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A NEW LINEAR INDUCTIVE VOLTAGE ADDER DRIVER
FOR THE SATURN ACCELERATOR

M. G. Mazarakis, R. B. Spielman, K. W. Struve, F. W. Long
Sandia National Laboratories, Albuquerque, NM 87185, USA

Abstract

Saturn is& dual-purpose accelerator. It can be operated
as a large-area flash x-ray source for simulation testing or
as a Z-pinch driver especially for K-line x-ray production.
In the first mode, the accelerator is fitted with three
concentric-ring 2-NIV electron diodes, while in the Z-
pinch mode the current of all the modules is combined via
k post-hole convolute arrangement and driven through a
cylindrical array of very fine wires. We present here a
point design for a new Saturn class driver based on a
number of linear inductive voltage adders connected in
parallel. A technology recently implemented at the
Institute of High Current Electronics in Tornsk (Russia) is
being utilized[l].

In the present design we eliminate Marx generators and
pulse-forming networks. Each inductive voltage adder
cavity is directly fed by a number of fast 100-kV small-
size capacitors arranged in a circular array around each
accelerating gap. The number of capacitors connected in
parallel to each cavity defines the total maximum current.
By selecting low inductance switches, voltage pulses as
short as 30-50-ns FWHM can be directly achieved.

The voltage of each stage is low (100-200 kV). Many
stages are required to achieve multi-megavolt accelerator
output. However, since the length of each stage is very
short (4- 10 cm), accelerating gradients of higher than 1
MV/m can easily be obtained. The proposed new driver
will be capable of delivering pulses of 15-MA, 36-TW,
1.2-MJ to the diode load, with a peak voltage of -2.2 MV
and FWHM of 40-ns. And although its performance will
exceed the presently utilized driver, its size and cost could
be much smaller (-1/3). In addition, no liquid dielectrics
like oil or deionized water will be required. Even
elimination of ferromagnetic material (by using air-core
cavities) is a possibility.

1 INTRODUCTION

Saturn is a pulsed power accelerator presently in
operation at Sandia[2]. It represents a modification of the
old PBFA 1[3] accelerator used for ion fusion research. It
is named Saturn because of its unique multiple ring diode
design which is utilized while operating as an x-ray
bremsstrahlung source. As an x-ray ‘source Saturn can
deliver to the three-ring e-beam diode a maximum energy
of 750 kJ with a peak power of 32 TW providing an x-ray
exposure capability of 5 x 1012 rads/sec over a 500cm2
area. As such it is the highest power electrical driver for
bremsstrahlung production in the world. As a z-pinch

driver Saturn can deliver up to 8 MA to a wire or gas-puff
load. A 700-kJ total x-ray output was obtained from
aluminum or tungsten wire pinches, and a 60-70-kJ K-line
radiation from aluminum

2 PRESENT ACCELERATOR
CONFIGURATION

Fig. 1 Schematic representation of the present Saturn
configuration

Figure 1 is a schematic representation of the Saturn
configuration presently in effect. It utilizes conventional
pulse power architecture. The driver starts with 36 Marx
generators as the principal energy source. Then ensues a
cascade of pulse compression stages to convert the
microsecond FWI+M Marx output to the 50-ns final pulse
that powers the electron diode or the z-pinch load. The
power flow follows the following stages: The
microsecond pulses are stored in 36 water intermediate
store capacitors. From there through 36 triggered gas
switches they charge 36 pulse-forming lines which
through 36 self-breaking water switches launch the short
pulses into 36 triplate water transmission lines and
impedance matching transformers. Finally, the short
(now -50 ns) pulse is applied to the diode through a
water-vacuum insulating ring interface. The 36 vertical
triplate transmission lines are connected to three
horizontal triplate disks in a water convolute section. In
the vacuum section the power is split into three parts and
feeds three conical-triplate magnetically insulated
transmission lines (MITL) that power the three separate
rings of the e-diode. A final pulse compression of 25:1 is
achieved. To accomplish all that, the device requires
substantial dimensions. The overall diameter is 30 m and
the height 5 m. The 36 Marxes are immersed in a
250,000-gallon oil-fikd annular tank while the rest of the
device is in 250,000 gallons of deionized water. In our
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Figure 2: Interrelationships among coupled processes, ESF thermal tests, process models, and end users

