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Abstract. This paper presents a review of experimental studies on pulsed intense ion beam generation
in self-magnetically insulated diodes with an explosive emission cathode. The experiments were carried
out with the TEMP-4M accelerator operating in double-pulse mode: the first pulse is of negative polarity
(300–500 ns, 100–150 kV), and this is followed by a second pulse of positive polarity (150 ns, 250–300 kV).
The ion beam energy density is 0.5–5 J/cm2 depending on the diode geometry. We have developed a
new spiral geometry of the diode. In a spiral diode it is possible to increase the efficiency from 5–9%
(previously studied diodes) up to 20–25%. We conducted a study on shot-to-shot variation in the ion
beam parameters. It was found that the standard deviation of the energy density does not exceed 11%,
whilst the same variation for ion current density was 20–30%. Focusing properties of an ion beam have
been significantly improved by using a metal shield on the grounded electrode. Use of the shield on the
grounded electrode provides decrease in the beam divergence from 11◦ to 7.5–8◦.

1 Introduction1

The development of advanced materials with preselected2

properties is one of the main goals of materials research.3

Of special interest are electronics, high-temperature and4

superhard materials for various applications, as well as al-5

loys with improved wear, corrosion and mechanical resis-6

tance properties. The energetic charged particle, electron7

and ion beams offer the possibility of modifying the prop-8

erties of the near-surface regions of materials without seri-9

ously affecting their bulk [1,2]. Among these pulsed beam10

techniques, high-intensity pulsed ion beams (PIB) [3–5] of-11

fer some essential advantages over electron or laser pulse12

treatment. Pulsed ion beams with the energy densities 1–13

10 J/cm2 and the duration within 10 ns–1 μs provide14

intense heating and cooling of the near-surface layers of15

irradiated targets with a rate of more than 109 K/s. Typ-16

ical thickness of such a layer is 0.1–10 μm [5]. This allows17

compounds and structures to be realized in surface layers18

which cannot be made by traditional industrial methods.19

Intense ion beams are usually produced using diodes20

with external magnetic insulation or self-magnetic insula-21

tion [6,7]. There are two major problems to overcome for22

the effective production of intense ion beams: (1) suppres-23

sion of the electronic component of diode current and (2)24

the formation of dense plasma (ni > 1014 cm−3) on the25

anode surface.26
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After application of high voltage pulse to the diode 27

and formation of cathode and anode plasma, generation 28

of electron and ion current occurs simultaneously. The ex- 29

pressions for the electron and ion current densities in the 30

planar diode can be defined based on the Child-Langmuir 31

“3/2” law [8]: 32

Je =
4ε0

√
2e

9
√

m

U3/2

d2(t)
= 2.33 × 10−6 U3/2

[d0 − vt]2
(1)

Jion =
4ε0

√
2z

9
√

M

U3/2

[d0 − vt]2
(2)

where ε0 is the permittivity of free space, e and m, z and 33

M are the charge and mass of the electron and ion, respec- 34

tively, U is the voltage across the diode, and d is the diode 35

gap spacing, d0 is the actual distance between the cathode 36

and the anode, and v is the expansion velocity of plasma 37

equations (1) and (2) are correct for non-relativistic volt- 38

ages and cathode dimensions much larger than d0. 39

According to the equations, the largest current density 40

of protons is 2.3% of the electron current density. The den- 41

sity of heavier ions is lower. This means that around 98% 42

of the energy supplied to the diode is wasted in accelerat- 43

ing electrons, rather than ions. 44

In 1973 Sudan and Lovelace [9] first suggested con- 45

structing a pulsed ion diode with applied magnetic insu- 46

lation. The magnetic field causes the electron trajectory 47

to bend (under the Lorentz force) by 90◦ (B > Bcr) as 48

the electrons drift across the electric field in the A-C gap. 49

If the electron transit time in the A-C gap exceeds that 50
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of ions, then the energy consumption to electrons can be1

