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Abstract 

High-energy photons and electrons on the Z accelerator will deposit energy into a capsule and fuel; 
this may create a potential preheat problem for ICF. In this paper we discuss heating of the capsule 
and fuel by high-energy photons and electrons. The fuel is heated to < 2 eV, in a time-integrated 
sense, on Z by these particles. Because peak implosion occurs at the peak in the soft x-ray emission 
on Z., the heating at times of interest is reduced roughly an order of magnitude to -0.2 eV for times 
of interest and fuel preheat from this mechanism is concluded to be small. These estimates are 
generated from time-integrated bremsstrahlung measurements. The uncertainty in the heating is 
high because the electron spectrum is not known directly, but inferred. In addition the influence of 
the particles between 5 keV and 60 keV is not known. Given the uncertainties we do not know the 
impact on the feasiblility of internal dynamic hohlraums on z-pinch driven ICF implosions on X-1 . 
We discuss these issues and suggest directions for further study. 

Introduction 

A high-energy photon spectrum has been observed at the 'Z' facility.' This is a lOOns implosion 
time, 20 MA machine to explore ICF in z-pinch plasmas.2 This machine is capable of producing > 
200 TW of x-rays at the peak in the stagnation. Fig. l a  shows a typical z-pinch diode. The 
electrodes and direction of current from are called out in the figure. In Fig. 1 by we show a image of 
the high energy photon source, > 60 keV. The photon source is located primarily along the pinch 
axis, with some emission from the electrodes. This photon spectrum, and the high-energy electrons 
that give rise to it, have the potential to heat the fuel. In an ICF capsule implosion it is necessary to 
implode fuel along a low-temperature adiabat, such that the fuel is as cold as possible until the final 
compression stage. If the fuel is directly heated, via any mechanism, it can take more energy to 
compress the fuel to fusion conditions. 

In this work, the issue of preheat via high energy particles is discussed and the effect of the non- 
thermal photon spectrum on fuel temperature is estimated. Simple estimates are made for the 
energy deposition due to the high-energy electrons themselves and the overall effect from the 
nominal estimated deposition is acceptable. The estimates made do not include the effect of lower 



energy photons, electrons (less than -60 keV), or ions. We also suggest experiments to measure the 
temperature on axis as a function of time directly, as well as experiments to study the mechanisms 
creating these particles and perhaps reduce the source mechanism. 
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Fig. 1. a) Rendering of dynamic hohlraum target (wire array onto inner annulus). b) Time-integrated 
x-ray (>60 keV) image of the pinch. 

Preheat 

Using the formula from Lind13, for the energy per gram reproduced below, 

we have the relationship between the temperature of the deuterium fuel and the energy density per 
gram. Likewise the additional energy density per gram per eV of temperature rise can be estimated 
from, 

3x105 $[l+ 0.02(T2)/p%],  Eqn. (1) 

dEDT = 3x105 pxx0.02x2xT. 
dT 

Where EDT= energy density(J/g) , p= DT density in g/cc, and T is the temperature in eV. In Fig.2 
we have plotted the fraction of additional energy density with respect to the Fermi degenerate 
compression. The penalty in terms of energy required for a given temperature with respect to the 
Fermi energy, which is the minimum energy necessary to achieve that density, can be large. For 
instance, if near solid density, 0.21 g/cc, the fuel is heated to 1 eV it will take roughly 40% more 
energy to initially heat the fuel to higher density than if it was near the Fermi density. Now, clearly, 
more sophistication calculations are necessary to follow the effect till ignition, but the point is that 
there is a penalty paid in terms of the total driver energy required to heat the fuel to ignition 
conditions. 
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The conclusion is that there is a large penalty if the fuel is heated to > 1 eV before the first shock 
arrives at the fuel. After the first shock heats the fuel (>1 g/cc), the incremental effects of this 
preheating are reduced. 

, '  

HeatinP - -  by high energy photons (>SOkeV) 

High-energy photons have been observed coming from the center of the pinch at the Z facility. 
Using time-integrated TLDs4, the photon source spectrum for photons > 60 keV has been 
measured. Fig. 3 shows an example of the high-energy portion of the spectrum and it has been 
corrected for the materials between the pinch and the TLD diagnostic. The thermal component of 
the spectrum and a high-energy spectral tail from experiments on the Saturn facility are shown as 
well. The unfold method5 for the Z spectral tail does not work well above - 2MeV and the endpoint 
is quite uncertain. This spectrum is shown in order to illustrate the effect rather than show an actual 
endpoint. The area under the curve is believed accurate to 20%, the uncertainty represents the 20% 
due to measured background effects in the diagnostic. The spectrum and the caveates regarding its 
correct interpretation are given in the paper by G.E. Rochau, this proceedings. 

