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ERRATA

NRL Memorandum Report 3687

Page 2, Equation (5) — The coefficient 8.43 should read 8.34.
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Numerous experiments carried out in the last few years have
demonstrated the value of imploding high-Z material loads for the
production of high-energy-density plasma sources1’2 . The chief
advantage of this techn ique is the power-mult iplication capability
associated with the hydrodynamics of the magnetically-driven plasma
load . Kinetic energy of implosion gained during the electrical pulse
is transformed to plasma internal energy on the shorter time scale
associated with the axial assembly and thermalization of the imploded
mass. The purpose of this report is to present the results of a
simple theory for the coupling of imploding-plasma loads to trans-
mission-line generators in a nondimensional form which allows one to
specify loads to fit a wide variety of generator and. assembled-plasma
characteristics. Because of the general form of presented results ,
they can be used to: estimate optimum load, characteristics for a
given generator , determined the parasitic effects of diode inductance ,
or specify generator parameters for given assembled-plasma source
requirements. The simple theory is first reviewed. This is followed
by the presentation of tabulated results for a wide range of critical
dimensionless parameters . Relations between these parameters corre -
sponding to optimized loads are then presented in graphical form.
Finally, predictions of the theory for imploding loads on Proto II are
briefly discussed.

The generator imploding -plasma system is approximated by two
coupled differential equations for the implosion dynamics and lumped.-
parameter-equivalent generator circuit . The equation governing the
dynamics of implosion is -

r 
~~~ 2 = 1x10 212(t)/m (1)

where r is the radius of a thin , annular inip].oding mass in cm. The
quant ities 1(t) and m are the total current flowing through the load
in amperes and the mass in grams per cm of load length. The generator
is modeled by a square-wave , open-circuit-voltage pulse V0 drivin g the
characteristic generator impedance ZG, a f ixed diode inductance LTJ,
and a time -varying load inductance I~

V0 = ZGI + ~~~~~ 
+ 

~~(‘~
‘) . (2)

Note : Manu scri pt submitted December 27 , 1917. ~~~~~~~~~~~~~~~~~~ 
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The radius , time , and current are now normalized according to

p = r/R0 ; 
1’ = t/t c ; i = I/Is (,)

where R0 is the initial (i.e. mounting) radius of the load, tc is a
characteristic implosion t ime

.83~i-x1O
3mR2

( Li. )
C i’2

S

and I~ is the short-circuit current vO/zG.

In terms of the normalized variables, Eqs. (1) and (2) take the
form

~ ~~2. = 8.14.3i2 (
~

)
dT2

i + 94~~-~
. + ~~ ~~ Ci2n (1.l/P)]} = i (6)

In Eq.. (6), I~ has been determined by assuming that the current-return
radius is 1.1 R0. The number of parameters associated with the gener-
ator and source have been reduced to the pair ~ and ~ by normalization.
These are defined as

2x1O~~/ - ( )
~~~~~

where I is the axial length of the load in cm and L~ is in henries.
The new dimensionless parameters measure the ratio Sf’ load inductance
to diode inductance and the ratio of L/R generator risetime to the
characteristic implosion time. The instantaneous kinetic energy of the
imploding mass can be determined in terms of the dimensionless
variables

K = ~~ m!(~~) 
= 5x1O ’hh I~!(~~) 

Joule s . (8)

A figure of merit for the coupling of generator to load can now be
defined as the ratio of energy delivered to a non-inductive matched
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load during the implosion time to the final kinetic energy of implosion.
Since

E~ = I
~
ZG

1’
f
tc

/14

where T is the normalized complete implosion time, the figure of
merit rn~y be written

- 

EM lOT
fFOM - = aB(dP/dT)~

and the subscript f denotes evaluation at the time of plasma assembly
on axis to the final radius r~= a, i.e. at the time when p = p ~ 

= aIR0.
Note that improved coupling of generator to load is associated. with
lower values of FOM.

The six pages of Table I following the text list important param-
eters associated with the generator-load system as a function of a and

• Each page corresponds to a value of the implosion aspect ratio
Pf = RF/R0 . Values of P~ less than .05 are considered unlikely because
of hydrodyna.mic instabilities; values in excess of .3 are uninteresting
because of low values of power multiplication. The listed variables
are identified with the nomenclature of this text according to

TF/TC = r
1 

; IF / I S= i 1

VF*TC/RO = (dp/dT)
f

The final kinetic energy of implosion can be obtained from the tables
using Eq. (8) and the energy-delivery requirements of the generator can
be calculated from the dsfinition of FOM in Eq. (9). As can be seen
from the tables , the efficiency of energy transfer depends sensitively
on a , i.e • the ratio of load to diode inductance and is optimum
(minimum FOM) for some value of B = B dependent on a alone for the
range of’ p~ values considered. Optim!zed values of B and FOM vs. a
are shown In Fig . ].. Note that even very inductive loads are predicted
to have only about 1/2 of the matched-load energy . However , this
efficiency of energy transfer is model dependent in that it may be
improved by voltage-pulse shaping.

