to stream independently in the parallel direction.

10
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The CMHD computational grid, illustrated in Figure 1, consists
of cells, enclosed by two sets of surfaces. The radial surfaces emanating
from the burst point remain fixed in space (Eulerian surfaces) as the ions
move upward or downward through them from one cell into a neighboring
one. The other set of surfaces, initially vertical, represent magnetic
flux surfaces, and move outward with the ions (lLagrangian surfaces) as
they expand away from the immediate vicinity of the burst. Initially,
each cell contains ions present in the ambient ijonosphere plus iois
created by X-rays from the burst. Further ionization may be generated by
deposition of UV energy and by collisional ionization by ions or electrons
of background neutrals. This collisional ionization of neutrals is an
important source of ions, which can cause an exponential increase in the
jon mass within a flux tube as the blast wave expansion progresses.

Figures 2 and 3 show the configuration of the CMHD grid at
several times during the blast wave expansion for one of our recent Star-
fish simulations. At .025 seconds, the problem initialization time, only
the two innermost flux surfaces are distorted. As the expansion proceeds,
the volume of the magnetic bubble increases dramatically, and by 0.4
seconds, all of the flux surfaces are distorted, some quite severely.
Simulations such as the one depicted here are usually run out to a problem
time of one to two seconds after burst time.

As a cell is compressed and set in motion, the ions within that
cell acquire "transverse thermal" energy as they are picked up by the mov-
ing field lines and gyrate about these field lines. There may also be
plasma turbulent processes which excite transverse thermal modes, but such
processes are not treated in detail by CMHD. Rather, the code solves the
fluid-1ike equation derived from the appropriate moment of the Boltzmann
equation to obtain the ion transverse thermal energy. If the resulting
transverse pressure is sufficiently large compared to the parallel pres-
sure, then the plasma is unstable, and one or more plasma instabilities

12
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will turn on, deflecting jon thermal velocities from the transverse direc-

tion into the parallel direction. The turn-on condition for the mirror
instability* is

2
p - P >ﬂ_P_

L ' P 8n

In the previously published CMHD calculation, this instability was simula-
ted by the SCATTER subroutine, by performing velocity space diffusion to
increase ﬁl at the expense of ﬂ_ whenever the above condition was met.
The result of this was to drive the velocity distribution toward a Maxwel-
lian, which is generally what we would expect from turbulent processes.
Other forms of the SCATTER subroutine, simulating other types of scatter-
ing in velocity space, have been exercised in recent CMHD calculations, as
will be described in Sections 3 and 4.

As the ions follew their independent para11e1-to-§ trajectories,
they undergo several interactions. Ions with different parallel veloci-
ties interact via ordinary coulomb collisions. This is generally impor-
tant only at relatively large ion densities such as when the bottom of the
grid is below 200 km altitude, and ions created at higher altitudes find
themselves streaming through essentially stationary ions created by X-rays
and UV. Ions interact with the magnetic field, via the mirror force,
which accelerates them from regions of high field strength toward regions
of Tow B, consituting an interchange between transverse thermal energy and
parallel streaming energy. As ions stream through a region of curved
field lines which is in motion, there is interchange between transverse
streaming energy and parallel streaming energy (sling effect). Charge
exchange between a moving ion and a stationary neutral can occur, result-
ing in a stationary ion (which is then swept outward along with the moving
magnetic flux surface) and a fast neutral. The resulting fast (or "hot")
neutrals are then treated with transport equations similar in complexity

15




to the ijon equations. The neutrals may become collisionally re-ionized,
or they may stream out of the computational grid as neutrals. The neu-
trals which exit the grid in the downward direction constitute an impor-
tant source of deposition energy in the patch region below the burst. The
fast neutrals which exit upward from the grid have more than sufficient
energy to escape into interplanetary space, thereby reducing the effective
kinetic yield of the burst.

Electrons are heated through coulomb collisions with ions, and
also by plasma turbulent processes, to temperatures that would approach
several keV, if there were not competing processes which cool them. These
cooling processes are (i) ionization of background neutrals, mentioned
above as an important source of ion mass, (ii) further ionization of air
ions, which can result in significant populations of multiply ionized
states of oxvgen and nitrogen, and (iii) electronic excitation of these
air ions, followed by radiation of ultraviolet (UV) photons. At altitudes
below 300 km, the UV radiation is a significant mechanism for cooling the
blast wave, as well as for producing ionization in regions outside the
current position of the blast wave.

