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The Dragon-I injector based on the induction voltage adder technique is introduced. Twelve ferrite
loaded induction cells are connected in a series through central conducting stalks to achieve a pulsed
voltage higher than 3.5 MV across the diode. Electrons are extracted from the velvet emitter and guided
through the anode pipe by the magnets placed inside the cathode and anode shrouds. Measurements at the
exit of injector show that, with an electric field of 200 kV/cm near the velvet surface and suitable
magnetic field distribution, an electron beam up to 2.8 kA can be obtained with a normalized emittance of
10407 mm mrad, and energy spread of 2.1% (30) around the central energy of 3.5 MeV.
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L. INTRODUCTION

The induction voltage adder (IVA) technique is a method
of connecting induction cells in series by a central metal
cylinder so that their voltages are added. The summed
voltages are enclosed with a slightly larger radius, gener-
ally the bore of cells. The IVA technique is widely used in
high current accelerators and pulsed-power facilities [1].

Most linear induction accelerator (LLIA) injectors are
based on the IVA technique, such as those of Flash X-ray
Radiography (FXR) [2] and Advanced Test Accelerator
(ATA) [3] at LLNL, and Linear Induction Accelerator X-
ray Facility (LIAXF) [4] at CAEP, China. Normally, the
energy of the output electron beam of this type of injector
is below 2.5 MeV, mainly limited by the cantilever sup-
porting the cathode and the anode, and by the high voltage
insulation design as well, since serious sag of the longer
central conducting stalk resulting from higher energy will
degrade the property of the injector, and practical design is
hampered by the larger radius needed to enclose the higher
summed voltage at the same time.

In recent years diodes directly powered by the pulsed
forming line (PFL) have come into operation at relatively
higher voltage, like injectors of DARHT-I [5] at LANL and
AIRIX [6] in France, and their cathodes are supported by
radial insulators.

In the Dragon-I injector, radial insulators are installed in
place of the cantilever, and some newly developed tech-
niques are introduced. As we will show, the Dragon-I
injector’s operating energy is increased to 3.5 MeV while
the beam properties are improved at the same time.

II. OVERVIEW OF THE INJECTOR

The Dragon-I accelerator is a 20 MeV, 2.5 kA, 90 ns
(FWHM) LIA operating in single pulse mode [7]. The
output electron beam from the accelerator is expected to
be focused to a spot size less than 1.5 mm (FWHM), which
requires the output beams from the injector to have a
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normalized emittance of 10007 mm mrad and an energy
spread of 2%.

Figure 1 is a block diagram of the Dragon-I injector
configuration that utilizes the IVA architecture. Seven up-
stream induction cells and 5 downstream induction cells to
the diode are connected in series, respectively, by conduct-
ing stalks. A 3.5 MV pulse that lasts for approximately
90 ns (FWHM) can be generated across the cathode-anode
gap. When the gap is set at 170 mm, an electron beam of
3.4 kA can be extracted from the velvet emitter of 70 mm in
diameter.

The injector is set on an adjustable platform with 3
degrees of freedom for precision alignment [8]. Using the
pulse-wire method [9], the offset of the magnetic axis from
the mechanic axis of the injector was minimized to less
than 0.2 mm, and the tilt less than 5 mrad.

The power supply units for the injector section take
nearly the same design as those used to power the accel-
erating section of the Dragon-I accelerator [7]. A typical
pulsed-power module is shown in Fig. 2. The injector uses
2 Marx generators and 12 Blumlein PFLs. The Blumlein
PFLs are 45 ns in electric length and can be charged to
250 kV in about 3.5 ws by the Marx generator. Each
induction cell is fed by one Blumlein PFL through two
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FIG. 1. (Color) Scheme of the injector of Dragon-I accelerator.
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FIG. 2. (Color) Single module prototype of the pulsed-power
system.
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24 ), 400 kV coaxial cables, which are impedance
matched to the 12 ) Blumlein PFL. The inductive pulse
voltage can be obtained across each induction gap accord-
ing to Eq. (1),

_2Vp(ZellZelZy)

Ve = B EPIECIOL]
€ Zp+ ZAlZAlz,

)]
where V. (300 kV) represents the inductive voltage, Vjp
and Zp are the output voltage and impedance from
Blumlein, respectively, Z- (80 () is the ballast resistor,
Zr = 180 () is the resistance of the cell filled with ferrite,
and Z; = 100 Q is the load impedance.

