ONSET CRITERIA FOR STRUCTURE IN MAGNETICALLY CONFINE 1/1 §
PLASHA EXPANSIONS(U) NAVAL RESEARCH LAB WASHINGTON D N
J D HUBAR @9 JUL 87 NRL-NR-6939

UNCLASSIF IED F/G 20/9 NL

i
i

" AD-A183 6951




~“ l.,

""

.
Y |' r‘ q’
LA '\"

A\

." ...‘

g ..t’l

-

!‘

\J

o N o\_t

‘U.;‘i »

t.t

-
DRSO &

$70.0%, (
"u"l‘ t’

'

LAY
'l"“t (X

-

G

. -
F

>
.

s

"’
e e

s

2 . ‘1 -, -

s,

3
S
e e

-’

i
l:?E-’ '

EEEL

=
FE

-
-

FEERE

E
E
E

1
i
!
!
r
o

t

p\:,j\. SR

" l‘4 l..." " l‘

n"'."- DOCACAL NS



haval Research Laboratory

ashington, DC 20375-5000

AD-A183 691

NRL Memorandum Report 6030

Onset Criteria for Structure in
Magnetically Confined Plasma Expansions

J. D. HuBA

Geophysical and Plasma Dynamics Branch

Plasma Physics Division
DTIC

ELECTE .
AUG 0 3 1987 July 9, 1987

“p

r Y

This report was sponsored by the Defense Nuclear Agency under Subtask $992MXBC,
work unit 00102 and work unit title "Plasma Structure Evolution.”

ﬂ "\ (\1)1‘

~ e

% oo
"’5":1:"'4“
Srdltive
R

() '
FOLARTLEN
"“Q'Q iq‘g )
OO
DEGCHXN
‘Q‘l&‘l‘,’!
CERSEXACK

TR o §Y
AR A M
‘l' Ql‘%l:‘

|" »
b
Ay
A [}

::".l “::?

‘ .'i )
A% 1% 1
. .".0"..‘

- - .

Y

N, T AT NANAT N BN L
APV S R AL LR ST P S 4 ﬁ%ﬁb.fn.".&i&.&ﬂ



SECTRIYY TCASSIFICAYION OF THIS PAGE.

REPORT DOCUMENTATION PAGE

1. REPORY SECURITY CLASSIFICATION
UNCLASSIFIED

tb. RESTRICTIVE MARKINGS

e —————————————
28. SECURITY CLASSIFICATION AUTHORITY

§'26. DECLASSIFICATION / DOWNGRADING SCHEDULE

3. DISTRIBUTION / AVAILABILITY OF REPORT
Approved for public release; distribution

unlimited.

NRL Memorandum Report 6030

4. PERFORMING ORGANIZATION REPORT NUMBER(S)

S. MONITORING ORGANIZATION REPORT NUMBER(S)

63. NAME OF PERFORMING ORGANIZATION
Naval Research Laboratory

6b OFFICE SYMBOL
(If applicable)
Code 4780

7a. NAME OF MONITORING ORGANIZATION

6¢. ADDRESS (City, State, and 2iP Code)
Washington, DC 20375-5000

7b. ADDRESS (City, State, and 2IP Code)

8a. NAME OF FUNDING / SPONSORING
ORGANIZATION

Defense Nuclear Agency

8b. OFFICE SYMBOL
0f applicable)

RAAE

9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

8c. ADORESS (City, State, and 2IP Code)

10 SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT TASK WORK UNIT
Washington, DC 20305 ELEMENT NO. INO. S99QM | NO. ACCESSION NO.
62715H XBC 00102 DN580-072

11. TITLE (Include Security Classification)

Onset Criteria for Structure in Magnetically Confined Plasma Expansions

12. PERSONAL AUTHOR(S)

Huba, J.D.
13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) IS PAGE COUNT
Interim FROM 10 1987 July 9 23

16. SUPPLEMENTARY NOTATION

This report was sponsored by the Defense Nuclear Agency under Subtask S99QMXBC, work unit 0010

and work unit title "Plasma Structure Evolution."

1

17.

