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Application of Two-Phase Immersion Cooling
Technique for Performance Improvement of High
Power and High Repetition Avalanche Transistorized
Subnanosecond Pulse Generators

Yanan Wang

Abstract—In this article, we show the feasibility of improving
the performance of a high voltage and high repetition avalanche
transistor pulse generator by applying a two-phase immersion
cooling technique. The forced air cooling, single-phase immersion
cooling, and two-phase immersion cooling techniques were applied
to a 60-stage subnanosecond pulse generator. The experimental
results indicate that the two-phase immersion cooling technique
can effectively control the temperature rising of the avalanche
transistor and, thus, reduce the time base jitter and voltage am-
plitude jitter. Five types of dielectric fluid with different boiling
temperatures were comparatively studied. The FC-72 was finally
adopted for the balanced performance on voltage amplitude and
repetition rate. The two-phase immersion cooling technique could
reduce the thermal resistance between the case and ambient and
increase the maximum power from 330 to 876 mW. With this
cooling method, the surface temperature of the transistor can
be effectively controlled below 62 °C. The pulse generator could
achieve outstanding performance with a voltage of 2350 V and a
rise time of 180 ps. It can work stably at 200 kHz for more than 30
min, and the burst repetition rate could be 260 kHz within 1 min.
This article offers new perspectives in the design of high repetitive
avalanche transistorized subnanosecond generators.

Index Terms—Avalanche transistors, high repetition rate,
long-term reliability, sub-nanosecond pulse generator, two-phase
immersion cooling.

I. INTRODUCTION

ITH the merits of fast switching speed (>100 V/ns),
moderate applying voltage, versatile turn-on method,
bipolar transistors with avalanche operation mode are exten-
sively utilized in the nanosecond and subnanosecond pulse
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generators. The high voltage, high repetitive nanosecond, and
sub-nanosecond pulses utilizing avalanche transistors are at-
tracting substantial attention in numerous industrial applica-
tions, such as pumping electro-optically lasers [1], sustaining
pulsed electric field for the medical irreversible electroporation
[2], driving different types of discharge plasmas in amounts of
fields [3], the chemical analysis of minute materials, developing
electromagnetic interference environment for security defence
and ground-penetrating radar [4]. It is always required that
the output pulses have sufficient high amplitude, a fast-rising
time, high repetition rate, high stability, and reliability. These
properties bring a great challenge for the design and construction
of such pulse generators.

With the worldwide researchers’ efforts, the performance of
avalanche transistor pulse generators has been greatly improved.
Different topologies have been developed to increase the output
voltage and current amplitude, including Marx bank circuit
(MBC) [5]-[8], direct pulse adding (DPA) [9], MBC with mi-
crostrip line [10], [11], MBC with transmission line transformer
(TLT) [9], [12], linear transformer driver (LTD) [13]. Fig. 1
shows the recent advances of avalanche transistorized pulse
generators and the typical application in driving atmospheric
pressure plasma jet and developing ultra-wideband radiation
system [14]. However, the main trouble with these types of
pulse generators is the avalanche transistor’s operation mode: a
transistor in the chain can suddenly shorten, which will not cause
the damage immediately but the degradation. In addition, the
output performance is limited by heat transfer, and the reliability
is also closely dependent on the semiconductor device’s features:
the maximum temperature and the temperature gradients and
fluctuations [15], [16]. Jiang [17], [18] pointed out that thermal
management is an important factor that needs to be considered in
high repetitive pulse power systems. The thermal problem could
be more severe in a high repetition rate [19]. When operating
with high frequency, the higher power dissipation and the heat
accumulation could lead to a huge temperature rising in ambient.
According to the datasheet of the avalanche transistor, the rated
maximum power dissipation is 330 mW while it drops by 2.64
mW with an ambient temperature rising by 1 °C [20]. Moreover,
the pulse drift and jitter will also increase with the temper-
ature rising, which causes severe degradation of the output
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Recent advances in avalanche transistor pulse generators and their applications. (a) and (b) High-power nanosecond pulse generators with auxiliary

triggering topology for the application of gas switch triggering and driving discharge plasma. Marx bank circuit with 3 x 12 stages, 36 avalanche transistors applied
in (a) and 6 x 10 stages, 60 avalanche transistors applied in (b) [5]. (c) and (d) High voltage nanosecond pulse generator based on avalanche transistor MBC and
LTD, 144 avalanche transistors were utilized [13]. (e) Hybrid pulse combining topology utilizing the combination of MBC, DPA, and TLT [9]. (f) Traveling-wave
MBC modules in series connection [14]. (g) Repetitive avalanche transistor pulse generator driving atmospheric pressure plasma jet [7]. (h) Pulse generator utilized

to develop ultra-wideband radiation environment simulation [11].

performance. Although heat dissipation and thermal design
are the key factors influencing the reliability and durability of
avalanche transistor circuits, not enough attention has been paid
to the thermal design.

Inrecent years, cooling technologies have grown significantly
to manage higher density heat fluxes in electronics systems
such as insulated-gate bipolar transistor (IGBT) power modules
and high-performance converters [21], [22]. However, compared
with the common electronics system, the avalanche transistors
based pulsed power source has special features which post a
great challenge to heat management.

1) Transistor package: SOT-23 packages are commonly used
in avalanche transistors. The reduction in size and weight
are their proclaimed advantage, and the lower lead induc-
tance also makes them competitive in switching speed.
Nevertheless, due to their low thermal mass, SOT thermal
resistance specifications are highly dependent on local
environmental conditions. According to Mohamed et al.
[23], the external thermal resistance is about two-third
of the total thermal resistance and thus determines the
package’s thermal behavior. It implies that great care must
be taken in thermal designs. Because of the extremely
small surface, direct heat conduction cooling techniques,
such as heat sinks, cold plates, and more advanced cooling
vapor chamber, are impractical to be implemented on the
component.

2) Relatively high components density and heat flux density:
In order to reduce the rising time of the output pulse,
circuit inductance is always minimized, and a compact
layout design of the printed circuit board (PCB) circuit
is adopted. In avalanche transistorized pulse generators,
as shown in Fig. 1, multiple avalanche transistors (up to
tens or hundreds of) are serially and parallelly connected
and the charging resistors and other components. As a
result, the compact design and relatively high component

density lead to increased heat flux density. The conven-
tional forced air cooling (FAC) has been applied in some
low-frequency applications [9], while it cannot satisfy the
high repetition rate condition for its low heat flux (tens
of W/cm?). The liquid immersion cooling technique can
deal with the system with high heat dissipation densities.
While the corrosion, long-term compacity, and leakage
must be considered and tested. The other cooling method,
such as jet impingement and spray cooling, which can
achieve a very high heat transfer coefficient, is limited by
complex cooling flow redistribution, cooling loop leakage,
and channel blockage.

3) Inhomogeneous temperature distribution of different com-
ponents: Due to the different operation conditions, transis-
tors’ heat dissipation and temperature distribution differ
from each other. The inhomogeneous temperature dis-
tribution of the avalanche transistor circuit is theoreti-
cally analyzed and experimentally observed [14], [24].
Effective cooling is a challenge in transistor devices with
concentrated power.