To summarize, then, the CMHD code was designed and developed to
compute, for high altitude bursts:

(i) blast wave expansion,

(i) transport of energy away from the blast wave by fast ions
streaming parallel to B, and the varijous interactions
between these streaming ions and the blast wave,

(iii) charge exchange losses, and subsequent transport and reion-
jzation of the resulting fast neutrals, and

(iv) multiple jonization state chemistry, the associated product-
ion of UV radiation, and the subsequent deposition of this
UV energy.

16




These processes are highly intertwined and interdependent. Experience has

shown that it is necessary to treat them in a self-consistent manner in
order to obtain a reliable computation of the energy transport and of the
spatial location of final energy deposition for a high altitude nuclear
burst, which is the objective of the CMHD code.

17




SECTION 3
RECENT CMHD CALCULATIONS OF STARFISH

The first full-scale nuclear burst simulation completed with the
CMHD code was the Starfish calculation reported in reference 3. This
calculation, in common with the other six burst simulations that were
presented in the same technical report, gave a velocity spectrum for the
debris energy patch which had the approximate* functional form

dE -1
EU“ Uy o

where ggi is the energy per unit velocity delivered to the patch by ions
with parallel velocity between U, and U, + dUy. This general form
is consistent with the time dependence of the observed Starfish total NCR
power,> which is plotted in Figure 4. Also plotted in Figure 4 is a curve
representing the function f(t) = t-!. It is seen that the two curves
agree quite well, for times after the peak in the power-time curve.
Assuming that the time of arrival of the fast ions in the patch region is
inversely proportional to the velocity, we have

t - ot (3-1)
and thus
& -, (3-2)
*

In reference 3, the patch spectrum is fit with a much more elaborate
function, which takes into account the spatial dependence of the
spectrum. The present discussion is primarily qualitative, so the more
approximate functional form used here is quite adequate.
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which can be combined with the observed time dependence of the NCR power,

-1
Tt (3-3)

to yield an estimate of the form of the velocity spectrum, as follows:

dE _dE  dt _ . .

aU=a't-'aU-tl’U2, (3‘4)
or,

gg = (u=ty-tey-2 = gt (3-5)

Thus, it is seen that the Starfish data are consistent with a spatially
integrated spectrum which is approximately the same as that predicted by
CMHD.  Although the exact computed spectral shape is a slowly varying
function of spatial location, the general form of equation 3-5 is approxi-
mately applicable at all radii.

The NRL results, on the other hand, show considerable dependence
on cross-field radius. At small radii, the NRL computed spectrum is more
like g%- -y, oOn a spatially integrated basis, however, their results
have also been shown to be approximately consistent with the optical
data. Kilb® compared the NRL and MRC results with each other and with
data in considerable detail, and concluded that in spite of the fact that
the velocity spectra predictions by the two groups are quite different,
and even though the data seem to imply that the form of equation 3-5 is
approximately correct, one could not make an iron-clad distinction between
the different results on the basis of the published optical power data,
which is spatially integrated over the NCR region.

It has therefore been necessary to attempt to resolve the issue

on theoretical grounds, which has proved to be a difficult task. As part
of this on-going effort to resolve these discrepancies between the NRL and

20




MRC code results, we have made two additional CMHD runs for the Starfish
event. We shall refer to the original calculation as "run A," and to the
more recent calculations as "run B" and "run C." Run A used a form of the
SCATTER subroutine which performed velocity space diffusion to drive the
local velocity distribution toward isotropization whenever the conditions
for the mirror instability were met. Dr. Robert Clark, Dr. Peter
Palmadesso, and other NRL scientists objected strenuously to this
procedure. The NRL philosophy concerning the scattering of energy from
transverse thermal modes into parallel stream modes is expressed by the
following quotation:®

"We focus our attention on the coupling region for
the present. As we have said it contains a highly
compressed magnetic field and a mixture of hot air and
debris. The debris jons have streaming energies predom-
inantly perpendicular to the field. Coupling instabil-
ities in this medium convert this energy into random
transverse motion, heating the debris and air ions
anisotropically in the transvevse direction so that
T_L/TlI ~ 3. In this way a large part of the transverse
streaming energy of the debris ions 1is transferred
quickly to the parallel direction and shared with the
ambient. ions.

