
AD-RI69 614 MODELING AOD SINK"TION OF AN IMPL.ODING PLAMv
RADIATION SOURCE(U) NSYRL RESERRCH LAS MASHINGTOM DC

SN CDONALD ET AL. 05 JUN 66 NRL-NR-5765
UNCLSSIFIED Fn 20/14 NL

Emmonshhhh
-fllllffffllllfff



IS

2.8

U.,

ou;

11111_ L"oz 2.0iN

L 36

lm H E ..-.... ,.

11 1.1 .L L

mICRnr(nP, CHART

%•

',. .

,% % :.

an-

tr%. e

V'% .4 ...5

il II . iT I# } i l lj )i I Ii II Ik I I kI I "I I I i I .-- I I- IIili iII II II 
I  

l i
i 

i
I  1  I  

l i
I

I-1 i
I <N .,i

P l'r..... '* "' % % % '" % % " %''" P" ""%'".*" ""'. " 
°# ' ° 

' 
.%  

""' "' "'- •'""""'°- 'P',P 
%  

"' , 
° ° %  

. .. t 
"  "  '° " % *

, 
. % 

% 
° " 

%'"%t 4  %,1 
%% ,
%

1

-- I I I I l I I I I I Il l Wi . . .fd .- tt



00
00

Modeling and Simulation of an Imploding

Plasma Radiation Source
S. W. McDONALD* AND P. F. OTTINGER

Plasma Technology Branch
Plasma Physics Division

*Laboratory for Plasma and Fusion Energy Studies
University of Maryland

College Park, MD 20742

OlIC
JUN 2 0 w9

This work was sponsored by the Defense Nuclear Agency under Subtask T99QAXLA.
work unit 00038 and work unit title "Plasma Erosion Switch Development."

-J.

Approved f or public release; distribution unlimited

A



N WJITY CIASJOKIATION OF THIS PMG

REPORT DOCUMENTATION PAGE
Ua. REPORT SECURITY CIASSIPIATION 1b. IIISTRICTM IE ARKINGS_

UNCLASSIFIED_______________ _____

20. SECURITY CLASSWIATION AUTHORITY 3. 0ISTRI6UT"14 AVAALIUW Of NEOWT

0a. oq CApybIOO~WwomSAA11 10essus Approved for public releas; distribution unlimited.

4PINORMNG1 ORGNIZATION4 REPORT NUIMS. 61010O7004 ORGANIZATION REPORT NUMERS)

NRL Memorandum Report 5785

Ga. MI F PEFORING RGAIZATON b. OM SNIS Le7. NAME OF MONITORING ORGANIZATION

6L ADORSS (Clqp Stat. anIP WC*) 7b. ACORES K*VtW Slte. and ZIPCOO)

CWashington, DC 20375-5000

OL %A* FFNIG/SOSRN b FK YDL 9 PAOCUREMENT INSTRUMENT INTIFCATION MNIER
OWSAMZATION V Aplis"

DeeneNclar Agnn[y
Ok ADMRSS (Clhp. State. a*' IP C*) 10. SOURCE OF FUNOING NUMBiER

PROGRAM PRJC JT.SK IWM UNIT

Washington, DC 20305625H I DN0-9

11. TITLE PIC11011 SaWVp ~C10110011101
Modeling and Simulation of an Imploding Plasma Radiation Source

12. PERSONAL AUTHOR(S)
McDonald. S. W.* and Ottinger, P. F.

13s. TYPE OF REPORT 13b. TIME COVERED 1.DATE OF REPORT Obinm kfosHA Day) S. PAGE COUNT
*Interim FROM TO T1- 1986 June 5 74
* 16. SUPPLEMENTARY NOTATION

*Laboratory for Plasma and Fusion Energy Studies, University of Maryland, College Park, MD 20742 (Continues)

IT ~COSAT) COOE 1S. SUSIECT TERMS lCanm an i svmi if mu an itdef*tItV by block ubr
F ILD GO" SW-GR1OUP Imploding gas puff, Pulsed power generator

Plasma radiation source Hot dense plasma.

17 "OSTACT XCVtWnW On, Mvwft. Nf 00=11100 &W AdW IV ~ A

A simple theoretical model of a cylindrically imploding gas-puff plasma radiation source is described. This treatment,
based on MHD single-fluid equations, includes models for the plasma equation of state, average ion charge level and
temperature dependence of XCray emission. Numerical results simulating the Naval Research Laboratory GAMBLE 11

* pulsed-power device with an imploding plasma load are presented and compared with experiment. Parameter optimiza-
* tion results indicate that a reduction in the gas-puff nozzle radius from 1.25 cm to 0.9 cm could perhaps double the

radiation yield.

L 2 . DIST RI UTION AVA fIA TY OF AOSTRACT 
211. AIST ACT SECURITY CLASSIF IATIO #4

*UCLASSIFIEDOUNLMITED C3 SAME As Rwt. Q T USERS IUNCLASSIFIED
220. NAW OP RESPORISISLE INDI"DUAL 22b. VLEPIONE Pbil* dA Cf) 22C. OFfICE SYMbOOL.

P. F. Ottinger 2)77-066 Cd

DO FORM 1473.8 M" S APR ed11tion May be vie Ilestd . SECURNITY CIASSIFCATIO4 OF THIS PAGE

MeNv elii r beee



16. SUPPLEMENTARY NOTATION (Continued)

This work was sponsored by the Defense Nuclear Agency under Subteak T99QAXLA, work unit 00038 and work
unit title "Plasma Erosion Switch Development."

op ?"s P:a



CONTENTS

1. INTRODUCTION .................... 1

IL DERIVATION OF EQUATIONS............................... 2

III. THERM.ALIZATION OF KINETIC ENERGY..................... 12

IV. ATOMIC PHYSICS: IONIZATION AND RADIATION .............. 17

V. NUMERICAL RESULTS.....................................23

VI. CONCLUSION.............................................55

ACKNOWLEDGMENTS ...................................... 5

APPENDIX A: CONSERVATION OF ENERGY................... 56

-APPENDIX B: EQUATIONS OF MOTION.......................59

REFERENCES.............................................66

ACeso For

NTIS CRAWI

DTIC 'TAB 0
unannoun~ced C

Justficaili ........-----.--

AvailabilitY Codes
Avail ai~dor

Dist Special

W0U

0~%



MODELING AND SIMULATION OF AN IMPLODING

PLASMA RADIATION SOURCE

I. INTRODUCTION

The use of an imploding gas-puff plasma as a plasma radiation source (PuS) is of

current experimental interest. In particular, a neon PRS has been used as a load for the

GAMBLE II pulsed-power device at the Naval Research Laboratory, and has recently been

measuredI to produce approximately 2 WJ of kilovolt K-shell X-rays with a peak load cur-

rent of 1.2 .MA. In addition to the experimental applications, theoretical interest has grown

concerning the plasma and atomic physics involved in the high-density (- 1019 cm - ) pinch

commonly achieved in these experiments: the plasma instabilities and radiation mechanisms

are among the complicated processes which are still not completely understood. Between

the experimental and theoretical research, there is a need for simple models of the physics of

an imploding plasma with accompanying radiation that can be implemented in a tractable

computer simulation of not only just the PRS itself, but of the entire pulsed-power device

(generator, transmission line, switches, etc.) as well. As a primarily inductive load on

the remainder of the circuit, the evolution of the PRS affects to asome extent the behavior

and efficiency of the entire system. Such a system simulation is important for investigating

parameter regimes not currently available to the experiment in order to determine opti-

mal design and operating parameters. As this type of simulation typically requires a large

number of computer runs, in terms of speed and storage requirements the use of sophisti-

cated one- or two-dimensional hydrodynamic models of the plasma coupled with complicated

atomic physics algorithms is inappropriate. Thus, the intent of the model ' -' contained in %

Manuscript approved March 2.. 19S6.
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the present report is to include just enough physics to adequately describe the evolution of

the PRS (i.e., temperature-dependent effects such as radiation. ionization and "bouncing'.

etc.), yet computationally efficient in order to simulate the operation of the entire device.

In Section I1 we will state our assumptions and derive the equations of motion which

govern the imploding plasma. Section III discusses the details of the procedure used in the

numerical implementation to convert part of the kinetic energy gained by the plasma during

the run-in phase into thermal energy. ionization and radiation when the plasma collides on

axis. The atomic physics model we use is described in Section IV. The implementation and

use of the code IMPLODE is detailed in Section V, along with numerical results compared

with experimental observations (from GAMBLE .1) and parameter optimization results.

It will be shown in Appendix A that the ordinary differential equations evolved by the

code conserve energy in that the power delivered to the PRS load by the external circuit

is accounted for in various forms of stored energy and radiation; this is important from a

design energy inventory point of view.

II. DERIVATION oF EQUATIONS

The geometry of our ms iel gas-puff plasma is that of a cylindrical annulus (Fig. 1) of

length I with inner radius at r = b and outer radius at r = a inside a cylindrical cavity of wall

radius r,,,. The gas-puf" is composed of a plasma with ion mass m = Am. and mas/unit

length p. The annulus itself is further divided into two concentric annular regions: an outer

ekin of skin depth 6 and a larger inner core. The boundary between the two regions is at

a radius r = x (i.e., z = a - b). The current I in the plasma is assumed to Blow only

in the skin of conductivity c. and the current density J - is assumed to be uniform.