COSAT! CODES

FIELD

GROUP

SUB-GROUP

18. SUBJECT TERMS (Continue on reverse if necessary and dent:fy by block number)
Early time HANE structure AMPTE

Rayleigh-Taylor instability

DNA/NRL laser experiment

magnetic field.

. L s ’;’:."(/

¢uk &

to be exceeded for structure to devélop.

experimental data from AMPTE and the DNA/NRL laser experiment.

laser experiments which will confirm (or refute) these criteria.
.

19. ABSTRACT (Continue on reverse if necessary and identify by biock number)

> A set of criteria is proposed for the onset of structure caused by the unmagnetized
ion Rayleigh-Taylor instability in magnetically confined plasma expansions.
Re, the critical radius at which structure can begin to develop, is independent of the
We—adio—shodtha® there is a critical value of laser energy that needs
These criteria are consistent with available

Ho—show-that D

a series of

A

20. DISTRIBUTION / AVAILABILITY OF ABSTRACT
(A UNCLASSIFIEDAUNLIMITED  [J SAME AS RPT.

_CJomc users

21. ABSTRACT SECURITY CLASSIFICATION
UNCLASSIFIED

228. NAME OF RESPONSIBLE INDIVIDUAL
J.D. Huba

22b. TELEPHONE (Inciudle Area Codc)
202-767-3630

22¢. OFFICE SYMBOL
Code 4780

83 APR edition may be used until exhausted.
All other editions are obsolete.

DD FORM 1473, 84 MAR

' » W, (] » %] AT Y
SN O 9 W
."n."-.‘{."*';."-"‘ a l' X l. b "!l‘t.' \Y l. VALY

SECURITY CLASSIFICATION OF TH!S PAGE

L R e N A G A

NP,

-r".f.;vr N ".- 0

P

1%
v,

oI

'«-e“‘f"-¢



CONTENTS

I. INTRODUCTION.....cceosesosesseasscasonscancsosacassoes .

) II. THEORY...eeueevvnnnn. s et
A. Magnetically Confined Expansions........... ceesan

B. Magnetic Deceleration........ccveeeecevennee ceenns

C. Onset Criteria for Structure......eeceeeeeeccaans

IIX. APPLICATION.....ccctennoscvcssssseassnossccosannns

IV. DISCUSSION...cccvesrssssossscocncncsssesaasssnsscsccanss
ACKNOVLEDGMENTS . . s ceevreecaensonssssosnssnnnnnes

0 N U > W NN =

Accesion for
NTIS CRA&I N
DIIC TAB a
Urannotnced g
Justiticatonn ]

Dist-ibution |
-

Availability Codes

e —

T Avad andfor
Dict ! Special
§

A-1]

S d —

orIC

COoPY
INSPECTED

6

T, ', v ( ’
[} £ 0 e % WY Yy
.a’".*"?’-"‘."'a i) ’l"‘t“q'u'l’.‘l'!’\.,




ONSET CRITERIA FOR STRUCTURE IN
MAGNETICALLY CONFINED PLASMA EXPANSIONS

I.  INTRODUCTION

Recent experiments have shown the rapid development of structure
during the early phase of magnetically confined plasma expansions
{Bernhardt et al., 1987; Ripin, 1987]. Such plasma expansions can be
characterized as sub-Alfvénic, i.e., YdO < VAa vhere Vdo is the initial
expansion velocity and VAa is the Alfven velocity in the ambient background
plasma. Under this condition the expanding plasma is ‘stopped’ by the
magnetic field. This is in contrast to super-Alfvénic expansions where
momentum coupling to the ambient plasma is primarily responsible for
‘stopping’ the expansion. Another feature of these expansions is that the
directed ion Larmor radius (pi = Vdo/Qi vhere Qi is the ion cyclotron
frequency) can be comparable to or much larger than the scale sizes of
interest. For instance, in the cases of AMPTE and the NRL laser
experiment, Py ~ RB >» Ln vhere RB is the maximum radius of expansion and
Ln is the scale size of the density shell. 1In a similar vein, one should
note that the time scale (w ) for structure development in these
experiments is faster than an ion cyclotron period (Qi_l), i.e., w>» Qi.
What makes this regime interesting is that it cannot be described by ideal
or finite Larmor radius (FLR) MHD theory because conventional MHD theory
requires w << Qi and Y << Ln'