4) Ultrafast transient process and heat accumulation under
high repetition rate: The temperature in the “hot spot”
of the avalanche transistor could reach several hundred
kelvins within a single switching process in the nanosec-
ond range and cool down to room temperature after several
microseconds without destruction. However, the increas-
ing repetition rate will reduce the time interval between
the pulses, and the temperature will finally rise to a cer-
tain thermal destruction threshold. The temperature rising
process can be fast in a high repetition rate; hence, the
cooling technique with fast time response is required.

These features introduce huge challenges to the heat dis-

sipation design. Nevertheless, nearly all publications devoted
to avalanche transistor circuits have concentrated on the better
means of selecting commercial components, reducing parasitic
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inductance and other forms of routine, but the effective heat
management method. The overheated transistors impede the
stability of pulse generator operation capacity, as well as the
output performance. Thus, an effective cooling technique is
necessary for the high repetitive pulse generator to control
the avalanche transistors temperature and realize the long-term
operation stability.

This article proposes utilizing a two-phase change immersion
cooling (TPIC) technique to improve a high-power high repet-
itive avalanche transistor pulse generator. In order to verify the
importance of heat management for pulse generators, the power
dissipation and temperature rising processes at a high repetition
rate are quantitively analyzed. The FAC, single-phase immer-
sion cooling (SPIC), and TPIC techniques have been applied
to the pulse generator and studied comparatively. We showed
that a great improvement could be achieved with an effective
two-phase immersion cooling method applied. Moreover, the
different coolants (3M Novec 7000, Novec 7100, Novec 7200,
Novec 7300, Novec 7500, FC-72) were thoroughly investigated
in TPIC. The characteristics, capabilities, and limitations of
these coolants were discussed. Considering the temperature con-
trolling and output parameters of the pulse generator, a selection
criterion of coolant for avalanche transistor circuit application
is proposed.

The rest of this article is organized as follows. Sec-
tion II illustrates the topology and structure of the
pulse generator and the experimental platform. In Sec-
tion III, the heat dissipation and temperature rising pro-
cess are qualitatively analyzed, and the temperature char-
acteristics under different cooling methods are studied.
The temperature-rising characteristics with different coolants
have been compared. In Section IV, the phase change process
of the TPIC is discussed. Moreover, the heat resistances under
different cooling techniques have been calculated. Finally, Sec-
tion V concludes this article.

II. EXPERIMENTAL CHARACTERIZATION

A. Circuit Design of High-Frequency High-Power Marx
Generator With Avalanche Transistors

Fig. 2(a) depicts the schematic of the tested subnanosecond
pulse generator with avalanche transistors. In order to generate
high repetition rate pulses, the parallel charging Marx circuit
topology, proposed by Carl E. Baum, is utilized. In this circuit,
the isolation charging resistor is connected parallelly, and the
charging time of the main capacitor in each stage is almost
the same. The advantage of this type of Marx circuit is the
fast charging time, while the isolation characteristic is slightly
worse compared with the traditional Marx circuit topology with
the same resistors. Several elements can be figured in Fig. 2(b)
and (c), including avalanche transistors (Diodes, FMMT 417),
capacitors (100 pF/1206), and charging resistors. The compact
designis adopted to achieve a fast-rising time of the output pulse.
And the length of the connection wire between the switches and
capacitors is minimized to reduce the overall inductance.

Moreover, the main capacitors with 100 pF are selected,
which contributes to the subnanosecond pulse formation [10].
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Fig. 2. Schematic of the subnanosecond transistorized Marx generator. (a)
Schematic of circuit topology. (b) Top view of the PCB circuit and key compo-
nents. (c) Side view of the PCB circuit and the photo of the package removed
avalanche transistor.
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Fig. 3. Typical output waveform of the 60-stage avalanche transistorized
subnanosecond pulse generator.

A 60-stage Marx circuit is developed with the serial connection
of avalanche transistors and main capacitors to achieve high
amplitude output. In addition, a ground plate is arranged on the
bottom layer of the PCB to form a transmission line structure,
and the width of the switches and capacitors’ solder plate is
calculated and design to realize an optimal impedance match
to minimize the traveling wave reflection. Fig. 3 shows the
typical output waveform of the avalanche transistor-based pulse
generator. The output voltage amplitude is 2950 V on a 50 2 load
impedance, and the rising time is about 152 ps at a frequency of
1 Hz.

The maximum repetition rate of the pulse generator mainly
depends on two aspects: (1) the charging time of the main
capacitors; (2) the heat dissipation capacity of the components.
The charging time is almost 3 to 6 times the time constant of
the charging circuit 7 = RC (R represents the total resistance
of the charging resistors, and C is capacitance in each stage).
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(a) Photograph of the experimental setup showing the: (1) multichannel thermocouple recorder, (2) trigger signal generator (Stanford Instrument, DG

645), (3) dc power source (400 V, 3 A) to supply pulse generator, (4) dc power source to supply the trigger generator (110 V, 2 A), (5) fan for the vessel cooling in
SPIC and TPIC (12 m3/min), (6) high-voltage probe to measure U during switch operation, (7) high-frequency avalanche transistor pulse generator with aluminum
vessel, (8) thermocouple sensors, (9) infrared thermal imager (Fluke TiX 501), (10) oscilloscope to record output voltage waveform (Tektronix 6 series, 6 GHz,
25 Gs/S), (11) and (12) attenuators to attenuate high voltage pulse (DC-4 GHz, 50 dB). (b) Schematic of FAC, (c) schematic of SPIC (cooling fan not shown), and

(d) schematic of two-phase immersion cooling (cooling fan not shown).

The charging time needs to be sufficiently short to guarantee
that the main capacitors could finish recharging before the next
shot when operating at a high repetition rate. Nevertheless, the
resistance of the charging resistor also needs to be large enough
to isolate subnanosecond pulse from the ground and dc source to
achieve high output amplitude. Considering the tradeoff between
the two requirements, we adopted the resistance R = 7.2 k2.
Furthermore, the charging time constant is approximately 7.2
x 1077 s. Thus, the maximum theoretical frequency of the
circuit is approximately 230 kHz. In high repetitive mode, the
overheating of the transistors and the resistors on PCB can be
quite significant, and it is important to take appropriate heat
dissipation measures for the reliability of the components. As
shown in Fig. 2(c), we use four 1.8 k€2/2 W resistors in each
charging circuit to reduce the heat power density of the isolation
resistor. The print circuit board has also been hollowed at the
location of resistors to enlarge the heat dissipation surface. As
for the avalanche transistor, the rated power is 330 mW. It means
that the heat density can reach as high as 300 W/cm? in the b-e
dieregion. A special design is needed for the avalanche transistor
operating at a high repetition rate. The detailed analysis of the
power dissipation of avalanche transistors at a high repetition
rate will be discussed in Section III.