.1 = I/-,(a 2 -z 2 ). The two regions (core and skin) are allowed to have separate temperatures %

and are not in thermal contact: that is. there is no thermal diffusion between the regions.

Quantities referring to the skin will be labelled with a subscript s and those of the core with

2p ...
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a subscript c. thus, the temperature and volume of the core and skin are respectively T., V,

and T.. V.

We begin with the continuity equation

oa (1)a-r +!v.TP = -PT'.V _
Ft

where p is the mass density,

p = nimi + neme = nim, + Znitme nm(1 + Zm./mi) ; nmi = ( 2 -- j, (2)

and the number density n is defined as the ion density n,. The first assumption will be

Al. The mass density (or ion density) is uniform over b < r < a (i.e., the same in both skin

and core), but is ailowed to vary in time.

Thus,

n(t) = vjMir(a 2(t) - b2(t)) (3)

Therefore, with n S 0. (1) becomes an equation for the velocity profile v(r)

-= 2 = - v(r). (4)
n a2 -b2 rr

Now, the second assumption

A2. The inner radius moves with the same speed as the outer radius.

a U. (5)

With this, the equation for v(r) is
I cl 2u

-- 2u (6)r r ao+' Vi

which has the solution matching the boundary condition (5)

abu1 u _ .41
v(r =r E - -A2r. (7) ,

a+br a-b r

Note that this form for v(r) also holds as b - 0, in which case A, -- 0 so that v(r) = ur/a

when the plasma annulus becomes a cylinder. There is a singularity here, however, in that

the speed of the inner radius b v(b) = u does not smoothly go into v(O) = 0 as b - 0; this 'S.

will require special treatment later in the discussion of the implementation of these equations

in the code and the concept of the "thermaization" procedure (see Section III). The velocity

3 '5'
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profiles v(r) before and after b = 0 are schematically depicted in Fig. 2. Assumptions Al

- and A2 allow the continuity equation (1) to determine the velocity profile (7) in terms of

the outer radius a and its velocity u (the inner radius b is given by b(t) =a(t) - w, where

the width w of the annulus is constant: to 4 - b=0).

SKIN

a'a

Saoa

4,4

FIG.. 1. Gemer of moe gs.......
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FIG. 2. Velocity profiles. (a) v(r) at three different times during the implosion phase as
b - 0, showing the steepening of the profile near r = b(t). (b) v(r) after b = 0 (pinch and
post-pinch expansion phase).
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Next, the force equation is used to derive an equation for the outer radius velocity u,

P at, + Ec 7 V _ 8

Since by assumption the current density is uniform over the cross section of the skin. the

magnetic field B E(r)O is easily computed to be

0 0 < r < z (inner vacuum and core)
2i r2 _ X2

B(r) = r a2 - X2 - - r < a (skin) (9)
21 a < r < rw (vacuum)

Now p. v(r), J, and B(r) are all known quantities, so that the only unknown quantity in

(8) is the pressure profile p(r). Substitution of (2,7,9) into (8) would give a differential

equation (in r) for the pressure in terms of a(t), u(t) and 4(t). However, the approach used

by Guillory and Terry4 is to integrate (8) over r so that the r-dependence of the equation

is eliminated along with the Vp term (which would be evaluated at the endpoints, r = b

and r = a). This then gives an ordinary differential equation in time for the outer radius

velocity i = f(a. b. z. u. T). This equation was used in an earlier version of the code (prior

to March. 1985), and the problem with it seems to be that that procedure of integrating

over r gives an equation which is inconsistent with energy conservation. This will not be

discussed further here. but it will be shown (see Appendix A) that the present method does

conserve energy (at least theoretically and the code runs seem to bear this out).

In order to eliminate the r-dependence in (8) and derive an equation for is(t), first

convert (8) into an equation for the kintic energy density. Multiplying by _v one obtains

P a V '(r) = -v-.p + iv U X B). (10)

Multiplying (1) by r 2: and adding the respective sides of that equation to (10), the evolution

of the kinetic energy density oc -xPt' is found to satisfyCI r.i

- v ) = - '. (_T x ). (11)

Now integrating over the entire volume of the plasma. the total kinetic energy K(t) obeys
/f'

6

V.

/C()=-,i.. , p- - .(:xB. .'



The integral over the magnetic force term is only over the volume V. of the skin. In obtaining

the left-hand side of (12), the rule for time-varying volumes is used

d - + di. -sc, (13)
(t,) --)49

where v$ is the local velocity of the surface bounding the volume. When (13) is used in the

volume integral of (11). the term arising from f dV T - (xv) = f d v- _,c cancels the similar

surface integral term in (13) if the local surface velocity PS is equal to the fluid velocity r

at that point on the surface. Here, of course, that is the case, and the conservative form of

the left-hand side of (11,12) mereiy states that the kinetic enerp of the plasma does not

change due to particle flux through the bounding surfaces (at r = b and r a).

The pressure term in (12) can be converted to the following form

-Jc v .Vp -dV.(pt-)JdV'(Vv)
.'-~~~d - pj, -1-v v ('7, -v) (v. P_. .,

f -(14)
~_)[f a-, p - f V. p] .:

(V - _') (VA~ + V~f.).-

In the second line, the fact that in this model the divergence of the velocity field is indepen-

dent of position (6) allows it to be moved outside the integral. In the third line. the surface

contribution of pv vanishes because the pressure is assumed to vanish at r = a and either

the pressure is zero at r = b (when b > 0) or, when b = 0, the only bounding surface is at

r = a. Also in the third line. the integral over the volume has been broken into the separate

contrioutions from the core and the skin. Finally, in the fourth line, these separate contri-

butions are expressed in terms of the average pressures of both regions. V= VJ f dvep.

etc. The separate average temperatures and total number of particles (ions and electrons)"

in both regions are
I", )V I te,. N tc..a4 (15)c ,, *. = v ,n (2 ,,o . C . 8 , ". ,( .

where a third assumption is made:

A3. The ions and electrons in each region have the same temperature: T, = 7,:. =

.. .,-. . . . . . ."-;'""""''- " " " t, "" '"" " ' ,,"' ',...', ,., ,," ". , , • . . . i " 2" . .., -......, , . . . . . . . . .. " ".-. "-.• ... o- ..



Combining (12,14,15), the equation for the total kinetic energy is

2=t) =,2u

-(Nt) = --L(LoT + N V.t.) + (,,JR). (16)

Here, the formula for V .v from (6) has been used, and the magnetic force term from (12) has

been abbreviated by (vJB). This is also the desired equation of motion for the outer radius

velocity u(t): substituting v(r) from (7) into the definition of the kinetic energy density,

integrating over the total volume, then differentiating with respect to time and using this

for the left-hand side of (16) produces an equation of the form

CliL = -C 2u
2 + CUT, + C.T. - C41 2 . (17)

Since J and B(r) are also known. the (vJB) term can be evaluated to give the 12 term in "

(17). The coefficients C, are functions of a, b. z, Z, Z, and are explicitly given in Appendix

B. This equation is coupled to the following temperature equations and should also be

accompanied by a fourth first-order equation. a(it) = u(t). •

The derivation of the equations governing the thermal energy or temperature in each

region (skin and core) begins with the pressure equation found in Braginskii5

-ot r.jpv)i =-pV.r- J2 -R.(18)
2 Lt -j

Here. the resistivity 17 is or and R is the radiated power density. From (8) recall that

because the velocity and magnetic fields depend on r, so must the pressure (and in fact.

(8) should probably be interpreted as an equation for the pressure profile). However. as

in the case of the kinetic energy equation, we will integrate (1S) over the volume in order

to find an equation for the average pressures (or temperatures) of each region. Therefore.

integrating (18) over the core and skin separately. one obtains

' L - f d'eV. (p,)J = f- d p( v f)- dV- R, (19a)

Sf dV L - .fa". (pt_) =- p(V. t.) f a f_ dl. R. (19b)

2o

Now using the same rule for time-.arying volumes as expressed in (13). these equations

become

"dt' p = . p(T r) - d , R (20a)

S............ ........
It;" - . ". ".".".. - " . .. '" ''"''.-. ' .- ' . ' .. -.- ""'''. . ' " .. '-' -- ' ' -' - ' ,,, -. ,.,. ". . ' ', . , , ,, <- -



3  dw p fV pV -v) +fdV.qJ-fdV.R (20b)

f f

This step requires one important subtlety. however. In using the rule (13), one expects the

sairface integral term from (13) involving the local boundary velocity to cancel the surface

integral arising from the divergence theorem applied to the V- (pr) term on the left-hand .

side of (19), which involves the local fluid velocity. Note that one of the surfaces involved

in the surface integrals around both the skin and the core is the surface at r = x = a -6,

the boundary between the skin and the core. For these surface integrals to cancel then,~.J

one must require that this boundary move with the local fluid velocity: i = v(x), where

v(x) is the velocity profile (7) evaluated at r = z. This in turn implies that the skin depth

must way as = -. i = u - v(x), as opposed to obeying any other phenomenological rule

(such as 6 - (c/,e). or 6 - constant). This is just a statement that thermal energy does

not diffuse from one region to the other, as was originally assumed. Indeed, integrating the

continuity equation (1) over the volumes of the skin and core separately, one finds that such

a requirement on the motion of the boundary between them simply means that the total

number of particles in each region remains constant:* thus, thermal energy is not diffused

by particles of the higher temperature in the skin moving into the lower temperature core

region. If such diffusion were to be allowed, one would have to include other terms in the

pressure equation (18). As it stands, however, this requirement on the variation of the skin

depth is necessary for total energy conservation.