reduced significantly. With the closed electron drift tra-2

jectory the efficiency of ion beam generation can reach up3

to 90%. This idea was confirmed experimentally in 19764

by Dreike et al. [10]. However, an additional energy source5

for the formation of the magnetic field increases the power6

consumption of the generator. For instance, for a total ion7

beam energy of 80–90 J per pulse, up to 500 J is required8

from the magnetic field source [11]. The efficiency of the9

ion beam generation, taking into account the energy con-10

sumed to form the magnetic field, does not exceed 10–15%.11

In some geometries, the magnetic field provided by cur-12

rent flowing through the cathode, is sufficient to provide13

self magnetic insulation, eliminating the need for an ex-14

ternal source. In 1977, Humphries [12] first suggested the15

construction of an ion diode with self-magnetic insulation.16

A transverse magnetic field is formed in the A-C gap by17

the self-diode current when the current flows through the18

cathode. This significantly simplifies the construction of19

the pulsed ion beam generator, but the efficiency of ion20

current generation in diodes with self-magnetic insulation21

does not exceed 5–10%, which limits their application.22

As for the second problem of plasma formation on the23

anode surface, the surface plasma is generated by a pro-24

cess known as explosive electron emission [13]. In 1980,25

Logachev et al. [14] suggested using this phenomenon for26

formation of dense plasma on the anode surface. They27

developed a bipolar pulse high voltage generator with28

nanosecond pulse duration [15]. The first pulse is used29

for the formation of the explosive-emission plasma on the30

surface of the potential electrode (cathode). The second31

pulse is used for the extraction of ions from the plasma. It32

was recently shown by several authors [16] that the uni-33

formity of the plasma formation of the cathode surface34

and, respectively, the uniformity of the extracted electron35

and ion beam depends strongly on the on the accelerating36

electric field growth rate dE/dt.37

Our studies showed that duration of the formation38

of a uniform plasma layer on the 100–200 cm2 cathode39

surface area is 300–400 ns [17]. Explosive electron emis-40

sion as a method for plasma formation provides a long41

(up to 106 pulses) operational life of the diode. At the42

time when diode voltage reverses polarity, the removal of43

plasma from the A-C gap takes place (plasma erosion ef-44

fect) [17]. The duration of plasma erosion does not ex-45

ceed 8–10 ns. As a result of plasma erosion effect the A-C46

spacing is restored to its original geometrical value and47

then replenished again due to plasma expansion [18].48

In spite of much progress in the development of in-49

tense ion beam sources, many processes in an ion diode50

with self-magnetic insulation have not been researched51

enough. This can be explained in the following way: dur-52

ing the 1980–2000 years, the main application of pulsed53

ion beams was in controlled thermonuclear fusion inves-54

tigations. The production of ion beams with maximum55

current density and a pulse power of more than 1012 W56

was mostly attempted. This paper gives a review of recent57

achievements in understanding the mechanisms involved58

in intense ion beam generation in self magnetically insu-59

lated diodes. We present the analysis of data obtained 60

using an intense ion beam accelerator at Tomsk Polytech- 61

nic University, and also of a number of pulsed ion diodes 62

known in the literature. 63

2 Experimental apparatus and diagnostics 64

The experiments have been conducted using the TEMP- 65

4M [19] pulsed ion accelerator configured in bipolar pulse 66

operation mode. The generator configured in double-pulse 67

mode forms two pulses of opposite polarity: the first pulse 68

is of negative polarity (300–600 ns, 100–150 kV), and this 69

is followed by a second pulse of positive polarity (150 ns, 70

250–300 kV). The accelerator consists of the Marx gener- 71

ator, double transmission line (Blumlein) and vacuum ion 72

diode with self-magnetic insulation of electrons. The ion 73

beam energy density is 0.5–5 J/cm2 (for different diode 74

geometries), pulse repetition rate is 5–10 pulses/min. In 75

a recent modification to the accelerator [20], we removed 76

the charging inductor from the Blumlein generator. It al- 77

lowed us to increase the energy delivered to the load from 78

that stored in the Blumlein by a factor of 1.5 and opti- 79

mize plasma formation on the cathode surface. To improve 80

the statistical performance of the main spark gap in the 81

Blumlein generator we changed the regime of its opera- 82

tion from a self-triggered mode to an externally triggered 83

mode. In the new arrangement the first voltage pulse at 84

the output of Blumlein was used to trigger the main spark 85

gap. The new trigatron-type regime of the main spark 86

gap operation showed a good stability of breakdown volt- 87

age and thus allowed to stabilize the duration of the first 88

pulse. The standard deviation of the breakdown voltage 89

and duration of first pulse was decreased from 10% to 2% 90

in a set of 50 pulses [21].To improve the reproducibility of 91

the first pulse duration (when the main spark gap was op- 92

erated in self-breakdown mode) the hold on voltage of the 93

main gap was set to a level of 0.7–0.8 from the maximum 94

voltage at the output of the Marx generator. Concurrently, 95

change in breakdown voltage in 4%–5% resulted in change 96

in the first pulse duration in 6%–7%. The energy stored in 97

the Marx generator was 4–5 kJ, while the energy stored in 98

Blumlein was 1.2 kJ. Utilization of the externally triggered 99

mode of the main spark gap also allowed for a decrease in 100

the charging voltage of the Blumlein to a 0.9–0.95 of self- 101

breakdown voltage of the main spark gap while the energy 102

stored in the Marx generator was decreased from 4 kJ 103

to 2.5 kJ. At the same time the energy stored in Blumlein 104

remained the same. It allowed us to improve the shot to 105

short stability of the accelerator and increase the service 106

life of the accelerator components. The schematic of the 107

strip planar diode chamber with various diagnostics and 108

waveforms of accelerating voltage, total diode current and 109

ion current density measured at 17 cm downstream from 110

the diode are shown in Figure 1. 111

Information on the diode connection, diagnostic equip- 112

ment used in the TEMP-4M accelerator and calibration 113

can be found in our previous papers [22,23]. The voltage 114

applied to the diode was measured by a high-frequency 115

high-voltage divider which was installed in front of the 116
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Fig. 1. Schematic of the strip planar diode and waveforms of accelerating voltage (6), total diode current (7) and ion current
density (8) of a strip planar diode with self-insulation; A-C gap spacing of 8 mm.