In order to understand the gross evolution and stability properties of
magnetically confined plasma expansions, Hassam and Huba (1987a,b) recently
developed a modified set of one-fluid MHD equations. These equations are
valid for arbitrary values of pi/Ln (or w/Qi) but require pe/Ln << 1 (or
w/Qe << 1) (i.e., the electrons are strongly magnetized). Linear stability
analysis indicates that a fast ‘unmagnetized ion’ Rayleigh-Taylor
instability can develop during the early phase of a magnetically confined
plasma expansion when pi/Ln > 1 (or w > Qi). The instability is driven
by the deceleration of the plasma shell which produces an effective
gravitational acceleration, i.e., dVd/dt - Boggr acting on the density
gradient associated with the plasma shell. Moreover, the eigenmode
structure suggests that the density shell should exhibit plasma ‘clumping’
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instead of plasma ‘rippling’ (as is the case with the conventional
magnetized ion Rayleigh-Taylor instability). Recent 2D MHD simulations
also support this type of behavior (Huba et al., 1987). Both of these
features, rapid development and density clumping, are consistent with
observational evidence thereby 1lending support to the Hassam and Huba
model.

The purpose of this paper is to develop a rather simple set of
criteria for the onset of structure in magnetically confined plasma
expansions. We are specifically concerned with structure generated by the
unmagnetized ion Rayleigh-Taylor instability discussed in Hassam and Huba
(1987a,b). Ve show that these criteria are consistent with available
experimental data, and can be readily tested in future NRL laser
experiments.

II. THEORY

A. Magnetically Confined Expansions

Ve first show that magnetically confined plasma expansions are sub-
Alfvénic. Ve estimate the ‘stopping’ radius of a magnetically confined
expansion by equating the initial kinetic energy of the plasma with the .

3

magnetic energy in a volume (4/3)nRB vhere RB is defined as the magnetic

confinement radius, C
B 2 2

1 2 0 4 3 ‘

7 MoVds0 = an (5 TRp ] D ‘

where Ho is the mass of the plasma, Vdo is the initial debris expansion
velocity, and BO is the ambient magnetic field. From (1) we obtain

-

9 9 1/3 *
Ry = (3M0v N ) (2) v
g
L]
Ve compare this distance with the equal mass radius RH X
1/3 .
Ry = (3My/4mn | (3) o
which is defined as the radius of the sphere which contains a mass of b

ambient plasma equal to the mass of the expanding plasma. For the
expanding plasma to be confined magnetically we require RB < RE. This 2
1/2 .
leads to de < VAa from (2) and (3) where VAa = BO/(aunama) is the "
.
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Alfven velocity in the ambient plasma. Basically, when de << VAa the

expanding plasma is stopped before it sweeps up very much background
plasma.

B. Magnetic Deceleration
The driving mechanism of the unmagnetized ion Rayleigh-Taylor
instability is the deceleration of the expanding plasma shell. This
deceleration can be interpreted as an effective gravitational
acceleration, i.e., dV,/dt = -

d
conservation of energy. Ve write

Beff" Ve estimate Boff based upon

2
Eg_ 4n 1 2

1y R3(t) - 1 3 MoVs0 (4)

7 MoVq 2(t) +

vhere the LHS of (4) is the sum of the kinetic energy of the expanding
debris and the swept-up magnetic energy at time t and position R, and the
RHS is the energy at t = 0. We solve (4) for Vd(t) and obtain

2 1/2
Vo(t) = [V, .2 %0 o3 (5)
at = Va0 - M, .

Ve take the time derivative of (5) to obtain

2
dVd Bo

2
geff(t) =-30 - iﬁg R™(t) (6)

vhere we have made use of the fact that Vd = dR/dt.
Ve also note that the position of the debris shell can be determined
as a function of time from (5). Namely, (5) can be revwritten as

R
dR’__ dR’
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Using (7) we can determine the time t when the debris shell is at a radius
R.