B. Experimental Platform

Fig. 4 shows the experimental platform of the avalanche
transistor pulse generator and the schematic diagram of different
cooling techniques. During the experiment, a dc power source
with enough power capacity was used to apply voltage to the 60-
stage pulse generator. We also developed another pulse generator
with a fast front, high amplitude, and small half-width to trigger
the first stage avalanche transistor, which benefits the generation

of high-repetition-rate pulse and reducing the time base jitter
[25]. A trigger signal generator (DG 645) was applied to control
the operation frequency. The output high voltage pulse was
attenuated by an attenuator, and the oscilloscope recorded the
waveform. The load impedance was 50 €2. An infrared thermal
imager was applied to acquire the temperature distribution of the
components. To determine the temperature transient process of
components, we pasted K-type thermocouples with a diameter
of 100 pm onto the selected transistor and charging resistor
surface with heat conductive. The pasted thermocouples were
deposited to form a small droplet (<0.5 mm x 0.5 mm) to
minimize the influence of transistors heat dissipation and re-
duce the error on the temperature measurement. However, the
temperature error could still be large for the high heat flues
condition, but the temperature change tendency under different
cooling techniques can be qualitatively compared. During the
experiment, the avalanche transistors in the 5th stage, 20th stage,
40th stage, and 55th stage were selected as the sample points.
The multichannel temperature monitor recorded the temperature
at different locations simultaneously. The thermocouples and the
record channel were calibrated before the experiments.

C. Cooling Technique

Three cooling techniques have been applied to the high repe-
tition rate pulse generator, including FAC, SPIC, and two-phase
immersion cooling. The schematic diagram of different cooling
techniques is shown in Fig. 4(b)—(d), and the description of each
system are as follows.

1) FAC system description: In FAC, the PCB is mounted on

a heat sink. Before the experiment, different types of fans’
positions have been tested, and the optimized plan of FAC
is adopted. Two fans (65 W) are placed above the circuit
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TABLE I
PROPERTIES OF DIFFERENT DIELECTRIC FLUIDS

Property Novec 7000 Novec 7100 Novec7200  Novec 7300 Novec 7500 FC-72 Tmnifi‘l’rmer
T, [°C] 34 6l 76 98 128 56 ~130
Teriteat [°C] 165 195 210 243 261 176 /
P, [kPa] 65 27 16 5.9 2.1 30 /
p [kg/m’] 1400 1510 1420 1660 1614 1680 874
k [W/(mK)] 0.075 0.069 0.068 0.063 0.065 0.057 0.128
h@ T, [kV/kg] 142 112 119 102 89 88 /
¢ [I(kgk)] 1300 1183 1220 1140 1128 1100 1898
o [mN/m] 124 13.6 13.6 15.0 16.2 10.0 48
v [eSt] 032 038 0.41 0.71 0.77 / 10.12
U@0.1in gap [kV] 40 28 28 40 40 40 35
P 7.4 7.4 73 6.1 5.8 1.8 2245
p [Ohm/em] 10° 10° 10° 10" 10° 10° /
Gwp 420 297 59 210 100 9000 /

board, and the transferred airflow is perpendicular to the
component. Although further increasing the number and
power of fans could improve the FAC cooling effect, the
bulky system and energy cost cannot be accepted.

SPIC system description: In SPIC, the circuit board is
arranged in an aluminum vessel and submerged in the
transformer oil. Before the experiment, different oil has
been tested, and the Kunlun KI50X is finally adopted for
the low kinematic viscosity and better cooling effect. A
fan is placed at the side of the vessel in the longitudinal
direction.

Two-phase immersion cooling system description: In the
TPIC system, the circuit board is arranged in the alu-
minum vessel and submerged in the dielectric coolant.
An aluminum plate is placed tightly on the top of the
vessel to minimize the leakage of the coolant. The sealed
vessel is cooled by the same fan used in the TPIC. When
the coolant absorbs heat from the heating elements, the
liquid starts to vaporize. This hot vapor is converted to
liquid in the condensing area (the top plate and the vessel
wall), where heat is finally transferred to the ambient air.
The liquid coolant must possess the dielectric strength
needed to provide electrical isolation, especially for the
high voltage pulse generator application. Moreover, other
properties, including boiling point and latent heat, also
need to be considered. Among the different dielectric lig-
uids, the perfluorocarbons and hydrofluoroethers (HFEs)
developed by the 3M Corporation provide a mix of prop-
erties, such as low wetting angles on most engineering
surfaces, relatively low critical pressures, and specific
heats [7], [26]. Five different coolants, including Novec
7100, Novec 7200, Novec 7300, Novec 7500, and FC-72,
were selected and tested during the experiments. The prop-
erty parameters of different coolants are listed in Table I
[27]-[29].

The output characteristic including amplitude, amplitude jit-
ter, time base jitter, and the temperature distribution under FAC,
SPIC, and TPIC are studied, respectively. Then the TPIC with
different coolants is experimentally compared. In order to avoid
the irreversible thermal destruction of avalanche transistors due

2)

3)

to overheating, the operation time is no more than 180 s. When
the temperature of the transistor exceeds 95 °C, the operation
should be interrupted. In TPIC, the amount of the coolant was
ensured to be the same before each experiment.

III. ANALYSIS OF POWER DISSIPATION AND THERMAL
DESTRUCTION PROCESS UNDER REPETITIVE MODE

Before the experimental characterization of the different
cooling techniques is presented, the theoretical analysis of the
Joule heating process and the estimation of power dissipation
of the components will be discussed in this section. It will
underline the importance of the implementing of cooling
technique in the high voltage and high repetition rate avalanche
transistor pulse generator.

The heat of the pulse generator is mainly generated from the
resistor and avalanche transistor by Joule heating during the
charging and discharging process. Fig. 5 shows the schematic
of the charging process, discharging process, and the power
dissipation process in parallel charging Marx circuit.

1) Power dissipation of charging resistor

As shown in Fig. 5(a), the main capacitors are charged by the
currents flowing along the blue lines in the charging process.
The peak charging current /,,, can be calculated according as

I, =n-U./R. (1)

inwhich U, represents the supply voltage, R, is the total charging
resistance, n is the circuit stage. Thus, the charging current
conducted in every charging resistor is approximately

@)

where Iy, is the peak charging current, and it is calculated as
Tom = Iy/n = UJR. = 444%x1072 A, and the time constant
71 = R.-C = 7.2 x 1077s. Then, the average power dissipa-
tion Pr; on a charging resistor with frequency f during the
charging process can be calculated as

to
R.
Pri=f- /i02 X Zdt (3)
0
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(a) Current flow path in the charging process. (b) Current flow path in discharging
process. (c) Power dissipation in different processes within a period.

which determines that Pr; = f x 1.28 x 10~® W. During
the pulse forming process, with the switch closed, the current
flowing through the charging resistor is induced by power
source I,ower and the local circulation current /.., as shown
in Fig. 5(b). Considering the time of the pulse formation pro-
cess is relatively short, the equivalent power in this stage can
be neglected.

It should be mentioned that the avalanche transistor cannot
shut down immediately after the pulse formation process due
to the residual charge in the PN junction. During this period
(recovery time), the transistor can maintain the conduction state,
with a conductive voltage drop U,, and a resistance R,,. In
this recovery stage, the current will form through the charging
resistor, and it can be calculated as

Uc — Uon (t)

. U
n =5 TR @

~
~

F|S

Then the power dissipated on charging resistor Pro with
a repetitive frequency f during voltage recovery stage can be

3029
calculated according to
to R
PRQZf-/Z'1X2XZCdt (5)
0

in which the voltage recovery stage lasts about 2.0 ps (measured
at 1 Hz, 25 °C) according to the measurement waveform of U..
And it determines that Pro = f x 7.11 X 1070 W. Finally, we
can get the average dissipated power Py of a charging resistor
according to (6).