2. OBJECTIVES

The DST is conducted in a thick unsaturated zone in the Topopah Spring Welded Tuff lithologic unit
(Tptpmn) (rniddle-nonlithophysal). The location of the thermal testing facility ificluding:tlW’15ST is shown
schematically in Fi=mre 1. A Plate-Loading niche is located in the northeastern quadrant of t& DST. This
niche will be used to conduct plate-loading tests to measure the deformability of the rock mass during the
heating and cooling of the DST. The overall objectives of the DST are to characterize the TMHC processes
that occur around the HD as the temperatures are increased. Specific objectives of the DST are listed below:

●

●

●

Thermal (thermocouples, resistance temperature devices [RTDs], thermistors, rapid evaluation of
thermal conductivity and diffisivity [REKA] probe, heater power)

Measure the temporal and spatial distribution of temperature.
Investigate heat transfer modes and possible formation of heat pipes.
Determine rock mass thermal properties.

Mechanical (multiple point borehole extensometers [MPBXS], drift convergence meters, strain
gages, plate loading, acoustic emission [AE])

Measure rock mass TM properties and response at ambient and elevated temperature.
Evaluate ground support response under controlled conditions.
Measure drift displacement at elevated temperature. ‘
Observe effects of thermal loading on prototypical ground support systems.

Hydrological (electrical resistance tomography ~RT], neutron logging, air-permeability testing,
humidity sensors)

Measure changes in rock saturation particularly in the drying zone.
Monitor the propagation of drying and subsequent re-wetting regions, if any, including potential
condensate cap and drainage.



●

fileasure changes in bulk permeability (pneumatic).

Measure drift-air humidity, temperature,, and pressure. *

Chemical (absorbent pads, gas and water sampling ports, waste package coupons)

Observe corrosion products on typical waste package materials emplaced in the HD and boreholes.
Observe changes in water chemistry, mineralogy, and rock chemistry due to heating and subseque: “-

cooling.

Observe impacts of introduced materials (ground support, etc.) on water and rock chemistry.
Observe thermal effects on ground support materials.

● Overall

- Evaluate conceptual models that calculate the coupled ‘1’MHCbehavior such that realistic bounds can
be developed for the expected near-field environment.

3. TEST DESIGN

The test objectives are achieved by conducting the following steps, some iteratively: perform pretest
numerical analyses of the expected DST behavior, perform pretest characterization of the “ambient” rock
mass, install and monitor in situ instrumentation, heat the rock mass, and perform during and posttest
numerical analyses of accumulated data. Figure 3 shows a representative instrumentation cross-section for
the DST of wing heaters, and thermal, mechanical, hydrological, and chemical sensors installed in boreholes.
The CIP section includes additional strain gage instrumentation to assist in evaluations of the CIP concrete
performance under extreme thermal conditions as well as cross-drift displacement extensometers installed to
measure the horizontal and vertical liner displacements. Heat is generated from 50 wing heaters in the rock
mass on either side of the HD and nine floor canister-sized containers with thirty operating heaters each
installed in the HD itself. These two types c)f electrical heaters have an initial combined nominal power
output of 210 kW. The wing heaters are perpendicular to the longitudinal axis of the HD and are evenly
distributed on 1.83m spacings in horizontal boreho]es located on both walls of the HD. Each wing h~
has 10m of heated length divided between inner and outer heating elements operated at nominal 1.1 kW ~,~
1.7 kW power for the inner and outer segments, respectively. The TMHC response of the rock mass is
measured with over 3700 sensors housed in 147 boreholes. The sensors are connected to an automated
Hewlett Packard data acquisition system with an estimated 201 km of wire. The cumulative length of these
boreholes is 3300m. The sensors are dividecl into the following categories with approximatemumbers of
gages each: .-

. 3000 thermal (thermocouples, RTDs, and thermistors)

. 128 mechanical (extensometers, resistive strain gages)

Q 412 hydrological (humidity, pressure, ERT)

● 130 chemical

Numerous parameters, including temperature, heat flux, heater power, thermal expansion, thermal
conductivity, moisture, water flux, water and gas chemistry, displacements, and ground support behavior, are
measured and calculated from sensors installed from within the HD and from the Connecting and
Observation drifts. Planned durations of the heating and cooling phases are four years apiece. It is expected

that the heating phase will elevate temperatures above 100”C in more than 10,000 m3 of rock. The HD walls

will not exceed 200°C during heating.
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The rock mass surrounding the HD was characterized prior to initiating heating the DST. Laboratory tests on
rock samples from boreholes in the test bed were conducted. These tests include intact rock laboratory
thermal, mechanical, hydrological, and chemical properties. In situ characterization activities included:
fracture mapping, rock mass ckssification, air permeability testing, infrared and video imaging, neutron
logging, in situ thermal conductivity and thermal diffusivity (REKA probe), borehole video logging, and in
situ stress measurements. Table 1 provides a summary of the in situ characterization for the DST area. This
table provides only average and ranges of values for various measured parameters.

