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THE DENSE Z-PINCH (DZP) AS A FUSION POWER REACTOR:
PRELIMINARY SCALING CALCULATIONS AND- SYSTEMS ENERGY BALANCE

R. L. Hagenson, A. S. Tai, R. A. Krakowski, and R. W. Moses

ABSTRACT

A conceptual DT fusion reactor concept is described
that 1is based upon the denge Z-pinch (DZP). This study
emphasizes plasma modeling and the parametric assessment
of the reactor energy balance. To this end simple
analytic and numerical models have been developed and
evaluated. The resulting optimal reactor operating point
promises a hig' Q, low-yield system of a scale that may
allow the use of conventional high-voltage
Marx/water-line technology to drive a potentially very

small reactor system.




I. EXECUTIVE SUMMARY

~ Am ﬂitt of an overall assessment of the reactor potential of a pnlbcr of
alterpativé magneti¢c fusion concepts, the Office of Fusion Energy, US
Department bf Energy, has funded systems studies according to a three tier
structure. These stndies are ' categorized in order of decreasing level of
effort and detail ‘as Levzl I, Level II, and Level III. The highest level of
study (Level I) would include in a multi-man-year effort considerable
conceptual design and economic analysis, in addition to sophisticated,
state~of~the~art physics -and operating-point analyses. The lowest level of
study (Level III) would characterize lessz understood and developed confinement
schemes by means of relatively simple physics models and parametric analysis
of potential reactor operating points. Generally, a Level III study would not
provide a reactor embodiment per se, and, because of obvious gaps in the
physics'underltandinh-Of these relatively unexplored concepts, only a range of
potential reactor operating points ‘may be parametrically identified. The
Dense Z-Pinch Reactor (DZPR) ‘study described herein is a Level III study.

The DZPR concept and the related system energy balance 1s elogquently
simple; " a high electrical current is initiated along a sub-millimeter current
channel within a high-pressure DT gas, and the ohmicaily-~heated filament of DT
plasma would ‘prodice a ‘thermonuclear yield that is ~ 20-40 tiueé as great as
the energy delivered to the pinch as magnetic field  and ohmic dissipation.
Both the an¢1ytic~hﬁd'nﬁnérica1 scaling that has been developed and evaluated
in subsequent sections of this report indicate a well-defined optimum
operating point for the DZPR. This coptimum embodies a ~ 0. l-mm-radius by
O« l-m~long pinch that requires ~ 140 kJ of energy to be deliverad in ~ 300 ns,
resulting in a &4.4~MJ and Q ~ 30 thermonuclear yield. For typical reactor
parameters, this operating point yields an engineering Q-value “équal tc 7.9
(rccirculntiné power fraction of 0.13). The ~ 2-ug burn zatimate does not

v account for gas ingestion by the plasma colusn, specifies that no
glphgéparticle heating occurs, and neglects coronal and diffusive processes.
rufth§:-0t¢, the DZP plasmz colwan has been assumed to be MHD stable
ﬁﬁtdéghgﬁf the burn period. The majority of plasma heating is provided by
6ﬁiié'diiiipition; shock processes should not occur, are ignored and are
‘:conlid ‘cd undelirnble, compressional heating is negligible for the optimal
of-DZPR operation. Thble I summarizes the DZPR physics des.ign point thnt

”':viha t-etgcd fro- ‘this -tudy»




TABLE 1
TYPICAL DZPR DESIGN PARAMETERS

Parameter ‘ Yalue
Initial plasma rn?iys (mm) 0.1
Plasma length {m) 0.1
Plasma density (1027 /a3 I(b) 1.08  ~
Plasma line density (10 /n) 3.40
Puak plasma current (MA) 1.45 y
Plasma curtent r}setine (us) 0.31
Burn time (ua) 2.0 .
Input (Marx-bank) e?ergy (kJ) 140
Fusion yield (MJ)( beip - ,
Plasma Q-value (&) 33.3
Lawson parameter (10213/m3) 9.75

(a) arbitrarily selected '
(b) corresponds to an initial DT filling pressure of 1-5(10)4 Torr (20.3 atm)

(c) A 10-keV temperature is achieved in 0.3us

(d) Based on 14.1-MeV neutrons with a blanket multiplication of 1.17 and
3.5-MeV alpha particles. The alpha-particle energy is ‘assumed not to
contribute to the plasma heating .

(e) Ratio of fusion yield to input Marx-bank energy, which is co-puted by
means of a detailed circuit code to be delivered to the pinch with 95%
efficiency, assuming a realistic switching sequence.

The primary emphasis of this study has been the modeling of plasma yield
and energy balance for the DZP concept. No attempt has been made to elncidate
the reactor embodiment in terms of the mechanical, thermohydraulic, and
neutronic layout. The low thermonuclear yield derived from each discharge
will, however, require either a multichannel discharge andfor a high
repetition-rate operation if total powers in the 100°s MWt range are desired.
Furthermore, the design of the iow-enmergy, high-voltage Hatx/ﬁatet—linefeneigy
source néeded to drive the high-repetition-rate DZPR will place definiié
constraints c¢4 any future attempta to genetate a physical teactor layout,
quantification of this crucial design constraint, however, could not be

completed within the scope of this study.

II. INTRODUCTION
In ‘the éi-plest form, a ‘Z-pinch ¢éan be tepresented by a cylindtic

plas-a column thtough which an axial electtic cuttent is pasued to ‘ptoduce

tapidly 1ncteasing and conatricting nagnetic field- "'One of the'-ajOt proble
associated with the simple pinch devices has been ‘that of MHD ~ instab




The simple Z-pinch and ‘its sausage and kink instabilities have been observed
and studied since the beginning of thermonuclear fusion ressarchs!™3 The
inutability growth occurred in a period equal approxinately to the transit
time of sound across the pinched column. Recent 'HHD stability analyses,
however, have indicated that greater stability may be expected for pinches
that are diffuse'” 5 or embedded in dense gas,7 finite—Larnor-rsdius
effects,® 9 or plasia flow, !0 may also lead to greater stabilityar Since the
Z-pinch has the potential of producing very high constrictinginagnetic fields,
the plasma density could be sufficiently increased to satisfy the Lawson
criterion in a relatively' short confinement or burn time. 1In an early
experiment thermonuclear plasmas with a density equal to ~'1025 a3 and a
Lawson parameter close to 1019 s/n3 have been reported.ll More recent
experiments used an electron-beam trigger12 to initiate a DZP; but this
approach was characterized by low voltage and a long dwell-tine. Recently,
one and two—dimensional numerical calculations of a. Z-pinch p1asla, that would
be conpressed by means of a solid liner moving at velocities of ~ 104 n/s,
have indicated that thermonuclear temperatures of nearly 20 keV could be
achieved. !

The simple configuration of the Z-pinch and the possibility of realizing
a high plasma density make the dense Z-pinch (DZP) an attractive alternate
approach to fusion power in terms of power demsity, power level, and physical
size. If a small and dense Z-pintch could be stabilized for times sufficiently
.long to realize a high energy gain (i.e., a few microseconds), the associated
reactor system would offer advantages of simplicity and low power output,
leading to a potentially economic and highly modular power systen. A
conceptual DZP reactor has been proposed-lu The plasnas for the design given
in Ref. 14 is small (2 2~mm ‘diameter and 100-- - long) and dense
(3 2(10)26 '3) , A final tenperature of AI keV, a short burning tine
(~ 2. 5 us) and a low output power (100 MWe) was proposed. The reector
analysis given in Ref. 14, however, modeled the plasna response only during
“he initiation/start-up phase, using an unclear extrapolation nethod to

estiqete the final plaana yields and Q-values. Because of the anbiguity

‘injected by using such ,_xtrapolations, the order ‘of -agnitude differencev

etveen ther-onuclear yields required to give Q-values thet ate cospereble t07

sults presented herein could not be resolved, _the praaant ‘study'




indicates desirable reactor Q-values can be achieved. for yieldsiin;their 5-MJ
range, rather than the ~ 55-MJ range indicated in Ref. l4.

The presentc study first reassesses the simple analytic model of a
stationary Z-pinch proposed by Hammel.15 = This model . conriders .an
ohmically~heating DZP operating with a constant radius, and optimistically
eliminates radial shocks and transport. Nevertheless, such -a model is
valuable in regard to its simple analytic nature, its role in testing wmore
realistic burn codes and the possibility for serving as an idealized reference
case for examining reactor performance. In addition to a compédrison of the
results given by this simple analytic model with these given by mere.detailed
burn codes, implications of a constant-radius operation upon a DZP reactor are
examined from the viewpoint of system energy balance. .