Figure 3 is the electrical schematic of the injector for the
cathode side.

III. DIODE DESIGN
A. Operating voltage

Because of the space charge effect, the emittance of the
low-energy, high intensity electron beam increases remark-
ably inside the injector. To decrease the space change

Wil = 250KV

effect, the operating voltage across the diode is increased
to effectively shorten the drift time at low energy.

The dependence of emittance on energy was derived by
Caporaso [10], and it might be simplified as follows:

enr = &t 1p/BY, 2)

where ¢g,,; is the initial normalized root mean square (rms)
electron beam emittance, and Enf is the rms emittance at
the injector exit and defined as

&n = ,B’)’R(Ui - R/Z - LZ/RZ) (3)

In Eq. (3), R is the rms radius, R’ is the velocity of the rms
radius, v, is the rms transverse velocity, and L is the
mechanical angular momentum of the beam. 8 = v /c,
where v is the longitudinal velocity, and ¢ =3 X
108 m/s, vy = (1 — B2)~1/2 refers to the energy as usual.
7 p is mainly related to the beam profile and determined by
space charge effect. It is positive because a beam always
evolves from an initial flat profile to a Gaussian distribu-
tion, so the increase of the emittance will be inversely
proportional to “B7y” [the second term on the right-hand
side of Eq. (2)], as shown in Eq. (4):

Aeq = mp/yJy’ — L. (4)

As shown in Fig. 4, that in the lower energy region the
emittance growth will decrease rapidly with energy as
voltage increases, however there is no need to get higher
energy, since Ag,? reduces to less than 0.02 * 1p when y
increases from 7 to 8. Furthermore, the beam is dominated
by emittance after vy rises to a relatively high value. That is
the reason why we choose 3.5 MV as the operating voltage
applied to the diode.
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FIG. 3. (Color) Electrical schematic diagram of the injector (cathode side).
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FIG. 4. Dependency of emittance evolution on energy.

B. Diode configuration

The configuration of the diode and the simulated electric
field map are shown in Fig. 5.

Large flat diode electrodes of 150 mm in radius were
chosen to optimize the electric field distribution in the
diode zone. The radius of the anode aperture was optimized
to be 60 mm according to numerical simulation, while
100 mm downstream from the anode electrode the radius
of the anode pipe increases to 80 mm to accommodate the
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FIG. 5. (Color) Drawing of the configuration (top) and electric
field map (bottom) of the diode.

E_field distribution 0.7 mm from velvet

23000 r
20000
—
?: 15000 r
"al Ll --: Without foll  (lower)
=

5000 --: With foil (upper)
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30

Radiug (nun)

FIG. 6. (Color) The effect of anode foil on the field distribution
near emitter surface.

increasing beam envelope. The cathode-to-anode (AK) gap
is adjustable from 150 to 175 mm, and this large AK gap
helps to weaken the effect of the anode aperture on the field
distribution near the emitter surface, so that a foilless
anode is acceptable. The difference of the simulated field
distribution between diodes with and without foil is shown
in Fig. 6, and it verified the above conclusion.

Since the uniformity of the field distribution across the
diode is of high importance, a foil was placed in the front of
the anode aperture in former injectors, such as those of
FXR and LIAXF. But the lifetime of a normal foil is less
than 100 shots, and in addition the foil scatters and focuses
the particles passing through, leading to beam quality
degradation.

Velvet cloth was chosen as the emitting material due to
its uniform emission and relatively low electric field
threshold for high intensity emission with high brightness
[11].

A recessed cathode structure was adopted with the cath-
ode surface of 67.5° around the emitting material, like
Pierce cathode [12], as shown in Fig. 5. The radial electric
field created by this recessed structure will balance the
outward expansion of emitted electron beam due to the
space charge effect. The recess depth of the flat cathode
surface, “d” in Fig. 5, is an important parameter which
determines the effectiveness of such structure. The best
value is 6 mm, which was demonstrated in the simulation
of beam dynamics with the angle maintained as the depth
varying, as shown in Table I, where the emittance is
acquired at the exit of the injector.

TABLE I. Normalized emittance relative to different recess
depths of the emitter (Vag = 3.6 MV; D = 170 mm).