This process results in a peculiar velocity distri-
bution, deficient in specific high velocity values at
which ions are streaming out of the coupling region
faster than they can be replaced. This distribution,
containing, a 'hole' in velocity, is known to suffer an
electrostatic instability, the Post-Rosenbluth 'loss

cone instability.' The electrostatic fields which are
associated with this instability preferentially pitch




angle scatter ions with high transverse velocities (V1>
Vthermal) 1into the rfarallel direction, where they
stream out the loss cone. The net result of all of the
above is the establishment of a quasi-steady state of
equilibrium consisting of a continuous flow, out of the
Toss cone parallel to the magnetic field, of debris and
air ions with velocities significantly larger than the
transverse thermal, V|| = A VTHl’ A~ 2.-2.5. Thus these
escaping ions have a beam-1ike character."

At a working group meeting at MRC in September, 1979, Palmadesso
and Dr. Joseph Workman of Berkeley Research Associates suggested a method
of modelling the effects of the Post-Rosenbluth instability in our SCATTER
subroutine. They suggested that energy be removed from transverse thermal
at the rate

‘-(el - €)
e = (3-6)

l\ 0, ife <e.

Vth _
T if e > e,

where e, is the transverse thermal energy density at a particular location
in the blast wave, € is a mean thermal energy chosen so that the system
will approach pressure isotropization, Vinp is the local mean ion thermal
speed, and L is a scattering length, proportional to the Debye length. As
this energy 1is removed from transverse thermal, it appears as parallel
streaming energy, in the form of air ions traveling at parallel velocities
+ X Vtgp, with 2 = 2.5. This procedure became known as the "Workman -
Palmadesso formula," and was encoded into our SCATTER subroutine for run B
and run C. The effects of these different models for the scattering
process are explored in detail in Section 4.
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The other change which has been made in CMHD, and which was
implemented for run C, was prompted by informal discussions with Dr.
Palmadesso of NRL and Dr. Steve Brecht of SAI. As a result of these
discussions, we discovered that we had made an unfortunate choice of
numerical differencing methods for an equation representing the "sling
effect,”" mentioned in Section 2. During the blast wave expansion there is
interchange between energy associated with the expansion transverse to B
(transverse streaming energy) and energy of ions streaming parallel to g
The relevant differential equations are

(3-7)

Q
+la
==
—

-

and
v = 2B .90 .8, (3-8)

Q.
|l
-
=

where L% is the parallel ion velocity, V, is the transverse velocity of
of the plasma (and the magnetic field lines) andd and € are unit vectors
parallel and transverse to BZ respectively. When jons streaming parallel
to B find themselves on moving, curved field lines, they will undergo an
interchange of energy between parallel and transverse modes, according to
these equations, This is simply an expression of the fact that, under
these conditions, the unit vectors b and e are changing in space and in
time. Total energy is conserved, of course. The particular numerical
method that was chosen for simulating this effect had the unfortunate
property of decreasing the parallel energy too much, under certain circum-
stances. After this discovery, we altered the code to correct the defi-
ciency, and again repeated the Starfish calculation. To summarize, then,
there have been three CMHD Starfish calculations: the original one,
completed in 1978, and referred to as run A, which utilized the diffusive
form of the SCATTER subroutine; run B, completed in 1979, which used the
Workman - Palmadesso (WP) form of the SCATTER routine; and run C, which
included the WP SCATTER routine and had the problem with the "sling
effect" fixed. The three calculations used identical initial and boundary
conditions.
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The overall dynamics of the blast wave expansion were affected
very little by these changes in the code. Figure 5 and 6 show comparisons
of electron density contours at 0.3 seconds and at 1.2 seconds after burst
time. These contour plots reveal slight differences in the blast wave
expansions. These differences are almost imperceptable in the
downward-going section of the blast wave, which is the most important from
the standpoint of production of long-lasting ionization. The differences
in blast wave expansion are more obvious in the horizontal and above-
horizontal directions, but are well within the range of uncertainty which

we would assign to any one of the calculations.