The predictions of this idealized analytic plasma model, hoﬁeve:, are
based upon the assumption of constant radius operation. The ability to
operate within this highly specialized current limit depends crucially upon
the electrical characteristics of the driving circuit as well as fundamental
physical processes occurring within the _binch and surrounding coronae.
Consequently, a realistic model of a Marx-bank/water-line power supply has
been coupled to a three-particle (alpha particies, electrons, and ions)
zero-dimens ‘onal burn code, and the zero—dimensional burn model has been
evaluated to yield the fincl, but preliminary, estimate of a DZPR physics
operating point. The avsilability of the _analytieal model, however, has
proven useful in guiding these numerical studies. The technological
implications of the required electrical circuit, whieh does not necessarily
lead to operation precisely at.the codstant-radius:éurrent limit, additionally
can be addressed. Modeling of cold gss/plssma ingestion and recycling from
the dense gas/corona region surroundink'the bzp, hqwever, proved to be beyond
the scope of this study, although detail analysis of these complex processes
is in progress.16 Experimental ﬁork.is also being conducted {7 to study the
ohmically~heated, gas~embedded DZP; the status of this experiment is
summarized in Appendix A. o

Generally, the predictions of: this Level III conceptual physics design

study are encouraging and promising. These results should be used to guide a

more detailed physics and technology assessment of the DZPR, partieularly vhen ,: e

further positive progress-is ‘made -om bath experinentall7 and theo
fronts. It 1is concluded that, within thé 'ilaits “of “ele




"aaii"-,puon---;ap@n which this Level III study is based, the DZP represents -an
_attractive approach to small-sized, uncomplicated fusion pOVEr.

III. ANALYTIC PLASMA and REACTOR MODEL

‘Ae -

Spatially Averaged Point Plasma Model

‘ The time-dependent, point model of a gas~embedded DZP is depicted in
Fig. 1. This model is based upon the following assumptions:

MHD stability of the cylindrical plasma column for all computations.
Transport coefficients (ion thermal conductivity, electrical
resistivity) are given by classical theories.

Equal temperature for electrons and ions.

Pressure balance exists at all plasma radii, and radially averaged
plasma parameters are used by the analytic point model.

Only a stationary (constant radius and plasma density) pinch is
considered.

Neither the electric eircuit driving the pinch curreat, nor corona
and/or shock formation in the dense gas or peripheral diffuse plasma
are taken into account.
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resentation of a gas~eubedded dense Z-pinch (DZP) used to
~analytic reactor wmodel.



® The current density is assumed to be uniform in the - pinch and to
follows a time trajectory that assures a constant pinch radius. This
assumption implies a continual adjustment of the external circuicry.
A number of these assumptions are examined in Sec. IV by a time-dependent
computer model that has been developed to resolve the interaction between a
zero-dimensional (point) plasma with a realistically simulated ecircuit.
Nevertheless, the analytic model developed and evaluated in this section
offers the advantages of simplicity while simultamneously giving a relatively
accurate description of the DZP behavior.
The pressure balance across the pinch (Fig. 1) at radius r < a for a

uniform current density is expressed by

2nkpT + B2/2u, = (2/r2) | 2nkgTrdr (1)
nXg 8/ <¥o )] ok »

where Bg(r) = Bg,r/a is the poloidal magnetic field, n is the 1local plasma
density, and a 1is the plasma radius. Implicit in Eq. (1) 1s the assumption
that inertial terms can be neglected; the sound transit time is small compared
to the burn time, and shocks will not form. MKS units are consistently used,
except for the temperature T(keV); kB is the Boltzmann constant
(1.602(10)716 J/keV) and u, = 47(10)~7 B/m. If the plasma temperature is
assumed uniform across the pinch radius, as has been shown by numerical
computations (Appendix B) using classical ion cross-field thermal conductivity
and uniform current density, Eq. (1) can be differentiated to yield

dn/dr + (2n_/<B>)(r/a%) =0 (2)

2
where <B> = (nokBT)/(Eeo/ZMO), n, = n(r = 0) is the central plasma density and
Bg, 18 the magentic field at the plasma edge.
Integration of Eq. (2) gives

a(r) = ny[l - (r/a)2/<e>] . (3)




In order to assure that the plasma density at r = a is zero, <B> must be
equal to 1. Consequently, the denéity profile must be parabolic for this

constant pressure approximation. Hence,

- n(r) = no[l - (r/a)z] R ' (4)

and the volume-averaged ‘plasma parameters are given by <n> = n,/2,
<n2> = n§/3, <Bg> = 2390/3 and <B%> - 3%0/2. Consequently, <B> represents the
ratio of the mean plasma pressure to the mean magnetic pressure, and <Bf> = 1

leads to
n k,T = B 2/2 (5
o"B 60 Yo * )

In addition, the line density, N(m‘l), is given by

N = ma%<n> = ma%n /2 . (6)

B. Plasma Energy Balance

The Volume-averaged plasma energy balance used for the time-dependent

point model (Sec. IV) is given by
4 3 0 Kk,T) = £.2, + Poupy - P P k,T(dfna?/dt) (7
3c'7 Boksl) = £Pq + Pouy = Pgp ~ Pgoyp — nokpT(dina . )

where the last term is zero for the constant radius case considered by this
analytic formulation.

The alpha-particle power density, P, a fraction f, of which may
contribute to the plasma heating, is given by

P (W/md) ==-41-<n2><ov>Ea , (8)




where <ov> 1is the velocity-averaged DT cross sectios, and E, is the
alpha-particle energy. Pogqy 18 the ohmic-heating power density and 1is

approximated by the following expression for the case of uniform current
Py (W/m3) = n,[1/(m 2)]2 9
OH'M( m>) n; a ’

where n; is the electrical resistivity perpendicular to the magnetic field,
1l

and I is the total plasma current. The bremsstrahlung power loss is given by

Ppp (W) = 5.35(10)"3 o>z cT1/2 (10)

where Z,¢s is the effective charge number. The energy loss associated with

radial thermal coniluction is approximated by

Poonp(W/mS) = 2fgonpk T/a®  « (11)

The conduction term, Pnoyps represents an ad hoc addition made to examine the
influence of an effective radial loss, where fygyp 18 an arbitrary parameter;
the radial transport problem is complex, and the form assumed for Pogyp that
uses a thermal gradient equal to ~ T/a should be considered only as a rough
measure of radial conduction losses to a zero-temparature sink. This aspect
of the DZP model requires a level of analysis that is beyond the scope of this
study. Axial 1losses from the pinch column are gemerally ignored, although
this issue is addressed in Sec. III.E.

For the cross—field electric resistivity, n;, and the ion cross-field

thermal conductivity, k,, the foilowing expressions are used18» 19
n,(@ m) = ny/0.51 (12),

k) (W/m keV) = g<n?>/(<B3rl/2) | - 13)



‘where
ny = 9.62(10)719 z_c. tan/ (v13/2)

Ygi = 0.582 + 0.418[(Zyee - 1)/Zqes | (14)

A = 9.36(10)161/(z_ <n>1/2)
¢ = 5.07(10)"39 4,1/2 an

Again, except for the temperature, T(keV), mks units are used in Eqs.

(12-14), and Ai is taken as 2.5 for D-T.

C. Evaluation of Plasma Model
For the case where heating by alpha particles and thermal 1losses by

radial thermal conducticn can be ignored (f, = fcomp * 0), Eqe. (7) predicts an

equilibrium plasma temperature; TEQ’ given by the condition dT/dt = 0. When

volume averages are taken into account, thke following expression gives TEQ

Tgq(keV) = 9.25(10)!8 tan/(<>a?) = 2.9110)1% tmam . (15)

Defining an effective time constant and temporal normalizationm,

w(8) = 6.73(10)2%71/2 /o> = 3.63(10)3 02ty 2/ (<oon/2) (16)

with © = Tngq, £ =t/t, and taking Egs. (9)-(l4) into ‘account while
neglecting the alpha-particle heating (i.e., £ P, << Popy), Eq. (7) can be

‘written as follows

d6/dE = (1 = 6.79fcouy) /612 - g1/2 an




Since the total plasma current, I, is given by I = 2taneoluo it follows
by ueans of Eq. (9) that

12(a2) = 6.41x(10)"NT . (18)

Hence, using Eq. (14), the current, I,,, corresponding to Ty, is given by
EQ EQ

Igq(d) = 431103 (aan)1/2 (19)

and I/Tgg = 01/2; 150 = 1.36 MA for %ok = 10. This current limit 1s a
constant for all pinches?® and is called the "Pease current". The pinch will
either expand radially if the current is smaller than IEQ’ or the pinch will
collapse if I exceeds IEQ'

Equation (17) shows that a steady-state solution exists only for a
condition where radial conduction losses do not exceed the value corresponding
to foonp = 0.147, as predicted by the approximate and classical formulation.

The solution of Eq. (17) is given by

92(11/2 + o172

1 1/2
£ = 2n - 28 > (20)
1/2 1/2 1/2
equ equ - ol/ -
with 0 € 6 < eEQ < 1, where

Equation (20) is. plotted in Fig. 2 for a range of 'fCOND“ values.s
Generally, the effect of  thermal conduction 1losses reduces :the £inal

is a simple exponential function;j it appears that the time constant or: scaling

equilibrium temperature by a factor. « Shown also for comparison in: Fig. 2
Q &

parameter, 1 (Eq. 16), can be ‘regarded as an  effective rise. time . for: the’ -
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Figo 2.
Comparison of the solution to Eq. (17) for a range of radial
parameters with the results of a radial MHS burn code computation.

conduction

plasma temperature (T = 0-777TEQ at t = T when fooyp = 0) and the associated
current needed to fulfill the Pease requirement, IEQ' Equation (29) is also
compared in Fig. 2 with the results given by a radial magnetohydrostatic (MHS)
bufn code (Appendix B); the deviation between the analytic and computer models
is within a few percent for a range of plasma densities of interest.

