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ABSTRACT

Anomalous temperature distributions are often an
indication of atypical behavior in a device under
investigation. Portable infrared (IR) imaging systems
(cameras) now provide a convenient method for
measuring both absolute and relative temperature
distributions on small and large components with a high
degree of temperature and spatial resolution. This
diagnostic tool can be applied during the development,
production, monitoring, and repair of photovoltaic cells,
modules, and systems. Planar objects with nearly uniform
material composition are ideally suited for analysis using
IR imaging. This paper illustrates investigations of
localized shunting in cells, resistive solder bonds in field-
aged modules, module bypass diode functionality,
reverse-bias (hot spot) heating in modules, temperature
distributions in flat-plate and concentrator modules,
batteries during charging, and electronic component
temperature in power processing equipment.

INTRODUCTION

All materials emit infrared (IR) radiation over a range
of wavelengths that depends on the temperature of the
material. The infrared heat emitted by a material is
quantified by the Stefan-Boltzmann law, and the spectral
distribution of the emitted energy is expressed by Plancks
distribution [1]. For the components of interest in
photovoltaic systems (cells, modules, arrays, bypass
diodes, wiring terminals, batteries, etc.) the temperature
range of most interest is perhaps O “C to 150 “C. For
example, a typical PV module at 50 “C emits heat
primarily in the wavelength range from 3 pm to 20 pm,
with peak emittance at about 9 Um. Commercially
available infrared cameras can be purchased with lenses
and detectors customized for operation with different
wavelengths of light. A digitized IR image of an object
can then be directly related to the temperature distribution
across the object.

The IR camera used for the analyses presented in
this paper was a FLIR Prism DS camera with a detector
composed of a 320 x 244 IR-CCD array of platinum
silicide (PtSi) elements. The detector is mechanically
cooled with a Stirling engine. The camera and lens
combination had IR sensitivity in the 3.6 to 5.0 Wm range.
Lenses available for this camera provided both close-up
imaging of small solar cells or normal-imaging of large
objects such as PV arrays. Resolution of temperature

differences on the order of 0.1 “C and spatial resolution of
less than 0.01 mmz were achieved. Sophisticated
sofhvare for data interpretation, charting, and analysis is
also available for the FLIR system. The primary
disadvantage of these systems is cost camera, multiple
lenses, software, and other miscellaneous components
may cost about $50,000. However, IR technology is
rapidly evolving, and for many of the applications
illustrated in this paper, IR imagers of much lower cost
may provide valuable qualitative information regarding
temperature distributions.

LOCALIZED SHUNTING IN CELLS

A problem often encountered during cell
manufacturing, and sometimes as a result of field aging,
is a localized shunting path within a solar cell. During
manufacturing this might occur as the result of impurities
on wafers during junction diffusion, an ineffective edge
isolation process, non-uniform deposition of thin-film cells,
or incomplete scribe lines in thin-tilm modules. Field
aging may result in moisture intrusion into modules with
resulting corrosion leading to shunting failures, particularly
in thin-film modules. Physically locating shunt paths in a
solar cell makes it possible for researchers to focus their
diagnostic investigation on the affected spots. IR imaging
can be used to locate these spots. The test procedure
required uses a dc power supply to force current through
the cell in a reverse-biased condition. In reverse bias and
without illumination, current flows preferentially through
any available shunt paths. This current flow through
locations with low shunt resistance leads to localized
heating. Figures 1 and 2 show the temperature
distributions for two different solar cells using digitized IR
images recorded within a few seconds of introducing
reverse-biased current flow through the cells. In locating
shunts, it is desirable to record the images quickly after
current flow is introduced, otherwise lateral heat transfer
in the cell causes the temperature to “bloom” masking the
exact location of the shunt. Figure 3 shows an IR image
of a small area on an interdigitated back-contact emitter-
wrap-through (EWT) cell. The lines are metal contact
fingers and the small spots are 70-~m diameter (0.004
mmz) holes through the cell, indicating the fine resolution
of the IR camera.
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prop~jed design, utilizing the fast-pulser technology[5],
the entire Saturn device will be smaller than 17 m in
diameter and will be only 5 m in height. In addition, no
water and oil tanks are required. Except for the 5-m high,
4-m diameter cylindrical central section which is in
vacuum, the entire accelerator is in the air and readily
serviceable.

The three diodes are concentric and, hence, have
different power requirements. The innermost diode
requires less power than the outside one to achieve the
same x-ray area average output. Thediode design is such
that a power partition with a ratio of 3:2:1 from outside
ring tocenter ring is required. The bottom triplate MITL
feeds the largest outer diode ring while the top MITL is
connected with the innermost diode ring.

3 NEW SATURN DESIGN BASED ON OUR
FAST PULSER ARCHITECTURE

In our new design we utilize the revolutionary
technology of the fast pulser[4]. We select 24 modules of
-700 kA, 2.2 MV each to produce a total current of the
order of 14 MA. The novelty of the design is that each of
the 24 modules is a self-magnetically -insulated voltage
adder. No liquid or solid insulator is utilized between the
inner cathode electrode and the outer anode cylinder. A
coaxial geometry is adopted. The stages of each module
voltage adder are of relatively low voltage (100 kV).
Therefore, in principle a 20-stage structure would be
enough to obtain a 2 MV output. However, because we
adopted a design where the output impedance is equal to
the characteristic impedance of the pulser[4], the peak
voltage of each stage will not exceed 55 kV. Hence, 40
stages per module will be necessary. The prime power
per stage is a circular array of 24, 30-kA, maximum-
current fast capacitors. The inductance and capacitance of
each capacitor is 25 nH and 11 nF respectively, which

provide a very fast, @ =17 ns, time constant for the

system. Hence, no further pulse power compression is
required. The power-pulse FWHM from its onset has the
required width to be applied directly to the diode.