5.0 SCOPING AND PRETEST ANALYSES

The DST includes data collection, analyses, and evaluation activities. Data collection began prior to heater
turn-on during an ambient data collection period. Likewise, analyses were conducted and are planned to be
conducted during various phases of DST testing. The temporal relationship between the collection of data
and use of data in the numerical modeling of coupled processes is shown in Table 2. Table 2 also lists
potential computer codes for each of the four coupled processes expected to be manifested in the DST. A
general “time line” is given that shows the relationship between the three stages of data collection and
analysis for the DST: test-scoping, pretest, and mid/posttest. A distinction is made between test-scoping and



pretest analyses in that the latter analyses benefit from the characterization dat,a (lab ynd field) collected prior

to turning on the heaters whereas the scoping analyses used the current and best available data at the tillle. ‘
Also, for the DST, more than one combination of conceptual models was evaluated in the pretest analyses.

Consequently, the pretest analyses provided more comprehensive and realistic simulations of the expected
DST behavior than were provided by the test-scoping analyses.

.-,.-
;

TABLE 1
SUMMARY OF IN SITU CHARACTERIZATION DATA FROM THE ROCK MASS DST (TPTPMN UNIT)

Characterization

Parameter
Laborato~ thermal
conductivity (saturated,
30°C =T=70°C)

Linear thermal expansion
coefficient (heating cycle,
25°C – 325°C

Lab mechanical
(modulus, Poisson’s
ratio, unconfined
compressive strength)

Lab hydrological (wet
drill)
(saturation porosity,
density, water content)

Lab hydrological (dry
drill)
(saturation porosity,
density, water content)

Average Valule

2.1 (W/mK)

7.34-52.28 (lO-bPC)

E = 28.9 -43.1 GPa
v = 0.17-0.34
uf=71-324MPa
(unconfined)

s = 93%
$= 13%

Pbulk = 2.20
Pparticle = 2.51
water content = .053 (g/g:

S = 84%
$=11%

Pbulk = 2-25
Pparticle = 2.51
water content = .039 (g/g

Characterization Average Value
Parameter

‘n situ stress oh= 1.7 MPa @ N750W
UH= 2.9 ~Pa @ N15°E

a,= 4.7 MPa

4ir permeability 10-13m2

Rock mass quality 64.4 = RMR .97.0

uwessment 1.7 = Q =621.9
:rock mass rating
;RMR], Q) -
REKA probe thermal conductivity =

1.84 (W/mK)
thermal diffusivity =

0.99x10-G (mZ/s)

Lab chemistry testing \water chemistry&
minfpet

I
Fracture mapping full periphery fracture

mam
From TRW, 1997b

TABLE 2
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TEMPORAL RELATIONSHIPS AMONG DATA COLLECTION> NUMERICAL ANALYSES, AND COMPUTER PROGIUUVIS FOR

THE DR.llTl?SCALE TEST

I —Time >

Data Test Planning Pretest During Test/Posttest

YMP General Site-Specific DST Measurements
Characterization Characterization

Analyses Test-Scoping Pretest Forecast During Test or Posttest Mode

(Models) Refinement

Codes include: lThermal I(e.{,.V-TOUGH, NH, TOUGH2, COYOTE =HM, ANSYS)

Mechanical (e.g., FLAC, UDEC, DDA, ANSYS, JAC3D, JAS3D)

Hydrological (e.y., FEHM, NUFT, V-TOUGH, TOUGH2, FEMTRAN)
Chemical (e.g., EQ3/6, OS3D, GIMRT, FEHM, NUFI’)

In the broadest sense, the DST is intended to generate site-specific observed data to build confidence in the
conceptual models describing the heat-driven processes taking place in the rock mass adjacent to the
potential repository openings (the near-field), both during the preclosure and postclosure periods of



9

.’ performance. The test-scoping analyses, using best available information at the time, are examples of

models of the near-field processes.