With (15). these equations can be converted into equations for the average temperatures

of each region. In order to include the energy required for ionization. however, it is useful

to introduce an alternate temperature which measures the total internal energy Q of the .%

eiectron fluid. As defined by Terry and Guillory, this is

SQ = T, Q) + 2 5 )(1

Actually. this integration would show that the total number of ions in each region is

constant; due to the provision in the model for ionization depending on temperature, the

number of electrons in each region may vary.

V9
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where O(Q) is the specific chemical potential, the energy required to ionize an atom to a

charge Z while maintaining an ambient electron temperature Te. When the quantities Q

and Z are calculated properly in a collisional radiative equilibrium mode!, there will always

be a one-to-one correspondence between Q and T.. The inverse functions T(Q) and Z(T)

then provide an equation of state, and only the time development of Q need be computed.

Using (15), the spatially averaged pressures in (20a.b) can be recast in terms of the total

internal energy of the fluid

OPCIS = UCIc 2 . (22)

Since N. -- nV,.. is time invariant and (V._v) is uniform in this model. the time development

of Q,., is given by

d.NV-C(z Q, ?) = V( 1)1( )(v) - VA. (23a)

. *. (Z.Q. T.) = -N.(Z.+1)T.(.).l.,-V.,J " -VoA.. (23b)

Here we have used pV = NI(Z + 1)T on the right-hand sides (instead of (22)) because only

the internal energy of the free electron fluid contributes to the p dV work. This modification

of Braginskii's heating relation involves only the partition of thermal energy: the source

terms are undisturbed. Thus, the volume averaged radiated power density R. has been

defined, and the fact that the current density J is uniform over the skin in this model has

also been used.

The time derivative on the left-hand side of (23) becomes

2 -(2 4 )

where 2' and ' are derivatives with respect to Q. In principle, this form for t: could be

numerically implemented in the code, but instead the following expressions for U and "

have been used:

(.25 
+ 4.U 

(5)

10
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This assumes

A4. The energy of an ion s jQ inssd of T. This is merely a definition: for purposes of

total energy inventory, as long as this definition is consistently used then it should not

affect the conserntion of energy.

The expression for U in (25) is a good approximation to the exact form (24) in the high

temperature limit (where 2' ; 0 and T' t I). For this approximation we therefore assume

AS. The rate of change of the charge state over a single timestep is negligible

If assumption A5 is violated it could make a difference in determining if energy is conserved.

If the charge state does change rapidly, one should use an iterative method to conserve energy

at each timestep (such as that used in the thermalization step described in Section IV).

With (25) substituted for the left-hand sides of (23), the energy equations in the core

and skin become

QC =. . . a.R., (26a)3a+b

Q. = 4-j + c7.7J2 
- aR. (26b)

Here, we have inserted the definition of (V • v) from (6), and the coefficients a are a,,.

[jn(Zc.o 1)1-1. These equations close the set of ordinary differential equations. As stated

earlier, they are to be solved in conjuction with rules for obtaining T(Q), Z(T) and the

radiated power density R(T, n, Z). '

.'

. "-
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III. THERMALIZATION oF KINETIC ENERGY

This Section discusses the procedure which is used in the code to convert some of the

kinetic energy of the plasma at assembly time (when b -, 0) into thermal energy. There are

two reasons for making such a conversion:

1) In the real physical system, the kinetic energy gained during the implosion (or run-in)

phase is partially converted into thermal energy as the various innermost components

of the gas-puff "collide" on axis. The actual physical mechanism for this rapid heat-

ing probably involves collisional effects, counterstreaming plasma instabilities, possibly

shock heating and other complicated processes. The theory contained in this report

and implemented in the code, however, cannot (and does not intend to) treat these

physical effects in any real way.

2) In the equations of motion derived in Section II and explicitly displayed in Appendix

B. the velocity profile v(r) changes abruptly when b - 0 (see Fig. 2): before b 0, fluid

elements at the inner radius b move inward with speed u = v(b) = v(a) (see Section

II, assumption A.2) which, of course, becomes very large. After b = 0, however, the

fluid velocity at r = b = 0 is suddenly zero: the fluid elements approaching the axis are

(artificially) abruptly stopped. Figure 3 shows a schematic picture of the kinetic energy

profiles (- 2 (r). from Fig. 2) before and after b = 0. Evidently, the total kinetic energy

(the integral under these curves) contained in the plasma is greater when b 0 than "

when b = 0. due to the abrupt change in velocity of the fluid elements near r - b - 0.

This discrepency in kinetic energy must be corrected for, or else the plasma will continue

to evolve (with the new force equation coefficients valid for b = 0, Eqs.(B.10)) with less

total energy than it had before the assembly time: this suggests the natural solution

described below for converting this excess kinetic energy of fluid elements near the axis k
into thermal energy of the entire core.

12 0

. rVI
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The conversion, or thermajization process used in the code proceeds as follows: assume

that at the beginning of timestep n. (time t. = n.At), the inner radius b is for the first

time less than some arbitrary small critical radius ro (usually chosen to be 1mm). This is

called the assembly time, or thermalization timestep, and this will be the step in which the

equations of motion will be changed from those that hold before b = 0 (Eqs.(B.14) with

coefficients (B.9)) to those valid after b = 0 (Eqs.(B.14) with (B.10)). Furthermore, after

the calculations using the present value of b are finished, b will be set to zero.

The kinetic energy in the velocity profiles in Figs.(2,3) is computed in (B.3). The

difference in this kinetic energy (to be thermalized) is simply

*AK .1'j2 2ab 4a 2bP ln(a/b) (27)
4 [(a -- b)2  (a- b)(a + b)3]

This energy is to be distributed over all the particles (ions and electrons) in the core as an

increase in thermal energy AQ:

NK =A- AQ = (Z" + 1)N'AQ. (28)

Here..V" = (N/mn)[(z 2 
- b2 )!/(a 2 - b2 )1 is the number of ions in the core (a constant. see

Section II>, and Nc = (Zc - 1)N' is the total number of electrons and ions in the core at

the beginning of this timestep. From (28), the new thermal energy per particle in the core

after thermalization would be

QO( ) = AQ . QO) = 2AK Q(O) (29)

3(Z.°) + 1)N c

Now. QCo) and Z,(° ) are the values of the thermal energy per core particle and average core

ion charge state at the beginning of the timestep. The problem with using QC() for the

new therma . energy in the rest of the timestep is that it is generally too large and will not

conserve energy. To see this. consider the total amount of energy Eo available for thermal

energy at the beginning of the timestep:

SAK - o ) .'iQ(01  '30)

Using the equation of state (see Section IV), the new thermal energy per core particle Ql)

would produce a core temperature T')(QC(' ) ) and new ion charge state ZA(')(Tl)) which

14
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would be much greater than their values T.(°), Z.°) at the beginning of the timestep. Thus,

the new total core thermal energy U1) would be %
u" 1) = !2",, S0 l

C -4-+ 1
AK a I.T(7(O) (31)

+110 2 cC (31
Z(1)

- -- Eo. 
'

z" + I
For neon, the typical case is that Zg( ) - I, while the initial thermalization estimate QC(') is

enough to strip all but the innermost shell of electrons giving Z() :z 8. Therefore. if QWl)

were used, the total core thermal energy Uc1 1 would be about 4-5 times the total amount

of available energy E0 at the beginning of the timestep. Obviously, what has happened is

that this energy Eo was not appropriately split into thermal and ionization energies.

The correct way to implement the thermalization would be to solve the implicit equation

for QC(I)
' [z,',(Q,))-+ 11 Q) = E,(32)

using the equation of state (see Section IV). That is, one must adjust the new value of Q, so

that the corresponding number of electrons Z. per ion have the self-consistent thermal energy

ZQC to give a total core thermal energy U. equal to the available energy Eo. Therefore. at *1
q

the beginning of the thermalization timestep, the main routine IMPLODE calls the subroutine

THERM, which uses an iterative procedure to determine the new Qc. This is described briefly -"

below and illustrated in Fig. 4. Since Q11) is too large, a new trial value Qc(-) is taken to be

the average of the initial value QcO) and Q l). The total core thermal energy U 2) is then

computed with the new charge state Z 2  and compared with the consant value Eo. I! U 2

is still greater than Eo, Q(3) is chosen as an averge between Q(O) and QC'-); if U'2) < E0 ,

Q(3) is taken to be the average of Q(1) (too high) and Q 2). This method of "splitting the

difference" continues until the values of Urc(' ) and E0 agree to within some tolerance (usually

picked to be about 10J). %

15
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Eo = AK + !(()+ INQ

QMl IQ Q+ Q( 0 - 2AK +Q(O)
3(Zc(0 ) + 1)N-
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4-) Q~)

- cN( ")( +

/ n e ()+1Qn

Q. = Q = Q~u)

Q~n1 ) _(Q .. 4_Q.a) .=Tn

FIG. 4. Flowchart illustrating thermalization procedure used in subroutine THE&%(.
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As an example of the numbers involved, in a particular code run the core plasma had

the following parameters at the beginning of the thermalization timestep: NJ z, 3.5 x 101 ,

Q( ) -= 20.1eV, T,(° 1 = 4.5eV Z40 ) - 1.38. With a kinetic energy AK = 1795J to be

thermalized, these produce the initial values %Q = 884 eV, U¢( ° ) = 40.1 J, and Eo - 1835,J.