The motivation for performing the additional CMHD calculations
was toc deterimine the extent to which the debris patch predictions would
differ from that of the original Starfish simulation. Figure 7 shows the
time-integrated energy flux predictions for the downward patch as a func-
tion of cross-field radius. Although the differences are well within the
overall range of uncertainty, and should not be viewed as significant, it
is worth noting that the three calculations differ in ways that are
consistent with the changes that were made in the code. Runs B and C both
result in higher time-integrated fluxes at small radii than does the
original run. This is a result of using the WP SCATTER subroutine, which
deflects more energy into high parallel velocities during the early stages
of the blast wave expansion, when the radius of the blast wave is small.
The curve from run B then falls below that for run A at larger radii. We
might expect this to happen, simply because if more energy is transported
away from the blast wave at earlier times, there is less available at
later times {and larger radii). The fact that curve C is higher than the
others at all radii is a conseguence of the changes in implementation of
equations 3-7 and 3-8, which resulted in keeping more enerqgy in parallel
modes as the ions moved down the distorted aceomagnetic field lines.
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0f particular interest is the comparison of predictions of patch
spectra. Figures 8 through 10 show velocity spectra of energy predicted
to arrive in the downward patch within 100 km of the burst field line.
Energy reaching the patch in the form of fast ions is plotted in Figure 8,
fast neutral energy is shown 1in Figure 9, and the sum of both ijon and
neutral energy is given in Figure 10,

The two more recent calculations show an increase in the amount
of energy reaching the patch at high velocities. Run C, especially,
predicts substantially more energy at velocities above 2000 km/sec. In
retrospect, we su<pect that the changes made for run C may have overcor-
rected the earlier deficiencies, and therefore may have actually caused a
bigger boost at the high velocity end of the spectrum than is warranted.
The qualitative result that runs B and C predict a somewhat harder spec-
trum than does run A, is to be expected, in view of the changes that were
made in the CMHD code. The low velocity end of the spectrum, however, is
essentially the same for all three runs. This is an important result, for
two reasons. First, it demonstrates that the exact form of the SCATTER
subroutine has 1little impact on this portion of the spectrum, which is
comforting in view of the fact that plasma turbulence is essentially
impossible to model in detail. Also, since the slower ions deposit their
energy at higher altitudes, where the resulting ionization will tend to
persist longer, the low velocity portion of the patch spectrum is more
important from the military systems viewpoint.

28




Energy/unit velocity (units of 8 x 10% ERG/(km/sec))

edeeeereens

’—:;-—-é ------- Nesepma Run A ]

—Run B

— o= w= = = Run C

Figure 8.

1000 2000 3000 4000

Parallel velocity (km/sec)

Comparison of fast ion contribution to downward (NCR) debris
energy patch spectra.

29




10 Tt T T T 7 T
9 ]
B
v 8 |
E .............. Run A
g ————Run B
S
& N —— - Ryn C —
[¥e]
=t
o;( 6 _{
Y
o
w
g 5 —
[ =
2
>
had 4 — —
(8] gssnenve
o RN
E T
2 3 -
P i
=] :
= 3
> :
o 2 —
o T feeeens
[N} L R
s .
. 4 | \ | R e s ]
0 1000 2000 3000 4000

Parallel velocity (km/sec)

Figure 9. Comparison of fast neutral contribution to downward (NCR)
debris energy patch spectra.

30




Energy/unit velocity (units of 8 x 10° ERG/(km/sec))

Figure 10.

13 1

lz’_i g -------------- Run A —
: : ——— Q0 B
=4 @ eeme—me——— Run C
11 H N
10 H ]
g H
g’ <> % !
614 7]
.
5 - | n |
....... [
1
1
4 H l n
|
I
|
3N ! 7
I
:
2 L Seeadas _-..Sr---‘ : -
1 H
O ! i

1000 2000 3000 4000

Parallel velocity (km/sec)

Comparison of downward (NCR) debris energy patch spectra.