Scoping analyses provided guidance for the selection of test features such as the size, location, and power
output of heaters, and spatial location of the instrumentation In contrast, the pretest predictions provide
baseline predictions of measured parameters such as temperature, displacement, and moisture content. As

data from the test become available, synergistic, interpretative evaluations of the agreement between
measured and predicted data will help to confirm and/or refine the models, and thereby build confidence in
the models and modeling approaches.

Figure 2 presented the possible couplings among the TMHC processes expected to occur during the DST.
As indicated in the figure, the couplings have been intuitively but not rigorously divided into primary and
secondary relationships. This notion of the TMHC coupled processes represents a more complex

relationship than has been considered thus far in modeling. To this point, one-w”ay coupling between thermal
and the other three processes has generally been considered. Ultimately, the assessment (and modeling of)

TMHC coupled processes will evolve to the extent practical into nearly instantaneous four-way coupling.
NaturaI1y, the less compIex couplings must first be characterized and understood by the proposed series of
data comparisons and model evaluations in the DST.

The scoping and pretest analyses (TRW, 1997% b) were conducted to guide the DST desib~ and to predict
behavior prior to heater activation. One-way coupling of the TMHC processes was employed for these

analyses. Thermo-hydrological analyses were first performed, and the resulting temperatures were used as
input in the TM and TC analyses of the DST and surrounding rock mass. The thermomechanical ~~Yses
provide predictions of stress and displacement in the rock mass surrounding the DST resulting from the induced
temperature changes. The predicted stresses and displacements will be compared to the in situ measurements
during the conduct of the DST. The adequacy of the models to predict observed behavior will be evaluated and
alternative modeling approaches will be proposed if necessary. An example of the pretest thermomechanical
anaIyses is presented in Fi=wres 4 and 5. Figure 4 presents a three-dimensional mesh that was used in
conjunction with a Sandia hTational Laboratories structural code (JAC3D) to provide pretest predictions of the
rock mass therrnomechanical behavior during conduct of the DST (Francis et al., 1997). This mesh includes
material descriptions for the rock mass, concrete invert se=gments, and concrete liner. The element death option
was used to simulate mining of the HD. Temperatures from TH analyses were input into:J~.~ at various
time steps and the thermoplastic response of the rock mass was calculated. For these pretest an~yses, a range
of rock mass properties was used, including high and low bulk permeability (Kb), intact and in situ modulus,

and intact and in situ thermal expansion coefficients. In situ values of rock mass modulus and thermal
expansion coefficient are derived from SHT data (Finley et al., 1997). Fia~re 5 shows a comparison of the
JAC3D results for an MPBX drilled upward from near the midpoint of the HD using a range of parameters.
The base case includes low bulk rock mass pen-neability and laboratory modulus and thermal expansion. For
the other cases, parameters were varied to evaluate the model sensitivity to differences in input parameters.
Clearly, the selection of material properties can have a significant influence on predicted response. Additional
analyses are pknned with more complex materkd modeIs and refined mesh.

6. SUMMARY

The DST is under way at Yucca Mountain; the heaters were turned on December 3, 1997. The testis
currently planned to continue for up to four years of heating and four years of cooling. The DST includes
nine large canister-sized containers with thirty operating heaters each, located within the drift and fifty
“wing” heaters located in boreholes in both ribs with a total nominal power output of 210 kW. A total of
147 boreholes (combined length of 3.3 km) house most of the over 3700 TMHC sensors connected with 201
km of cabling to a central data acquisition system. Test-scoping and pretest numerical predictions of one
way thermaI-hydroIogicaI, thermaI-mechanical, and thermal-chemical behaviors have been completed

(TRW, 1997a). These analyses suggest that a dry-out zone will be created around the DST and a 10,000 m3
volume of rock will experience temperatures above 10O°C. The HD will experience krge stress increases,



particularly in the crown of the drift. Thermoplastic displacements of Up to about 16 mm are predicted f~

some thermomechanical gages. Additional analyses using more complex models will be performed during c
the conduct of the DST and the results compared with measured data.

Data will continue to be collected and periodically reported. A series of comparative analyses wil/;~.

performed during and after the DST to evaluate the various coupled TMHC processes observed during -------
test. Constitutive models of the DST behavior will be evaluated, developed, and compared with the acquired
data. The net result of the entire thermal testing efforts at Yucca Mountain will lead to a greater
understanding of the effects of temperature on repository behavior. This understanding will be used to

support upcoming performance assessments of :potential repository behavior.
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Figure 4: Three-dimensional mesh of the heated drift ked for the JAC3D thermomechanical
pretest analyses
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