C. Onset Criteria for Structure

The unmagnetized ion Rayleigh-Taylor instability discussed by Hassam
and Huba (1987a,b) can only be excited if Yo > Qi wvhere Yo = (geff/L )1/2
That is, the maximum growth rate of the magnetized ion Rayleigh-Taylor
instability has to be greater than the ion cyclotron frequency in order
for the ions to behave as unmagnetized particles. When this occurs then
the unmagnetized ion interchange mode can be excited. Making use of this
fact, and the expression for Boff derived above, we then arrive at the
following onset criterion for structure development in magnetically

confined expansions:

By (1) 2

o > Q. (8)

MO L i

n
or
172 ez
R(t) > R_ = (21.“"0) ne (9)

where Z is the charge state of the ions. Note that Rc, the critical

radius for structure development, is independent of the magnetic field.

This is because both Qi and Yy are proportional to Bo. Ve do not expect
that structure will be observed at R = Rc but that this is the radius at
wvhich structure can begin to grow. Since it will take a number of e-
folding times for the structure to be observable, we anticipate that
structure should be observed at R bs = aRc where a« = 1.5 - 2.0.

obs

Another constraint on structure development is that R =R <R

obs c B’
That 1is, the magnetic confinement radius must be 1large enough to
accommodate structure development. Alternatively, if Robs = aRc > RB then
the maximum deceleration of the plasma shell 1is not fast enough for the

ions to behave as unmagnetized. Thus, we also require

2,1/3

3M0VdO (ZL " )1/2 e (109
2 n O m,c
B i
0
vhere we have used (2) and (9). With regard to the DNA/NRL laser
experiment we can revwrite (10) as
4

St e,

A I o Y L Y L L




Vs Y mdd (ZI‘n"o)y2 373 5 2 an
c"° 6 33 0
mic

vhere W is the laser energy, 1i.e., we have assumed uovd02/2 = ¥W. Thus,

- (11) suggests that the laser energy must exceed a critical energy (Vc) in
order to observe structuring of the expanding plasma.

III. APPLICATION
Ve now apply the criterion developed in Sec. II to the structure
observed in AMPTE and the DNA/NRL laser experiment. We rewrite (9) as

172

“‘ZT (Lnno] cm (12)

R > Rc = 1.3 x 10

vhere u = mi/mp, mp is the proton mass, and we have evaluated the physical
constants. For AMPTE we note that Z = 1, u = 137, and Ln = 4.0 x 106 cm.
Ve take Ho = Noump vhere N0 is the total number of ions produced. From

Bernhardt et al. (1987) we take N 7.5 x 1024 ions so that HO =1.7 x

103 gm. Thus, for AMPTE we find 0that Rc = 80 km and anticipate structure
to be observed at Robs = aRc = 120 - 160 km. This is consistent with
observations which indicate structure is evident at R = 150 km. For the
laser experiment we take Ln = 0.5 cm, "0 = 2.0x 10_7 gmn, 4 = 28, and Z =

10. Ve choose the value of Z based on the NRL HANEX simulations
(Mulbrandon et al., 1987). VWe find that Rc = 1.5 cm so that structure
should be observed at Robs = 2.2 - 3.0 cm. This is consistent with
experimental observations for both BO = 1 kG and 10 kG.

Ve can also rewrite (11) as

3 3/2

11 3.2 2
WV =3.3x 10" o 5 (Lnno) erg . (13)

For the laser experiment we note that Vc = 16 - 38 J for BO = 10 kG and VC
= 0.16 - 0.38 J for BO = 1 kG. -Since W =30 J, (13) is marginally
satisfied for Bo = 10 kG and easily satisfied for B0 = 1 kG. Ve would
expect that the unmagnetized ion Rayleigh-Taylor instability would not

develop if W < Vc.
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Ve now present a series of plots which graphically illustrate the

above criteria. Ve consider the following parameters which are relevant
-7

: 0= 10 kG, Ln = 0.5 cm, MO =2.0x 10" gm, Vdo

= 6.0 x 10" cm/sec, Z = 10, and u = 28. 1In Fig. 1 we plot the position of

to the laser experiment: B

the shell R (cm) versus the time t (nsec). Curve A shows the position of
a 'free streaming’ debris shell and is based wupon R(t) = Vdot. Curve B
shows the position of a ‘decelerating’ debris shell and is based upon (7).
The two curves are identical for t < 20 nsec. The maximum expansion
radius in this case is R ax = 2.8 cm. In Fig. 2 we plot the effective
gravitational acceleration Boff (cm/sec ) versus the time t (nsec). It is
based upon (6). Ve note that Boff increases substantially during the
expansion. In Fig. 3 we plot yo/Qi versus the time t (nsec). Here,
(g ce/L )1/2
eff’ ™n