Pr=Pri+Pro=fx839%x10°¢ W. (6)

2) Power dissipation of avalanche transistor

During the switch turn-ON process, the voltage across the
emitter and collector (U,.) collapses while the avalanche current
(I.¢) dramatically increases. Theoretically, the transistor’s power
dissipation can be calculated by U, xI... However, the ., and
U, are difficult to measure directly on the PCB circuit due
to the ultrafast process. Moreover, the time phase difference
always causes a huge error in the power calculation. During
discharging process, the current flowing through each transistor
approximately equals that through the load. Thus, the power
dissipation of transistors in discharging process, Pri, can be

expressed as
f (utt
u(t
Por=f- —= ) 2. rdt
Q1 f/(RL> r
0

where u(t) is the output voltage and the Ry, is the equivalent
load resistance 50 €2, and the r is the equivalent ON-state resis-
tance of avalanche transistor [30]. According to the FMMT417
datasheet, the maximum continuous current is 500 mA, and the
power dissipation is 330 mW, and the conductive resistance can
be estimated to be 1.32 (2. Furthermore, u(t) can be obtained
from the recorded waveform on the oscilloscope. Applying the
waveform shown in Fig. 3, we can get that Pg; = f x 1.13 x
10~® W. In the voltage recovery stage, the dissipated power Pqo
can be calculated as

(N

to to
Pqos = f'/i12~Ron(t) :f'/Prdt. (8)
0 0

However, most of the work only focused on the power dis-
sipation on the turning-ON process [30]. Indeed, the Pro can
play an important role in the temperature rising. According
to Duan et al., the residual carriers of avalanche transistors
initiate a weak but important avalanche multiplication. Even
at a current of ~several mA and a voltage of ~100-300 V,
this multiplication will correspond to 1 W heating power. Thus,
within a time interval of several microseconds, more thermal
energy will be generated during the voltage recovery stage than
that earlier accumulated during high-current nanosecond-range
switching [19], [24], [31]. According to the measurement of
U., the recovery time lasts for about 2.0 us (measured at 1 Hz,
25 °C). Thus, we can obtain that the average power dissipation
during the voltage recovery stage is Pz =fx 2 x 107® W. And
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the total transistor power dissipation under a repetition rate f'is
Po = Pq1 + Pga = f-3.13 x 107°W. ©)

With (6) and (9), the equivalent power of transistor and resistor
at a different frequency can be calculated, and they are shown in
Fig. 6 with solid lines. It can be seen that the power dissipation in-
creases with the operating frequency. Since the resistance is kept
constant in the calculation, the power dissipation is almost linear
with the operating frequency. Under this condition, the estimated
maximum repetition rate of the avalanche transistor is around
100 kHz. However, it is worth emphasizing that the resistance
of the charging resistor, ON-state resistance, and the avalanche
transistor’s recovery time are all temperature-dependent param-
eters. With the temperature of components rising, the resistance
and recovery time will increase. Therefore, the calculation re-
sults with (1)—(9) will underestimate the dissipation power of
components under higher temperatures. To evaluate the power
dissipation under the repetitive mode, the pulse generator was
operated at 20, 40, 60, 80 kHz, respectively, without a cooling
technique applied. The output waveform, recovery time were
measured. In order to estimate the equivalent resistance of the
transistor, a simplified circuit model has been utilized, as

Rload
nxr4 Rcircuit + Rload

n X Vee X (10)

= Uoutput .

In this equation, the 7 is the stage of the pulse generator (n =
60), Rioadq 18 50 2, Reircuit 18 the equivalent circuit impedance
beyond the resistance of avalanche transistor during the pulse
formation (the impedance of inductance, and the other parame-
ters which cause the amplitude loss) and the Uqytpye is the am-
plitude of the output pulse. According to the voltage amplitude
and the ON-state resistance of the avalanche transistor at 25 °C,
Reircuit can be estimated. Generally, the Rciycuit almost remains
constant. Thus, the ON-state resistance can be determined by
replacing the Uqyyipus With corresponding voltage amplitude at
a different repetition rate. The experimental values of the power
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Fig.7.  Schematic of temperature rising and thermal destruction process under
repetitive operation mode [24].

dissipation under the different repetition rates are shown in Fig. 6
with blue circle and red square symbols.

It can be seen that, due to the increase of the recovery time and
ON-resistance (20 kHz, 2.1 us, 1.45 €2; 40 kHz, 2.2 us, 1.65 €2;
60 kHz, 2.4 us, 1.98 €0; 80 kHz, 2.6 us, 2.32 €1.), the dissipation
power of transistor and resistor is higher than the estimation
results at 25 °C. With the further increase of the repetition rate,
the power dissipation of the avalanche transistor will exceed the
rated power and finally result in overheating. In the experiment,
the maximum frequency of the pulse generator is 80 kHz, and
transistor destruction will appear with a higher frequency or a
longer operation time. The calculation indicates that the maxi-
mum power dissipation of the transistor is 301.38 mW, which is
close to the rated power. Although the measurement technique
and model simplification limit the accuracy of the calculation
result, it can fit the experimental observation well. The analysis
above can be used for the estimation of heat power dissipation
under different frequencies.

The junction temperature of the avalanche transistor under
repetitive operation mode can be related to the power dissipation
Pr, by the expression [32]

t

nm:%+/&m

0

.ngja(t - T)

d 11
7 T an

where T indicates the ambient temperature, P1,(7) is the dissi-
pated power, and the Ryj, is the junction to the ambient thermal
impedance of the transistor. The temperature in the “hot zone” of
the transistor structure could reach a peak value of a few hundred
Kelvin. [19] While it would not lead to destruction due to the
short duration. After the switching process, the temperature of
the hot zone will gradually cool down to room temperature. If
further increasing the operation frequency, the diffusion time
constant becomes comparable to the pulse interval, the tem-
perature in the “hot” domain will grow from pulse to pulse,
which may lead to the destruction of the device. The damage
process of the avalanche transistor circuit due to overheating
under repetitive frequency conditions can be depicted in Fig. 7.
It is obvious that thermal accumulation grows fast with the pulse
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Fig. 8. Infrared thermograph of the pulse generator under different frequency.

cycles. An effective cooling method is indispensable for the high
repetition rate pulse generator.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

A. Comparison of Temperature Rising Characteristics With
Different Cooling Method

The avalanche transistor circuit with the different cooling
techniques was compared with the experiment platform, and the
temperature distribution was studied with infrared imaging. In
order to avoid overheating damage caused by the long-term oper-
ation, the thermographs were taken after a burst mode operation
for 60 s during the experiments. Fig. 8 shows the thermographs of
the pulse generator without the cooling technique applied. It can
be noted that more heat will be generated under the repetitive rate
of 80 kHz (~4.8 x 10° pulse generated in the 60 s). The hot spot
temperature has exceeded 95 °C, which is close to the critical
temperature. Further increasing the frequency will cause thermal
damage to the avalanche transistors. The maximum temperature
difference is nearly 50 °C (98 °C in the 55th stage and 50 °C in
the 23rd stage). Avalanche transistors in the first several stages
operate in the conduction mode of “overvoltage switching-ON”,
and they suffer from the thermal destruction caused by current
filamentation due to the lower overvoltage coefficient. While the
working state of avalanche transistors near the end of the circuit
is quite different; and the current rising rate can be much higher.
Moreover, the mismatch of the circuit resistance and the load
resistance will induce the voltage wave reflection, which also
aggregates the heat dissipation.