31

, u‘mnimnm-M' » 4




SECTION 4
PATCH SPECTRUM SENSITIVITY STUDY

To obtain more detailed information about the sensitivity of the
debris energy patch spectrum to certain features of the physics embodied
in CMHD, we performed a series of simplified calculations for a single
magnetic flux tube. We chose flux tube number five from the most recent
Starfish simulation, which was initially vertical and included the volume
between cylindrical radii of 80 km and 100 km. The flux tube geometry and
the sources of energy and mass were taken from the full CMHD
calculations,

The geometry of this flux tube is shown in Figure 11 at four
different times during the blast wave expansion. At .05 seconds after
burst time, the flux tube has been compressed and distorted in the hori-
zontal sector and in two or three sectors above and below horizontal. At
later times, more of the flux tube is involved in the expansion, and by
.80 seconds, the distortion away from the ambient configuration is quite
extreme, involving all of the flux tube between about 250 km altitude and
1000 km altitude. As the blast wave compresses the flux tube, ijons and
electrons are given transverse thermal energy, resulting in large trans-
verse temperatures. Collisional processes then ionize more of the back-
ground air, increasing the ion mass within the flux tube. The rate at
which transverse thermal energy and ion mass were added to this flux tube
were determined for each angular sector from the output of the full CMHD
calculation. These rates, integrated over all sectors, are shown 1in
Figure 12. The time integrals of these rates are plotted in Figure 13.
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About 90% of the energy is added by .10 seconds, and the remaining 10% is
added slowly over the next 1.1 seconds. There is a peak in the rate of
increase of ion mass at .2 seconds, but it is much less pronounced than

the peak in the energy source function, resulting in a more gradual
increase in mass over the running time of the problem. It is worth noting
that the flux tube mass increases from about 1x10° gm (ambient ionosphere
plus ionization produced by the X-ray flash) to about 60 times this value
by 1.2 seconds. As we will see later, this is a very important aspect of
the phenomenology of this burst.

Having obtained the flux tube geometry and the sources of energy
and mass from the output of the full CMHD calculation, we then did a
series of simplified "CMHD-like" calculations, in which we exercised the
SCATTER subroutine to transfer energy from transverse thermal into paral-
Tel streaming energy, and the TRANSPORT subroutine to transport ions along
the distorted field lines to the upper and lower ends of the flux tube.

The block diagram of Figure 14 illustrates schematically the
flow of energy and mass in these simplified calculations. As energy is
added, it first appears as transverse thermal energy. Then, provided the
turn-on conditions for the particular "scattering instability" being
modelled are met, the SCATTER subroutine illustrated by S in Figure 14
shifts ions in parallel velocity space, from small Un and large U, into
larger Un and smaller Ul. This results in a transfer of energy from El to
E|| . Ions with non-zero Un then stream up or down the flux tube. This
latter part of the calculation is the job of the TRANSPORT subroutine,
illustrated in Figure 14 by the symbol T. In a particular sector, at a
particular time, the amount of E, present and its distribution in paral-
lel velocity space are determined by the time integrated effects of the
scattering process in that sector and transport between that sector and
those above and below. This, in turn, determines whether or not the turn-
on conditions for SCATTER are met.
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Figure 14.
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Schematic representation of the flow of energy and mass in the
single flux table calculations. Angular sectors 5 through 21
are "active" for this flux tube - sectors 1 and 22 are
straight down and straight up, respectively, where the non-
orthogonality of the CMHD coordinate system causes singulari-
ties, and sectors 2 through 4 intersect this particular flux
tube below the bottom of the CMHD grid. (represents the
action of the SCATTER subroutine, which takes energy from
transverse thermal and puts it into paralle! streaming, and(f)
represents the transport of paraliel stre¢ ng energy up and
down the flux tube.
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The series of calculations being reported here was done to
investigate the sensitivity of the patch spectrum to the detcils of the
particular plasma instability model encoded in the SCATTER subroutine.
Results from eight problems, which involved variations of twe different

instability models, are shown below.