diode connection. The total current in the diode was1

measured using a Rogowski coil (Fig. 1). The ion cur-2

rent density was measured by a magnetically insulated3

Faraday cup (B = 0.4 T) placed 4–17 cm (depending4

on diode geometry) downstream from the grounded elec-5

trode (Fig. 1). The electrical signals coming from the sen-6

sors were recorded with a Tektronix 2024B oscilloscope7

(250 MHz, 5 GSPS). The energy density distribution was8

measured using the infrared imaging diagnostic of thin9

metal targets intercepting the beam [24]. As the target, a10

100 μm stainless steel foil was used placed 90 mm down-11

stream from the cathode. All studied diode geometries12

with a graphite explosive emission cathodes worked ef-13

fectively with the pressure in a diode chamber of 0.1 Pa14

and had an operational lifetime of up to 106 shots, since15

there is negligible degradation of the graphite electrode16

surface, which make it promising for various technological17

applications.18

3 Electron current suppression19

in a self-magnetically insulated diode20

To achieve high efficiency of ion beam production in a21

diode one needs to suppress the electron component of to-22

tal diode current. In order to effectively suppress the elec-23

tron current the electron transit time in the A-C gap must24

exceed that of ions. In a self-magnetically insulated diode25

transverse magnetic field is formed in the A-C gap by the26

self-diode current flowing through the cathode which is27

grounded at one end only. The electrons drift in crossed28

E × B field towards the free (not grounded) end of the29

cathode, provided that magnetic induction is sufficient to30

confine electrons along the cathode. A simplified mecha-31

nism illustrating electron drift is shown in Figure 2.32

In a diode with an externally applied magnetic field33

it is easy to realize closed electron drift in the gap, al-34

lowing electrons to drift perpendicular to the electric field35

lines during the whole voltage pulse. As a result, the ef-36

ficiency of ion current generation in such diodes is more37

than 80%. In a self-magnetically insulated diode the real- 38

ization of closed electron drift is difficult since one end of 39

the cathode must be connected to the diode chamber. For 40

self-magnetically insulated diodes effective suppression of 41

the electron current is possible by reducing the electron 42

drift velocity and (or) increasing the length of the diode. 43

The average electron transit time can be calculated (tak- 44

ing into account the reduction of the A-C gap [25]) and 45

the effect of plasma erosion [17] when accelerating voltage 46

reverses polarity), as: 47

τe =
L

2vdr(t)
=

LB(t)
2E(t)

=
L [d0 − v(t − t0)] B(t)

2U(t)
(3)

where L is the length of the electrode, vdr is the electron 48

drift velocity, E is the electric field strength, B is the 49

magnetic induction, t is the first pulsed duration (t0 = 50

500 ns in Fig. 1). 51

In order to calculate electron transit time in A-C gap 52

one needs to know the distribution of self-magnetic field 53

inside the AC gap (see Eq. (3)). In an ion diode with self- 54

magnetic insulation, it is difficult to measure the induc- 55

tion, since magnetic field is formed in the diode by current 56

flowing though the electrode when a voltage of more than 57

200 kV is applied. The simulation of magnetic induction 58

in the A-C gap was made using the Quick field software 59

[26]. Figure 3 shows the distribution of the magnetic field 60

in the cross section of the A-C gap. 61

The simulation is performed for a 40 mm × 1 mm 62

conducting plate made of stainless steel with a current 63

of 10 kA. The surface of the grounded electrode corre- 64

sponds to x = 0 on curve 2 in Figure 3b. The calculation 65

is performed taking into account strengthening of mag- 66

netic field due to conductive material of potential elec- 67

trode (graphite). 68

The time dependent magnetic induction in the A-C 69

for a planar diode was determined as: B(t) = 0.014I(t), 70

T , with current in kA. 71

Assuming that ions are uniformly accelerated in the 72

A-C gap, the maximum velocity that ions reach moving 73

Александр
Выделение
нужно поменять номера на 1, 2 и 3

Александр
Выделение
t0

Александр
Выделение
A-C



Page 4 of 13

Fig. 2. Illustration of magnetized electron drift in a self-magnetically insulated ion diode.