Due to the inhomogeneous distribution of the temperature, it
was found that the avalanche transistors in the first stage and last
stages are more prone to thermal damage during the experiment.
The thermograph shows that the avalanche transistor in the 55th
stage has the highest temperature. Thus, the 55th stage transistor
temperature was recorded to estimate the overall reliability of
the pulse circuit. The transistor temperature rising process with
FAC, SPIC, and TPIC (with FC-72) under different frequencies
has been acquired, as shown in Fig. 9(a)—(c), respectively. The
pulse generator continues operating until the steady temperature
of the transistor is reached (the fluctuation of temperature is
less than 0.2 °C within the last 5 s) or the overheating occurs
(>95 °C). Generally, the TPIC can achieve much lower
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Fig. 9. Comparison of the temperature rising characteristics of 55th stage
transistor with different repetition rates and different cooling methods. (a)
With FAC, (b) with SPIC, (c) with TPIC, and (d) direct comparison of steady
temperature with FAC, SPIC, and TPIC.

avalanche transistors temperature than FAC and SPIC. At 80
kHz, the temperature of transistors under FAC has exceeded
98 °C at the 50 s and continues increasing, while the steady
temperature of transistors under SPIC is around 76 °C. The
TPIC can reduce the steady temperature to around 57 °C. TPIC
also shows the capability to reduce the time response of the
temperature rising process. The temperature rising characteris-
tics as a function of time show that it usually takes a longer
time to reach the stable temperature with increasing repetition
rate when FAC and SPIC are adopted. The transient process of
temperature rising, however, obviously shortens with TPIC at a
high repetition rate. As shown in Fig. 9(c), the transition time
is reduced from 60 to 15 s with the frequency increasing from
60 to 240 kHz, which implies that the higher power dissipation
leads to phase change of the coolant and enhances the cooling
effect.

The steady-state temperature of the 55th stage transistor
with FAC, SPIC, TPIC under different frequencies is shown in
Fig. 9(d). The experimental results show that the TPIC method
can significantly improve the repetitive frequency operation
capability of the pulse generator. Avalanche transistors with the
TPIC technique can achieve a large operation range of repetition
rate from 100 to 260 kHz while the temperature effectively
controlled at around 60 °C. When the power of the avalanche
transistor is further increased to 280 kHz, the TPIC method
cannot provide sufficient heat dissipation capacity, and the
temperature of the avalanche transistors abruptly increased, the
coolant boiled intensely. Thermal destruction finally occurred in
long-term operation. More details of the TPIC process will be
discussed in Section V.

Comparing the temperature of transistors in the 5th stage,
20th stage, 40th stage, and 55th stage with the different cooling
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Fig. 10. Comparison of the temperature distribution with different cooling
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techniques are shown in Fig. 10. In SPIC system, heat transfer is
improved due to the natural liquid convection. The temperature
difference is reduced compared with FAC. When operating at
a low repetition rate, the maximum temperature difference of
the avalanche transistors can be effectively limited to 5 °C.
When the operating frequency is further increased, since natural
convection heat transfer is difficult to meet the heat dissipation
requirements of high heat flow, the maximum temperature dif-
ference increases to 10 °C.

TPIC technique can also benefit pulse generators in main-
taining even temperature distribution. With TPIC, the boiling
effect provides the possibility of increasing heat absorption per
unit volume of fluid and higher heat acquisition effectiveness
(i.e., the amount of heat absorbed by a unit of flow relative to
its maximum theoretical capacity). This latent heat benefit is
coupled with the improved convection due to buoyancy-driven
bubble formation, multiphase tabulation, and mixing within
the heat transfer region. The resultant heat transfer coefficients
from a two-phase flow can be an order of magnitude greater
than equivalent single-phase forced convection [28]. The results
indicate that TPIC can effectively improve the uneven temper-
ature distribution whether the pulse generator operating at low
frequency or high frequency, and it undoubtedly improves the
reliability of the avalanche transistors.

B. Comparison of Output Characteristic With FAC, SPIC, and
TPIC Techniques

Amplitude stability and time base stability are important
parameters of the pulse generator, determining the Radar mea-
surement accuracy, pulse synthesis efficiency [25], trigger effect
[6]. The amplitude jitter U, is defined as

Umax - Umin
———— x 100%

U, =
Umax + Umin

12)
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TABLE II
COMPARISON OF OUTPUT PARAMETERS WITH DIFFERENT COOLING
TECHNIQUE
(a) 20 kHz
Cooling pulse drift Voltage amplitude o
method (ps) jitter (%) temperature (°C)
FAC 29 1.6 36
SPIC 30 1.4 35
TPIC 30 1.4 35
(b) 40 kHz
Cooling pulse drift Voltage amplitude o
method (s) jitter (%) temperature (°C)
FAC 66 33 55
SPIC 61 1.8 49
TPIC 55 1.6 44
(c) 60 kHz
Cooling pulse drift Voltage amplitude o
method (ps) jitter (%) temperature (°C)
FAC 142 5.2 83
SPIC 110 32 65
TPIC 78 1.7 53
(d) 80 kHz
Cooling pulse drift Voltage amplitude o
method (ps) jitter (%) temperature (°C)
FAC 340 6.5 98 (overheated)
SPIC 205 43 77
TPIC 95 1.8 57
(e) 100 kHz
Cooling pulse drift Voltage amplitude o
method ) jitter (%) temperature (°C)
FAC / / /
SPIC 320 6.0 38
TPIC 118 1.8 59

where U,y ax and Uy, are the maximum and minimum values
of pulse amplitude in the period of 90 s. The time base pulse
drift is defined as the Range of the time delay #qelay (the time
interval between the trigger pulse and output pulse), and it was
recorded in a period of 30 s during the experiment

tr = max(tdelay) — min(tdelay). (13)

The results of amplitude jitter and pulse drift of pulse gener-
ator with the different cooling methods are shown in Table II.
According to Yuan et al. [33], avalanche transistors are sensitive
to temperature (with the increase of temperature, the reverse
saturation current of the collector Icgo approximately doubles
for every 10 °C, and the emitter junction voltage decreases by 2
mV forevery 1 °C). As the temperature rises, the static operating
point of the avalanche transistors will change. The delay time
increases, and the peak voltage of the output pulse is reduced. As
shown in Table II, there is little difference between the different
cooling methods at 20 kHz. However, with the repetition rate
increasing to 80 kHz, the pulse drift increases significantly, and
it exceeds 200 ps in FAC and SPIC. TPIC shows an obvious
advantage in controlling the output stability at a high repetition
rate. When the repetition rate increases to 100 kHz, the pulse
drift is only 118 ps, and the amplitude jitter is relatively small.
The high stability of the pulse generator could be achieved
with the effective cooling effect of TPIC, and it is important in
applications that low-time jitter and amplitude jitter are required.
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Fig. 11.  Temperature rising characteristics of 55th stage avalanche transistor.
(a) Novec 7000. (b) Novec 7100. (c) Novec 7200. (d) Novec 7300. (e) Novec
7500. (f) Comparison of repetition rate with different coolants.