The following expression for a Lawson-like parameter can be obtained from
Eq. (16)

- <>1(s/m3) = 6.73(10)20 TgL/2 = 3.63(10)30(an)1/2 n1/2 (22)

Figure 3 shows the dependence of TEQ and <n>T on the plasma line density, N,
for fnA = 10. T is

given by Eq. (16),
Secs IV.C., however, the system performance of a DZIPR, as measured by a plasma

The performance of the DZP, as measured by <n>T, where

depends only on the 1line density. As 18 shown in

Q-value, shows a very sharp optimum in line density.

“12
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Graphical display of Eqs. (15) and (22) showing the dependence of TEQ and <n>T
on line density; N.

D. Formulation of Plasma Performance Criterion

Before an estimate of important DZPR characteristics can be made, &
performance criterion or Q-value must be formulated. First, given a radius R
for the return conductor {(Fig. 1), the magnetic field energy contained in the

cylinder per unit pinch length is given. by

Wp(J/m) = uoIE(2) O[ED(R/a) + 1/4j l4® . (23)

Since IEQ is essentially a constant, as given by Eq. (19) for this
constant-radius case, Wy depends only on € or on £ = t/T for a given value of
R/a. The time symbol "t" previously used for time will be replaced at this
point by the burn time, Ty, to represent the duration of the thermonuclear
reactions. '

Under the approximation that <ov>/'r2 equals a constant in the ténperature
range of interest, the thermmnuciéar yield per unit pinch 1length can be

written

Wq(J/m) = (nazEF/4)<w>EQ<n2>j.'Og(0) , L C(24)




vhere Ep is the fusion energy yield (alpha particles and neutrons), <ev>gq is
the value of <ov> at qu, and

g(0) __j 0248 . (25)

Using Eq. (17), integration of Eq. (25) gives

) = L - [} 5+ O e + 6 a » 26

where, again, eEQ is given by Eq. (21). The function g(6) decreases rapidly
with decreasing values of eEQ (i.e¢, with increasing fCOND)' For the case
when eEQ =1 (i.e., foop = 0), 8(O) * E -1 as 6 approaches unity (i.e.,

S 8
1)

INTEGRAL FUNCTION,g(8)

o

' THERMONUCLEAR YIELD, Wy (MJ/m)

NORMALIZED BURN TIME, £= 7./t

- Figo 4.
dence of . thermonuclear yield, Wy ((Eq. (24)), and the - function

:A‘zve) :Eqi 25)) on - TB/r, where T is given by Eq. (16).




€ » 3), as can be seen from Eqs. (20) and (26). This ‘behavior is shown 1n ;,_3HfL“
Fig. 4 (dashed lines). The plasma Q-value is defined as ' ’

Q = WylWpy s - 27

where Wpy 1is the total input energy delivered to the pinch. Ih_the present
case Wy 18 equal to the stored field energy, as given by Eq. (23). Taking
Ep = 3.2(10)"12 5 (i.e., 20 MeV/n), assuming a blenket multiplication of 1.17
and <cv>EQ/TE6 = 1.1(10)"24 n3/s kev? (within 10Z in the teipefatere range of

interest), “T and Q become

Wo(J/m) = 2.29(10)4lnATE8/29g(0) (28)
Q = 1.23 TEg/3g(e)/[zn(R/a) +0.25] (29)

Since 06 =1 for tB/t > 3, Q is proportional to Wp, which is proportional
to TEg/Zg(e) for a given radius ratio R/a. Additionally, if fCOND =0, (i.e.,
g(6) = tg/1 - 1), it follows that

Q = Wy = 1/ 2(p/T - 1 . . (30)

For 1y >> T and taking Eqs. (15) and (16) into account, Eq. (30) becomes
Q= WT < TBTEQ « TB/<I1>82 ) (31) -

Therefore, smaller plasma radii or plasma line densities predicted to lead to
higher plasma Q-values. As noted previously, however, the .more. QdQFQil‘d 

calculations in Sec. IV.B actually predict a well-defined opti-un N.: -
Taking 2nA = 10, .. the, dependence of Wy on, € for the case where fGOND*
(without thermal conduction losses) is shown in Fig- 4 for a renge of ;

Figure: 5 depicts the dependence of Q on. TEQ for a _range of t,w
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Dependence of the plasma Q-value on TEQ and TB/T as given by Eqs. (20), (26)
and (29).

results show that 4 high Q f«reater than 20) can be obtained for moderate
values of TEQ and tB/t- These prognoses, however, must be tempered by a

number of physical constraints, as discussed below.

E. Physics Constraints and Preliminary Design Point Evaluation

Before the scaling relationships derived in the previous section can be
evaluated, a number of physical constraints, heretofore left unaccounted, must
be considered. These constraints are quantified in this section and can be
classified as: particle drift effects; fuel burnup and refueling; and trapped
field energy’ decay. Althougﬁ‘clearly coupled to these processes, corona and
radial-transport phenomena cannot be explicitly treated within the scope of

this study.

1. Particle Drifts

'wiusé’”ﬁf ‘thermal motion and presence of a non-uniform magnetic-field, '
along»the pinch radius, plasma particles will drift out of the -plasma
'both ‘the end aiid Iateral surfaces. Expressions for the axial and
] an ‘provide’ ‘4n estimate of the minimum ‘plasma size
*‘cactor, although end “éffects at eléctrodes will and




have been assumed to play a major role?! i ameéliorating the effects predicted
by this simple analysis. ' = S e

First, the plasma radius, a, must be much gréater:tﬁan’thé mean ion
Larmor radius, ry» in order to limit ion orbit losses. The complex role that
such orbit effects play in creating and sustaining a corona region in the
dense surrounding gas is recognized but ignored by this simple analysis.

The ion Larmor radius is givenm by

rp =mv,/eB , (32)

where v, is the velocity cOmponent perpendicular to the magnetic field lines.
Replacing v; by (2|ch']:/m)1/2 and B by the volume-averaged value
<Bg> = (2/3) Bg, = (2/3)u,I/2%a, Eq. (32) transforms into the following

expression.

ry = 3%a(2mkgT)L/2/en,1 = 0.025aT5E/2 . (33)

Consequently, for temperatures in the range 5 to 30 keV, the ratio rL/a lies
in the acceptable range of 0.06 to 0.14.

In evaluating plasma length constraints, a condition can be drawn from
the gradient-B drift motion and centrifugal acceleration resﬁlting from the
nonuniformity of the magnetic field. The drift occurs in the axial direétion

and is characterized by a velocity, vp, given by

vp = [2w,/r - W |VB|/B]/eB ' (34)

where W, ~ W, = kpT. 1Using the approximation |VB| = Bg /a, r = 2a8/3 and
B = <Bg> = 2Bg/3, as well as Eqs. (32) and (33), Eq. (34) becomes

vy (n/s) * 9(10)7kyT/(8el) = 827201/ 2.1y .




- If % is the length of the plasma column, the constraint that the drift,

tive, Ty, = t/vpp, must be longer than the burn time, Ty, imposes a minimum
value for the pinch length, %. This comstraint is given by

2(8) > vyry = 8272028715, = 5,57(10)24 g1/ 2 em> = 2y, (36)

where, again, § = TB/T. For a given plasma density, the minimum length, 2.4,
is proportional to TEa/Z; for a given temperature TEQ' 2min is proportional to
a2. As an example, TEQ and Q are assumed, iespectively, to equal 8.5 keV and
30; this value for Q corresponds to an engineering Q-value of ~7, as is shown
in Sec. IV. According to Eqs. (29), (26)'and (20), £ = TB/T must equal 5.6.
On the other hand, a temperature TEQ of 8,5 keV corresponds ﬁo a line demnsity
of 3-4(10)19 m‘l, as predicted by Eq. (15). Furthermore, it is supposed that
a C.05-mm~radius plasma column can be produced; in this case the minimum
length, & ., will be 0.19 n.

Within one 1limit the particle/energy 1lcases associated with the
axially-directed particle drift could be compensated by refueling and ohmic
heatinge In this case the energy bzlance, Eq (7), must be re-written

according to

d fa. : 2
o (3<o>kgT) = £P, + Bopy ~ Ppg - Pooyp = Ppy - 2<w>kgT(dna®/dt) , (37)

where the drift losses are approximated by

Pp = 3<o>kyT/tpp = 36870 /2/2a2 . | (38)

o Unfortunately, the'?aadéa Hfift term makes impossible the transformation

‘of. the energy-b. ﬁce equation into a simple analytic expression that is

sinillr to Eq. (17). Nevertheless, the power loss represented by Ppr could be

”'ifi”'nt and may preclude appreciable ohmic heating of the plasma - columm.