.After n = 10 iterations, the final thermalized values were determined to be Q(n) - 273 eV,

T(Rf) -158eV, Z,"( = 8.0, and U"~-1833J.

IV ATOMIC PHYSICS: IONIZATION AND RADIATION

The reason for developing this model of an imploding plasma radiation source is to

be able to compute the amount of radiation produced by the plasma. The description of

the atomic physics involved in collisional ionization and radiation can be on many different

levels and can be based on several different models. The primary concern, however, is to

keep this simulation as sim'ple as possible so that in can be used in conjunction with a

simulation of the entire pulsed-power device for purposes of design and operating parameter

optimization. Thus. for purposes of determining ionization levels and radiation we have

used the results of Terry and Guillory:6 these are in the form of piecewise numerically-fit

curves giving an equation of state, and average ion charge state and radiated power density

as functions of plasma electron temperature and density for neon and argon. The original
%o'

data for the equation of state and radiated power density were obtained from collisional

radiative equilibrium calculations due to D. Duston.

A. EQUATION OF STATE and AVERAGE ION CHARGE STATE

An equation of state is used to determine the branching of "thermal energy" per electron

3Q into actual thermal energy TT and the energy E needed to ionize the average atom to a

cha-ge state consistent with the electron temperature T. As in equation (21), this quantity

Q has been defined as

-Z ) 2Z(T)T(Q) + e(74), (33)

= 4.



where O(T(Q)) is the energy required to ionize an atom to an average charge state of

Z(T(Q)). When Q is incremented at each timestep, the subroutine TFUNC is called to

determine T(Q) and subroutine ZFU.NC is then called to determine Z(T). These values of

T and Z are used in computing the coefficients in the differential equations for the next

timestep. For neon, a numerical fit' for the branching ratio B(Q) is used where

B(Q) 20(Q)
T(Q) 3Z(Q)T(Q) (34)

Thus. knowing Q. TFUNC simply computes B(Q) and hence T(Q) = Q/B(Q). (Actually

the piecewise fit in TFUNC is based on the logarithms of Q and B.) The graph of In T as a

function of In Q for neon is shown in Fig. 5. Subroutine ZFUNC uses a numerical piecewise-

Linear fit' to a curve Z(T), as shown in Fig. 6. The code is also capable of treating an argon

plasma. but results will only be presented for neon.

0 (eV)
FIG. S. Equation of state for neon. T(Q'I. Supplied by R. E. Terry.
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FIG. 6. Average ion charge state for neon, Z(T). Supplied by R. E. Terry.
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B RADIATED POWER DENSITY *1

In order to compute the radiated power density from the imploding plasma, we have

used the results of more sophisticated atomic physics computer calculations produced by

Terry.' These are in the form of piecewise-spline fitted numerical tables for continuum and

line radiation as a function of electron temperature and ion density. Four types of radiation

are considered: Bremsstrahlung, free-bound, and K-shell and L-shell X-rays. The radiated 6

power density (W/cm 3) curves for these types of radiation for neon at an ion density of

ri = 10" axe shown in Fig. 7. Of particular experimental interest are the K-shell emission .

in neon and the L-shell line in argon: these Figures show that both of these lines peak at

about 400 eV for the respective elements. Each type of radiation is produced with a power

density that scales roughly as the square of the ion density. These curves are the result of

the subroutine CREMIT obtained from R. E. Terry.'

The comparison of numerically computed radiation yields with those observed in exper-

iments are based on several aspects of the radiation pulse: total amount of radiated energy

T'(YT including all types of radiation}, total radiated K-shell and L-shell X-ray energy (YK

and YL. X-ray efficiency (ratio of YK or YL to YT) and the length of the radiation pulse. We

have found that on a typical code run with plasma parameters which can be matched with

a corresponding experiment, the radiation yields Y7. and YK or YL, do not agree with the

experimentally observed values. However, as the plasma parameters are varied in both the

numerical simulations and the experiment, the behavior of the numerically computed yields

appears to follow that of the experiment. For example. fixing the initial plasma radius (or

nozzle radius) and generator voltage, the radiated yields increase to a maximum and then

decrease again as the mass per unit length u is varied: this is observed in both simulation

and experiment, although the magnitudes of the yields do not agree (the simulation values

are generally greater).

20
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FIG. 7. Radiated power density for neon as a function of electron temperature at an ion
density of n, = 1018 cm- 3 . Four types of radiation are shown: L-shell (L) and K-shell (K)
X-rays. Bremsstrahlung (B) and Free-bound (F) continuum radiation. The total radiated
power density is represented by the dotted curve. Obtained from R. E. Terry.
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Because of this similar behavior, we have attempted to bring the computed yields

into better agreement with the experimentally measured values by introducing an overall 5

radiation multiplicative factor called the opacity. The way in which this artificial factor

is set (usually a number between zero and one) is described in the next Section; once

chosen however. (at a particular set of parameter values) it is found that the simulations

are in much better agreement with experiment over a wide range of parameter values. The

implementation of this factor is simple: at each timestep. the radiated power densities R-

and R, must be computed not only for contributing to the total radiated energy, but also

for acting as an energy sink in the evolution equations (26) for Q, and Q.. Thus. the main

routine IMPLODE calls the subroutine PLOSS. which in turn calls CR-EMIT. When CREMIT

returns the values of the four types of radiated power densities for the current temperature

and plasma density. PLOSS simply multiplies each by the value of the opacity factor and

and returns the results to IMPLODE for use in the evolution equations and radiated energy

compilation. Note that while the use of the opacity factor usually means that less total

energy is radiated. it also means that the radiation is less of a sink for the thermal energy

Q. This tends to keep the temperature of the plasma up, but actually this is a complicated

effect: not only is the radiation a temperature dependent quantity, but as the temperature

remains high. so does the plasma pressure during the pinch phase so that the minimum

radius acheived is greater (lower pinch density), again reducing the radiation.

As will be seen in the next Section on numerical results, the peak core temperature

typically observed at pinch time (time of minimum radius or maximum density) is around

400-500eV. compared with experimentally measured values of about 100-200 eV. The total

radiations yields. however, agree well with the experiment with the use of the opacity A

factor). This is somewhat of a contradiction, because for maximum K-shell yield in neon).

the radiation curves in Fig. 7 indicate that at pinch the temperature should be precisely

in this range, yet the experiments suggest that the optimum temperature for 1  should

be nearer 100 eV. Thus. not only should the temperatures in the simulation remain lower.

" 22
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but there should be a corresponding shift in the radiation curves to lower temperatures

(otherwise, very little radiation would be computed). One possibility is that the equations

of state that are used are not appropriate: that is, it may take much more energy than

e" = !Z(Q - T) given by our equations of state to ionize an atom to the average value Z.

Correcting for this would mean dumping more available "thermal energy" Q into ionization

energy than presently used: this would act to keep the temperature down. The effect of true

plasma opacity to L-shell radiation at lower temperatures (in neon) on the K-shell yield

has also been suggestedr as a phenomenon not accounted for in the radiation curves which

could possibly lower the optimum K-shell radiation temperature (in neon) to the 100-200 eV

level.

V. NUMERICAL RESULTS

This Section discusses the use of the code IMPLODE for comparison with experiment and

parameter optimization, and then we discuss some of the numerical results. First, the input

parameters available to the user which set the properties of gas-puff and its environment

and which remain constant through a single code run are

Computer Typical
Parameter Variable Definition Units Value

ao aO initial radius cm j 1.25 cm
dm mass/length g/cm 3.0 x 10- g/cm
x1 length cm 4.0 cm

w w annulus width cm 0.3 cm
A ai.on atomic weight 1 20.183

opacity opac opacity 1 0.25
60 deltO initial skin depth cm 0.1 cm
ro r0 critical radius cm 0.1 cm
r I rw wall radius I cm 3.5 cm
VG vPGak generator voltage MV 3.0 MV
VO vO initial velocity cm/us 0.0

23
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The values given are for a typical code run with neon in the GAMBLE II configuration

of Fig. 8 near optimum mass/length at an open circuit generator voltage of 3MV (peak load

current - 1.2,MA). AD of these input parameters are local to IMPLODE and its accompanying

subroutines, except for VG which is actually input with the system configuration parameters

(the remainder of which, such as line inductances, are not listed here). The value of the

atomic weight A should be either 20.183 (neon) or 40.0 (argon). In principle, other species

can be used; presently, however, models exist in the code for only neon and argon. The

initial skin depth 6o is of course not an input parameter in the version of the code which

does not have a skin (see Appendix B). The critical radius ro is that which the inner radius

b of the gas-puff must reach for the thermalization step to occur. The parameters of most

interest for design optimization are ao, u and VG. Those which should be varied to analyze

the behavior of the model itself are w, opacity, 60 and ro. The parameters £, r,. and A

depend on the experimental situation, and vo is generally always taken to be zero.