C. Temperature Rising and Output Characteristics of TPIC
With Different Coolant

In order to reach a coolant selection standard, different di-
electric fluids were applied as immersion fluids and tested ex-
perimentally, including Novec 7000, Novec 7100, Novec 7200,
Novec 7300, Novec 7500, and FC-72. The properties of the
dielectric fluids are shown in Table I. The temperature rising
process and the comparison of the steady temperature under dif-
ferent repetition rates are shown in Fig. 11. Fig. 11(a)—(e) shows
a similar tendency in the time response of the temperature rising
process. Whatever coolant is selected, the temperature of the
avalanche transistor rising with the increasing of repetition rate
until the boiling point of the coolant is reached. The increasing
power dissipation reduces the time required to reach a stable
temperature. As the boiling point of the coolant increases, the
temperature response time becomes longer. When the Novec
7000 was utilized, it only took 15 s to reach the steady-state
temperature of 38.6 °C, while at the same operating frequency of
80 kHz, the temperature of the pulse generator with Novec 7500
kept increasing in 100 s. According to the property data shown
in Table I, we can find that the different type of coolant has the
almost similar latent heat and specific heat capacity. It indicates
that the temperature rise is determined by the total amount of heat

energy absorbed during the phase change process. The dielectric
liquid with a lower boiling point is more suitable for applications
that require the rapid establishment of stable operating parame-
ters. The comparison of steady-state temperature with different
coolants and different frequencies is shown in Fig. 10(f). During
the experiment, the transistor frequency was increased until the
temperature entered the overheated region (75 >95 °C). The
curves depict the regime of single-phase natural convection as
well as the pool boiling regime. For the dielectric fluids, critical
heat flux (CHF) is reached when the heat density is higher than
the heat dissipation capacity of the phase change, which will
lead to the fast dry out of the coolant and the dramatic rise of
the device temperature. In the experiment, the CHF occurred in
FC-72 (at 280 kHz), Novec 7100 (at 280 kHz), and Novec 7200
(at 320 kHz).

The time-base jitter and voltage amplitude of the output
waveform with different coolants under 60, 120, and 180 kHz
are listed in Table III. According to the analysis in Section IV-B,
the reverse saturation current and the emitter junction voltage of
avalanche transistors are sensitive to the temperature. The lower
operation temperature benefits reducing the time base jitter and
voltage amplitude jitter. When operating at 60 kHz, there is
little difference in time base jitter and voltage amplitude jitter
with four dielectric fluids. The time-base jitter can be effectively
controlled below 100 ps, and the voltage amplitude jitter is lower
than 2.5%. While the frequency is 180 kHz, the time base jitter
of the Novec 7200 increases to 583 ps, which is unacceptable in
pulse synthesis application.
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Fig. 12.  Output waveform of the pulse generator with TPIC technique. (a)

Comparison of voltage waveform with different coolant. (b) Repetitive pulses
at 200 kHz with FC-72 coolant.

D. Output Parameters Validation of Pulse Generator With
TPIC Technique

Fig. 12(a) shows the output voltage waveform with different
coolants. It is apparent that the output amplitude is lower than
that in the air, as shown in Fig. 3. When the pulse rise time is
reduced to the order of subnanosecond, the effect of distributed
parameters and traveling wave process cannot be ignored in the
circuit. The pulse formation process is a propagation process of
quasi-TEM waves in the microstrip line. It is desirable that the
liquid’s dielectric constant can be close to unity to avoid sig-
nificant propagation delays. However, the dielectric constant is
always greater than 1. The introduction of fluorinated liquid will
increase the equivalent dielectric constant, and it also reduces the
characteristic propagation velocity, V,, = ¢/ /€., where c is the
light velocity, and ¢, is the dielectric constant. Besides, the wave
impedance will decrease due to the increase of the distributed
capacitance of the microstrip line, resulting in the mismatch
with the terminal impedance. Thus, the longer propagation time
and mismatch of the impedance will reduce the output voltage
efficiency [10], [14]. In addition, since the dielectric loss of the
microstrip line is positively related to the tangent of the loss
angle, the high-frequency components are attenuated greatly.
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The rise time of the output waveform with the TPIC technique
increases.

Based on the performance test results, it can be concluded
that the pulse generator with coolant Novec 7200 shows the best
performance from the view of the allowable operating range of
repetition rate, and the maximum repetition rate could reach 300
kHz. While on the time base jitter and voltage amplitude jitter
parameters, Novec 7100 and FC-72 are superior to the other
coolant. The steady temperature can be effectively controlled
below 65 °C, and a lower time-base jitter can be obtained, which
is suitable for the application required for high reliability and
stability. Due to the lower dielectric constant, the output voltage
amplitude with FC-72 (¢ = 1.8) is larger than other coolants.
Considering the output amplitude and maximum repetition rate,
FC-72 shows a balanced performance. It should be mentioned
that the main drawback of coolant FC-72 is the relatively high
GWP value. The sealing of the vessel and careful treatment on
coolant transferring are required, which can much reduce the
leakage due to vaporization.

Finally, the FC-72 is selected as the coolant. The long-term
operating performance of the avalanche transistor pulse genera-
tor with TPIC is tested. The output peak voltage reaches 2350V,
with the rise time of 180 ps and the FWHM of 530 ps. Fig. 12(b)
shows the waveform at a frequency of 200 kHz. It can be seen
that the waveform is stable, and the repeatability is excellent.
With TPIC applied, the pulse generator can work stably at 200
kHz for more than 30 min, and the burst repetition rate could
be 260 kHz within 1 min. The maximum operating frequency is
3.25 times higher than that with the FAC technique.

Table IV shows the comparison of output parameters in pre-
vious literature, which mainly focuses on the pulse generator’s
high repetition and voltage amplitude performance. In order to
evaluate the output performance of the pulse generator combined
with repetition rate and amplitude, a factor & is defined

k=f-U?/R (14)

where U, is the peak voltage of the output pulse, f is the
pulse repetition, and R is the load impedance. The k factor
of the pulse generator can be greatly extended by adopting
the TPIC technique. These experimental results show that the
heat dissipation capacity has greatly improved by applying the
TPIC technique to the avalanche transistor pulse generator. High
output amplitude and high repetition rate are obtained, and
reliable long-term operation can be acquired due to the effective
temperature controlling of the components.

V. DISCUSSION

A. Two-Phase Immersion Cooling Process and the Desirable
Operating Region

When applying a two-phase immersion cooling technique to
the high-power repetitive pulse generator, one of the key factors
is the highest temperature. The “hot spot” that is registered
at a certain point in the package should not exceed the speci-
fied rating value. If the temperature rises above the allowable
value, the reliability of components is threatened. According
to the experiment, the temperature rising characteristics of the
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TABLE IV
COMPARISON OF OUTPUT PARAMETERS OF AVALANCHE TRANSISTORIZED SUBNANOSECOND PULSE GENERATORS

First author Year Pulse width/ns Rise time/ps PRF/kHz Amplitude/kV k/kHz-MW
B. Liang!®! 2005 2 400 1 2.6 0.14
P. Krishnaswamy!* 2007 1.3 800 200 1.1 4.84
X. Yuan®®! 2010 1.6 250 30 2 2.40
Y. Zhangl*! 2017 1.3 400 100 0.366 0.27
M. Gaol'¥ 2019 0.3 160 300 1.1 7.26
C. Lil" 2019 0.35 150 10 3.1 1.8
This work 2021 0.54 180 200 235 22.1
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transistor is dependent on the boiling point and the dissipation
power. Thus, it is necessary to determine the correspondence
between the coolant state, phase change process, and heat
flux density.