The ions that reside in a particular spatial locaticn, that is,
in a particular angular sector of a given flux tube, are resolved intc
fifteen groups in parallel velocity space, covering the ranae from +40CQ
km/sec to -4000 km/sec. Velocities parallel to B are considered positive,
antiparallel velocities are negative (the undistorted £ field pointed
downward, as at the aeomagnetic north pole). Initially all the iens
within a cell are in the U, = 0 group, as shown in Figure 15. As the
jon mass within a cell increases due to collisional ionization of back-
ground air, the added ions also appear in the zeroc velocity aroup. Then,
if the instability turn-on condition permits, ions are "scattered" from
Uy = 0, into both positive and negative values of U,, according to the
particular scatter model! being used. The two types of models used here
are the diffusive scatter model, which produces a distribution function
such as that shown in Figure 16, and the Workman-Palmadessc (WP) model,
which preferentially scatters high velocity ions into the parallel direc-
tion, as is illustrated in Figure 17.

Figures 15 through 17 are plots of ion mass per unit velocity as
a function of parallel velocity for one angular sector within a flux
tube. By combining this information for all the active sectors, we can
plot contours of ion mass per unit velocity as a function of parallel
velocity and angular sector, resulting in displays such as shown in Figure
18. The detailed results of the present calculations can best be surmar-
ized by a sequence of plots like Figure 18, and a series of these plots at
succeeding times for each of the eight calculatiors will be shown below.
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With this introduction, then, we proceed to present results from
the eight calculations. The first calculation, which we shall call CASE
1, used the diffusive form of scattering function, which performed a
simple diffusion in velocity space, whenever the mean parallel thermal
energy per ion was less than one-half the mean transverse thermal energy
per ion. That is, the turn-on condition was

ey < 0.5 el,

0.5m (U, -U )2
with e = k 1k .
i g m,
_ Im U
where U = ———E——in-.
1 T m
k k

The summations are, of course, over the 15 parallel velocity groups. The
time scale for the diffusion, or scattering, was short compared to other
times of the simulation, so that the value of e, was nearly always at
least as large as it would be for complete isotropization.

Figure 19 contains plots of the total transverse thermal energy
in the flux tube, the total parallel energy, and the energy transported
out the ends of the flux tube as functions of time. The transverse eneray
peaks at about .15 seconds, thereafter falling gradually, as energy is
scattered into the parallel direction at a faster rate than it is being
increased by continuing compression of the flux tube. The parallel energy
rises somewhat less rapidly than does the transverse, peaking at about .2
seconds, and then stays fairly constant. This points out an important
property of this system, namely, that since the plasma instability time
scale is very short compared to other time scales in the problem, energy
is scattered into the parallel direction at whatever rate is required to
maintain a quasi-equilibrium between the scattering process and transport
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of parallel energy up and down the flux tube. That is, the rate of trans-

port - determined by the geometry of the flux tube and the distribution of
energy in parallel velocity space - is the controlling rate. The third
graph in Figure 19 gives the energy which has been transported out the top
and bottom of the grid, and subsequently would be deposited in the patch
regions, as a function of time. It rises somewhat more steeply at first,
when the fastest ions are exiting the flux tube, and somewhat less steeply
later. The maximum slope occurs at about 0.3 seconds, which agrees with
the time of the peak in the power-time curve inferred from optical data.