instability. We show the regions of stability and instability based upon

Y, =
0
is the growth rate of the magnetized ion Rayleigh-Taylor

the criterion YO/Qi < 1 and YO/Qi > 1, respectively. We point out that
structure was observed to develop at t = 45 nsec in the laser experiment
wvhich is in the unstable regime (Ripin, 1987). Finally, we present a plot
of RB’ Rc’ and Robs (cm) versus laser energy W (joules). In calculating
Robs ve have taken a = 1.5. For W < 8 J we do not expect that structure
caused by the unmagnetized ion Rayleigh-Taylor instability will develop
since RC < RB. However, structure may not be observed if W < 20 J because
it may not have time to develop.

The structure criteria suggested in this paper [(12) and (13)] can be
checked with a series of laser experiments. The experiments should be
designed to determine the scaling of the observed structure radius with
relevant physical parameters (e.g., u, MO’ Z), and to determine if
structuring stops at sufficiently small laser energies (i.e., W < W ) In

172 would probably be the ea51est to

the former case, the scaling Robs x MO
verify. Different target materials could be used to scale Robs with Z/u.
In the case of aluminum we estimate Z/w = 10/28, while for carbon we
expect Z/u = 1/2. Much heavier targets (e.g., gold) may yield values of
Z/u < 10/28. Thus, there may be a sufficient range Z/u to determine if
Robs scales linearly with Z/u. 0f course, there is uncertainty in
determining Z which could hinder this analysis. On the other hand, if the

scaling with M01/2

is verified, lending credence to (9), then we could use
the experimental measurement of Robs vs. Z/u as means to estimate Z for
different target materials. With regard to checking if structure is not

observed for sufficiently small laser energies, it is recommended that the
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parameters BO = 10 kG and Z/u = 10/28 are used, and to reduce the laser

energy to 10 J. It could then be checked if structure is observed for W >
Vc and not observed for W < Vc.

IV. DISCUSSION

Ve have proposed a set of criteria for the onset of structure caused
by the unmagnetized ion Rayleigh-Taylor instability in magnetically
confined plasma expansions. The AMPTE magnetotail barium release
(Bernhardt et al., 1987) and the recent NRL laser experiments (Ripin et
al., 1987) are excellent examples of such expansions. In both cases,
structure was observed on time scales fast compared to the ion cyclotron
period, and the unstable density shell exhibited ‘clumping’ as opposed to
‘rippling’. Both these features are consistent with linear theory (Hassam
and Huba, 1987a,b) and 2D MHD simulations (Huba et al., 1987).
Furthermore, the onset criteria proposed is also consistent with the AMPTE
and laser observations. Aside from predicting Rc (the critical radius at

which structure can develop), we also find that Rc is independent of the

magnetic field. This latter point has recently been observed in the NRL
laser experiment. Finally, we have recommended a series of experiments
which will help confirm (or refute) these onset criteria. Of particular
interest is the scaling of Rc with MO’ and the onset of structure for W >
Vc.

Finally, we comment that a critical parameter in determining RObs is
«. At this point, the values assumed for o have guided by observational
data. Although Rc is independent of BO’ it may be that « is dependent on
B0 (e.g., through the growth rate) so that Robs could be dependent on BO.
For example, we find that the linear growth rate of the unmagnetized
Rayleigh-Taylor instability is sufficiently fast to explain the observed
structure position for both AMPTE and the BO = 10 kG laser experiment.
However, for the B0 = 1 kG laser experiment, the growth rate of the
instabilty (at the observed wavelength) is too slow to account for the
structure at the observed position. Ve note that the growth rate is
proportional to the wavenumber (k) or mode number (m) so that rapid growth
of short wavelength modes is anticipated. Ve speculate that there may be