A. SETTING PARAMETERS TO COMPARE WITH EXPERIMENT

In order to predict optimal performance from numerical simulations, one must first

check whether the code results agree with present experimental observations, and make

necessary adjustments if they do not. The first step in setting the code parameters to

coincide with experimental parameters is to choose the correct system configuration in

the transmission line code" (TLC), including the value of the peak generator open circuit

voltage 1 . The comparison with experiment is best made in terms of the profile of the

current flowing in the load (the PRS): the primary points of comparison are the peak load

current Ip and the time tp at which the peak occurs relative to the generator discharge.

This comparison can be made with almost any reasonable values of the other parameters

'although one should try to get an estimate of the appropriate values from the experiment),

as Ip is fairly insensitive to the other parameters (a slight variation in 1p with /u at fixed

VG' has been observed).
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FIG. 8. Transmission line configuration for GAMLBLE H experiment used in simulation.

The parameters ao and p are fairly difficult to determine from a particular experimen-

tal run. Streak photographs of visible light and X-rays from the implosion and data from

the nozzle manufacturer show that the gas-puff is not axially uniform: it tends to expand

radially as it moves away from the nozzle, so that ao and w appear to increase along the

axial direction. Furthermore, the initial plasma density profile is not uniform in the radial

direction across the annular region. These effects make it difficult to define what the appro-

priate "outer radius" and thickness w should be for the model. The experimental measure of

the mass per unit length u of the gas is in terms of the initial plenum pressure. It is believed

that over the parameter range studied this plenum pressure should be linearly related to p,

but there is not an d priori model for this relationship. Moreover, one-dimensional simula-

tions which include the effects of anomalous resistivity9 in the early phase of the implosion

suggest that some mass is left behind as the load is snowplowed up.

It will be shown below that at fixed ao and VG there is an optimum value of ' in

the simulation and an optimum plenum pressure in the experiment. Having matched GO

and VG to the experiment, one can identify the optimum value of p with the optimum

plenum pressure. This value of p must be interpreted carefully: it may measure only the

mass remaining in front of the magnetic piston after the early resistive field penetration

has ceased. Whatever the real meaning, keeping the nozzle radius ao constant, the optimal
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values of ju and plenum pressure can be compared for different values of the peak current

Ip (or VC) to determine a fairly linear relationship.
'6 fe

B SETTING THE OPACITY

In order to scale the radiation yield produced in the simulation (i.e., determine the

opacity), the following procedure is used. Matching ao and Ip (or VG) to experimental

values, the opacity is set to unity and u is varied to compute radiation yields YT, YK and YL Or

as a function of u. At the value of u at which YK is maximum for neon (YL for argon), we

compare YK (YL) with the experimental value. As stated in Section IV, the radiation yields

computed in the simulation with unit opacity will generally be higher than that measured

in experiment. Thus. one proceeds to reduce the opacity and compute the radiation yields

at fixed ao and VG, keeping 1A set at the optimum value. Once a value of the opacity is

found that produces yields that are in good agreement with experiment, the mass/length is

again %-aried (at this new opacity) in the neighborhood of the optimum g-: this is because the

optimum u is generally shifted slightly higher as the opacity is reduced. This procedure can

be repeated until the desired agreement with experiment is reached for some combination

of opacity at optimum ;4. For neon. with nozzle radius ao = 1.25 cm and VG = 3.0 MV

(1p = 1.2 MA), the optimum mass/length was found to be s = 30Ag/cm with an opacity

of 0.25. In the version of the code without the skin (see Appendix B), the optimum mass

was 38 mg/cm with an opacity of 0.12.

C. RADIATION SCALING WITH CURRENT AND MASS/LENGTH

iT is hoped that setting the opacity in this way (so that the computed yields agree

with experiment at a single data point) will allow one to vary the other experimentally O

variable parameters (such as ju and VG) and obtain similar agreement. If this is indeed the -,

case, then one would feel justified in varying other parameters (such as ao) which are not

easily changed in experiment in order to predict better experimental design. Therefore, the

following series of simulations were performed to compare with similar experimental results.
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Fixing ao to the experimental value of 1.25cm, the yield was investigated at eight values

of VG (or Ip) with neon gas. The results for the K-shell X-ray yield YK with respect to

variation of mass/length at each of the eight current levels is shown in Fig. 9. As mentioned

several times above, there is an optimum value of ju for each current level, varying between

*' 15 and 45 jg/cm (the version of the code with the skin was used). The single data point

which was used to normalize the opacity to match experiment is the optimal point on the

curve with 1p = 1.23 MA. Corresponding experimental results for five current levels are

shown in Fig. 10: note that, again, these yields are experimentally measured with respect

to the initial gas nozzle pressure. The general trend of the curves here compares well with

the simulation results: the peak yield on several experimental curves agree to within about

10% with the peaks in the simulation curves, when the current levels can be matched. This

comparison can be made somewhat clearer by plotting the simulation results of Fig. 9 against

pressure, instead of A. If one plots the optimum u against optimum pressure for five of the

simulation curves (or interpolations of them) which roughly match the current levels of the

experimental curves, one obtains the linear relationship shown in Fig. 11. This can then be

used to translate the simulation curves into functions of pressure, as shown in Fig. 12, which

now can be directly compared with the experimental results.

Probably the most notable difference is the relative widths of the curves: the exper-

imentally measured radiated energy appears to be slightly less sensitive to variations in

pressure (or M). One explanation for the narrower curves produced by the simulation could

be that the radiated energy density curves used (Fig. 7) are too narrow functions of temper-

ature. To see this. one first needs to understand why there is an optimum P for fixed values

of the other parameters. A simple reason based on the thermalization concept described

in Section III is as follows: If one assumes that the evolution of the plasma annulus during

the implosion or run-in phase (i.e., before assembly time, or thermalization) is driven by a

magnetic force which is constant in time, then the kinetic energy imparted to the plasma

would be the same for all values of A. This is because the constant force would act over

the same radial distance (ao - (ro + w)), even though the time reqxured for run-in would

27



increase with larger A. Thus, the thermalization process would convert the same amount

of kinetic energy into thermal energy and distribute it over all the particles in the core.

4

3- 1.47 MA/ 3.6 MV

1.39 MA
3.4MV

2-2

1.31 MA
3.2MV

1.23 MA

3.OMV

I 1.15 MA
* I 2.BMV

1.07 M A
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01 1 2. MVMIA24.2MV

.10 1 20 25 30 35 40 45 50

FIG. 9. Numerical results for neon K-shell radiated energy YK as a function of
* -. mass/length u. for eight values of peak load current 1p (labelling the curve in MA. along

with the value of the generator open circuit voltage in MV). The initial radius was fixed at
ao 1.25 cm.
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FIG. 10. Experimental results for neon K-shell radiated energy YK as a function of
plenum pressure for five va.iues of peak load current Ip (labelling the curve in MNA). The
nozzle used in experiment has a radius of 1.25 cm.
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best-fit linear relationship of Fig. 11.
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This is where the mass/length makes a difference: the larger the value of g, the more ions

(and electrons) there are in the core. so the thermalization process distributes less energy

per particle. Thus, for small values of u. the core temperature increases so much during

thermalization that the resulting pressure bounces the plasma back out before it reaches a F

density which produces a significant amount of radiation (R - n'). Furthermore, the tern-

perature would overshoot the optimum value for the X-ray emission. On the other hand. if

p is very large. the temperature due to thermalization is too small for the plasma to ever

reach optimum X-ray emission temperatures at pinch time. and hence only a small amount

of radiation is observed. Therefore. somewhere between small values and large values of u

there must be values where significantly more radiation is emitted.

Both the real physical system and the simple model described in this paper are of

course more complicated than the explanation given above. However, what is true is that

there is a delicate balance between the mass/length, the temperature achieved at pinch,

the density achieved at pinch and the radiation produced: the interaction of these effects

are responsible for the existence of an optimum mass/length. Because of this temperature

dependence of the radiation then. the off-optimum performance can be understood also. If

the radiation curves in Fig. 7 were extremely narrow in temperature, then only the optimum

u value would radiate significantly and ay case with off-optimum ; would produce very

little radiation. Thus, the widths of the yield curves in Figs. 9-12 must be related to the

widths of the temperature dependence of the radiation in Fig. 7. It is evident then that the

actual physical system radiates significantly over a slightly larger temperature range than

that assumed in the model.

The variation of K-shell radiated energy YK with peak load current Ip in Figs. 9-12

is quite dramatic. In Fig. 13, we plot the -alue of YK at optimum u for each current level

curve in Fig. 9. This log-log plot has a best fit slope of 4.02. which implies a scaling law

Y - 1'. Furthermore. piotting in Fig. 14 the value of YK at optimum u against p for each -.

curve in Fig. 9, one finds a YK - u scaling. These scaling laws agree with those found in

experiment. shown in Fig. 15.
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FIG. 13. For each constant-current curve in Fig. 9, the value of YK at optimum u i s

plotted against the value of the current 1p. The best-fit slope is 4.02.
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FIG. 14. For each constant-current curve in Fig. 9, the value of YK at optimum mL is
plotted against the value of A.. The best-fit slope is 2.1.
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FIG. 15. Experimental scaling laws corresponding to those in Figs.13.14 using the mea-
sured results shown in Fig. 10.
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Such scaling laws have been explained in the past on the basis of very simple physical

arguments. These arguments. however, do not take into account the temperature depen-

dence of the radiation and thus do not contain the concept of an optimum mass/length.