(a) (b)

Fig. 3. Simulation of magnetic field pattern in cross section of the diode (a). Distribution of magnetic induction along the A-C
gap (section 1–curve 1 and section 2-curve 2) (b).

across the A-C gap is νmax = aτion. Hence, the transit time1

of ions in the gap τion (taking into account the reduction2

of the A-C gap and the effect of plasma erosion) is given3

by:4

τion(t) =
vmax

a
=

√
2zU

M

d(t)M
Uz

=
[d0 − v(t − t0)]

√
2M√

zU
5

where a is the acceleration in the electric field.6

Figure 4 shows the calculation of electron and ion tran-7

sit times in the A-C gap for the strip planar diode.8

The calculation was performed for singly ionized car-9

bon ions and protons, with the average length of the elec-10

tron drift being 11 cm (half of the diode length) and A-C11

gap spacing of 8 mm. The simulation of magnetic induc-12

tion in the A-C gap was made using the QuickField soft-13

ware [26]. Studies show that electrons transit time in the14

A-C gap for strip diodes is close to that of protons and15

even lower for carbon ions. The results suggest a low ef-16

ficiency of magnetic insulation. The electron drift along17

the A-C gap does not provide suppression of the elec-18

tron current. The increase in voltage on the anode leads19

to an increase in the electron current in the diode (see20

Fig. 4. Waveforms of the accelerating voltage, transit time of
C+ ions, protons and electrons in the A-C gap.

Eq. (1)), which consequently increases the magnetic in- 21

duction because of the increase in current through the 22

cathode. However, it does not significantly affect the elec- 23

tron drift velocity (see Eq. (3)). Table 1 summarizes the 24



Page 5 of 13

T
a
b
le

1
.

C
h
a
ra

cteristics
o
f
d
iff

eren
t

self-m
a
g
n
etica

lly
in

su
la

ted
d
io

d
es.

N
a
m

e
o
f
th

e
T

y
p
e

o
f
io

n
s

B
c
r ,

T
B

m
in ,

T
B

A
-K

,
T

I
i /

I
e

C
L

K
1

K
2

R
eferen

ce
a
ccelera

to
r

M
ite

p
ro

to
n
s

0
.2

7
–
1
.6

4
4
–
7
.5

1
0
%

2
.3

%
–

4
.3

V
a
n
d
ev

en
d
er

et
a
l.

1
9
8
1

[2
7
]

P
O

L
L
U

X
–

–
1
.5

B
K

p
1
8
–
2
8
%

2
.3

%
1
.4

4
–
6

K
.W

.
Z
ieh

er
[2

8
]

P
A

R
U

S
0
.2

5
–
0
.3

8
1
.8

0
.3

1
–
0
.7

3
1
5
–
2
0
%

2
.3

%
2
–
2
.5

3
–
4

B
y
stritsk

ii
et

a
l.,

1
9
9
1

[2
9
]

T
O

N
U

S
,
V

E
R

A
0
.1

9
0
.2

3
0
.1

8
2
7
–
3
3
%

4
.6

%
1
.9

–
2
.3

2
–
5

B
y
stritsk

ii
et

a
l.,

1
9
8
5

[3
0
]

E
T

IG
O

-1
0
.2

5
1
.7

5
0
.7

3
2
9
%

2
.3

%
1
.2

6
1
0

Y
o
sh

ikaw
a

et
a
l.,

1
9
8
4

[3
1
]

T
E

P
P

-4
M

.
S
trip

p
la

n
a
r

d
io

d
e

0
.1

7
–
0
.2

2
1
.8

–
2
.2

0
.7

5
–
6
%

0
.7

%
1
.5

–
2

5
–
8

P
u
sh

ka
rev

et
a
l.,

2
0
1
0

[2
3
]

T
E

P
P

-4
M

.
S
trip

fo
cu

sin
g

d
io

d
e

0
.1

7
–
0
.2

2
1
.8

-2
.2

0
.7

8
–
9
%

0
.7

%
1
.5

–
2

5
–
8

P
u
sh

ka
rev

et
a
l.,

2
0
1
2

[3
8
]

T
E

P
P

-4
M

.
A

n
n
u
la

r
d
io

d
e

C
+

(8
5
%

)
0
.1

6
–
0
.2

1
0
.7

6
–
0
.9

3
0
.4

–
0
.6

1
5
–
2
0
%

0
.7

%
4
–
5

–
P

u
sh

ka
rev

et
a
l.,

2
0
1
2

[3
2
]

T
E

P
P

-4
M

.
S
p
ira

l
d
io

d
e

a
n
d

p
ro

to
n
s

0
.2

6
0
.3

4
0
.8

1
7
–
2
0
%

0
.7

%
2
–
2
.5

–
P

u
sh

ka
rev

et
a
l.,

2
0
1
2

[3
3
]

T
E

P
P

-4
M

.
S
p
ira

l
d
io

d
e

0
.2

4
0
.3

4
3
.1

3
0
–
4
0
%

0
.7

%
2
.3

–
2
.6

–
P

u
sh

ka
rev

et
a
l.,

2
0
1
3

[3
4
]

w
ith

clo
sed

electro
n

d
rift

B
c
r

–
C

ritica
l
m

a
g
n
etic

in
d
u
ctio

n
.

