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Fabrication and Flyer Driving Capability Characterisation of an Integrated Exploding
Foil Initiator

FANG Kuang, CHEN Qing-chou, FU Qiu-bo, WANG Yao
(Institute of Chemical Materials, China Academy of Engineering Physics, Mianyang 621999, China)

Abstract: An integrated exploding foil initiator( EFI) based on a parylene-C flyer and Su8 photo-resist barrel was fabricated using magnetron sputte-
ring, photolithography, and chemical vapor deposition(CVD). The effect of structure parameters of exploding foil, flyer and barrel on the loading
capability of flyer was investigated by photonic Doppler. Results show that under the conditions of initiation voltage 2.6 kV, capacitance 0.2 pF,
and discharge duration 1.2 ps, through the test, finding that the change of part of materials for EFl caused by integrated fabricating dose not signifi-
cantly influence the loading capability of flyer. The EFI’s driving process of parylene-C and polyimide flyer with identical dimension are similar to

each other. The flyer driving capability of integrated EFl was consistent with that of classic EFl with same structure parameters. The HNS-IV can suc-

cessfully be detonated by the integrated EFI.
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1 Introduction

Miniaturization and integration are the promising uptrends
for the development of exploding foil initiator to satisfy the reli-
ability, compaction, and energy-efficient requirement of the initi-
ation system for the next generation weapons''’. With the pros-
perity of semiconductor industry, some classic micro-electronic
techniques have been utilized for the fabrication of highly inte-
grated exploding foil initiators (EFI).

" have

John H. Henderson and Thomas A. Baginski'2
brought out two novel silicon substrate slapper detonators,
which are fabricated by conventional microelectronic tech-
niques, the EFl components are all manufactured in a cavity on
the silicon substrate, while the bow-tie foil is obtained by the
selective metal deposition or the ion diffusion. O’Brien D W,
Druce R L, et al”®’, fabricated a integrated EFI by just the film
deposition technique. And Amish Desai et al™’ | integrated the
foil bridge, flyer, and barrel on the same substrate by deposi-
tion and photolithography technique. In addition, in 2007,
the LLNL proposed a three year project to develop the rapid
prototyping technique for the highly integrated chip slapper

detonator. Solventless vapor deposition, femtosecond laser,
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and photolithography technique have been applied to realize
the rapid prototyping of integrated slapper detonator™’.

The micro-electronic technique has brought in some new
material for the fabrication of integrated EFl such as silicon,
photoresist, polyimide film and so on. While there is barely
any report about the impact on the EFl’'s output performance
caused by this kind of evolution. In the present work, we pro-
posed a novel integrated EFl which was fabricated by the clas-
sic microelectronic technique. For the flyer driving capability
characterization, the photonic doppler velocimetry has been
taken to investigate the impact caused by size of foil, flyer,
barrel, and the material of components on the flyers’ driving
capability. The study in the present work has been compared
to the result of other researchers for a profounder comprehen-

sion of the initiation mechanism of EFI.

2 Fabrication Process

Fig. 1 gives us the fabrication route of the integrated EFI.
To start with, the copper foil was deposited on a ceramic tem-
per by the magnetron sputtering. Then, with the help of photo-
lithography and etching technique, we got the foil bridge. The
sizes ( width xthickness) of metal foil bridges are 0.3 mm x
3 um, 0.3 mmx4 pum, respectively.

The parylene-C flyer was deposited on the foil bridge and
ceramic substrate through the chemical vapor deposition
(CVD) process which could be divided into 3 steps. The 1*
step is the evaporation of the solid dimeric polymer target at

150 °C, with a pressure of 130 Pa. Then it's the splitting de-
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composition process at 680 °C, 160 Pa, and at this step we
would get the activated parylene monomer; Finally, the
parylene monomer will polymerize on the substrate at 25 °C,

10 Pa immediately.

-
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Fig.1 Fabrication process of the integrated EFI

For the fabrication of barrel, the Su-8 photoresist was coa-
ted directly on the parylene-C film. After the development pro-
cedure, we would get the integrated EFI components. The de-

tail of the integrated EFI components was illustrated in Fig.2.