In a greatly simplified version of the theory presented in Section II, the radiation can be

treated as a perturbation on the dynamics of the implosion after the assembly (thermal-

ization) time. and used to calculate curves similar to those in Fig. 9. In that theory, the

ideas of optimum mass/length and the broadening of the yield curves being associated with

the width of the radiation dependence on temperature are made explicit. In addition to

producing the scaling laws observed above, this theory explains the presence of an optimum

mass in terms of the idea of an optimum implosion velocityi at assembly (thermalization)

time: that is, the value of the optimum mass for a given current is that which reaches a

particular velocity (independent of current) at assembly time. Evidence for this idea has

been observed in experiment i ° and is provided by the numerical results shown in Fig. 16. In

(16a), we plot the velocity at thermalization UT of the optimum mass/length case against

the load current from Fig. 9; in (16b), uT for the optimum mass case is plotted against the

value of a. That the value of uT is indeed fairly constant in these optimum cases. however.

may only indicate that the simplified treatment which predicted such a property succeeds

in replacing the more complicated equations of the model which the code actually evolves.

The existence of an optimum velocity in the real physical system is still an open question.

D EVOLUTION OF DYNAMICAL VARIABLES

As an example of the numerical solution to the equations of motion given in Section

1i and Appendix B. the evolution of several of the dynamical variabies and related physical

characteristics of -he imploding plasma for a particular set of input parameters are presented

in this subsection. The parameters are in fact those given in the table at the beginning of

this Section. except for io which was taken to be the value of c/W.'e for the initia density

(this is actually much too small for a skin depth. as will be seen) .

a-.
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FIG. 16. For each constant-current curve in Fig. 9, we plot the velocity UT at thermal-
ization for the optimum mass/length case as a function of (a) the value of Ip on the curve.
and (b) the value of A for the optimum case.
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Fig. 17(a) shows the trajectory of the outer radius a, beginning at ao = 1.25 cm, ther-

malizing at t = 106ns (when b = ro = 1mm, a = 4 mm), pinching at t = 117cm and

bouncing back out (although the code run of 200 us is not long enough for it to reach the

w ll radius. r. = 3.5cm). The outer radius velocity u(t) is shown in (b) accelerating to a

maximum inward speed of 0.033 cm/us at thermalization; then, with thermalization produc-

ing a significant plasma temperature and pressure (see (d)), the inward motion immediately

begins to slow, passing through u = 0 at pinch and finally reaching a fairly constant out-

ward speed when the temperature and current decrease significantly. The density rises quite

rapidly to a peak of about 2.6 x I019 cm - 3 at pinch in (c). The core temperature history

in (d) reveals the abrupt effect of the thermalization procedure: at t = 106 us, T, rises

from less than 5 eV to 158 eV (the details of the thermal;zation are in the example numbers

used at the end of Section Il1). With this boost, T, continues to rise due to compressional

heating, reaching a maximum of about 460eV near pinch. As stated earlier. this is the

optimum u case for the present current level, and this peak temperature is in the correct

range for maximum K-shell X-ray emission: the peak is reached just slightly before pinch,

however, because as the temperature and density become optimum for radiation. the surge

of radiation acts to cool off the plasma. This radiation pulse is shown in (e). where the solid

line is the total radiated power. the dotted line (nearly invisible under the solid line) is the

K-shell X-ray radiated power, and the curve marked with an "L" is the L-shell radiated

power. Evidently, since the pinch temperature is appropriate for K-shell emission, this is

the primary type of radiation produced. The integral of these curves over time gives a total

yield of YT = 2.44 kJ, YK = 2.01 kU. and YL = 0.29 kJ: this is a K-shell efficiency of 82%.

The L-shell emission occurs here only after pinch as the plasma expands and cools down

through the optimum temperature (- 40 eV) for this radiation; the reason that an L-shell

pulse does not occur symmetrically before the pinch is because the (artificial) thermalization

procedure suddenly jumps the temperature over this L-.shell range. Fig. 17(f) shows the his-

tory of the average core ion charge state Z,(t), roughly following the temperature evolution.

That energy is well-conserved throughout the simulation is evidenced in (g), where the solid

curve is the total energy delivered to the PRS from the external circuit as a function of time:
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E,.(t) = fo I(t')V(t') dt'. The dotted curve is the sum of total kinetic energy, total core

and skin thermal energies. stored magnetic field energy, and the total radiated energy as a

function of time. The final value of about 5.5 kJ is composed of 2.4 kJ of radiation and 3.1 k

of residual kinetic energy of expansion, the temperatures and magnetic field having largely

fallen off (as shown in (h), where the magnetic energy 1LI is plotted). The characteristics

of the skin are shown in Figs. 17(i-k); the skin temperature rises to over 80 keV, mainly due

to the fact that the skin depth (j) remains so small (b < 10- 3 cm) during the run-in phase,

producing a large current density and hence extreme resistive heating. Actually, the dom-

inant heating of the skin is due to resisitiviry only during the first few nanoseconds of the

run-in; after the temperature reaches the 10-100 eV range, compressional heating (- uT/a)

becomes the dominant effect. Admittedly, this degree of skin heating is quite unrealistic,

but the radiation pulse from the skin (k) is insignificant compared with that from the core

(the skin has much less volume), and the skin only plays the role of carrying the current.

It turns out in this case, however, that the high pressure in the skin is the dominant force

which bounces the plasma back out at pinch. As stated earlier, this skin effect can be inves--

tigated by varying the input parameter 6o which initializes the skin depth. Finally, some of

the circuit parameters are shown in Figs. 17(1-o): the open circuit generator voltage trace

(1) is a piecewise-linear fit to an experimental curve, the voltage across the PRS element

in (m) reverses sign as the plasma bounces (due to the reversal of the impedance L - u

shown in (o)). and the load current flowing in the PRS has a slight hitch when pinch occurs

( *5 ns after peak current) because of the smallness of the impedance then (L - u - 0).
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It is difficult to compare the evolution of the individual characteristics shown in Fig. 17

with experiment for obvious reasons: the outer radius in experiment is not well defined.,

time resolution of characteristics is not precise, temperature and density are difficult to

measure, etc. One can, however, compare grosser features such as circuit quantities and

aspects of the radiation. In Fig. 18 we show a typical comparison of (a) load current, (b) K-

shell radiated power pulse, and (c) K-shell radiated energy as a function of time. While the

current appear2 to match very well, the radiation pulse produced by the model is significantly

narrower than the experimentally observed pulse. The reason for the difference between the
-..

widths of the simulation and experimental pulses in this case is only weakly related to the

temperature dependence of the radiation model used in the code (radiating over a slightly

larger temperature range would broaden the pulse. but the density-squared effect would still

constrain the pulse to occur only over 10-30 us around pinch time). The primary reason for

the difference in pulse widths is the so-called 'zipper effect": as the gas jets away from the

nozzle, it tends to spread radially so that the real physical gas puff resembles more a hollow

cone than a hollow cylinder. Thus. the end closest to the nozzle begins the implosion with a

smaller outer radius and therefore pinches (and radiates) perhaps 10-20 nanoseconds before

the end of the plasma farthest from the nozzle (with larger initial radius)." This axial

dependence of the radiation emission broadens the measured pulse, although as is shown

in Fig. 18(c), the total energy produced in simulation and experiment is nearly the same

(note the time scale only goes to 180ns). The "zipper effect" cannot be modelled with the

present code (which assumes axial uniformity), but a slight modification which partitions

the gas-puff into several independent contiguous segments (with separate properties, such

as different values of ao. w. £, and even M) is being investigated in order to reproduce this

phenomenon.

.,
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E. PARAMETER OPTIMIZATION Ir

Now that evidence has been presented which shows that this model produces results 6

d"S-

which compare satisfactorily with experimental observations when simulating current ex-

periments, the code will be used as a tool to study parameter regimes not presently available

to experiment in order to investigate optimization of design and operating parameters. One

such issue has been the effect of changing the gas nozzle diameter: how would the radiation

yield and efficiency depend on the initial radius of the plasma? This is a time-consuming

question to answer experimentally, as a new nozzle would be required for each data point:

this could be very expensive, if one does not have some idea of the appropriate sizes to try

(larger or smaller? and how much?). Therefore, the following study was performed: After

normalizing model parameters so that code results and experimental measurements match

satisfactorily as described above, the total yield YT and the K-shell yield YK were computed

(for neon) at fixed load current Ip = 1.2 MA for different initial radii ao as a function of

mass/length u. The version of the code with skin was used (in fact, ail runs were made with

6o = c/'e as in the results of the previous subsection).