The phase change process of the dielectric liquid is closely
related to the bubble formation and transition process. Fig. 13
shows the photographs of nucleate boiling of FC-72 on the pulse
generator under different repetition rates from 60 to 220 kHz.
At 60 kHz, the bubbles nucleation occurs at a few isolated sites
on the avalanche transistor surface. Increasing the surface heat
flux increases the number of active sites for bubbles nucleation
and the population of the growing bubbles on the surface. It
also increases the coalescence of the departing and growing
bubbles at and near the surface. Following boiling incipience,
the nucleate boiling heat transfer rate increases with increased
heat flux.

With the operating frequency increased to 220 kHz, it shows
that the number of vapor bubbles growing and departing from the
surface increases. Large bubbles also develop and release from
the surface of charging resistors. While the induced mixing in
the boundary layer by the rising and detaching vapor bubbles
increases the nucleate boiling heat transfer rate, the added resis-
tance due to vapor accumulation in the boundary layer increases
the surface temperature. This decreases the nucleate boiling heat
transfer coefficient and increases the boiling thermal resistance.

difference between the top surface of the transistor and the ambient fluid
temperature.

After film boiling is established, very high heat transfer coef-
ficients can be reached [29]. The analysis above indicates that
the desired operating region for the avalanche transistor circuit
lies in the region where the heat flux can be effectively removed
with the bubbles with a moderate temperature increase.
According to the traditional theory, the phase change process
mainly consists of five stages: natural convection, the discrete
bubble nucleate boiling, the fully developed nucleate boiling,
the bubble coalescence nucleates boiling region, and finally
ending with CHF [29]. The desirable operating points are far
enough from the CHF (near the end of Region II), where the
maximum nucleate boiling heat transfer /,,,q occurs. Based
on the measurement results of the surface temperature, the
heat flux as a function of the surface superheat (temperature
difference between avalanche transistor surface and coolant) is
calculated and shown in Fig. 14. In addition, the typical pool
boiling curve of dielectric liquids is illustrated in Fig. 14 as a
subplot [29], [34]. It indicates that the discrete bubble nucleate
boiling mainly develops when the heat flux is lower than 10
W/cm?, corresponding to a repetition frequency of 100 kHz.
As the heat flux increases, it steps into Region II, and the
temperature difference only changes within a small range. The
maximum nucleate boiling heat transfer coefficient iynp shows
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with different coolant.

up when the surface superheats nearly increases to 40 °C, and
the corresponding heat flux is 27.1 W/cm?. If the repetition
rate is increased further, the surface superheats rapidly, and the
CHF occurs. The measurement results of nucleate boiling of
FC-72 on plane cooper are plotted in Fig. 14 [34]. It shows
a similar tendency on the transition of the different boiling
stages but a little difference in heat flux and corresponding
surface temperature. The measured transition from coalescence
nucleate boiling to CHF is much more abrupt than the reference
curve. That is because of the different conditions of the surface
roughness, material, and inclination of the heat source.

While the bubble formation and transit process are dependent
on the properties of the liquid coolant, the optimal working
condition of the pulse generator with different coolants needs
to be further determined experimentally. The heat flux curves of
different cooling methods are compared and shown in Fig. 15.
With Novec 7200, the avalanche transistor pulse generator ob-
tained the widest frequency variation working area ranging from
20 to 300 kHz, and the maximum temperature can be effectively
controlled at around 83 °C, slightly higher than the Novec 7200
boiling temperature 7}, 76 °C. The approximately linear heat
flux curves of Novec 7500 and Novec 7300 indicate that it only
consists of natural convection and discrete bubble boiling stage.
This is because the Novec 7300 and the Novec 7500 have a
relatively high boiling temperature, making the heat flux needed
to reach the full nuclear boiling stage too high for avalanche
transistors. The advantage of the phase change cooling was not
fully utilized for these coolants. The saturation boiling curves of
FC-72,Novec 7100, and Novec 7200 flip over at a temperature of
less than 30 °C. At higher temperature, the nucleate boiling heat
fluxes for FC-72 becomes slightly higher than Novec 7100, while
much higher than Novec 7200. While the temperature further
increased, the active nucleation sites density increases (as shown
in Fig. 13), lateral coalescence of the growing bubbles decrease
the departure frequency, decreasing the difference between the
maximum nucleate boiling heat fluxes of FC-72 and Novec 7100.
Compared with FC-72 and Novec 7100, Novec 7200 is a better
choice for high repetition rate application avalanche transistor
pulse generators. The maximum repetition rate as high as 300
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Fig. 16.  Schematic of the equivalent heat resistance model.

kHz can be achieved within the allowable temperature range for
operation. The measured heat flux at maximum nucleate boiling
heat transfer point can provide the guidelines for the thermal
design of TPIC with different dielectric fluids.

B. Estimation of the Heat Resistance Under Different Cooling
Method

Fig. 16 shows the thermal resistances model of the avalanche
transistor in the heat path from junction to ambient. The total
thermal resistance between avalanche transistor to the ambient
Ry, consists of the thermal resistance between junction to the
case Ryj. and Ry, that between the case and ambient which
includes transistor top side case and coolant Ry .; and the thermal
resistance between coolant to the ambient Ry, expressed as

Ryja = Rojc + Roca (15)
T. — T,

Reca = T (16)

T, =T — Rgje x P (17)

where Tj, Tc, and T, represents the junction temperature, case
temperature, and ambient temperature, respectively.

The junction temperature must be kept below its maximum
rated value by the manufacturer, typically between 125 and
175 °C for Silicon power devices. Based on the datasheet,
the safe operating temperature of the avalanche transistor is
generally below 150 °C. Due to the existence of the package case,
it is impractical to measure the junction temperature directly.
We found that thermal destruction always occurred during the
experiment when the case temperature was higher than 95 °C.
Thus, we can approximately estimate the thermal resistance of
the avalanche transistor with FAC, as shown in (16) and (17)

T, — T,/ 150°C — 95°C

RgicFAC = =220(°C/W
0 Proox 250mW (CC/w)
(18)
Ro5AY = Rpl A9 — RpEAC ~ 291(°C/W) (19)

where T..FAC is the top case temperature at a maximum allowable
repetition rate of 80 kHz under FAC. It shows that the thermal
resistance between the case and ambient is higher than that
between junction to case. According to Mohamed et al. [23],
the external thermal resistance is about two/third of the total
thermal resistance in transistors with the SOT-23 package. It
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TPIC under different power dissipation.

implies that the external resistance Ry ., is the determining factor
in the thermal behavior of the avalanche transistors. Based on the
measured temperature, the thermal resistance between the case
and ambient Ry, with different cooling techniques is plotted
against the repetition rate and power dissipation in Fig. 17.