Fig.2 SEM profile of EFI components

3 Experimental Techniques

An EFl system consists of a small capacitor charged by a
high voltage, a switch, an exploding foil bridge, a plastic
disk, a barrel and an explosive pellet. For velocity measure-
ment, the explosive pellet is replaced by the laser probe of
PDV, which could detect the mini flyer and measure the ve-
locity of it. The scheme of the flyer launcher and probe config-

uration is illustrated in Fig.3.

substrate
foil

S flyer
l barrel
© I —— window

probe
output fiber

Fig.3 EFI assembled with a flyer velocity diagnostic probe
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The output fiber was connected to the experimental fix-
ture, as shown in Fig.4. The PDV probe positioned at about
6-10 mm away from the EFl assembly, in addition, there is a
optic glass window between them for the protection of probe

from impact damage.

Fig.4 Picture of EFl assembly on éxperiment platform

After the firing set triggered, the foil bridge exploded im-
mediately. Then the parylene-C film would be sheared to form
a flyer and subsequently accelerated to a high speed. The re-
flection of laser beam by the high speed flyer is collected by
the probe of PDV system and the raw date of beat frequency
signal would be recorded by the oscilloscope. In addition the
Sliding Fast Fourier Transform ( SFFT) is performed to extract
the time resolved beat frequency from the captured signal for
the determination of the flyer velocity.

The PDV system was carried out by reflecting a single-
mode laser beam from a moving surface, and then combining
the reflected beam with a portion of the original beam, which
would produce a beat frequency between the two signals,

related to the velocity by

)‘Iaser
v= 2 fbeal (1)
The original concept of velocity measurement is showed
in Fig.5.
A

laser  — m probe flyer

barrier

}

Fig.5 The constitution of the PDV flyer velocity diagnostic system

4 Analyses and Discussion

4.1 Influences of Components Material on the Flyer Accel-
eration Capability of EFI

In the present work, the bridge width of all the test sam-
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ples are identical 300 wm, and all the tests were conducted in
the same firing set, the capacitance is 0.2 wF, the charging
voltage 2.6 kV and the discharge duration 1.2 ps.

To investigate the influence of components material on the
flyeracceleration capability, we’ ve set 4 test groups, the
parameters were listed in Table 1. The flyers’ acceleration his-

tories have been recorded by the PDV system.

Table 1 The sample parameters of EFI

foil barrel fl

o! arre barrel Xer flyer
sample thickness length . thickness .

material material

/pm /mm pwm
1* 3 0.4 Su8 40 polyimide
2* 3 0.4 Su8 40 parylene-C
3* 3 0.4 Steel 40 polyimide
4% 3 0.4 Steel 40 parylene-C

Fig. 6 gives us the acceleration history comparison of dif-
ferent flyers, Fig. 6a Su8 barrel, Fig. 6b Steel barrel. As it
shown in Fig. 6a, it seems that the flyer acceleration profiles
matched with each other quite well, and for Fig. 6b the veloci-
ty discrepancy is no more than 5% . Though there is a density
divergence between 1.35 g - cm™ of parylene-C flyer and
1.42 g - cm™ of polyimide flyer, the divergence might be ab-
sorbed by the substrate binding force discrepancy between

CVD method and normal assembly process.
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b. Steel barrel
Fig.6 Flyer velocity diagnostic of EFI assemblies with different flyer

material
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As it illustrated in Fig. 6, there isn’t distinct disparity of
flyer acceleration capability between parylene-C and polyim-
ide. Based on this premise, we set another firing test to check
impact of the epoxy based photoresist barrel (Su8) on the fly-
er’s acceleration. Fig.7 gives us the flyer acceleration details
between different barrels, Fig.7a polyimide flyer, and Fig.7b
parylene-C flyer.
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b. parylene-C flyer

Fig.7  Flyer velocity diagnostic of EFl assembled with different barrel material

As it shown in Fig. 7, the EFI with Su8 photoresist barrel
(1%,2") provide us the similar flyer acceleration profile com-
paring with the EFl which is consist of steel barrel (3%, 4").
Though the flyer velocity at the impaction point 0.4 mm is dif-
ferent in Fig.7b, 3454.5 m - s7'(2%) and 3312.9 m - s7'(4%),
the disparity is within 4%. In addition, all the flyers have
reached to 75% of the ultimate velocity in the first 80 ns,
which is consistent with the test result of Chen'®' and the

VISAR diagnostic profile of Hatt!”’.

4.2 Influences of Foil Thickness on the Flyer Acceleration
Capability

To investigate the impact of foil thickness on flyer acceler-
ation capability of integrated EFI, we've set 2 test groups with
different foil thickness, but identical flyer and barrel dimen-
sion. The parameters were listed in Table 2.