The results of this investigation are shown in Fig. 19. These curves, labelled by the value

of initial outer radius, clearly show a trend toward much higher yields for smaller values of

ao. For example, the K-shell yield with the ao = 1.25cm nozzle is about 2 kJ (Fig. 19(b)),

whereas a nozzle with ao = 0.9cm is predicted to produce over 4 kJ. A reason for the

improved behavior for smaller nozzles could be that higher densities (smaller radii) at pinch
%.4.

are reached. Initial values smaller than ao = 0.8cm were not systematically investigated.

but it would be expected that the trend of increasing yield for decreasing nozzle radius

can not continue: eventually the run-in phase before thermalization would be so short

that the plasma would not acquire much kinetic energy, implying only a small amount

of energy available for thermalization. Indeed, code runs with very small ao tend to end

prematurely because the outer radius has become negative: this "crashing" of the plasma

onto the axis indicates that the pressure was not enough to bounce the plasma back out

46
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after thermalization.* The X-ray efficiency shown in Fig. 19(c) peaks at about 80% near
optimum man values, but falls off dramatically at higher values of IA. This peak efficiency

of 80r is near to what has been observed in G.-LUBLE H experiments. J,

The same optimization investigation has also been performed with the version of the

code which does not have a skin. The results for Y. YK and (YK/YT) are shown in ,

Fig. 20. Again. the trend toward better yield at smaller nozzle radius is apparent. although

the magnitude of the yields at different ao are somewhat higher than in Fig. 18. Also, as

mentioned above, the optimum value of u for a given current and initial radius is computed

to be slightly larger in the version without skin than in the one with skin. Furthermore,

in this version, almost all computer runs with ao < 1 cm resulted in the "crashed" mode

(a < 0) described above. Thus, as stated above, the general behavior of the radiated yields

and X-ray efficiency in Fig. 20 are similar to those in Fig. 18; the reason for the discrepancies

between the results produced by the two versions of the code is being investigated.

Some of the results of this optimization study are summarized in the Table in Fig. 21.

.-.

This condition is signaled by the error message "troublefl." The remainder of the

system will continue to a normal termination with the PRS fixed at its last non-negative

value of a and with u = 0. Actually, there are many reasons for such an occurance, including

a scenario where the increasing density as the radius decreases causes more radiation, which

cools the plasma, decreasing the pressure, which allows a further reduction of radius, higher

density and more radiation, etc. It is believed, however, that because the equations evolved

by the code admit conservation of energy, this condition should not occur and might be

corrected by decreasing the timestep. In any case, the data produced by such a run should

not be considered.

47

.. ... .. .. --... .. . .. . .. . .,... .. .. - . -..:. ... : : -.. .. .-... .: --.. ... .. ,- -



0.

1.00.

0.86

.!

2L

5

.1
.4 o : -,

2- 110, -

1.250

18 22 26 30 34 38 42 46 50/L (&Lg/cm ).*'

FIG. 19. Results of nozzle radius optimization study. With load current fixed at 1.2 MA,
opacity = 0.25 (code version with skin), the radiation yield was computed as a function of
mass/length u for various values of initial radius ao. (a) Total radiated energy, YT.
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VI. CONCLUSION

A simple theoretical model of an imploding gas-puff plasma radiation source has been

described, as well as its implementation in the computer code iMPLODE. The purpose of the

model is to be able to compute the amount of radiation produced by the imploding plasma, i

yet it was intended to be simple enough to be used in design and parameter optimization

studies. Based on single fluid MHD theory, these equations were averaged over the volume

of the gas to obtain ordinary differential equations for the outer radius, the outer radius

velocity and the average temperature of the plasma. Results of sophisticated atomic physics

ionization and radiation calculations were used to compute the radiated power density as

a function of plasma temperature and density. The results of the code compare well with

existing experimental observations, justifying its use in predicting optimal design parame-

ters. Thus, the main result is that a reduction in gas-nozzle radius from the current value of

1.25 cm to 0.9 cm could perhaps double the K-shell X-ray yield for a neon gas-puff. Indeed.

this has been recently observed in experiment.1 3

ACKNOWLEDGMENTS

We are indebted to the NRL GAM.BLE I[ experimental group for many helpful discus-
%.-

sions; we are particularly grateful for the assistance and criticism of S. J. Stephanakis and

F. C. Young. We would also like to thank D. Duston, R. E. Terry, J. Davis, T. Cochran,

and J. P. Apruzese for useful discussions of the work and for their cooperation in supplying

the necessary atomic physics and radiation data. without which this work would not have

been possible. In particular. D. Duston provided data from collisional radiative equilibrium

calculations and R. E. Terry provided the piecewise numerical fits to these data for the

equation of state. average ion charge state and radiated power density. "F'

55

..-...- ::.-.--..- ..-, -..- - - ' -- - ..' :-':"'-'-'--"-'':"- . . . .... . . . . ... . . . . ... . " ". % "._. .".' ."..
• ... , "..:,.,.' ~~~~.......,.-.'...-.. '.. "-" ', -'-.-' '. ,..... .... --. ,.-¢,,'. ,..,-,-

I - ."'.: ' , ' ' "= ' ' ,'::' : ' ' =' .'; . ' .....- ' l " -. '4. ' " -
-

' 
'

. . . ' 1 ..



APPENDIX A: CONSERVATION OF ENERGY

In this Appendix, it is shown that the total energy of the Z-pinch is conserved by the

equations of motion derived in Section II, in that the total amount of energy put into the

system can be accounted for. Thus, one expects the following to hold

(K + U + U, + L) +V , (A.1)

Here again, K is the total kinetic energy of the imploding plasma (governed by (12,16)), U,,

and U. are the total thermal energies of the core and skin respectively, including ionization

energy (governed by (25,26)), and V,A, + V,.R, is the total radiated power from the skin

and the core. The new quantities here are the energy in the magnetic field LI2 expressed

in terms of the inductance L, and the power P. delivered to the system from the external

circuit. The latter includes both the resistive heating 12.2 of the skin and the effect of the

time-varying magnetic flux 0. In terms of the inductance, the 14 can be expressed as

4= (LI)" = L(I 2 ) + LI 2 = ( L2)" + LI2 . (A.2)

Thus, the power into the magnetic field can be eliminated from both sides of (A.1), and the

energy actually coupled into the plasma should satisfy

(K + U, + U.) + V k + V.A. = 2  + .(A.3) .

Collecting the evolution equations (16,26) and using the definitions (25) for the thermal

energies in (23), we have the following

K = -(N T + N.T.) -(J),
a+b

&c 1. -Lu-?V.T - ,&,(A.4)

2u - -

U. = T= N.T. - V.R. -V.J.a+b , a
-61-

Adding these together, the pressure (temperature) terms evidently cancel and one finds

d = Z..B

(+ U, + U.) + V,& -; . A. .1vJ) , 7 j 2 . (A.5)6

56a-
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Of course, the more general equations (16,20) give the same result when added. From the

definition of the resistance 2 in terms of the resistivity 'i, R = ti/A. (where A, is the

cross-sectional area of the skin), one can readily identify the resistive heating term in (A.5)

with 122. Therefore, comparison of (A.5) with (A.3) indicates that the evolution equations

(A.4) conserve energy (as stated above) if one can identify the ( J ) term with the coupled

energy LI2 . That this is the case should be easy to determine since the velocity profile.

current density and magnetic field are all known quantities.

Before proceeding to calculate the (tJB) term, however, we comment on the result.

By actual calculation, one finds

1= (Lo+ 1 )I2 . (A.6)

Here. Lo is the inductance of the plasma annulus inside the cylindrical cavity assuming that

the plasma is a perfect conductor (so that the current flows in a skin of zero thickness);

thus, this is the usual vacuum coaxial inductance Lo = (2t/c2 ) ln(r.,/a). The correction
• op

L, to the inductance represents the contribution from the fact that the skin has a finite

thickness 6. As this correction term is generally small, however, for simplicity in the code

implementation the imploding Z-pinch has been presented to the exterior circuit as an

element with the coaxial inductance Lo. The (vJB) term in the equation of motion (16,17)

is therefore simply set equal to LO 2 in order to be consistent. Thus, the plasma evolves

in such a way that the energy it recieves from the exterior circuit is exactly that delivered

to it as computed by the current and voltage on the element.

Omitting the details, the (vJ) term is

' v (.J B) r dr A 2 r x

r(2- i2) c(a2-XT2) r (A.7)

e12 u b 2a ab 2z 2:2 n(a/z)'\
1i -+ ;

c2 a -a--+b a+ba 2 -:_- 2  a2 - z 2 ..

With Lo = -(2t/c 2 )(u/a). comparison of (A.7) with (A.6) gives the formula for

2 u 2a ab 2W n(a/z)

c~ La-b a+ba2 -Z 2  a2 -X 2 ,/
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Now, defining the inductance in terms of the energy LI2 in the magnetic field, 14 one

obtains

1L1 2  J dV (B 2 /87r)

t12  
2-r (A9-- in(r/a) rdr B(A.9)

2 (Lo + AL)12, .

where the contribution from the skin gives the extra inductance

AL 1 (ia 24X2) 2+ Z 4n(a/xP)
- 2 a 2 4 a) x/) (A.10)

The time-derivative of (A.10) is

2tu b 2a ab 2 2 n(a/z) (
-- / a b a+ba -z a- -a, (A.11"

again using i = v(z). This is the same as (A.8), so that one can correctly identify the (vJB)

term as the inductively coupled energy 1LI
2.

% %%

-'o"a



APPENDIX B: EQUATIONS OF MOTION

In this Appendix, the expressions for the ordinary differential equations actually imple-

mented and evolved in the subroutine IMPLODE are given. As derived in Section II, these are

five coupled equations governing the outer radius a, the outer radius velocity u, the average

total 'thermal" energy of the core 0, and skin Q., and the core radius z = a - 6.

A. EQUATIONS WITH SKIN

By definition, the first equation is simply t = u. The equation for the velocity u now

comes from the kinetic energy equation (16,17); with the use of (7) for the velocity profile

v(r), the total kinetic energy K can be computed and then differentiated with respect to

time. Thus,

p. .