B
m

in
–

M
a
g
n
etic

in
d
u
ctio

n
a
t

w
h
ich

electro
n

tra
n
sit

tim
e

in
th

e
A

-C
g
a
p

eq
u
a
ls

th
a
t

o
f
io

n
s.

B
A

K
–

M
a
g
n
etic

in
d
u
ctio

n
in

th
e

A
-C

g
a
p

n
ea

r
th

e
ca

th
o
d
e

(electro
n

d
rift

reg
io

n
).

C
L

–
R

a
tio

o
f
ca

lcu
la

ted
io

n
cu

rren
t

d
en

sity
(E

q
.
(2

))
to

ca
lcu

la
ted

electro
n

cu
rren

t
d
en

sity
(E

q
.
(1

)).
K

1
–

R
a
tio

o
f
ca

lcu
la

ted
electro

n
cu

rren
t

d
en

sity
(E

q
.
(1

))
to

ex
p
erim

en
ta

l
electro

n
cu

rren
t

d
en

sity.
K

2
–

R
a
tio

o
f
ex

p
erim

en
ta

l
io

n
cu

rren
t

d
en

sity
to

ca
lcu

la
tio

n
b
y

eq
u
a
tio

n
(2

).

Александр
Выделение

Александр
Выделение

Александр
Выделение

Александр
Выделение

Александр
Выделение

Александр
Выделение
AC



Page 6 of 13

Fig. 5. Photograph of spiral diode: anode (1), cathode (2). Waveforms of the accelerating voltage, total current in the spiral
diode.

