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Abstract 

Quartz gauges have been used on the Sandia 
National Labortories Proto II accelerator to measure 
current in the magnetically insulated transmission line 
st the 11 TW powf4 level. The accelerator delivers 
3.5 MA at 2 x 10 A/a in a 40 ns pulse to a 0.0127 m 
diameter aluminum liner to produce a high density 
plasma. At this radius and di/dt levels, the B-dot 
monitors no longer function for the measurement of 
load current because the monitor suffers electrical 
breakdown. Quartz pressure gauges mounted at a radius 
of 0.0086 m have sucessfully measured the magnetic 
pressure due to the load current with nanosecond 
temporal resolution. 

The quartz gauge is mounted 5 X 10-4 m under the 
electrode surface and hence the current carrying sur
face is not perturbed by the gauge itself. The 
surface material is chosen so that its yield strength 
is greater than the pressure exerted by the magnetic 
field. Hence, the pressure pulse is not affected by 
the material properties of the wall as it propagates 
to the quartz gauge. For this case, only the piezo
electric and material properties of the quartz are 
needed to infer pressure from the gauge output. The 
current output in amperes from the quartz gauge is 
given in terw8 of the atress-u in Pascale, transit 
time through the gauge-t

0 
in seconds and the gauge 

area-A in m2 by the equationl 

I • (2.011 x 10-12 + 1.1 x 1o-22 a) aA/t • 
0 

Measurements can be extended to current and pressure 
levels where the yield strength of the wall material 
is exceeded, but the analysis of the gauge signal is 
more complicated. Gauge design requirements and 
experimental results will be discussed. 

Introduction 

The Proto II accelerator, at Sandia National 
Laboratories, delivers a power of 11 TW and a current 
rate of change of dl/dt of 4 x 101 A/a. The power 
flows down a self-m~gnetically insulated transmission 
line to a 1.2 x 10- m diameter aluminum liner on 

• • 1 

the axis of the accelerator. This liner produces a 
high density plasma. The rate of change in the 
magnetic induc§ion at the surface of the liner ia 
dB/dt • 6 x 10 T/s. At this level of dB/dt 
measurements of current in the magnetically insulated 
transmission line can not be made using conventional 
B-dot techniques. Figure 1 shows a conventional method 
of using a Mgrooved B-dotM for measuring current. A 
50 n coaxial cable measures the voltage across the 
groove induced by the changing magnetic flux within 
the groove. We have found that at 2 MV/m the current 
no longer flows along the surface of the groove but 
bridges the gap and causes not only loss of the elec
trical signal in the 50 n cable but the breakdown of 
Lhe magnetically insulated transmission line. The 
breakdown level was determined by varying the groove 
dimension and radial position and observing when the 

·signal was lost. The electric field across the groove 
h given by 

(1) 
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A typical grooved B-dot currant measuring con
figuration. 

where 6r is the width and L ia the inductance of the 
groove. The inductance ofgthe groove ia given by 

L1 • 2 x 10-7 d Ln (1 + 6r/r) (2) 

where d is the depth of the groove and r ia ita radial 
position. By expanding the log tara to first order · 
with 6r << r wa have 

L • 2 x 10-7 d 6r/r a 

Substituting thia into (1), we find 

2 x ro-7 
·x • r d di/dt 

(3) 

(4) 

Hence, with the criterion that E i 2 x 106 V/a we have 

(.5) 

To measure the current at r • ro-2 •• which is close 
to the load of the aagnetically in.ulated transminion · 
line, i~e depth of the groove for a dl/dt of . · -4 

1 

2 x 10 A/a would have to be leaa than .5 • 10 •• 
Hence, the difficulty of thia type of current aeaaure- l 
ment ia apparent. At alightly higher 41/dt'a theae . 1 
groovea cauae breakdown within the aagnetically o 

insulated transmission lines~3 We have alao deteraine4 ; 
experimentally that 3.2 • 10 a diaaeter holes in o 

1 ~he transmission line containing individual B-dot 
loopa lead to aagnetic insulation breakdown. 

Magnetic Pressure Meaaurement 

A measurement technique is needed which moDJtors 
the current in the transmission l1ne 4nd which does 
not perturb the conductor's front surface. The current . 
flowing in a radial transmiasion line has an associated 
mechanical preasure 

(6) 

A quartz preaaure gauge. if placed behind the electrode 
aurface of the tranamiaaion line, ean directly aonitor 
thia preaaure. Tbia configuration. shown in Pig. 2, 
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Fig. 2. The configuration for measuring the magnetic 
pressure due to the current flow. 

allows the front surface of the transmission line con
ductor to be completely free of perturbations provided 
the gauge is a few times deeper that the electrical 
skin depth. 

Shock pressure measurement in materials is an 
extensively documented technology. 2 A typical pressure 
measurement assembly, shown in Fig. 3, consists of a 
circular piezoelectric quartz disk bonded to a section 
of metal. The single crystal quartz is gold plated on · 
opposing flat surfaces. The top surface has two 
separate electrodes. The inner electrode collects 
charge from an area designed to see a one dimensional 
stress wave and connects to a 50 ohm coax cable for 
instrumentation. The outer electrode forms a guard 
ring and is electrically loaded to pass the same cur
rent per-unit area as the center electrode (Fig. 3), 
This electrode is needed to minimize edge effects due 
to the finite gauge size. 
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Fig. 3, The quartz gauge pressure measurement 
assembly. 