= ,Tpl r dr (Ar - 2 + 2AIA 2 + A~r2 ) (B.1)

= d [A ln(a/b) -1 AIA 2 (a - b2) + A1(a

This expression remains valid even after the assembly time (when the inner radius b -* 0)

provided the correct values of A, and A 2 are used:

A, A2

b>O: -i - (B.2)a b ;-+b
U .

b=O: 0
a

With these values in (B.1), the kinetic energy before and after b - 0 takes the following

forms:

b > 0 : K I eu2[ 2ab 4a 2 b2 ln(a/b) (B""b>,: K .1 + Ta -+b)2 + (7:b)a + b' (B.3a):::!-

b-O. K 4 ,2 . (B.3b) k

5-.
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Now, differentiating these with respect to time one obtains

b>0 k[ b 2 4a2b2 ln(a/b)1

>K 2 (ab+)2 a22 + +4ab+ a- b2

+ u( [a2 +b2 4ab+ (a + - ab)ln(a/b) (B4)II ~ ~+ 2(a + b)3 02  - Pa 2- '(.a

b-0: k " s ui, (B.4b)

where the constant thickness condition ; 2 b -u has been used. Note that as b - 0, the

coefficient of i in (B.4a) smoothly goes into the correct expression (B.4b) for b = 0; the us

term, however, does not vanish in this limit but goes to the value u /a. This discrepency is

of course due to the abrupt qualitative change in the velocity profile as b -, 0.

The terms on the right-hand side of (16) are now calculated as follows: the pressure

terms are

(B.6

a + b a +b -b (B.5)

= (2" + 1) a2 - (.

mi(a + b) a2 - 62'

while the (vJB) term is simply replaced by

(€J.) -~ toI2 - I ... . (B.7)

(see the discussion in Appendix A). "a-

Combining these expressions in the form (17), the equation for the outer radius velocity

is ?,

%
= -(C/Ci~2 + (C3./C1)T. + (C.,/C'1)f. -(C4/C'1P (.

where the coefficients are

.

..1
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While b > 0

1 a2+b24 4a2b2 1n(a/b)](.)C,=(a = b)2 a + b+4ab a 2 - b2 (B.ga)

2 2 _4ab 4ab(a2 +b2- ab) ln(afb) (.C2 = (a+" b)3 [a +  4b 4 -- _--"2 (B.9b)

CU=4(2,, + 1) X2 - b2 B.cm,(a + b) a2 - 2'B

4(2. + 1) a2 - X2 -,"
mj(a + b) a2 - b2' (~d ,'

2 -
C4 2 (B.9e)

pc2a

While b =0

C , (B.10a)

C2 , E 0, (B.0b)

C = 4(2, + 1) T2

mia 2'(B.c)

4(2. + 1) a2 - X2

C3.,= mia a2  (B.10d)

C4 2 (B.10e)

Again, all coefficients go smoothly as b -- 0 into their values at b 0, except for C2. Note

that these "coefficients" are really time-dependent: they depend on the values a, b = a- w,

z. a:(nT) ad 2.Ct).

The equations governing the thermal energies of the core and skin given in (26) are of

the form

S= -Cs,, 1 + _6 42 
- C7., (B.lla)

= -Cs.uT. + Cr.12 - C7 ., (B.11b)
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where the coefficients are

C5 .,5. = - 3(a + b)' (B.,2a)

Cc 0= O(B.12b)

Cs 2mi a2 b (B.12c)
3,r= w(2. + 1) (a2 :2)21

C 2I(, . =27ir(a
2 - 2) ,°.(B.12d)7..=3j&(2.,. + 1

These expressions are all valid even with b = 0. As prescribed in the model, no current
flows in the core (B.12b). The conductivity a used in the skin (B.12c) is taken to be just

the Spitzer conductivity

o- 1.96 x 9.0 x lO3

where the Coulomb logarithm A is

23.0 - ln( /23 1 -T3 2) for T. < 1OeV

24.0 - n(n/221/ 2  -,) fort. > 10eV

These quantities are computed at each time-step. The radiated power density At. for the

skin and the core is computed as a function of the density and temperature of each region

(see Section IV).

The final equation of motion is the condition that the core radius x (or boundary

between the core and the skin, see Fig. 1) move with the fluid velocity v(z) at that radius:

= Ajz - 1 + A 2z, (B.13)

where the appropriate values of A, and A2 from (B.2) are used. Combining (B.8.B.11.B.13),

the five evolution equations are

it (B.14a)

t = -(C 2 /Cl)u 2 + (C /C,)?: + (C38/C1 )T. - (C4 /C,)1 2 , (B.14b)

C =-C.U f. + CG.J 2 - C7., (B.14c)

s= -Cs.u. + C.,! 2 - C~., (B.14d)

= Ais- A2X. (B.14e)
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These equations are integrated in the main routine IMPLODE using a simple Euler method

(Y,+ I = yiAt + y,) with all quantities on the right-hand sides of (14) computed at each

time-step from (B.2,B.9,B.10,B.12). .4

The current I flowing in the plasma radiation source load element is computed by the

transmission line simulation from the voltage values on either end of the element divided by S..'.

the load impedance. This impedance ZL is taken to be the impedance of a purely inductive

element, using the expression for a coaxial transmission line: ZL Zo ln(r./a). The coef-

ficient Z0 for a standard vacuum transmission line is (2/c), so that when the transmission

line inductance Lo = (21/c 2 ) ln(rw,/a) is divided by ZL one obtains the vacuum element

transit time rL = (Lo/ZL) = (e/c). For implementation in the transmission line simulation.

however, the gas-puff is represented to the remainder of the circuit as an element which is

only one time-step At long. Therefore, with rL = At = (Lo/ZL), one finds the appropriate

(artificial) value of Zo to be Zo = (2/c)(f/cAt). This is artificial in that the impedance is

larger (or smaller) than the vacuum impedance by a factor of (vs/c), where vs = (f/At)

is the speed of a signal which traverses the element of length t in one time-step. For the

standard GAMBLEH gas-puff, t - 4cm and the usual simulation time-step is At - 0.1ns,

which gives vs (4/3)c.

Aside from this technical point about the characteristic impedance of the inductive ele-

ment. it is important to note that this treatment excludes the effect of the energy dissipation

in the load due to the resistive heating of the skin (B.11,B.12c). That is, the skin is allowed

to gain energy due to 1 2 / but this energy is not removed from the circuit by a correspond-

ing series impedance of the form R = (/crA.) ; z (t/21raa), where A. = r(a2 
- 2) is the

cross-sectional area of the skin. In most cases, this energy sink is negligible in terms of total

energy conservation (see Appendix A), even though it can be responsible for beating the skin

to anomolously high temperatures (see Section V). In other cases, however, the dissipation

is significant and can cause large departures from total energy conservation; if this occurs,

one should either account for the loss by incorporating a series resistance R as above, or

turn off the skin resistive heating term in (B.11b) (i.e., set Cs. = 0 by letting a - oo). If

the latter method is chosen (as was done in some of the results of Section V), then there
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is really no difference between the equations (B.11) for the skin and core thermal energies.

Thus, one is led to consider a simpler model which has no skin as described below.

B EQUATIONS WITHOUT SKIN

Since the magnetic force term (.- 12) in (B.14b) is computed using (B.7) which ignores

the presence of a skin, one can set the skin depth to be zero implying x = a - 6 a in

(B.9,B.10). Now the equations of motion are for just a. u, and Q,:

a=iu. (B.15a)

44 i = -(C 2 /C)u 2 -i- - (C4/Cl)I 2, (B.15b)

Q, = -cs.,,: - c7 , (B.15c)

where the coeffcients are given by

While b > 0

1 [ 4a'b2 1n(a/b) (B.16a)
a a2 + b+4ab+ 2- 2 -. P

C 2  [+ 4ab+ 4ab(a2  b ab)ln(a/b)] (B.16b)

c3 4(2, - 1) (B.16c)=mi(a + b)'

2
C4 2 (B.16d) .f

4
C5. = - ) (B.17e)

' C7C = -RCz. + 1) "
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While b= 0

C , (B.18a.)

C2 -0, (B.18b)

=- 4( + 1), (B.18c)
mia

C4 2(B.18d)

4 (B.19e)Cs= 3(a +b)'

2-rm (a - b2) -
3(Z +)

C. SUMMARY OF VARIABLES

Finally, the equations in Section II were derived using Gaussian units even though exper-

imentalists measure most external circuit quantities in inks units. Therefore. for purposes

of clarification of several constant conversion factors that are to be found in the code, we list

here the physical quantities and the units in which they are cast for purposes of calculation

in the code and on ouput for comparison with experiment:

Calculation ] Output
Quantity Definition Units __units__

a outer radius j cm cm
b inner radius I cm cm
-6 skin depth cm i cm *

I current statamps megamps
K kinetic energy ergs I kilojoules

length cm cm ! ___

L inductance nanohenries nanohenries
m mans gus gm
. mass/length i gm/cm lAg/cm

n I density cm-" cm-"

Po, radiated power eV/ns Watts .

Q "thermal" energy e kilojoules i
R radiated power density eV/cm--ns i W/cme

conductivity 5s _ ___s-_ ii

T temperature 1 eV eV i
U outer velocity cm/na cm/na
V volume j cm cma1

w annulus width cm cm 1 e

. core radius cm cm
Y yield I kilojoules kilojoules
ZL impedance ohms ohms
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