characteristics of PIB generation and efficiencies of differ-1

ent self-magnetically insulated diodes.2

Analysis of different diodes with self-magnetic insu-3

lation shows that in most diodes quoted in the litera-4

ture transit times of ions exceeds that of electrons, thus5

suppression of electron current is not provided by self-6

magnetic field (BAK < Bmin, see Tab. 1). However, mea-7

sured total current in the diode during the pulse is less8

than calculated C-L current for electrons (K1 � 2 in9

Tab. 1). The results suggest that a decrease in electron10

current observed in the experiments is not due to that11

electron transit time in the gap increases that of ions, but12

due to some other effect.13

4 A spiral ion diode with self magnetic14

insulation15

As mentioned above, for self-magnetically insulated diodes16

effective suppression of the electron current is possible17

by increasing the length of the diode and (or) reducing18

the electron drift velocity. The length of the cathode can19

be easily increased by using a spiral geometry [33]. In20

a strip ion diode with self-magnetic insulation described21

elsewhere [19,23,24] the cathode is designed as a strip mea-22

suring 22 cm × 4.5 cm with the slits of 4 mm wide and 223

cm long, resulting in a transparency of 70%. The trans-24

verse magnetic field in the A-C gap is formed by self-diode25

current flowing through the cathode. The total current is26

distributed over the entire width of the cathode (4.5 cm),27

which reduces the current density over the cross section28

and consequently the magnetic induction in the A-C gap.29

A spiral geometry cathode allows one to increase the cur-30

rent density in the cross section of the winding, and thus31

also magnetic field close to its surface, providing a higher32

level of magneitc insulation. This increases the electron33

drift time along the length of the spiral (see Eq. (3)). A34

photograph of the spiral diode and typical waveforms of35

accelerating voltage and total diode current are shown in36

Figure 5.37

The dimensions of the spiral cathode are an outer38

width of 14 cm, inner width of 5 cm, with a pitch of 0.8–39

1 cm and a total length for the wire of 150–170 cm. The 40

anode is a flat disc of graphite 20 cm in diameter and 4 cm 41

thick. The value of A-C gap spacing along the entire length 42

of the diode was constant and equal to 7–8 mm. Figure 6 43

shows an infrared image on the target with the imprinted 44

beam generated by a spiral diode and the material erosion 45

pattern on the metal target, observed after 5 shots. As the 46

target, a 100 μm stainless steel foil was used placed 90 mm 47

downstream from the cathode. 48

One of the most important parameters of an ion diode 49

from an industrial perspective is the efficiency, which in 50

terms of energy is the ratio of the energy of the extracted 51

ion beam, to the total energy supplied to the diode. Fig- 52

ure 7 shows the efficiencies determined for the spiral and 53

planar self-magnetically insulated diodes. 54

The total ion beam energy (Y -axis) was calculated by 55

integrating the energy density distribution across the tar- 56

get, which was obtained using an infrared imaging diag- 57

nostic. The energy supplied to the diode from the Blumline 58

(X-axis) was calculated using the measured current and 59

voltage waveforms. The increase in the electron drift time 60

in the spiral diode led to an increase in the efficiency of 61

ion beam generation up to 20%. 62

The high efficiency is achieved with a large value of 63

magnetic induction in the gap (B/Bcr � 5). The magnetic 64

field is formed by the self-diode current flowing though the 65

spiral electrode. The simulation of magnetic induction in 66

the A-C gap was made using the QuickField software [26]. 67

Figure 8 shows a cross section of the magnetic induction 68

in the gap for the spiral diode. The diameter of the wire 69

in the spiral is 3 mm, the pitch of spiral is 10 mm, the 70

total current thought the spiral is 40 kA. 71

Configuration of magnetic field lines surrounding ad- 72

jacent turns in the spiral diode is similar to that ob- 73

tained using a Br applied magnetic field diode developed 74

in reference [11]. 75

Figure 9 shows the distribution of the magnetic in- 76

duction along the gap on the distance of 1 mm from the 77

grounded electrode (section A in Fig.) and critical mag- 78

netic induction (Bcr). 79

The induction of magnetic field in the A-C gap ex- 80

ceeds the critical induction by a factor of 3–3.5 on the 81
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Fig. 6. Thermal imprint of the beam and the material erosion pattern on the metal target, observed after 5 shots.

Fig. 7. Efficiency of ion beam production for diodes with self-
magnetic insulation.

Fig. 8. Cross section of the magnetic induction in the A-C gap
of the spiral diode.

first pulse and by a factor of 5–6 on the second pulse.1

The spiral geometry of the grounded electrode provides2

a higher transparency for ions, increasing the portion of3

the ion beam extracted from the A-C gap in to the trans-4

portation region by 80–90%.5

As opposed to the strip focusing and planar diodes 6

in the spiral diode magnetic induction in the A-C gap is 7

much higher than the critical magnetic induction not only 8

during the second pulse (when ions are accelerated), but 9

also on the first pulse (see in Fig. 9). This allows one to 10

estimate the duration of the drift of magnetized electrons 11

during the first pulse. We used three charge collectors to 12

measure the electron current at different positions along 13

the surface of the diode. The photograph of the diode 14

chamber with the charge collectors installed is shown in 15

Figure 10. The diameter of the collector was 8 mm and 16

the diameter of the hole in the lid was 4 mm. There was 17

no biased voltage or insulating magnetic field applied to 18

the collector. The electron current was recorded simulta- 19

neously by three collectors, located at a distance of 10 cm 20

downstream from the diode (Fig. 10). One of the collec- 21

tors was positioned at the center of the diode and the other 22

two were located at a distance of 7 cm from the central 23

collector, as shown in Figure 10. 24

In the absence of the magnetic field, we would ex- 25

pect similar readings between the three collectors. How- 26

ever the measurements showed that electron current was 27

much higher towards the centre of the diode, being neg- 28

ligible at the edges. It is also delayed until much later in 29

the pulse. 30

This supports the idea that electrons are confined by 31

the magnetic field to drift along the length of the spiral 32

towards the free end in the centre. The experimental re- 33

sults show that the duration of the drift of magnetized 34

electrons on the first pulse exceeds 200–300 ns. It can be 35

explained by the increase in the length of the electron drift 36

and, consequently, increase in the in the electron transit 37

time in the spiral diode. 38

5 Statistical analysis of the diode 39

performance during ion beam generation 40

An important parameters of any intense ion beam acceler- 41

ator, from an industrial perspective, is good reproducibil- 42

ity of the beam and a long lifetime under repetitive op- 43

eration. With the ion current density of 40–100 A/cm2, 44
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Fig. 9. Distribution of the magnetic induction along the A-C gap on 1 mm from the grounded electrode (a). Waveforms of
accelerating voltage, magnetic induction in the A-C gap and the critical magnetic induction (b).