'; he: \xperinental fact. however, is that significant heating in the presence of
trodgl~can;be achieveﬂ,‘and the simple treatment leading to Eq.: (38) must




be viewed as highly pessimistic. Mass motion related to axfal drifts may . -

occur to an extent allowed by ar’"1 pressure balance against fixed clcctrodcs,{ff‘ya’

and energy will be drained from ‘the plasma column by axial’ ther-al conduction"» o

in a constant-mass pinch- Axial cross-field diffusion “of ther-alp
however, can be - shown?! to be unimportant in’ the classical li-it.
Consequently, the dire predictions of this simple drift approxi-ution for
axial 1loss is considered an overly pessimistic estimate and is ighored*By the
subsequent reactor analyses. The question of radial thermal conduction is

addressed, however, by the zero-dimensional and one-dimensional DZPR burn

codes (Sec. IV and Appendix B, respectively).
2. Alpha-~Particle Containment

Unlike many fusion schemes, significant alpha-partic)e heating of the DZP
appears to be undesirable. As has been shown by numerical Born simulatious
(Sec. VI), the intrinsic coupling between the chmic heating and " the
pressure/particle confinement makes any additioanal heating uighly undesirable
from the viewpoint of constant or nearly constant radius operation. Even a
small amount of alpha-particle heating will disrupt this delicate pressure
balance, causing a rapid expansion of the current channel, prematura
disassembly of the plasma column and a decrease in the totai thermonuclear
yleld; a correspondingly poor system Q=value results. The 1issue of
alpha-particle confinement in small radii plasma columns has been addteieed
briefly within the context of the Fast Liner Resactor,?! and, although not
fully resolved, indications exist that for gufficiently short coluhnS‘tﬁe
high-energy alpha particles should rapidly drift axially out of the plaa-a by
a mechanism similar to those desciibed previously in Sec. III.E.1. ‘The fadial
extent of the 3500 keV alpha particle, at peak DZP current; IEQ’ however, is
such that rLa/a 2 1.5, according to Eqe (33). Conaequently, alph‘ particle
energy is expected to be deposited within the ¢oronal periphery of tte "plas-a_

colutin, contributing to ttanspott processes assoclatéd with this regionﬁofftq%

DZP. As noted previously,’ this aspect of ‘the DZPR could ‘not "be ans
quantitatively ‘Wwithin the scope ¢f this study. Generally. both annlyt
numerical computations assumé all alpha—particle energy ‘18 dEpositcd exi

to the plasma column.




3. Fuel Burnup/Depletion

o If thc plalna colunn is not replenished with fresh DT, fuel limitatioms
‘vi11 place a constraint on the maximum fusion yield, WT(J/n), as given by
JEq. (28). Designating the fuel burnup fraction by fj, Wy without refueling
;nult_equal 1-6>(10)"12 N fg, where N is the iine density, <n>%al
to this burnup limit and using Eq. (15) for qu, the following burnup

+ Equating Wq
constraint results

£809/2/(15/1 - 1) = 2.25(10)45(a)5/2 (39)

For a given burnup fraction, fB’ and normalized burn time, & = tB/t, the
burnup constraint places a definite constraint on the 1line demnsity, N.
Furthermore, Eq. (29) for Q, when expressed in terms of N, takes the following

form

Q = 1.30(10)~19(2a0)2/38/[2a(R/a) + 0.25] . (40)

Using Eqs. (39) and (40), regions in Q versus TEQ space (Fig. 5) and Wy versus

§ = T3/7 space (Fig. 4) can be eliminated for a given value of fg. Figures 6
and 7 illustrate the burnup comstraint on Q and Wg, respectively, for fnA = 10
and fg = 0.5. Other limiting values of fz can be evaluated, according to
gqs- (39) and (40) by an appropriate scaling, although f; = 0.5 represents a
point of diminishing returns for any unrefueled, binary reaction. In terms of
;na;iminingutne.systemquvaiue, the'burnup constraint clearly forces the system
séé.;qwer‘cempetatﬁrgs"fzq, end extended burn times, § = tB/t. Increasing fg
;giqcs‘ the burnup constraint depicted on Figs. 6 and 7. It is noted that the
burm "ltraint is based .upon the approximation that g(@) = §-1, which is
y _for 9 o 1 .or. &= tB/t ? 2=3. Finally, it is emphasized that the

clthough the fB constraint can be ccnsidcred as

. ‘this - itqnc,
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be Enérgy Replacement

Implicit in the derivation of this simple DZP model 1is the assumption
that the ohmic heating energy-cau be'sﬁpplied te the system by external means
and that the field energy, Wp, remains constant throughout the burn phase. 1In
actuality, however, the electrical system may be "crowbarred”, and the ohmic
dissipation should be refected by a decay of current and magnetic field. A
resistive decay time, 1T, is defined to quantify this "emergy-replacement"

constralut

Tp = Wy/Popy = 3-03[tn(R/a) + 0.25] T3/2 wa? . (41)

Unless T3 < Ty, energy must be supplied to sustain the DZP current. Similar
to the burnup constraint, application of the energy dissipation constraint,
Ty < Tﬁ, repfesenté a convenient means to focus the search for attractive DZP
parameters; application of these comnstraints to this study does not
necessarily infer that a means of circumvention cannot be found.

Applying Egs. (15) and (41) to the energy depletion constraint gives the

following constraint on TB/T

E = Tg/T <0.13[%n(R/a) + 0.25] A . (42)

Hence, for R/a = 100 and fnA = 10, £ must be less than 6.4. This energy
replacement constraint is also depicted on Fig. 6, which, when applied in

conjunction with the fB % 0.5 constraint, 1infers that N < 3.57(10)19 m'l,
Tgq > 8.2 keV and Q < 30.

5. Preliminary Physics Operating Point Based upon Analytic Model

As a consequence of the foregoing analyses, the simple analytic model,
when evaluated in conjunction with fp and T, constraints, can be used to
specify a suprisingly narrow range of DZPR physics operating points.
Selecting fg = 0.5; R/a=100, £ = 0.1 m and %nA = 10, and designating Q = 20,
30, or 40 allows three possible DZPR parameter 1ists to be constructed.
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Table II summarizes these potential operating points; the N value results from
the fp constraint for a given Q-value (Eq. (40), and the TEQ valuoe results
from Eqe (15). Within any of these tiree 'cases, a range of ' subcases ' are
indicated that depend upor the exact value selected for the DZP radius, a.
Once the radius is selected, the average density, <n>, and buri tiame, Tg»
result. It 1is noted that the Q = 40 case violates the T, constraint
(§ < 6.4); the Q = 30 case represents an optimal case if both the fj and T
constraints are enforced.

The predictions embodied in Table II should be taken only as indicative,
and a more detailed plasma/circuit model, described in the follcwing section,
is actually used to generate = specific DZPR parameter list. Nevertheless,
these predictions appear both realistic and encouraging, particularly from the
viewpoint of the estimated maganitudes of Ty, 1 (circuit rise time), Q, and

Wyf. This optimism hinges significantly on the ability to achieve a nearly
constant radius burn for plasma radii in the sub-millimeter range indicated in

Table II.
TABLE II
SAMPLE DESIGN POINTS ASSUMING BATCH BURN(2)

Q 20 30 40
N (1019/m) 2.25 3.37 4.5
Tyq(keV) 12.9 8.65 6.5
Wy (M) 1.8 2.7 3.6
/T 2.70 5.6 10.6
a(m) 50 100 50 100 50 100
<n>(10%7/m3)|| 2.9 | 0.72 4.3 1.1 57 led
ta(us) 2.3 | 9.2 2.6 | 10.4 - “ 3.2 | 12.6

i '

(8)baged on fy = 0.5, R/a = 100, £ = 0.1 m, %ah = 10 for I e yme
B . ; EQMA) = 1.36 and

sz(M.J) = Q. 09a
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IV. DETERMINATION OF PHYSICS PERATING POINT S

Analytic calculation of the DZPR time response, as described in Sec. III,
1lpo'ld“ the constraint of maintaining a constieﬁ plasma radius; operecion at
.the Pease curreat during the burn was required. The desirability of this
operating mode 1;, open tovquestion when attempting to maximize the overall
system Q-value. Operation at the Pease current may also be diffieult to
acaieve when the :e;lities of the electric circuiﬁry are properly taken into
account. This situation is especially applicable when nonlinear effects, such
as resistive decay of the current, fuel burnup, alpha-particle heating, and
particle/heat losses are included. A tine—dependent burn code, therefore, 1is
-used to evhluate- the general problem of DZPR operation with a time varying
plasma radius. Before deecr;bing this zero-dimensional piasma model and
assocliated results, howevet, a generalized DZPR engineering emergy balance is
for-ulated'to_relaﬁe the plasma Q-~value, Q, to the engineering Q-value, QE! '
and ether 1-portaﬁt system parameters. o

A+ Engineering Energy Balance

Considering electricity production using a DZPR, the engineering Q-value,
Qe> defined as the inverse of the recirculating pOWef fraction, € = IIQE, can
be deduced from a generalized energy flow diagram depicted in Fig. 8. The
energy input, wIN; deliﬁered to the plasma as magnetic field and plasma
kinetic energy vis a vis ohmic dissipation results in a thermonuclear energy

ENERGY FLOW DIAGRAM

- me?fmwer .
T% Wers™( €= faux) Wer L _ Vere¥er
Fig. 8.

v Generalized engineering energy flow and power balance for the DZPR.