As a way of displaying the evolution of this problem in more
detail, we show contour plots of the distribution function dM/dU, at
several times in Figures 20 and 21. The problem was initialized at .025
seconds, and the correponding ion mass distribution function is strongly
peaked at U" = 0. The peak is highest in sector 5, which is at the lowest
altitude and therefore contains the most X-ray-produced ionization. The
contour values are a factor of ten apart, and the contours w!.ich appear at
this time range from the 1x10-7 gm/{cm/sec) to 1x10-3 gm/{cm/sec). At
subsequent times, as mass and energy are added, and as the diffusive SCAT-
TER routine is turned on, the distribution function is spread out in Uy
space, and the peak value increases. At .050 seconds, the plot is fairly
symmetric about Uy = 0, due to the symmetry of the SCATTER algorithm,
and the limited amount of elapsed time since most of the scattering has
occurred. By the next time, however, ion transport has moved those parti-
cles with anti-parallel (upward) velocities to higher angular sectors, and
those with parallel (downward) velocities to lower sectors, producing a
skewing of the contours. By .20 seconds, the skewing has become more
pronounced. At progressively later times, the skewed nature persists, but
the contours retract toward the center as the faster particles are trans-
ported out the ends of the flux tube. As this is taking place, the SCAT-
TER routine continues to diffuse ions in parallel velocity space as needed
to keep e, up to the "turn-on" value. However, as mass is added - the
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total ion mass increases 60-fold during the course of the problem - the
average transverse energy per ion becomes smaller, lowering the necessary
spread of ions in U, space. At 1 second, the mass in the problem has
increased so that the contours range from 1x10-7 am/(cm/sec) to 1x10-2
gm/ (cm/sec). The calculation was continued to a problem time of 2
seconds, at which time the simplifying assumption was made that any
further evolution of the distribution function would be due solely to
transport. We could then construct the time-integrated patch spectra for
both the upward - and downward - going ifons. Figure 22 shows the spectrum
for the downward patch, which has a shape characteristic of CMHD results,
approximately proportional to U‘;.

CASE 2 utilized the WP SCATTER algorithm, which is quite differ-
ent from the diffusive one. Rather than simply spreading the distribution
function out in U, space, it deflects ions directly out to parallel
velocities given by * Xth , where the NRL recommended value of A is 2.5,
and V is the mean transverse thermal velocity of the ions in that spa-

L:h
tial lccation. The total transverse, parallel, and patch energies as
functions of time are plotted in Figure 23. Figures 24 and 25 given

contours of the distribution function as it evolves for this case. The
effects of the WP SCATTER algorithm are quite obvious, particularly at
times of .05, .10, and .20 seconds. The scattering of ions out to Uy =
A Vlth’ coupled with a Vlth
appearance to the contour plots at .05 and .10 seconds. At the later

that increases with altitude qives a "winged"

times, after the faster ions have had time to be transported out of the
flux tube, these effects are less obvious. The resulting patch spectrum
is shown in Figure 26,

CASE 3 used a combined SCATTER algorithm, that both diffused

jons in velocity space and deflected ions directly out to + 2 vlth' The

other five cases used variations of the WP algorithm. Table I lists the
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Figure 26. The velocity spectrum, g-[E]n—, for the downward patch for CASE 2.
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Table 1. Parameters used for the eight different single flux tube calcu-

lations
SR IR (L
N I +, ;;;;;;; s e

Case 1 Diffusive N.A. | Soe 1.0
2 WP 2.5 e, 5e 1.0
3 WP + Uiffusive 2.5 e, S5e 1.0
4 WP 2.5 e# 10 e 1.0
5 WP 5.0 e; 5e 1.0
6 WP 2.5 e, 5e .10
7 WP 2.5 e, ¢ Se .01

8 WP | 2.5 ‘__“_vwlw_;f e 0

eight runs, the type of scatter algorithm used, the value of », the turn-
on condition, and the value of fmass , a parameter by which the rate of
addition of ion mass was multiplied.

Comparisons of the results of CASE 2, CASE 3, CASE 4 and CASE §
are made in Figqures 27 through 33. C(ASE 2 is the nominal WP scatter run,
while CASE 3 includes some velocity diffusion. CASE 4 differed from CASE
2 in that the turn-on condition was altered to allow almost all (-~ 90%)
of the available thermal energy to be deflected into parallel energy.
CASE 5 was different from the nominal case in that a larger value for
was used, thus deflecting ions to higher parallel velocities for a given
v th Time histories of transverse thermal energy (E ) for the four cases
are plotted in Fiqure 27. The CASE 2 and CASE 3 plots are very similar,
The plot for CASE 4 shows that relatively little energy was left in E ,

since most of it went into parallel energy. CASE 5 has less E than the
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first two, because deflecting ions to higher parallel velocities results

in energy being transported out of the flux tube at a faster rate, thereby
requiring a higher rate of conversion of energy from El to E“.