Fig. 10. The schematic of the measurement of the electron current by three charge collectors and waveforms of the accelerating
voltage and electron current density on the first pulse, measured by three charge collectors.

accelerating voltage of 250–300 kV and pulse duration1

of 100–150 ns, the concentration of ions in PIB does not2

exceed 1012 cm−3, therefore a significant factor affecting3

the properties of a treated specimen is the thermal ef-4

fect of the beam, rather than ion implantation. Therefore,5

considerable attention should be paid to achieving good6

reproducibility of PIB energy density.7

Data on the stability of ion diode with external mag-8

netic insulation utilizing a polymer anode for experiments9

performed using the TEMP-6 accelerator (300–350 kV,10

80 ns, 150–300 A/cm2) were reported in references [35,36].11

It was shown that parameter variation increases with the12

number of shots, being especially significant after more13

than 400 shots. The ion current density variation was14

about ±5% for N � 200, increasing to ±(15 ÷ 20)% for15

N � 400. Ito et al. [37] observed a shot-to-shot variation in16

ion current density of about 20%. The poor reproducibility17

of the accelerated ion beam current density was attributed18

to the shot-to-shot variation of the plasma source.19

In a previous paper [38] we presented the analysis20

of shot to shot reproducibility of the ion current den-21

sity for the beam formed by a self-magnetically insulated22

ion diode with an explosive emission graphite cathode. It23

was found that the shot to shot variation in the ion cur- 24

rent density was about 25–30%, whilst the diode voltage 25

and current were comparatively stable with variation less 26

than 10%. The statistical results of the reproducibility of 27

the electrical parameters of the accelerator are summa- 28

rized in Table 2. 29

It was shown that focusing of the ion beam reduces 30

variations in ion current density to 18–20% [38]. However, 31

the reproducibility of energy density for the same diode 32

is much better. The results of a statistical analysis are 33

shown in Figure 11 and summarized in Table 3. We mea- 34

sured energy density of the beam using the infrared imag- 35

ing diagnostic. The time interval between measurements 36

was 120 s to allow target temperature to equalize between 37

shots. 38

A possible reason for a relatively good reproducibility 39

of the energy density compared to ion current density for 40

the same diode is the target ablation which can affect the 41

results of the measurements. When the beam energy den- 42

sity exceeds the ablation threshold of the target, the en- 43

ergy absorbed by the target is less than the incident beam 44

energy, because some energy is carried away in the ab- 45

lated material [39]. This leads to an underestimation of the 46
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Table 2. Statistical analysis of the electrical parameters for the TEMP-4M accelerator.

Standard
Set 1 Set 2 Set 3 Set 4 Set 5 deviation

for 5 sets
Accelerating voltage, kV 242 ± 7% 241 ± 5.4% 258 ± 5.7% 255 ± 5% 258 ± 5.8% 5.8%
First pulse duration, ns 457 ± 9% 470 ± 9% 453 ± 11% 451 ± 10% 440 ± 13% 10%

Ion current density, A/cm2 34 ± 20% 38 ± 27% 30 ± 27% 35 ± 29% 29 ± 29% 27%

Fig. 11. The shot-to shot variation in the ion current density (a) and energy density (b).

Table 3. Statistical analysis of the electrical parameters for the TEMP-4M accelerator.

Mean value and standard deviation

U , kV I , kA W , J w, J/cm2

Set 1 244 ± 9% 68 ± 8% 103 ± 11% 4.2 ± 8%
Set 2 – 66 ± 5% 100 ± 8% 3.8 ± 10%
Set 3 – 56 ± 4% 83 ± 10% 3.8 ± 9%
Set 4 255 ± 5% 59 ± 5% 66 ± 9% 2.7 ± 11%