release, Wy = Wy + Wy, associated with the fusion neuctdn’-‘, Wy» and alpha

particles, W,; a fraction f, of the alpha-particle energy is assumed to rc-ain;
in the plasma. The expergic nuclear reactions 1n the blanket amplify the
neutron energy by a factor M. The ‘total thernal energy, WTH’ is transformed
into electrical energy, wET’ with an efficiency Nyye A portion €= IIQE of
Wpr 18 recirculated to supply all DZPR power requirements; a'fraction fapx of
the total electrical energy is used for auxilliary neede, and the re-ainder is
used to create the pinch through an energy transfer-storage systel having an

efficiency ngpge Consequently,

Qg = 1/e = Wgp/Wg = npy Wry/ (fagg¥er + Vgrs) - (43)

Assuming both radial and axial plasma losses are recovered as thermal
energy,
Wpg = MWy + Wo + Wy - (44)

Using a definition of Q similar to that given by Eq. (27), but which is not
dependent explicitly on the blanket energy multiplications, M

Q= wN(lwa/wN)/wIN N : . (45)

Eq. (43) can be written to give an explicit relationship bétveen Qﬁ and Q

o M#h
"jm“m's[l Qs

“M+h
1+f£ Mth
auxmaners(! + Q i+

(46)

QE'

where h = H-/WN m 345/14e1 = .0.25, and, typically M is iun -the: ranjt vl-l
le2e Figure 9  -graphically displays the .dependence. of- Qg on-Q: for throe
of ‘M, Tipy-and Mpng Values .that-are -identified  as. pessimistic,: no-inu
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Parametric evaluation of Eq. (46) showing the dependence of engineering

Q-value, Qp. on the plasma Q-value, Q, for three sets of values of the blanket
multiplication, M, the thermal-to-electric conversion efficiency, Tru, and the

energy transfer and storage efficiency, NETS

optimistic. From the veiwpoint of economics, QE values much below =~ 5 are
undesirable; consequently, values of Q in the range 15~30 are required. It is
noted that since M and Ny are expected to vary only over a narrow range, the
transfer efficlency, ngrg, represents a primary parameter in setting the
required Q, given that QE > 5. In the spirit of this Level II1 study,
therefore, the focus falls onto a parametric evaluation of Q, with Fig. 8 or
Eq. (46) serving as the primary connection between Q and Qg

B. Description of Numerical Point Model

The tile-dépeﬁdent point model solves the equivalent of Eqs. 1-14 given

in Sec. III for a three-particle (electrons, ions, alpha-particles) system.
Enforcing pressure balance and integrating over an assumed isothermal plasma
cross-section allows the use of spatially-averaged parameters for the
numerical simulation of burn dynamics. The DZPR code performs a consistent
calculatior of a wmulti-species plasma while following the plasma radius with
time in conjunction with voltages and currents in the plasma and associated
eleétricalujcifcuitry. -Alpha=particle thermalization can be modeled by a
Fokker-Planck ‘formalism, ohmic heating is based on classical resistivity,
.tqdigtion3ﬁf§telanttnh1ung;=cyclotron) losses-are included, and radial thermal




conduction and particle diffusion are apprbxiﬁarsdi The' point DZP plsl-a
model is similar to the RFPR model described in Appendix A of Ref. 230

A complete time—dependent circuit model is evaluated si-ultaneoul1y>iirh
the thermonuclear burn simulation in which a Marx capacitor bank is uled to
charge a water-filled transmission line that in turn 1is discharged into the
nonlinear plasma load. The plasma current is "crowbarred" after reaching a
maximum value, and the current 1s allowed to decay resistiVéiy for'thé
duration of the burn. The use of a power crowbar to sustain the burh hss not
been considered; extended burns may be possible, but the assunption of
unrefueled burns and importance of coronal transport must be re-examined
before this mode of DZPR operation is considered. Specifically, the following

assumptions were envoked when utilizing the point DZPR computer model:

® Stability of the cylindrical plasma column 1is presumed for all
computations.

® Estimates of ohmic heating are based on classical resistivity and uniform
current density in the pinch.

@ All alpha particles are assumed lost instantaneously from the plasma with
no energy deposited in the plasma column.

@ Oply Bremsstrahlung and cyclotron radiations are included; all other
radiative and conductive losses are assumed to be negligible.

® Pressure balance is enforced at all'plasma radi., and radiaily averaged
plasma parameters are used. An 1isothermal plasma column supporting a
parzbolic density profile and a uniform current is used to compute these

averages.

® Neither the coronal processes, shock formation in the dense gas, nor
peripheral diffusion of plasma are takem into account; therefore, only a
batch-burn (unrefueled) operation is considered by these analyses.

C. Parameter Study
An optimization study was first performed using the DZPR code in order to

establish the scaling of Q with plasma parameters and to estimate a reactor
operating point. Experimentally achievable 17 starting radii of 10"4 m usrg
used with an arbitarily selécred pinch length of 0.1 ms :Thg
Harx-bank/wnter-line driving circuit (Sec. V.B) was matched by trislrsnd-crror
methods to the plasma losd such thst energy. transfer wns achﬁ ved
95% efficiency. “The plasma’Q-value’'was: then evaluated:for
circuit energies, Wy,py, and line densities, N. The rtlﬂlti‘.fﬁ»




conprchonuivc para-ctcr scarch are lu-arized in Fig. 10. Thesc r¢lu1tl

virtually dcpcnd on no other variablcs than those shown and. gherefore,
represent : "univerlal" design curves that are limited only by tpe -odelisfic
alsu-ptions. » ' _ ,‘A
‘ The encrgy of the driving circuit was adjulted by varying the 1n1tial
voltage, VMARX' applied to the Marx bank. For all cases shown in Fig-}lo the
plasma current ri-e- toa maximum in 0.31 us, is crowbarred and subsequently
is allowed to decay resistively for 4.69 us (1 = 5 us). The time—dependent
behavior of key plasma parameters for an optimal case 1is described in
Sec. IVeDe |
The sharp Q-value optima exhibited in Fig. 10 are characterized by high
plasma burnup (0.8-0.9) Vand elevated final temperatures (~ 40 keV}.
Decreasing éhe line density below the optimum lowers the Q-value app:oxinately '
linearly with line density, N. Increasing the line density above the optimal

value results in a lowering of the plasma temperatures; a faster current decay
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and lower plasma burnup ensues, causing the decrease in Q.'mucmuul
appear to be relatively insensitive to the assumed current . tiutmorthc
crowbar time, primarily because of the assumption of bntch_bprn“;ndthyghi;h
fuel burnup. . ‘

D. Physics Design Point . T S

As for any highly-pulsed conceptual fusion reactor, - the DZPR should
achieve an adequate Q-value while minimizing the output energy per pulse in
order to alleviate the energy transfer/storage and blast containment problems.

From the parametric evaluations given in Sec. IV.A. and on Fig. 9, a Q > 30
is considered attractive. Consequently, the 1-MV discharge is chosen  from
Fig. 10 as a sawple DZPR design point. The time behavior of the fract.onal
plasma burnup, fB’ electron, Te, and ion, T;, temperatures, plasma curteﬁta I,
and plasma radius, a, is shown in Fig. ll. After 2 us, the fuel burnup for
this case was computed to be 0.81; much longer burn times and refueling are
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‘ “t-quirod to achieve .ny apprccinblc increases in Q: above the value -of 33
5co¢put¢d ‘for this design point. This" behnvior is illustrnted by a plot of the
‘plassa powers givun in Figs 12." At 2'ye “into ' the burn the alpha-particle

: pouur “is reduced to only 10X of the peak level. The burn time for this case,

therefore, is taken to be 2 us with a resultant dealue equal to 33.3, this

‘ ?rcoult co-pnrco to a-Q of 38 for the longer 5-us burn plotted in Fig. 10.

An seen in: Figs 11, the. plasna current rises to l.45 MA in 0.31 us. A

current of 1 45 MA slightly exceeds the Pease current limit acd results in a

"plasma compression from a radius of 104 m to 0. 3(10)“4 “This compression

" heats the’ plas-a and leads to a shorter burn time because of the “higher
i'.:'elultm:n: particle density and. fusion reactivity." After being crowbarred at
-0.31" ul,‘the current resistively decays for the duration of the 2-ps burn.
The -ohmic "heating associated with. this - resistive decay causes the plasma
telperature ‘to increase continually, and the plasna radius expands slowly as

the current falls below the Pease current; as seen from Fig. 12, eventually
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the ohmic power again exceeds - the radiation losses. The plnlln:donnity lﬁ‘

correspondingly decreases as the burnup incrollel"becnuoe of the lllui‘ﬂ":