It is interesting to note that although the maximum energy trans-
fer is predicted to occur for large values of a, the maximum kinetic
energy per unit mass is associated with smaller values. To see this,
all quantities are kept constant except for I, the length of load.

3
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Since FOM decreases with a (and therefore 1) more slowly than linear,
the quantity /.FOM increases with a. For fixed in , the kinetic energy
per nucleon goes inversely with this quantity, i.e. it decreases with
a. Thus, the appropriate value of a depends not only on energy trans-
fer but also on the application. For example, imploding-plasma
neutron-production experiments would benefit from small values of a.
The same would be true for any assembled plasma in which high tempera-
tures were of prime importance . However , experiments in which it is
desired to maximize thermal -energy density or total plasma energy
might benefit from the higher coupling efficiency ( F0M 1) and larger
volumes associated with larger values of a.

As an example of the application of the theory presented , con-
sider electrical coupling to loads driven by the 20, 50, and 160 ns
options for Proto II. Consideration is limited to the electrical
characteristics and load geometry already discussed3. Parameters
common to the three pulse durations in that report are Pf = .05,
R0 = 2 c m , 1= 2 c m , andL~~= l2.8 nh for whicha= .31, and

= Li.3 ns. Parameters associated with each of the three options
is shown in Table II. The run-in t ime tf is taken as the nominal
pulse duration with the values of B and t~ determined from Eq. (7)and the variation of Tf with B for a = .31. The figure of merit is
then determined for the specified values of a and. B. Calculation of
Em and Eq. (9) are then used to determine the kinetic energy of
implosion . The load mass/cm is then calculated from the definition of
t~ and the values of R0 and 1~ . The table shows that the best match
of the specified load geometry to the generator is provided by the
50 ns option. The 20 ns pulse is too short to efficiently accelerate
loads because of the large relative L/R generator risetime , while the
short-circuit current of the 160 ns option is too low to efficiently
drive even a matched load. Although the matched energy calculated here
for a 50 ns pulse is similar to that previously determined3, the energy
coupled to the load is determined to be about double that previously
calculated. This is primarily due to a factor -of-four lower mass as
shown in Table II for the optimized case . The desirability of lower
mass can be understood in terms of the factor -of-two more -rapid
collapse t ime associated with it. The acceleration at small radii
is then increased because of’ the higher current flowing through the
load. From the tables , the final current is seen to be about 2 M~ for
the present case while the higher-mass-load calculat ion resulted3 in
a value of .8 z.~.. Detailed comparison of the two calculat ions is
difficult however, because of the different assumed open-circuit wave
forms.

The predicted optimum mass for the 50 ns option is too low for
practical mounting of annular foils (corre sponding to a foil thicimess
of’ about 1 ~j ,g/cm2). However , from the definition of’ t~ , it is seen
that in R 2  so that the foil thic1~ ess px — R~~. The load may there-
fore be optimized by reducing the mounting radius to approximately
1 cm, thus permitting foils in the 5-10 ~.~,g/cm2 to be mounted.

Li. 
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The calculated implosion energies have at least two major sources
of error. The first is that compression-ratios of 20 to 1 assumed here
are probably over estimates in light of experiments carried out using
similar generators’. The choice Pf = .05 was made in order to more-
readily compare present results with those previously obtained using a
similar model. A more conservative value of coupled energy may be
obtained using pf in the range .1 - .15. Secondly, the square-wave
voltage waveform assumed here is not realistic. However, it is not
now known whether the actual open-circuit waveforms for Proto II (50)
improve or reduce coupling efficiency to optimized loads. Finally, it
should be noted that greater energy coupling is predicted by Fig. 1 if
the length of the load is increased beyond the 2 cm currently envi-
sioned . This is especially import ant if the diode inductance greatly
exceeds the 12.8 nh value used iii the current calculations.
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• Table 2
Electrical and implosion parameters for the three pulse-duration options
of the Proto II accelerator assuming ~~ 

= .05 , R0 = 2 cm, Q = 2 cm , and
LD 12.8 nh

Is (Mk) t
f

(flS) s t
c

(rl S) FOM EM(kJ) K(kJ ) m(g/cm)

P11(20) 6.67 20 .19 7.8 5.0 67 13 8x10 7

p11(50) 5.00 50 1.1 14.0 3.5 914. 27 1x1O~~

P11(160) 1.37 160 6.0 230 L,. .2 22 5 3x10~
’
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Fig. 1 — Optimized ~ and figure -of-merit values vs. a for
various values of p1
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