Recess depth (mm) 0 2 4 6 8
4000 2800 1400 1000 2000

Normalized emittance
(Simulated, 77 mm mrad)
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There are 3 peak points labeled @, @, and ® in the diode
zone in Fig. 5, and the corresponding electric fields are
273, 281, and 350 kV/cm when the cathode-anode gap is
170 mm, and the diode voltage is 3.6 MV. Because of fine
surface buffing, unwanted electron emission from the me-
tallic surface of the cathode is negligible.

IV. INDUCTION CELL

Induction cells of the injector were modified from those
of the accelerating section [13], with new features added to
achieve better high voltage performance.

The electric pressure inside the induction cell adjacent to
the cathode is the highest where high voltage up to 2.1 MV
is applied, and its configuration reveals some basic ap-
proaches in the cell design.

The inner diameter of bore of the induction cell, D, and
the outer diameter of the central conducting stalk, Dy,
should follow the optimum principle, D,/D, =e =
2.7183. When D,, is 490 mm, D, should be 180 mm to
damp the peak field below an experiential critical value,
225 kV/cm.

On account of the impedance matching between neigh-
boring section of coaxial lines which are mainly composed
of bore of the cell and the stepped stalk, D; was modified
from the optimum value and fixed at 129 mm.

The width of the induction gap as shown in Fig. 7 was
optimized to obtain desired field distribution, and 38 mm
was taken finally. Furthermore, the inner diameter of the
cover board of the induction gap was enlarged to 530 mm
to depress the peak electric field along the conducting
stalk.

In order to achieve high voltage performance, in addi-
tion to surface polishing, the cells are filled with insulating
oil with relative permittivity of 2.3. Simulation of the final
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design shows that the peak field along the conducting stalk
is 213.4 kV/cm, and that around the induction gap is
171.3 kV/cm.

All the cells took nearly the same design except for the
cover board, and their dimensions are shown in Fig. 7.

Because transportation magnets were added inside the
ferrite torroids, the bore diameter of cells downstream to
the anode was reduced to 412 mm. The simulated peak
field strength is 198.5 kV/cm along the anode stalk, and
180.7 kV/cm near the induction gap, when the applied
voltage is 1.5 MV between the bore and the stalk.

Thirteen ferrite torroids are placed inside each cell to
generate an inductive voltage pulse of 300 kV, 90 ns. The
ferrite torroid is probably the largest one-piece torroid in
dimension in the world, and was manufactured in Jiuyuan
Plant of magnetic material, Science city of Sichuan
Province [14], with 510 mm inner diameter, 800 mm outer
diameter, thickness of 23 mm, and flux swing larger than
072 T.

V. MAGNETIC GUIDING SYSTEM IN THE DIODE
ZONE

The beam transportation system includes 5 magnets in-
side the anode side induction cells and 3 magnets in the
diode zone, including the bucking magnet, the extracting
magnet, and the bridge magnet. Each magnet consists of a
solenoid and a pair of printed board dipole trim magnets
[15] except the bucking magnet where the trim magnet is
absent. The extracting solenoid is divided into two parts to
make it convenient to tune the magnetic field distribution,
as shown in Fig. 8.

Traditionally, the diode magnets are placed outside the
vacuum chamber [2—-4]. The diode of the Dragon-I injector
is inside a chamber with the inner radius up to 1400 mm to
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FIG. 7. (Color) Cut-away view of the cell adjacent to cathode (left) and field distribution along cathode stalk (right).
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FIG. 8. (Color) Scheme of the magnets in the diode zone.

protect the radial insulators from possible high voltage
damage, and this had been a great challenge in designing
magnetic guiding system in the diode zone. It is difficult
not only to manufacture and to align such large and thin
magnets, but to energize them as well.

In order to solve the above-mentioned puzzles, these
magnets are placed inside the cathode and anode shroud,
respectively, as shown in Fig. 8. The 3 solenoids are bifilar
coils [16] wound with insulated, 2.54 mm diameter, copper
wire. The trim magnets are attached to the inner bore of the
solenoids.

These magnets are placed inside an air chamber sealed
from the surrounding vacuum environment. Air chambers
with acute angles and flanges are contained inside field
shaping shells in order to be protected from high voltage
damage.

The path of the magnet leads is of high importance since
the leading wires have to go through the cathode and anode
pipe, and any visible effect on beam transportation is
unacceptable.