absence of coronal refueling and the complete IOII of nlpha particles. A -

summary of key reactor parameters for the’ operating conditions dopictod on
Figs. 11 and 12 is given in Table III. . ,' -
Before concluding this section and accopting the pnraneterl liltod in '
Table III as a typical but interim DZFR design -point,_ ic. .is, advilnble ﬁto
compare the predictions of the numerical plnona'circuit model :with thooe
projected by the analytic model evaluated in Sec. III.. Unfortunately, a
direct quantitative comparison is not possible because of inherent lodeliltic
assumptions ; the analytic model is based on operation at the Peale current
limit, whereas the numerical model predicte operating both nbove -and belov the
1.36=MA (%nA = 10, Eq. (19)) Pease current, wnile still mnintnining l’a
relatively constant plasma radius once the initial decrease from 1. 0(10) ‘m
to 0.3(10)'4 m occurs (Fig. 11). Using the 1line density ‘from Table III,
Eqe (15) would predict TEQ = 8.3 keV, whereas, the numerical results given in
Fig. 1l shows that an equilibrium temperature is not reached over the span of
the 1T = 2.0-y3 burn period because of the crowbarred reeistive decay.
Evaluation of the time constant T (Eq. (16)) is made ambiguous because of the
radius variation depicted in Fig. ll. If the initial value of a = 1.0010)"% n
is taken, then' T = 1.80 us (& = TB/T" ls1), or, 1if an average value of _
a=0.35(10)"%n ‘1s taken, then T = 0.22 us (£ = 9.1):  Use of Figs. & and 5
'to estimate Wy and Q would give 2.5 MJ/m and 2.0, respectively, ‘if the initial
plasma radius: 1s used, - and considerably hisher'VGIUEB'for‘WT*and'inouldvv
result -1f the average plasma radius is used. ' Although the claim can ‘be ' made -
that "the truth lies somewhere in' between" s 1in actuality a qﬁaﬁtitntiVe

comparison between these signifioantly different opernting -odel (i.e., plnl-a‘“.*”'

nmodels) s probably unﬂarranted. Perhaps the najor value of this conparilon
=resta with the conclusion that constant rodius operation is not pnrticularly

desirable from the viewpoints of- both the circuit requirelontu and the iyotonl"ff

energy balance, ‘this’ conclusion 18" very ‘sensitive to -the aosu-od line. donlity, :

'however, (Fig 10). If a comparison case 1l to ‘be idontifiod fo' the'-;7:j_;
analytical model, the Q = 30, & = 0-5(10)“4 m case svmmarized in Table II 4s” -

1probab1y nore representative of the “numerical  case  given" in Table- III..VF'”ﬁ:‘”

jAppendix ‘B cOIpares the resalts»of this saro—dilonlioncl burn nndul ,wtth

v radial MHS burn nodol.s’i.nifyﬁ**-




- ~TABLE. I1L. s
suuuaxx ‘OF .DZPR-DESIGN . PARAHETERS

L i b i e . , VALUE
Line density, . u(1019/-) . ... 3u4
Lavson paraméter, <n1> (1021 a/ma) 9.75
Fractional burnup, fg o 0.81"
Initial plasms radius, a(l07%m) . . 1.00
Plasma length, l(-) 0.1
‘Return-current ‘conductor radius; R(m) ' © 0.005
_Plasma -current risetime;. Tn(ul) . s 0.311-
Burn time, T, (us) 2.0
Maximum’ plaltn current, I (MA) ' 1.45
Input Marx-bank energy,. “HARX (kJ) 240
Energy transfer efficiency, "ETS a) 0. 5(3)
‘Thermonuclear yield, Wy (MJ) 44
-Plasma Q-value, W, /“ETSWHARX v 33.3
Assuned thermal convursion effiﬂiency, Nry 0.35
Assumed blanket multiplication, M 1.17
Auxiliary pover fraction, f,;y 0.05
Engineering Q-value, Qp 7.85
Recirculating power fraction, € = l/QE 0.13

(a) actually computed from teqliatic circuit/plasma parameters(Sec. V.A)

V. PRELIMINARY ENGINEERING CONSIDERATIONS

The nature' of - this Level III study has not permitted detailed
consideration to be given to engineering technology 1ssues anticipated for the
DZPR. Nevertheless, certain engineering technology 1issues .could not be
totally -ignored. Specifically, the. power supply and the general reactor
configura:;dn ‘have. been - subject to preliminary examination and are

qualitatively addressed in this section.

drhnwDZPRchirionuclcirHbutn code described .in Sec. IV.B also performs .a
co.plctc. -eireuit analynis .in ..which --the Marx capacitor bank charges a
the

tiio-varyin; pla-n 1o¢d. The circuit: cogni&tsgoi a;nulber;ofdbggig c;;qp;;

“ﬁdopieced in Figm 134:,
‘p”as-a can be modeled by snorting R2 to 8K undg

Setting Rl to a lar"




. BASIC CIRCUHT MODULE

L, 2 703(07%
C 2 28(1017F
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MARX BANK " WATER LINE

: Figo 13.
Circuit model used in conjunction with plasma model to. linulate the DZPR burn.

potential. The equiﬁalent circuit used to model the DZPR is also illustrated
in Fig. 13.

Specifying the energy to be delivered to the pinch defines the Marx bank
capacitance from the relationship Wyy = 1.4(10)5 J = 0.5 CvHA%X’ where the
voltage Vy,py = 1.0 MV is given as an input variable. Taking the capacitance
of the water 1line as equal to that of the Marx bank results in a charging
voltage, VL’ applied to the water line that equals VHARX ‘The impedance, Z;,
of the water “1line is given by ZL VE;7E;: and an upper linit on the load
current is’given fbi 'VLIZL. Because of the nonlinear plasma load,_'the
water-line inductance required to give a desired load ‘current must be found by
a trial-ahd-error procedure. A water-line impedance of 0.5 § gives a maximum
loadl current of 1.45 MA. Taking the inductance ~of the Marx bank to be

considerably greater than‘I.L makes the charging time of the water line

considerably longer . than. the discharging time into: the plasna load. » This -

relative isola*ion of the Marx bank allows nearly all of the energy to be
-delivered to the load during vater—line discharge, and only a sull fraction
of the energy rings back into the Marx system. The discharge tm of  the
. water - 1ine is. approxinated by TR = 2/1_.0- = 0.28° us, vhich is actually found to

'be 0 311 us. by the numerical sinulation. o :
' The switching sequence and time responee of the clectrical drive |

. descriued by Fige 13 18 ‘depicted in Fig. 14. Closing s\vitch Sl, the vqter .
line 1is. charged o~ 1.0 MV in: 1.8 L sutch 52.1s. -nb;oquntly cloosd M o

..;’the water lins disehargu into the p].alu load- H‘Iun the ph s urs
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' Fisc 14.
Ti-a response of electrical circuit depicted in F:lg. 13.

' reachea amximum, pwi_ﬁch 83 is vcllose‘_cvl', an& the "crowbarred" current decays
tﬁvrough‘r;‘lt‘h»e ‘tine;wiar]iing pla‘sm'i ‘resibs‘tance, as computed by the thermonuclear
burn model. . n: energy transfer efficiency of 95% 1s predicted by this
_ couplete ntmer:lcal sinulation. : ,

- The phyl:lcal churlcteristics of a coaxial water line can be evaluated
_ffron the, following formulae ”

ey R (YY)

syl . am

: 1 iﬂ‘th‘c“inl'ide“:;and outside coax radii, respectively, and Ly is
of fth¢-~-v water ‘line.. The valus 'of & for water is 80¢c, where



TABLE IV
-~ 'DRLIVING CIRCUIT PARAMETERS

- PARAMETER o X : ) VALUE. -
Marx/water-line charge vnoltage Vy,py(MV) o - le@
Marx/water~iine energy W . (kJ) . 140
Water-line impedance, zLﬁﬁg 0.5
Charge'time,ftc(us) 1.8
Discharge time, Ty (us) - 0.311
Length of water line, 2y (m) 4.71
Coaxlal water-line ‘dimensions, r_/r, 1.077:
Outer radius of water line, ro(mg(a’ 0.96
Inner radius of water line, r;(m) 0.89
Energy transfer efficiency, Neps : 0.95

(8)pased on 13.5 keV/mm dielectric strength for water.

€ = 1011/361- A summary of the driving circuit parameters is given in

Table IV.
B. Reactor Configuration
No detail consideration was devoted to the conceptual design and

arrangement of key reactor core components. Although a higher Level II study"
is required to elucidate these issues, the Marx/water-line configuration to
which 1s affixed the " DZP cléarly will lead to a number of &esign and
operational constraints. Since both theltransferred and fusion energies are
small, the issue of a high repetition-rate Marx/water-line system should be
less critical than that for systems requiring 1-10 MJ transfers. Furthermore,
the low total yields (4-5 MJ) should significantly améliorate the
blast-confinement problem that proves so important for higher-yield devices.2l
The ~ few MJ ylelds, however, correspond to only a few cents of revenue pér
discharge, and more detailed engineering considerations must be given to the
quantitative esﬁimate of destroyed material (if any) and the associated
replacement cost. Finally, the low thermonuclear releases per discharge will
require either a high repetition rate (» kHz) or multichannel (parallel)
discharges if reactor systems are to operate in the 100-1000 MWt regime.
VI. ‘SUMMARY CONCLUSIONS AND RECOMMENDATIONS .
© ' The DZP has been analyzed as a potential fusion reactor concept; with ‘an
eﬁphhéis béiﬂg“piéced upon plasma performance; key technology issues wmust ~be
‘a&dteaséd"foﬁ _the "basis of results presented herein, or extensious thereof.