a rapid nonlinear cascade of energy from the short wavelength modes to the

long wavelength modes that are observed. Ve are currently investigating
this hypothesis.
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MARTIN MARIETTA CORP
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P.0O. BOX 5837
ORLANDO, FL 32805
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PACIFIC-SIERRA RESEARCH CORP
12340 SANTA MONICA BLVD.
LOS ANGELES, CA 90025
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PENNSYLVANIA STATE UNIVERSITY
IONOSPHERE RESEARCH LAB
318 ELECTRICAL ENGINEERING EAST
UNIVERSITY PARK, PA 16802

(NO CLASS TO THIS ADDRESS)

0ICY ATTN IONOSPHERIC RESEARCH LAB

PHOTOMETRICS, INC.
4 ARROW DRIVE
WOBURN, MA 01801
01CY ATTN IRVING L. KOFSKY

PHYSICAL DYNAMICS, INC.
P.O. BOX 3027
BELLEVUE, WA 98009

01CY ATTN E.J. FREMOUW

PHYSICAL DYNAMICS, INC.
P.0. BOX 10367
OAKLAND, CA 9U4610

ATTN A. THOMSON

R & D ASSOCIATES
P.0. BOX 9695
MARINA DEL REY, CA 90231
01CY ATTN FORREST CGILMORE
01CY ATTN WILLIAM B. WRIGHT, JR.
01CY ATTN WILLIAM J. KARZAS
01CY ATTN H. ORY
01CY ATTN C. MACDONALD
01CY ATTN BRIAN LAMB
01CY ATTN MORGAN GROVER

RAYTHEON CO.
528 ROSTON POST ROAD
SUDBURY, MA 0177%

01°Y ATTN BARBARA ADAMS

RIVERSIDE RESEARCH INSTITUTE
330 WEST 42nc¢ STREET
NEW YOKK, NY 10036

01CY ATTN VINCE TRAPANI




SCIENCE APPLICATIONS
INTERNATIONAL INCORPORATED

1150 PROSPECT PLAZA

LA JOLLA, CA 92037
01CY ATTN LEWIS M. LINSON
G1CY ATTN DANIEL A. HAMLIN
01CY ATTN E. FRIEMAN
01CY ATTN E.A. STRAKER
01CY ATTN CURTIS A. SMITH

SCIENCE APPLICATIONS
INTZRNATIONAL CORPORATION
1710 GOODRIDGE DR.
MCLEAN, VA 22102
01CY J. COCKAYNE
01CY E. HYMAN

SRI INTERNATIONAL

333 RAVENSWOOD AVENUE

MENLO PARK, CA 94025
01CY ATTN J. CASPER
01CY ATTN DONALD NEILSON
G1CY ATTN ALAN BURNS
01CY ATTN G. SMITH
01CY ATTN R. TSUNODA
01CY ATTN DAVID A. JOHNSON
01CY ATTN WALTER G. CHESNUT
01CY ATTN CHARLES L. RINO
01CY ATTN WALTER JAYE
01CY ATTN J. VICKREY
01CY ATTN RAY L. LEADABRAND

01CY ATTN G. CARPENTER
01CY ATTN G. PRICE

01CY ATTN R. LIVINGSTON
01CY ATTN V., GONZALES
01CY ATTN D. MCDANIEL

TECHNOLOGY INTERNATIONAL CORP
75 WIGGINS AVENUE
BEDFORD, MA 01730

01CY ATTN W.P. BOQUIST

TRW DEFENSE & SPACE SYS GROUP
ONE SPACE PARK
REDONDO BEACH, CA 90278
01CY ATTN R. K. PLEBUCH
O1CY ATTN S. ALTSCHULER
01CY ATTN D. DEE
01CY ATTN D/ STOCKWELL
SNTF/1575%
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VISIDYNE

SOUTH BEDFORD STREET

BURLINGTON, MA 01803
01CY ATTN W, REIDY
01CY ATTN J. CARPENTER
01CY ATTN C. HUMPHREY

UNIVERSITY OF PITTSBURGH
PITTSBURGH, PA 15213
01CY ATTN: N. ZABUSKY