The acceleration profiles recorded by the PDV system
were exhibited in Fig. 8, the flyer of sample 1" accelerated

much faster than that of sample 2" at the beginning of accelera-
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tion process, while it has been caught up by the flyer from
sample 2" at the 100 ns from the start point. According to the
same input energy, the thinner foil provides greater energy
density while the thick foil would create more plasma for ac-
celeration relatively. The greater energy density produces a
faster electrical burst and better initial acceleration, while the
larger quantity of plasma provides a more continuous accelera-
tion. The combination of these factors could lead to the phe-

nomena that exhibited in the Fig. 8.

Table 2 The sample parameters of EFI foil thickness test

foil barrel flyer
. barrel . flyer
sample thickness length terial thickness il
Jum mm materia um materia
1* 3 0.4 Su8 25 parylene-C
2# 4 0.4 Su8 25 parylene-C
5000+
4000- | g
"o 3000 f
= &
= 20004 g
3 e
2 1000+ (ggﬁk/
_.J —=—3um(1%)
04 —o—4 um (2%)
-1000 r T )
800 900 1000 1100 1200

time / ns
Fig.8 The accleration profile of flyers driven by exploding foil with

different thickness

To investigate the velocity at impact point (the velocity at
the barrel exit) during the flyers’ flight, the flyer velocity-
distance profile could be obtained from the integral of velocity-
time history in Fig.8.

As it illustrated in Fig.9, The flyers’ velocity at the impact
s (1*) and

4129 m - s7' (2%), the divergence of them is merely about

point (0. 4 mm) are respectively 3906 m -

5% , which is consistent with the tests conducted by Jun-Sik

Hwang, that the mean firing energy stays in a comparative

level, when the foil thickness range from 3 pm to 6 um'™’.
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Fig.9 The velocity-displacement profile of EFI assembled with differ-
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4.3 Influences of Barrel Length on the Flyer Acceleration
Capability

The velocity at the impact point is one of the key factors
for the initiation, and the impact point of flyer’s flight is deter-
mined by the length of barrel.  An unusual phenomenon was
found that the mean threshold voltage of EFls increases about
18% as the barrel length extends from 0.2 mm to 0.4 mm'’’.
For the investigation of flyers’ acceleration process in these two
kinds of barrel, we've set another test for the flyer velocity

PDV diagnostic; the parameters are listed in Table 3.

Table 3 The sample parameters of EFI barrel length test

foil barrel flyer

barrel flyer
sample thickness length . thickness 4 .
material material
/pm /mm /pm
1* 4 0.2 Su8 25 parylene-C
2# 4 0.4 Su8 25 parylene-C

The result of the PDV diagnostic is illustrated in Fig. 10,
which shows that there isn’t any distinct divergence between
the velocity profile of sample 1% and 2. The flyer velocity at
the flight distance of 0.2 mm could reach to 92% (1*) and
88% (2") of the ultimate velocity detected, which is consist-

ent with the velocity profile of Chow!"’

, The velocity at the
impact point of 17(0.2 mm) and 2%(0.4 mm) are respectively
3790 m - s (1%) and 4129 m - s (2%). With the barrel
length extend from 0.2 mm to 0.4 mm; the velocity at impact

point has increased about 9% .
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Fig.10 The velocity-displacement profile of EFI assembled with differ-

ent barrel length

As it shown in Fig. 10 that the velocity at the impact point
indeed increased as the barrel length extended, which could
deduced that the increasing of the mean threshold voltage
should not own to the flyer velocity.

Actually, other factors may also associate with the flyer
initiation energy, such as impact angle, impact area, and im-
pact duration. After the vaporization of metal bridge, the
flyer's driving pressure decreases sharply from the peak to a

relatively low level. Under the influence of the driving pres-
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sure transition, the flyer pose would get worse as barrel length
extends. The flyer might incline as the flight distance extended,
which would cause a larger contact angle and smaller interface of
impact, and consequently enlarge the initiation energy because of
diameter effect. In addition the ablation of hot plasma will in-
crease synchronally as barrel length increase from 0.2 mm to
0.4 mm, which will leads to the cripple of flyer’s impact dura-
tion, and meanwhile enlarge the initiation energy. Although the
flyer velocity at 0.4 mm is higher than the one at 0.2 mm, the
combination of the other adverse factors may lead to the increas-
ing of mean threshold voltage™ . The influencing proportion of

those ingredients needs more profound research.