When a plane pressure -;,;e:~e···ia applied to the front 
surface of the piezoelectric quartz element, a current · 
IR immediately flows in to the load resistors accor~ing 
tO the equationl 

Where t
0 

is the transit time of the pressure wave 
through the gauge in seconds, A is the area in square 
meters, a is the pressure in Pascals and I is the 
gauge current in amperes. The current confinues to 
flow until the pressure wave reaches the back surface 
sf the goug~. Thio equation io valid for preooureo up 
to 3,0 x 10 Pascals. The pressure wave travels at a 

velocity of 5,7 x 103 m/s. Hence the useful recording 
time of the gauge is the gauge thickness divided by 
this velocity. During this transit time of the pres
sure wave through the gauge the output current of the 
gauge follows the input pressure with a nanosecond 
reaponaa time. At the aame time that the pressure wave 
propagates through the quarts, a relief wave propagates 
inward at a 45• angle from the edge of the gauge. The 
portion of the gauge affected by the relief wave ia 
covered by the guard ring, and hence the relief wave ia 
not seen by the instrumented electrode. 

The sensitivity of the gauge can be controlled by 
changing of the aaterial stack impedance in front of 
the gauge. The pressure P0 in the quart& _gauge behind 
the metal surface ia relatdd to the pressure PH in 
the metal, and the shock impedances of the quartz and 
metal~ and~· reapectively,_by 

(8) 

By using metals vith a higher yield strength than the 
applied pressure, this measurement technique can be 
extended to higher pressures without resorting to a 
more complicated analysis than that given by 
equation 1. 

Gauge Mounting Considerations 

Since the quartz gauge requires a uniform pressure 
pulse to be incident on ita front surface, the mechani
cal tolerances of the aurface finish and thicknea! are 
very important. At a material velocity of 6 x 10 a/a 
a difference of mat~rial thicknesi in front of the 
gauge of 2.54 x 10- a corgesponda to a difference 
in arrival time of 4 x 10- seconds. When one is 
trying to resolve current risetimes on the nanosecond 
time scales, mechanical tolerances ere obviously very 
important~ Bence the quartz gauges are mounted on flat 
surfaces that are parallel·to the current carrying sur
face. The geometry in which the gauge is used must .. 
allow spatially unifora (5 percent) pressure over the 
gauge front. Gauge bonding to the surface is usually 
done·with pressure iured epoxy. Surface finishes are 
typically 2.5 x 10- meters. The mounting procedure 
should not perturb the flatness of the surface. 
Another concern of magnetically insulated transmission 
line gauges is that the anode material in front of the 
gauge baa to be sUfficiently thick to atop electrons 
crossing the vacuua gap. If these electrons penetrate 
into the gauge a signal resembling that of a Faraday 
cup will be obtainad. 

Experimental Results 

Initial experillente ·used four 6.35 x 10-3 m dia
meter quarts gauge& vitb two located at 0.0254 m radius 
and tw~located at 0.0508 m radius. These gauges are 
5 x 10 m thick vbich allows a recording time of 
100 us. Figure 4 shava the gauge output signals as a 
function of time for a Proto II teftt• The signals 
rise to peak presaures of 1.5 x 10 Pascals for th7 
gauges at 0,0254 • radlu• and a pressure of 5 x 10 
Pascale for-·thegaugea. at 0.050g m radius ln. 20 na.
The abrupt signal fall occurs at the end of the gauge 
recording time. The pre~sure between these two posi
tions did not vary as r- and indicates that current 
loss·ea occurred between these two positions. The 
lossea were verified. by Faraday cup measurmenta •. A 
comparison between the current aeasured at 0.72 m 
using B-dot loops to tbe current measured at the 
0,0508 • radiua is sbovn in Pig. 5. The rise timas 
agree vith an indicated current loaa at peek current 
between these two poaltiona. 



" 

.... ~ 

• 2 

.16 

~ .12 
c .... 
"' c 
Q. 

c 
"' .oz 
"' 

,04 

0 

0 

Fig. 4. 

4 

:z 3 

~ 
Q. 

2: 
c 
"' ... 
2: I! 

0 

Fig. 5. 

. , 
~- . 

40 80 1!0 

TIME (u) 

lBO 

Quartz gauge traces for a radius of 
(a) 2.54 x 10-2 m and (b) 5.08 x 10-2 m. 
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A comparison between the quartz sause signal 
and the B-dot signal. 
a. B-dot located at r • 0.72 m. 
b. Quartz gauge located at r • 5,08 x 10-2 m. 

Figure 6. shows a ~uartz gauge mounted to measure 
the curren! flowing in the load at a radius of 
8.35 x 10; m. This quartz gauge had a diameter of 
2.8 x 10- m snd a thickness of 5 x 10-4 m. The 
experimental results sre shown in Fig. 7. A peak 
pressure of. 2.5 x 109 Pascals, -which corresponds to a 
cu~reut of 3.5 MA in the load vas measured. The quarts 
gauge current waveform is consistent with the measured 
liner dynamics and the assembled plaama properties. 
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Fig. 6. Position of the ·2.8 J 10-3 m diameter gauge 
located at 8.6 x 10- m "radius. 
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Current ayd pressure as measured-by the 
2.8 x 10- m diametei quartz gauge at a 
radius of 8.35 x 10- m. 

Conclusions 
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Quartz gauges have aucesefully meaeured magnetic 
pressure due to a large load current at a small radius •. 
These aaugee ~Y be attached to a current carrying 

:conductor without producing electrode surface perturba
. tiona. Care in design of the electromechanical 
. assembly 1a neceaaary, but uaing quartz gaujSea ia no 
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more difficult than the more conventional current 
measuring technique. The gauge has nanosecond 
frefjueQ!-'Y response. This technique is extendable to 
higher current by using hydrodynamic codes to analyze 
th11 JlrOidMIIrlllo 
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