Parallel energies are plotted for the four cases in Figure 28.
Again, CASE 2 and CASE 3 are very similar. CASE 4 shows substantially
more E, at first, but after about .5 seconds, it has about the same
remaining parallel energy as the others. CASE 5 has slightly more E“ than
the first two cases before about .3 seconds, and slightly less thereafter.
This difference is not surprising, since CASE 5 deflected ions to higher
values of U“ , especially early in the problem, which subsequently
increased the rate of transport out of the grid.

Figure 29 shows plots of patch energy vs. time. Again, the
first two cases look very much alike. Cases 4 and 5 show a faster rate of
delivery of energy to the patch at early times, which is consistent with
the above discussion.

Contours of the distribution functions for the four cases at .05
seconds are presented in Figure 30. Here, we see a difference between
cases 2 and 3. The latter, having employed a mixture of the diffusive and
WP scattering algorithms, shows a broader distribution near Un = 0 than
any of the others. CASE 4, which put essentially all of its energy into
En’ clearly shows more ions in the 1000 km/sec to 3000 km/sec range than
the other cases show. CASE 5, which deflected ions out to Un =+ 5 vlth’
shows more ions at the extremes of the velocity range. By .4 seconds, the
time of the distribution function plots shown in Figure 31, there remain
some differences between the various cases, but they are much less obvious
than earlier. Figure 32 shows the 1 second comparison. At this time, the
differences between the four cases are insignificant. We attribute the
similarity in these plots to the fact that the energy and mass source
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functions were the same for all cases, and to the fact that the control-

ling rate 1is that of transport, rather than the rate of scattering in
velocity space. Thus the details of the scattering mechanism are not as
critical as one might initially presume for times after 0.5 seconds when
the low velocity patch ijons are generated.

Figure 33 gives the patch spectra. The most significant differ-
ences occur at velocities above 3000 km/sec. Clearly, the amount of
energy which reaches the conjugate regions at these high velocities
depends on the plasma instability model used to deflect ions into the
parallel direction. There are also differences in the low velocity (say,
< 1500 km/sec) portion of the spectrum, but they are less pronounced than
at high velocities. The one thing these results have in common is that
they all show a substantial low velocity component, and there is a defin-
ite trend for the energy per unit velocity to increase as the velocity
decreases, for Url < 2000 km/sec.

The final comparison we shall make is between cases 2, 6, 7, and
8. These runs differ in the amount of ion mass added during the running
of the problem. O0f course, we are sure that CASE 2 has the appropriate
amount of added ion mass, since we are confident that collisional ioniza-
tion of background air really does occur, and that the cross-sections used
are reasonably accurate. The purpose of this comparison is to demonstrate

the importance of this aspect of the early time phenomenoclogy.

. and Epatch'

The shapes of the curves for the four cases are all quite similar. The

Figures 34 through 36 show comparisons of E1’ E

differences indicate that as the rate at which mass is added is reduced,
the rate of transport of energy out of the grid is increased, thus leaving

progressively less energy in both EL and E“for cases 6, 7, and 8 at com-
parable times. In Figures 37 through 39, we compare the distribution
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functions. At .05 seconds, the differences are relatively minor, but at
.4 seconds and at 1 second, there are substantial differences. The most
obvious differences are that the reduced mass cases show contours at
larger velocities than does the nominal WP CASE 2., Not quite so obvious,
although equally important, is the fact that as the added mass is reduced,
the low velocity portion of the distribution is reduced. This is clearly
evident in the comparison of patch spectra, given in Figure 40. The mass
added to the flux tube through collisional ionization of backaround air
has a dramatic effect on the character of the patch spectrum. Without
this added ion mass, most of the energy arrives in the patch at large
velocities, but with it, the patch spectrum peaks at low velocities.

Thus, we conclude from this parameter study that while the high
velocity portion of the patch spectrum shows substantial dependence on the
details of the plasma instability model, the low velocity portion is rela-
tively insensitive to it. On the other hand, the entire spectrum is sen-
sitive to the rate at which background air is ionized in the expanding
blast wave and subsequently shares the available thermal energy. This is
a fortunate result, because we have a great deal more confidence in our
ability to treat collisional ionization properly than in our ability to
accurately model plasma instabilities,
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