This spectrum can be used to estimate heating directly by photons according to the equation: 

Where 140 is the estimated intensity lost by the photons slowing in the fuel and E is the photon 
energy. The integral of the deposition function gives the estimated heating, (3800 800) J/g or 
nominally 0.06 eV. This is a negligible temperature rise. 

dEd [Z(E) - I , (E)]E 
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Fig. 3. Time-integrated x-ray spectra. The line is the soft x-ray intensity from shots 26 & 51 on Z. 
The triangles are a hard x-ray spectrum obtained on SATURN, and the circles represent shot 165 
from 'Z'. 

A simple check on this deposition number can be made by scaling the dose measured at the TLDs 
from the 58 cm from source location to the target center. The TLDs view the target through a 1.2 
cm Cu plate. The dose obtained in a TLD equilibrated near the average photon energy , <E>-400 
keV, was 130 rads on-axis (1.3 Gy). The estimated uncertainty in this number is 20% and it is 
dominated by the backscatter photon flux. Correcting for the loss in the plate increases this to -400 
rads. 

If the fuel were lmm away from a point source, at this intensity the heating would be 400 rad 
(5q2/(0. 1)2=1 .3x108 rad or 1300 J/g from photons alone. The result is in fair agreement with the 
other method. The dimensions used were chosen to be a good match to the latest bremsstrahlung 
images we have obtained (not shown). 

Heating by electrons (>5OkeV) 

The energy emitted in x-rays >60keV is known to be -2-5% of the electron energy in tungsten for 
electron energies of 2-58 MeV. It is reasonable to do a simple estimate of the temperature rise by 
dividing the photon induced energy deposition by the photon production efficiency. The estimated 
time-integrated temperature rise in the fuel is 0.7-1.7 eV. 

Better estimates could be made if the electron current and energy spectrum were known. We are 
developing a diagnostic to measure the electron current and will be fielding this instrument on an 
upcoming experiment where we hope to reduce the bremsstrahlung source by decreasing the diode 
impedance. The diode and diagnostics for this experiment are illustrated in Fig. 4a. Although, the 
instrument is expected to saturate at -20 kA, a low current, this will still provide an early-time 
measurement of current through the target. 

The shaped electrodes and electric fields in the new target are expected to reduce the electron 
source and diode impedance. We are also developing tools to measure the electron current using 
inner-shell x-rays from a high Z target at the capsule location (not shown) and we are making plans 
to measure the preheat directly using a velocity interferometer. The target for this measurement is 
shown in Fig. 4b. 



W-wire array 

late-time wire sheath 

Fig. 4. a) Bremsstrahlung reduction target. b) Velocity interferometry (VISAR) target for preheat 
measurements. 

Hard x-ray emission timing and its effect on interpretation 

So far we have only interred time-integrated temperature rise, however, for most z-pinch ICF target 
scenarios the target implosion has occurred by the time of peak soft (<5keV) x-ray emission. 
Typically, the bremsstrahlung peaks after the soft x-ray emission, see Fig. 5 ,  where the 
bremsstrahlung is superimposed on an XRD (x-ray diode) signal. The XRD is sensitive to photons 
<lkeV. 5 
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Superposition of a XRD trace (<1 keV), and a bremsstrahlung emission history. 

Integrating the bremsstrahlung history shows that nominally 10% of the bremsstrahlung has 
occurred by the peak in the soft x-ray emission. Although we suspect that the electron endpoint 
energy, and hence diode voltage, is time-dependent, a simple linear scaling would allow us to 
estimate the temperature rise due to bremsstrahlung by the implosion time to be 0 . 1 ~  the time- 
integrated value or 0.2 eV on Z. 

Scaling to X-1 



Scaling particle fluxes to X-1 , the proposed next generation z-pinch machine that has 2-3x more 
current than 2, is difficult because the appropriate measurements have not been made. A SATURN 
spectrum, shown in Fig-3, suggests this high-energy particle tail existed on Saturn. This spectrum is 
for a 4mg tungsten wire array implosion6, the implosions results given here are for tungsten 
implosions. The target 2 is expected to make a difference. In a dense plasma focus, with deuterium 
fill gas, Stygar, et al.7, studied the scaling of high-energy particles at lower currents than are 
obtained on Z and developed a 
law scaling of similar exponents are observed in cosmic rays8 and solar flares as well9. The 
implication is that this type of scaling may be a fairly universal type of effect. Unfortunately, it is 
one that is not understood. 

scaling for the high energy particles. They mention that power 

If the 12.9 scaling still applies then there will be implications for ICF implosions on X-1 . We 
propose that measurements be performed at Saturn so that scaling with current can be developed. 
At this point we have little fundamental understanding of the photon and electron sources discussed 
in this paper and this desired empirical data will be useful in evaluating target schemes for X-1 . 

Future work 

In this work we have explored the basic issue of preheat due to high-energy particles at Z and X-1 . 
We have identified a number of issues of concern; the lack of good electron velocity and spatial 
distribution functions; the effect of lower energy photons and electrons, and the lack information on 
scaling with current. We hope to address these issues by measuring preheat directly, by measuring 
the electron and ion currents and by building a spectrometer for 10-1 OOkeV photons. In addition 
there are plans to modify the electron and photon sources through modification of the electric and 
magnetic fields. 
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