A dual-layer anode pipe was put forward as shown in
Fig. 9, and the air-filled interlayer can accommodate the
power feed wires of the extracting and bridge magnets.
Twenty-four wires are divided into 12 couples with oppo-
site currents, and distributed axisymmetrically around the
circumference 30° apart. Simulation shows that the mag-
netic field generated by leading wires in operation condi-
tion is less than 5 X 107> T, only 0.1% of the applied

0O 125mm

0149mm :
) < leading wire (in)

O157mm

o 4
O165mm ~
P

FIG. 9. (Color) Cut-away view of the dual-layer anode pipe.

transportation field, so that the effect of leading wires on
the beam transportation is negligible.

The leading wires of the dipole trim magnets go through
the hollow space in a similar way.

The leading wires of the bucking magnets go through the
hollow cathode stalk directly.

VI. CENTRAL CONDUCTING STALK

The central conducting stalks behave like the inner
conductor of coaxial transmission lines, with the bore of
the induction cell as the outer one.

Voltage pulses input from every gap of the cells are
summed up and transmit along the stalks, and the pulses
will be reflected or pass through at every gap based on the
following rules:

2R
Ua = 52— U (5a)
Rd + Rcell + Ru
R, +R...— R
d cell u U ) (Sb)

Ryt Ry + R, "

where U, represents the incident wave, U, is the reflected
wave, and Uy, is the wave passing through, R, and R, are
the impedances of the coaxial line upstream and down-
stream to the gap, respectively, and

Reen = ZB”ZC”ZF- (6)

Zc, Zp, and Zg are defined as in Eq. (1).
There should be no reflection from downstream when

R, = R; + Reani- @)

On account of the escalating high voltage, matched
conducting stalks were devised as in Fig. 10. In this case
there should be no reflection back to the diode. The im-
pedances of the coaxial line are listed in Tables II and III,
where R = 8.8 ().

To simplify installation, the diameter of the cathode
stalk inside the first cell is different from Table II, and
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FIG. 10. (Color) Matched cathode (above) and anode (below) stalk.

near the gap a copper ring is used to connect the stalk and
bore of the cell.

The anode stalk is a pipe of dual layers. The outer layer
shapes with matched size and its two ends are connected
with the grand potential cover board of the induction cell
and anode shroud. The inner layer protrudes and is con-
nected to the downstream cell and bore of the anode.

In fact the reflection is inevitable since Ry changes in
different excitation phase of ferrite and R, changes with
temperature. In addition it is difficult to match every
section along the transmission path of the pulse.

VII. RADIAL INSULATOR

As mentioned before, the decline of the cathode and
anode will degrade high voltage insulation and beam prop-
erties. The decline results from the following design. First,
the cathode and anode stalk extend to about 3.6 and 3 m,
respectively, as shown in Fig. 10. Furthermore, the cathode
and anode weigh heavily with large flat electrodes, and
with magnets inside.

The radial insulator for the Dragon-I injector is designed
to locate the center of cathode and anode along the me-
chanic axis of the whole system, and its structure and
dimension are shown in Fig. 11.

Each insulator consists of 2 pieces of polymethylmetha-
crylate with a diameter of 1560 mm. The thickness of the
piece, with one surface opposed to oil, is about 100 mm,
and the other is about 200 mm whose vacuum surface is
shaped like a sawtooth, with metal grading rings inserted at
the end of every 45° slope.

Copper sulfate solution was filled between two pieces of
polymethylmethacrylate. The resistance value of the solu-
tion changes linearly with the radius according to Eq. (8) to
homogenize the electric field distribution along the insu-
lators,

Ar

AR = p—, 8
P €))
where AR is the change of the resistor, Ar is the change of
radius, S is the area of the cross section of liquid, and p is
the resistivity. When Ar < r, § = 277r X d, and d is the

width of the liquid layer. So

pAr 1

" 27rAR * r ©)

In addition, when connected in parallel with the diode
impedance the liquid resistor functions to make the diode a
matching load . The diode impedance is about 1 k(), and

TABLE II. Size of the cathode stalk and corresponding impedance of the coaxial line.
Number of the local cell (start from the ground end) 1 2 3 4 5 6 7
Impedance of the coaxial line (£)) 0 8.8 17.6 26.4 352 44 52.8
Diameter of the conducting stalk (mm) 490 392 314 251 201 161 129
TABLE III.  Size of the anode stalk and corresponding impedance of the coaxial line.
Number of the local cell (start from the ground end) 2 3 4 5
Impedance of the coaxial line (£)) 8.8 17.6 26.4 352 44
Diameter of the conducting stalk (mm) 330 264 211 169 136
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FIG. 11. (Color) Structure and dimension of the radial insulator.

the impedances of the transmission line are 52.8 () on the
side of the cathode, and 44 ) on the anode side, as shown
in Tables II and III. The liquid resistor should be about 56
and 46 ) on the side of cathode and anode, respectively. In
this case the current passing through the liquid resistors
will be far higher than the emitting beam current, and the
total power consumption would exceed the capability of
the pulsed-power system, so the liquid resistor is set at
about 10 k() to ensure sufficient emission.