The capacitor arrays are switched to the accelerating
gaps through very low inductance, - 1 nH, externally
triggered switches. Two candidates are presently
considered and being evaluated. The -fkst, developed in
Russia[5], is a ring switch that has a fraction of l-nH
inductance switching large currents up to - 1 MA through
multiple conducting channels. It can do that at a low 100-
kV voltage. The second is being developed in Sandia[6].
It is a low inductance (-50 pH) high-gain
photoconductive semiconductor switch (PCSS) that can
switch up to 250-kV, 7-kA currents in a parallel array of
six, 2-inch wide GaAs wafers. We believe the
photoconducting switch can be further improved to
increase the current per unit width by at least one order of
magnitude for the same size. The Russian switch has
already reached maturity, and the design and hardware are
readily availabie. Those switches make it possible to

switch at low, 100-kV voltage and still produce very
narrow 50-ns pulses directly from the capacitors without
the need of cumbersome and expensive pulse
compression.

The fastest capacitors available to date are the compact
Maxwell Laboratories S type capacitors model 31165 [7].
They are very small (58x1 50x274 mmz) and very fast
(L=25 nH and C=40 nF). These capacitors could easily
be modified to the faster ones (L=25 nH, C= 11 nF)
considered in the present point design. Although the
capacitor dimensions could be further reduced or special
semi-circular geometries could be developed, for the
purpose of our point design the dimensions of the
presently available off-the-shelf 31165 Maxwell
capacitors were assumed.

?m~= 3m

Fig. 2 Cross-sectional view of the new desiew

The accelerator gaps are magnetically insulated with
Metglas.m A very small Metglasw cross-sectional area
(10 cm’) is needed because of the modest, 2.4x10-3
voltsecs of each gap. Therefore, the dimensions of each
module are as follows: The overall diameter is 2.2 m and
the length 2.4 m (Fig. 2). The cathode electrode is conical
starting with a diameter of 1.17 m and terminating at the
output end with a 1.08 m diameter cylinder. The anode
electrode is a 1.20-m inner diameter cylinder. A 4-m
coaxial MITL vacuum transmission line connects each
module to the respective conical triplate MITL of each
diode ring. The coaxial MITL is longer than the
minimum required (2 m) in order to provide easy
accessibility and servicing of the accelerator. Throughout
the power flow from the voltage adders to the diode rings
self-magnetic insulation and impedance matching was
rigorously implemented. The power partition ratio of
3:2:1 for the diode rings was retained since the same
diode as the one presently operating was assumed to be
utilized

One of the advantages of the proposed design is that the
diode insulating stack of the central section is eliminated.
The only insulator left is the short plastic ring insulating
each of the -60-kV accelerating gaps of the modules. A
total of 24 modules are required to provide the 15 MA
current to the diode. To maintain the proper power ratio,
4,8, and 12 modules are connected respectively to ‘tie
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top, middle and bottom conical triplate MITL’s. A
minimum anode-cathode gap of 1 cm was maintained
throughout the entire power flow transport.

Table 1: Comparison of the two designs’ performance
New Point Design

Level Zsource Zload Vload I load
Ohms Ohms Mv MA

Top 0.91 0.99 2.5 2.5

Middle 0.45 0.38 2.2 5.7

Bottom 0.30 0.33 2.4 7.4

Present Accelerator Performance

Top I 0.66 1 0.99 I 2.1 I 1.8

Middle 0.33 0.38 I 2.1 3.9

I Bottom 0.22 I 0.33 ] 2.1 6.2

Table 1 summarizes the peak pulse power parameter of
the new point design and compares it with the present
accelerator performance. The design was done
analytically and verified numerically utilizing the circuit
design code SCREAMER[8].

Figure 3 provides the voltage current and power for the
outer-diode ring connected to the bottom MITL.
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Fig. 3 Outer diode ring (bottom MITL) waveforms.

Similar pulse waveforms are applied to the other two
diode rings. Figure 4 is a three dimensional rendition of
the entire accelerator.

Fig. 4 A 3 D visualization of the new Saturn point design

The same design can deliver to a Z-pinch load a
maximum total-current of 15 MA. In this case only 2
conical MITLs will be utilized with each connected to 12
voltage-adder modules. Details of this application and

design optimization will be presented in future
publication.

5 SUMMARY

We have developed a point design for an alternative
pulsed power driver for the SATURN accelerator. It has
the same or higher power and energy output as the one
presently in operation. However, its size is appreciably
reduced from the present 30-m diameter to 17 m. The
overall height remains the same and of the order of 5 m.
The expensive large amounts of oil and deionized water.
are eliminated together with the requirement for a central
water-vacuum interface-insulating stack. A first cut
estimate of the cost suggests a relatively modest value of
-$10 M. A cheaper device of -$5 M could be built if the
MetglassTM cores are substituted with air core equivalents.
Because of the very short pulse 40-ns FWHM, the
dimensions of an air core device will not be appreciably
larger than our metglass point design
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