=



The prognosis that has evolved from this Level III (Conceptual Physics Design)
study is viewed as highly positive but preliminary. It appears that the
p.sitive potential of the dense-gas stabilized Z-pinch for the production of
high-Q power in a highly compact geometry rests with an ability to drive
substantial currents (~ l.3-l.4 MA) stably through an extremely small current
channel (30-109 ym) on a time scale (~ 0.3 us risetime, ~ 2-us “crovbar" tine)
that is long compared to MHD and/or shock times. The majority of plasma
heating would be provided by ohmic dissipation, although some.adiébatic
compressional heating may result because of constraints imposed by physical
considerations of efficient pulsed-circuit operation.

Although this first assessment of the reactor potential of the DZP has
focused primarily upon the generalities of plasma performance and energy
balance, the results of this analysis indicate a rare and perhaps unique
projection that a high-Q DZPR may be too small in energy/power output.
Furthermore, this conclusion 1is based on a driving electrical circuit that
appears to represent a near state-of-the-art technology. Both the
constant-radius analytic model and the more detailed plasma/circuit numerical
model show reasonable agreement with a more detailed radial MHS model
(Appendix B). All three models, however, do not describe axial tramsport or
coronal proceases, and, of course, all models presume a stable current
filament with magnetic fields and plasma pressure that are always in
quasi-equilibrium. Given a stable DZP equilibrium within a dense surrounding
gas, this study did not reveal either axial transport or coronal processes
that might seriously degrade the prqjected plasma performance, although
considerably more analysis and experiment is needed to resolve these important
issues. Specifically, radial transport assocliated with gas ingestion from a
radiation/alpha-particle sustained coronal annulus surrounding the plasma
column could present both advantages and disadvantages. Inward transport of
cql& DT gas could present a means to refuel the plasma column, thereby leading
to greater fusion yields and plasma Q-values. The ephanced. radial 1loss, on
the other hand, will modify the Plasma.performance predicted by this study,
although the overall effect of radial transport associated with coronal
' 'processes onr the plasma Q-value is not expected to be significant, given that
‘Fha_ﬂtlluﬂﬁﬂguﬂn .stable operatior can indeed be achieved,; .Ihis_‘issue,
¢h6'@V§F? also must _bg, subjected to extensive theoretical and experimental

study, particularly Uiqufgrw as coronal/plasma processes influence and/or




determine the macroscopic stability of a dense-gas—embedded pinch and the
potential for an undesirability broadened current channel. Alpha-particle
thermalization and transport may play an impcrtant role in these procglqeu‘aﬁd»‘
for the operation of the proposed DZPR may prove to be particularly ilpottant;
significant heating of the DZP by alpha particles has been shown by the
numerical model to cause a premature disassembly of the plasma ‘column by
forcing radial expansion, leading to a low—-Q yield.

In summary, the following physics issues require additional analysis in

order to assess the credibility of the physics design point projected by this

S tudy .

® advancement in the understanding of gross stability 1limits and/or
characteristics of a dense-gas-~embedded Z-pinch 1s needed.

® modeling of coronal processes driven primarily by radiative and
alpha-particle transporte. Both the potential benefits of gas-blanket
refueling and the adverse effects of enhanced radial tramsport should be

examined.

© better modeling of axial transport of energy and mass to and from electrode
surfaces 1s needed.

The level of study devoted to the DZPR assessment was insufficient tc
permit analyses and estimates of major reactor technology issues. On the
basis of the plasma/circuit analyses performed, however, it appears that a
water-filled transmission line that is charged by a relatively small Marx bank
may represent a highly efficient and straight-forward means to generate and to
drive the DZP discharge; this energy transfer/supply system can be small if
the projections of plasma performance made by this study are correct. The
rapid and frequent switching of ~ 100-kJ energy levels through these simple,
reliable, and conventional power supplies should in themselvesvrequire only a
straight-forward and modest development efforte.

As for other systems of this nature, the "front-end" section of the
water-line co-axial conductor will undoubtedly drive all important elements of
the reactor technology design. This aspect of the DZPR hLas received no
quantitative attention by this study. If the thermonuclear releases can be
preserved at ths 1-10 MJ (total) 1level while maintaining a high-Q (> 30)
performance, however, the issue of blast confinement per se shou1d  not Bg
serious, 1f this issue exists at all for the DZPR configuration. The"

7



poent.ul. problem uhud to the n-ount (1f sny) and; co-plcxity “of apparatus

that must bc dul:toyod sach shot v-rsus the revcnue generated by sach high-Q

- discharge, howcvcr. remains to be quantified. Finally, the meass by which a
useful level 'of power (> 150 Iﬂt) can be generated by the DZPR has pot been
quutiticd, this latter issue rmlvu around allowable pulse ftequency Versus
the  number of simultaneous discharges that can ‘be initiated by a single
Marx-bank/water-line energy storage/transfer system. Although future design
studies could be'ﬁ' helpful in resolving these technological questions, it is
‘recommended that the centrum of future actiﬁity be placed in the ‘areas of
physics uncertainty listed at the beginning of this section.
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. APPENDIX A"' 3

Deectiption of DZP Experinent end Co-perilon
of Plasma Model with Experi-ental Reeult e

A small DZP experiment is operating at LASL.17 This experi-ent his two
objectives. a) to explore ‘the DZP approach to fueion powver,. ond b) to generate‘
experimental data for the theory of high—deneity. gan-elbedded plasmas. This
DZP experiment is briefly described, and typical experi-ental reeulte ‘are
conpered to the theory that hae served as a basis for the DZPR reector
projection. ' '

The DZP experiment is investigating the feasibility:of'oh-ieelly heetipgv
a filamentary plasma of ~ 1026-1027 '3'deneity'to temperatures of ~ 10 keV.
This experiment becomes possible through the use of laser-been initiation - and
high-voltage. electron-beam techniques. Figure A-1 gives a schematic diegtﬂn
of the DZP experiment and 1lists key system paraneters.  The experi-ental .
configuration 1is similar to that propoeed for the DZPR, using:a Nari-ﬁank tof
charge a water-filled transmission line, which in turn is switched into the
plasma load. After initiation of the submillimeter diameter current chanmnel
in a denre deuterium gas (~ 1 atm) by a ruby laser beam, the 0.6-MV
transmission line provides‘ the 0l-us current rise time since the current ie
less than the Pease 1limit. The present “haxx = 5~kJ device provides
information on the development phase of current chamnel formation. Currents
up to ~ 75 kA can be produced in ~ 0.1 to l-mm radius pinches. '

MARX BANK CENTER CONDUCTOR
600 kV - OF TRANSMISSION LINE .
oL /K m  INSULATOR ,
" i mm- H _DISCHARGE CHAMBER
/‘"5 / 20 Hy~ | TO 3 ATM
b o : RUBY
A7 LASER
) ' BEAM
. 5-£) WATER-FILLED LASER BEAM DUMP
TRANSMISSION LINE 50 mm

'a.l5m,———-|, - N
(60 rw) DIAGNOSTICS
; - PORTS

Fiae A=1.

Schematic diagran nf LASL DZP: experi-ent, ehowing i-portent eyete- perl-etere-',°;

R



lxpcrl.ncntl p,etfo:led“to'd_oltelhow two phases in the current channel
foruf.i.on. !"irot,f the ruby laser provides an initially uniform but low~level
ionization (1.e., electron eeed) path along vhich the cuttent channel forms.
~ Current channels u onll as 0-6(10)"‘ n ‘have been observed experimentally.
“'These clunnelo reuj.n straight and uniform for 30 ns, but the radiue expands

. with. time. ngure A-2. gives the time-dependence of both the pincn current. and

' "the pinch radiuo, as measured by Schliern photography. 47 The neasured plaena

.resistivity indicates a tqera;ure of 40 eV.. The second phaae of the
_ experinent o*?curt_at times greater than ~ 30 ns, _vhen the current reaches
~ 35 kA.. The current channel develops into a tight helix dcring this second

Vphue. 'l'he envelope of the helix reuine straight and Wellebehaved from an

-~ MHD viewpoint for the remainder of the 0.12-us current pulse.

| . The emphasis of this experiment is two-fold' the first objective is to

_ achieve pressure equilibrium within the pinch (i.e., to maix_n:ain nearly
~constant the initial column radius) by increasing the voltage in conjunction

vich a p‘roperj switching_ sequence. The second object;ive is to investigate the

_ nel;ure *of the helical phase under equilibrium conditions.

-~ % T T T
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'E 40 Vit ‘\\
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Coqerim of theory and experinnt“' fo: the DZP. = o




A -ajor reason for 1nc1uding this lppendix is to conparc the thoory us.d e

to model the DZPR with cxperincntql ‘datas The couputationnl results from- th.“f'f”:'

:point plan-i -odel used in the reactoy study {Sac. IV) are dqpictcd 1n, i
Fig. A-2. The point plasma wmodel predicts vell the experi-entally dcternincd'

current wave-form, and agreement ' with the-planna radius trajectory 1is alqo‘_i  .

good for times greater than inertial tilet,v‘tﬁé -initial radial"dxcuriibh
' predicted by ‘the point model is expected' becausé this model does not includ.ﬁ
inertial effects. For the reactor rileti-e of ~' 0.3 us, inertial terms chould
not be important, and the point model should be applicable in this regine._ A
detailed MHD code under“developnent at LASL does tfé;t'inertial‘ﬁernifand:aiio
shows good agreement with the above experiﬁental'reiultlcls Neither theory can
model the experimentally observed helical phase, however, and it is expected
that both theory and reactor projections will. be guided by experinental

results for some time to come.