4.4 Influences of Flyer Thickness

The effect of flyer thickness on the flyer acceleration has
also been investigated by the PDV diagnostic system. The test
samples were set with different flyer thickness but the other pa-
rameters are identical as listed in Table 4.

As it illustrated in Fig.11a, the flyer of sample 1" acceler-

ates much faster than that of 2%, the maximum of flyer velocity

Table 4 The sample parameters of EFI flyer thickness test

foil barrel flyer
. barrel . flyer
sample thickness length . thickness .
material material
/pm /mm pm
1" 4 0.4 Su8 25 parylene-C
2# 4 0.4 Su8 40 parylene-C
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72 3000 (ADABOABEE
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Fig.11  Flyer velocity diagnostic of EFl assembled with different flyer
thickness
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s” and 3164 m - s7".
as it exhibited in Fig. 11b, in the first 0.2 mm, the flyer veloc-
s (1%), and 2793 m - s7'(2%),
the velocity of flyer 25 pum is 36% higher than that of flyer

are respectively 4273 m - In addition,

ity could reach to 3791 m -

40 wm, while at the impact point 0.4 mm, the increment de-
crease to 30%.

The phenomena reveal that the thicker flyer lacks the abil-
ity of fast acceleration and thereby needs a longer barrel to ob-
tain a higher velocity relatively. For the thin flyer, the velocity
is able to reach the maximum in a short distance. While con-
sidering the ablation of hot plasma, a longer barrel doesn’t

necessarily guarantee better flyer acceleration.

4.5 The Firing Test of HNS-IV

For the detonation capability evaluation, the integrated EFI
was assembled with the HNS-IV, as illustrated in Fig. 12. The
firing condition was listed in Table 5. The dimension of the pel-
let is @4 mmx4 mm, the density is 1.58 g - cm™. The function

time was detected by the probe attached to the explosive.

Table 5 The firing condition for the detonation of HNS-IV

voltage barrel flyer function time
sample . .
/V material material /ws
1* 2700 Su8 Parylene-C 1.00
2# 2700 Su8 Parylene-C 1.06
3# 2100 Su8 Parylene-C -

substrate
foil

flyer
barrel

i

probe

S~

Fig.12 Firing test of integrated EFI

As listed in table 5, the integrated EFI could successfully
detonate the HNS-IV with a firing voltage above 2700 V, the
function time is around 1.00 ps, which is 0.1 ps higher than
that of the conventional EFI with a polyimide flyer, the reason
for this phenomenon, might due to substrate bonding force di-
vergence caused by the different fabrication process of
parylene-C and polyimide flyer, while the profounder explana-

tion need further research.

5 Conclusions

In the present work, we proposed the fabrication process of

an integrated EFl which was effective for the detonation of HNS-
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IV. And for the flyer driving capability characterization, the PDV
diagnostics have been applied to record the flyer acceleration his-
tory. The impacts of foil thickness, barrel length, flyer thickness,
and components material have been investigated through the flyer
acceleration profile. The results indicated that:

(1) For the investigation of flyer driving capability of the
integrated EFI, there isn’t distinct divergence of the overall
flyer acceleration effect between the test sample with a foil
thickness of 3 wm and 4 um. While due to the greater energy
density the sample with a foil thickness of 3 wm, indeed, pro-
vide better acceleration capability in the initial part of the
flyer’s flight.

(2) The longer barrel will provide more space for the
flyer acceleration to reach a higher speed before the impact
point; meanwhile it will also provide more opportunity for the
cripple of the flyer’s impact pose, which may lead to the in-
crease of the mean threshold voltage.

(3) The thicker flyer lacks the ability of fast acceleration
and thereby needs a longer barrel to obtain a higher velocity
relatively. While for the thinner one, the velocity is able to
reach the maximum in a shorter distance. Thus, considering
the ablation of hot plasma, a longer barrel won’t guarantee
better flyer acceleration.

(4) The fabrication process of the integrated EFI in the
present work is quite different from the classic one, but their
overall flyer driving capabilities are similar to each other.

- of

Though there is a density divergence between 1.35 g - cm
parylene-C flyer and 1.42 g - cm™ of polyimide flyer, it might
be absorbed by the substrate binding force discrepancy be-
tween CVD method and normal assembly process. In addi-
tion, comparing with steel barrel, the Su8 photoresist barrel
could also fully competent for the flyer acceleration under the

influence of foil’s electrical exploding.
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