As shown in Fig. 17, the thermal resistance under different
cooling methods shows obvious differences. With operating
frequency increases, the thermal resistance Roea™C continues
increasing from 175.72 to 291.53 °C/W. Under the high heat
flux condition, the FAC technique is incapable of transferring
the heat from the transistor surface effectively.

The thermal resistance Rpc, T'C is much lower than the
Ro.."AC. With the repetition rate increases from 20 to 60 kHz,
the Rgca T increases from 143.77 to 191.69 °C/W. As the
oil temperature increases, the viscosity and density decrease. It
strengthens the natural convection in the liquid, and the thermal
resistance remains almost unchanged. However, SPIC is still
difficult to meet the heat dissipation requirements under high
heat flux density. The maximum repetition rate is limited to 100
kHz.

Compared with the FAC and SPIC techniques, the thermal
tendency of TPIC shows a different tendency with the increasing
frequency and power dissipation. For FC-72, the equivalent
thermal resistance Rg., 7% slightly reduced from 159.74 to
149.09 °C/W with the power dissipation ranged between 60
and 188 mW. Then it decreased from 149.09 to 62.75 °C/W
contributing to the phase change of the coolant. These “negative
thermal resistance” characteristics of the Rge, "'C are of great
significance for controlling the temperature rise of devices under
high heat flux density. Among the several dielectric liquids,
the Novec 7000 has the lowest thermal resistance, while the
relatively low boiling temperature limits the further increase of
heat flux.

In addition, it is worth noting that the inner pressure of the
vessel will increase due to the coolant vaporization, which leads
to a higher thermal resistance Ry, ''C. The increased pressure
could drive the boiling point of the coolant up, and it reduces
the heat transfer efficiency in the nucleate boiling state. It is not
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favorable for heat transfer. Therefore, the effective condensation
of the vapor inside the vessel is important. While the coolant
condensation depends on the temperature difference between the
vapor and vessel wall, it could be limited when the temperature
of the vessel is close to the boiling point of the coolant. In order
to avoid the overheat of the vessel, the operation time of the
pulse generator was no longer than 180 s, and a fan cooled the
aluminum vessel in the experiment. However, the inner pressure
of the vessel has not been obtained since the limitation of the
pressure measurement device. While according to the tempera-
ture curves, the steady temperature of the avalanche transistor
is almost constant at the nucleate boiling stage. Moreover, the
voltage waveform shows no change. It indicates that the increase
of the inner pressure has little influence on the output parameters
in the experiment. The pressure changes inside the vessel in the
TPIC and their influence on the thermal resistance are needed
further investigation.

Based on the experiment results, we can see that the two-
phase immersion cooling technique has the advantage in heat
management of the avalanche transistors-based pulse generator.
With the TPIC technique, the temperature rise can be effectively
controlled, and a more even temperature distribution can be
achieved. The thermal resistance between the avalanche tran-
sistor case and ambient can be reduced by nearly five times
compared with the FAC technique. Moreover, the maximum al-
lowable operation rate of the pulse generator has been improved
significantly from 80 to 250 kHz. Accordingly, the experiments
showed that the avalanche transistor rating power increases from
330 to 876 mW when a two-phase change cooling technique is
used.

C. Limitation of the TPIC

Generally, the application of two-phase immersion cooling on
the high voltage avalanche transistor pulse generator achieves
significant advantages when compared to the FAC and single-
phase cooling: much higher allowable repetition rate, higher
heat transfer efficiency, and output stability. At the same time,
additional considerations should be taken into account. One
of the disadvantages when utilizing TPIC is the complexity of
the two-phase system. More effective condensers and recycling
systems are required for the generators to ensure efficient cooling
and avoid the CHF. It will result in expensive and bulky systems.
In addition, the cost of the dielectric liquid is much higher
than the oil used in SPIC, which could be unbearable for the
pulse generator that the huge coolant vessel and a large amount
of coolant are needed. Hydrofluorocarbon and perfluorocarbon
systems are prone to leakage and resultant global warming emis-
sions. Special attention should be paid to storage, transferring,
and recycling. Moreover, the dielectric liquid with a low GWP
value, low dielectric constant, and proper boiling temperature
for the TPIC technique should be further investigated.

VI. CONCLUSION

In high power and high repetition avalanche transistors-based
pulse generator systems, thermal management could signifi-
cantly impact the overall performance. Due to the small package
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of the components, high heat flux density, inhomogeneous tem-
perature distribution, and fast transient heating process of the
pulse circuit, it is of great challenge to develop a compatible
and effective cooling system. Therefore, in this article, a TPIC
technique with dielectric liquids is applied to a typical avalanche
transistor pulse generator, and great improvement of output
performance including time-base jitter, voltage amplitude jitter,
and maximum repetition rate has been achieved.

1)

2)

3)

4)

5)

A simplified calculation model has been developed for the
estimation of power dissipation under different frequen-
cies. The calculated maximum repetition rate is less than
100 kHz without the cooling system applied, which fits
well with the experimental results (f;,ax = 80 kHz). The
increasing ambient temperature will induce the derating
of rated power dissipation of the avalanche transistor, and
the heat accumulation finally leads to thermal destruction.
Forced air convection, single-phase immersion with min-
eral oil, and two-phase change immersion are applied to
the pulse circuits and thoroughly compared. The exper-
iments demonstrate that for the TPIC system, the maxi-
mum transistor top surface temperatures are kept below
the temperature obtained in FAC, SPIC cooled system
under the same operating conditions. It offers the possi-
bility to operate the pulse generator at a higher repetition
rate.

TPIC shows an advantage in controlling the steady temper-
ature, reducing the time base jitter and voltage amplitude
jitter. It can also provide a more even temperature distribu-
tion. With TPIC applied (FC-72), the maximum repetition
rate is extended to 260 kHz, compared with the FAC of
80 kHz, TPIC of 100 kHz. Under the repetition rate of 80
kHz, the time base jitter can be reduced by 72% compared
with FAC.

Several dielectric fluids with different properties have
been tested with the pulse generator, including 3M Novec
7000, Novec 7100, Novec 7200, Novec 7300, Novec
7500, and FC-72. The Novec 7200 has superiority in the
maximum frequency, which could reach 300 kHz at a
steady temperature of 84 °C. The dielectric fluids with
lower boiling temperatures have the advantage of reducing
time-base jitter and voltage amplitude jitter. Due to the
dielectric loss, the output amplitude is lower when TPIC
is applied. The FC-72is selected and tested for its balanced
performance. The pulse generator with the TPIC technique
could achieve output parameters with a peak voltage of
2350 V, arise time of 180 ps, and the FWHM of 530 ps.
It can work stably at 200 kHz for more than 30 min.

The desirable operating point of the TPIC is near the end
of the fully nucleate boiling region, where the maximum
nucleate boiling heat transfer A,,,q occurs. The thermal
resistance between the transistor case and ambient under
different conditions is calculated. The results show that
the TPIC can significantly reduce the thermal resistance
under a high repetition rate and increase avalanche tran-
sistor rating power from 330 to 876 mW. The two-phase
change cooling technique offers an attractive solution for
the design of high-voltage and high-frequency avalanche
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