APPENDIX B
_ Description of DZP/MES* Code snd Compsrison with Zero-Dimensional Results

s

b. Thc onn-dilcnnionnl -ngnctohydro'tatic code LN!!IN vnt d.vclopcd to. -odcl‘

»;thn Fast-Liner Reactor (FiR).2! This MHS. code system has been modified for
’application to the dense Z-pinch tcactor ltudy-r The new revision of . this code
1. callcd DINSZP nnd il dcsctibed in this appcndix._v

1. .nmsz_r' ri.'m Model -
& :GQneral Operation Lo B TO R :

, ,<Y_Th§ ‘plasma is treated as a singlééflu;d'gaq,ip eylindrical geometry with
an gibcddqd magonetic field, Be; a radially unifdr-,;xial.cutrgnt 1s assumed to
establish this embedded field: The DENSZP model computes radial thermal
conduction and field diffusion in the MHS approximation. Bremsstrahlung and
D-T burnup are computed as functions of radius. Alpha-particle heating of the
plasma 1is not considered, since the  alpha-particle mean-free-path for
thc:-niization ‘is several times the plasma dimensions at peak compression.
The plasma and,field pressures are computed at the plasma-boundary and are
' dynanica11y cQﬁp1ed\;o the driving circuit.described in Sec. V.A.
| ~DEﬁSZPv:ii ébupled with the same circuits code used with the point plasma
nodei-; Since DENSZP cannot model ionization ané shock effects that may occur
’in‘ théanrly'itagea of the discharge, a substitute electrical load is coupled
initially (;v-.O) to the circuits code.

‘ _Itvil agsumed that the plasma temperature has réached_ 100 ev and that
current is uniformly distributed over fhe~p1asna radius before the DENSZP

computation begins. The plasma and field are »gesuméd to be 4in pressure

" balance according to

. UoI2/16% = NeT , . . I 1)

'!hc tct- -n'nttohydtootatic (HHS) is uncd to de-cribe an’ HHD approach that
nnglcct- 1n‘rti01 tot- '




vhere N is the line density and T is the initial plasne temperature. Whes
_curfent in the initisl electrical load representing’the plasss Teaches the
value givcn by Eq- (3-1), thc nu-cricnlly lilulctcd 100-eV plao-l is coupl.di
dircctly to thc circuits code. 'rhc clcctricn_]. circuit -odcl io idcnticnl to
fthat described in Sece V.A. R ' ‘

‘At each time ctep, tk’ the Plasma rcsictanco, Rp, and inductcncc, I‘p’ are
passed from DENSZP to the circuits code. whcrc Rp and LP are givcn by .

R=tgdyly » e
g lesemam] . e

The qucntitieo . n; and 3g are, respectively, the 'rcciot‘iv'ity and current
density at the plasma surface. The circuits code computes a new plasma
current for the cubsequcnt time step, th-l-l - tk + §t, and this curreant is
passed back to DENSZP. In order to compute the time step cyclc, DENSZP
computes transport and all plasma parameters at time ty+]» matching the pl.cm
current to the value given by the circuits code for ti-e tk+1.

b.‘ Radial Tranogort , Z . .

_ nmszr is an iq:licit Lagrangian code. Sound tranlit ti-u crc cuu-ed
to be mch leu than the burn timc, inertial tcr-l, thcrcforc, are m;locted
cnd plam notion is detcuincd by a pressure balance (J x B = VP) avplicd for
equal electron and ion te-peraturcc. v This nns pruouro bcl.cnco can bc
rtrancfomd to thc following intcgralb equntion ivhen thc ugnctic ficld‘
ponenuv only thc uinuthal or "9" direction o ' ' S

| znkni.+'n§/éu5 -f(al:z)jf:,nknf e, o ;f‘ ()

‘whcre c io thc Boltmnn conotcnt (1 6(10)'16 Jlch),”n('l/.S) 1.“&.‘“. o
,l‘dcncity, "'o - ‘61(10)"7 n.-. cnd 'l.‘ io cxprund in kcv unito 5 ‘ -

u f.unctiou of. m}

coqmtcd

Sy w e

blou proccuu nrc ‘cvcluatcd for & givcn tinc otq. 'lhc buic oqut:lou m




h/ati - _‘h2<m/2ff » S - | . . . Lo ) (’_7)

where k is the thermal conductivity,!® n is the electrical resistivity,19 S is
a net volumetric power source (or sink), and <ov> is the anwellian-avet;ged
D-T fusion reactivity. Since the alpha particles are assumed to escape
unthermalized from the plasma, charge neutrality requires that two electronms
also escape the plasma for each fusion reaction.

The bremsstrahlung power density, as used in the source term S, is taken
1822 : '
as

Spp(W/m3) = -5.35(10)~3n2r1/2 | (3-8)

After Eqs. (B-5)-(B~7) are solved for a given time step, the Lagranglan mesh
is adjunted in space to re-establish ptessure balance (Eq. (B-~4)), and these
cquationt are then coupled dynn-ically to the circuit subroutine as previously
'czplainnd. This procedure completes the two-step approach. Axial |
ﬁ rticlc/"'crgy 103. is notb modeled by these computations, although an
' | been developcd to estimate these effects.2l! For the -agnitudes
:” gndﬁic fields and the pinch lensths considered here for the DZPR,
fucl arc cxpcctcd to be small, although this asounption watrante more

o uning tabulat valuel "for ’
' <ov>. 1 |




or pressure. If a -1;n1£1cant portion of the alpha-particlc energy ‘were to i.,f[f'J
'retained by the pla--a, conprcolion ‘would be 1nh1b1t¢d. and tho fusion yicld TR
" .is expected to bc di-iniohod for thc ‘opti-irod phy-ica opcratin; poiut‘jf,:r5

'.rcportcd ‘here.

Figure ‘B-1 co-parcl the prcdiction- of the :cro—di..nlional -odcl _:“
‘(Case A) describcd in Sec. IV and the cxnct rcplication. using 1d.nticalwv~iv
initial conditionl by  the. one-dilnnlional MHS -odcl (Ca-a B), 1nc1udin; thc -

electrical circuit: -odel. ‘The: £u-ion, oh-ic-hcatin; and radiation powers are
shown as a function of time on Fig. B=2. Tho HHS Cll. B appears not to bo’?'
heating as much as the zero—dinensional nodel prcdiet-,. although - the

diminished tenperatures (Fig. B-2) do" not significantly effect the intc;rated
power (Fig. B-2). 1In order ~to’ retrieve the Case A conditions, the  line
density was decreased by ~ 7% from 3.400)19 o~ to 3. 30(10)19 l-l. in
accordance with the.pradictions of Fig. 10. The Case C curch. given on
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COlparison of zero— and one-dimensional models, showing time dependence of
alph-particle, ohmic and radiation powers. o

' Figl. B-1 and B-2 de‘p:lcf’thes’e-ruulta, _ver:l.fjihg the extreme sensitivity of
~_'the DZP '-:'c_'l“ponue'ft'o 1ine density.  Figure B-3 gives the normalized density,

2 tqdratﬁfc,g and magnetic field profile ai:”t”- 0 s (idealized profiles) and

'.t =-0.5s (c\foivcd prof.ilu). Sutpricingly li.ttle change in radial profiles
: :I.u predicted . by the onc-diunlioml MHS nodel. Although the interaction

botmn ﬁ.old transport, plam compression and nass convection associated

" with fuel burnup at t:hc center of the DZP is coq:lax. this transport appears

: ) 'vto be- a-u:l.n'ly rapid :I.n ordtr that thc 1n1t1¢117-usuled idealized profiles
be matitained. 3 T e T

. 'Ia  susmary, the agru-cnt betvun . the zero-dimensional and
',ono-d:htnliml no«la 1is lurpriuingly good, in view of the sensitivity of DZP
The small dcpartureu from ideal profilca'

linc donsity.
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Fig. B-3.

Normalized density, temperature, and field profiles for times during the burn,
showing little change in shapes relative to the ideal (t=o) shapes.

® Convective effects - Since the heat-capacity ratio, Y, is effectively
larger for the plasma under radial compression than for the field,
plasma will collect less near the axis, giving less compression near

r = 0 than at r = a.
® Transport - The rate of magnetic field penetraticn into or out of the
plasma column depends sensitively on the time-evolving plasma
temperature and the field at the plasma surface.
® Fusion Burnup - As plasma is depleted in the center of the column
becauqe of the higher fusion reaction rate, field is convected inward,
cauaiﬁg departure from the ideal profile.
These processes, when coupled with the highly nonlinear DZP pressure (force)
balance, the time-varying plasma current, and the strong spatial variation of
radiation losses without alpha—partiéle heating conspire to present a complex
 series of interrelated' processes embodied in the composite results of |
FPigs. (B~1)-(B-3). Finally, since the plasma center, after the DZP current is
»estnbliahed,» is heated primarily by radial thermal conduction fro- the hottcr
‘edge region, edge effects that are much more complex than those = assumed 1n ‘
vthene co-putation. will more than likely play an 1-portant ‘role in determiaing
".thc DZP tclponlc. ~ ’
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