Field simulation of the final design shows that the peak
field is far lower than the surface flash limit. Under the
voltage of 3.6 MV, the peak field strength of the triple
point, of the cathode radial insulator, is 34 kV/cm, and that
of the anode insulator is 20 kV /cm.

VIII. TUNING RESULT

A. Beam current

Since 2003, the injector has experienced more than 2000
shots with high reliability. When operating at 3.5 MV, with

the cathode-anode gap of 170 mm, the emitting electron
beam current reaches 3.4 kA measured with a B-dot placed
in the diode zone. The output beam current is 2.8 kA, 80 ns
(FWHM) measured by the beam position monitor at the
exit of the injector. The corresponding axial magnetic field
distribution is shown in Fig. 12.

B. Emittance

Emittance was measured based on the pepper-pot tech-
nique first [17]. A 1.8 mm thick tantalum plate with an
array of 1 mm diameter holes was used. After passing
through the mask, the electrons drift for 204 mm and
then are intercepted by a piece of thin quartz. Cerenkov
radiation generated from the interaction between quartz
and the electron beam was recorded by a fast frame cam-
era. The mean emittance measured is 14957 mm mrad.

The modified three gradient method (MTGM) [18] was
adopted to improve the precision of measurement since
collimation and penetration of electrons through the above
mask brought additional errors to the result. MTGM is

Radius (m)
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(=

0.075

&
>
[ 5]
n
l
Mag Field (Tesla)

1.0
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2 2.0 2.5
Z ()
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FIG. 12. (Color) Axial magnetic field distribution along the beam axis.
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TABLE IV. Properties of injectors for LIA [19-21].

Accelerator FXRU ATA LIAXF Dragon-I DARHT-I AIRIX

Beam current (kA) ~2.3-3.4 10 6 2.8 ~1.74 ~1.92-3.5
Energy (MeV) 2.5 2.5 1 35 ~2.5-3.75 38
Normalized emittance (77 mm mrad) 3213 2500 s 1040 1200 1165 (3.5 kA)
Drive mode IVA IVA IVA IVA PFL PFL

developed from traditional three gradient method beam
emittance measurement. The dependence of the beam
radius evolution on the focusing current can be fitted by
a curve calculated from the Kapchinskij-Vladimirskij en-
velop equation, and the curve depends on beam radius,
divergence, and beam emittance. From the relation be-
tween the beam radius and the focusing current, an ap-
proximation of the emittance can be obtained by the above
fitting procedure. The measured normalized emittance of
the flattop part of the beam pulse is 104077 mm mrad.

C. Energy spread

Energy spread was measured using a magnetic
spectrometer.

The output electron beam from the injector is bent after
it enters between the poles of a quarter-circular magnet. At
the exit of the magnet electrons are intercepted by a piece
of thin quartz, and Cerenkov light is recorded using a fast
frame camera. The measurement shows that the energy
spread of the flattop part of the beam pulse is 2.1% around
the central energy of 3.5 MeV.

The measured energy spread is higher than expected,
which may be attributed to the multipulse reflection along
the pulse transmission line as mentioned in Sec. VI.

IX. CONCLUSION

The Dragon-I injector might be of the highest energy
among the injectors powered by IVA, and with preferable
beam properties at the same time, as shown in Table I'V.

Injectors of DARHT-I and AIRIX are powered directly
by PFL, and export electron beams with higher energy up
to 4 MeV. Compared to injectors driven by IVA, it is the
most remarkable advantage of the injectors driven by PFL
that the anode is at ground potential, which is convenient
for installation, magnetic, and measurement elements
placement. Furthermore, the relatively short anode pipe
of 2 m is good for beam transportation. However those
driven by PFL are of larger size, the whole injector is as
long as 18 m, with a diameter of 2 m.
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