beam energy density when measured by infrared imaging1

diagnostic, which also affects the results of statistics. We2

expect that variations in the amount of ablated material3

from shot to shot, would increase the standard deviation4

of energy density measured; therefore by reducing energy5

density so that it does not exceed the ablation threshold of6

the target we would expect to see reductions in the stan-7

dard deviation. However, the measurements (see Tab. 3,8

sets 3 and 4) show that reduction in the beam energy9

density did not reduce standard deviation.10

For statistical measurements of the energy density at11

the repetition rate of 5–6 pulses/s we developed acous-12

tic diagnostics based on a piezoelectric transducer [40].13

The results of measurements showed that the standard14

deviation of the energy density at a high repetition rate15

(time interval between measurements of 10 s) does not16

exceed 11%, which is close to that obtained with infrared17

imaging diagnostics (time interval between measurements18

is 120 s).19

A previous study [38] showed that the correlations be-20

tween the ion current density and the output parameters21

of the Blumlein are weak, with the determination coeffi-22

cient (adj. R-Square in the program Origin 8) not exceed-23

ing 0.3–0.35, indicating that the shot-to-shot variations24

observed do not seem to be due to the reproducibility of 25

the pulsed power system. However, the statistical analysis 26

revealed the high correlation of the total beam energy and 27

energy density with the total charge. Energy density and 28

total energy of the beam are integral parameters, reflect- 29

ing beam formation over the whole time of generation, 30

therefore one should compare these to integral parame- 31

ters for the Blumlein, such as the charge (time integral 32

of current) transferred during the second pulse. Figure 12 33

shows the experimental data for strip planar and focusing 34

diodes and a spiral diode at different A-C gap spacings. 35

The total ion beam energy was measured using both a 36

calorimeter and an infrared imaging diagnostic. The cor- 37

relation observed was excellent for all gap spacing, with 38

the coefficient of determination for the complete data set 39

being 0.9. 40

The study showed that for all diodes except for the spi- 41

ral diode, the relationship between the total beam energy 42

and total charge carried by the beam can be described 43

by the linear dependences and fits one line with a stan- 44

dard deviation of 7% at different A-C gap spacings. The 45

dependence of the total beam energy on total charge is 46

somewhat different for the spiral diode. These results sug- 47

gest a fundamental difference between the two forms of 48
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Fig. 12. Dependence of total PIB energy on the total charge
for the strip focusing and planar diodes, a conical focusing
diode, a spiral diode.

diode, the differences between which we explain by the1

increase in the length of the electron drift (the length of2

the grounded electrode in the spiral diode is 150–170 cm3

compared to 20–25 cm for the strip planar and focusing4

diodes) in the spiral diode.5

6 Ion beam transportation and focusing6

Modification of materials with high-thermal conductivity7

requires using PIB with an energy density higher than 4–8

5 J/cm2 and pulse duration of 100–150 ns.9

It is possible to obtain a high energy density on the10

target by focusing of the ion beam and eliminating beam11

scattering during transport In ion diodes geometric (bal-12

listic) focusing is commonly used. Geometric focusing is13

achieved by curvature shape of the anode and cathode.14

However, while ions are propagated to the focus their de-15

viation from the initial path occurs due to Coulomb re-16

pulsion, influence of electromagnetic fields, diffusive scat-17

tering, etc. [6].18

A detailed study on intense ion beam focusing and19

propagation in different diodes is given in reference [41].20

It is shown that magnetically insulated diodes exhibit a21

smaller ion beam divergence (ratio of the beam radius at22

half-height to the distance from the diode), amounting23

to 1–4◦, in contrast to reflex diodes and pinch-diodes. An24

analysis of focussing issues of PIB generated in a mag-25

netically insulated diode with hemispherical electrodes is26

given in reference [42]. The research conducted with the27

ETIGO-1 accelerator (1.2 MV, 240 kA, 50 ns) showed that28

PIB focusing properties are mainly affected by heteroge-29

neous surface of the anode plasma and distortion of the30

electric field near the cathode. The defocusing of the beam31

is mainly due to the deviation angle. The deviation angle32

and hence the total divergence angle have been signifi-33

cantly reduced from 6◦ to 2.5◦ by improvement of the34

cathode structure.35

The divergence angle amounted to 8◦ of an ion beam 36

extracted from an applied Br magnetically insulated diode 37

(400 kV; 0.5 μs) was found in reference [39]. A study on ion 38

beam focusing in a self-magnetically insulated diode was 39

conducted with the PARUS accelerator (0.8 MB, 60 ns) 40

by Bystritskii et al. in reference [29]. The authors point 41

out that the beam divergence occurs due to presence of 42

the magnetic field in the region of ion beam extraction 43

through the slits in the cathode, that causes distortion 44

of a virtual cathode surface. The half divergence angle, 45

measured by a pin-hole camera was found to be ≈3◦. In a 46

self-magnetically insulated ion diode, developed by Zieher 47

in reference [28] ion beam divergence was about 1.5◦–3.6◦ 48

for different anodes [43]. A necessary condition for cur- 49

rent neutralization for an ion beam generated in a self- 50

magnetically Bθ-insulated ion diode is derived in refer- 51

ence [44]. The requirement for which is the following: the 52

magnetic field of the cathode outside the diode gap is small 53

enough to still allow electrons to flow from the cathode 54

along with the beam. 55

In spite of numerous studies on ion beam transport 56

and focusing and a detailed analysis of the reasons for ion 57

beam scattering, there are no experimental data about the 58

influence of electromagnetic field in the transport region 59

on ion beam focusing properties in self-magnetically in- 60

sulated diodes. Self-magnetic field penetrates into a skin- 61

layer depth in plasma of a space charge compensated ion 62

flow, which causes the removal of low-energy neutralizing 63

electrons from the beam and beam scattering. If the con- 64

centration of ions (and neutralizing electrons) is low, a 65

skin-layer depth may compose an essential part of a beam 66

diameter. Furman [11] suggested the use a metal shield 67

for improving focusing properties of PIB, formed by an 68

applied Br magnetically insulated diode. 69

For effective ion beam transportation one needs to ap- 70

ply neutralization to create and to transport high-flux ion 71

beams. A high concentration of PIB (1010–1013 ion/cm3) 72

leads to a change in potential that may reach hundreds 73

of kilovolts. A corresponding field (105–106 V/cm) causes 74

the scattering of such a beam along its length [6]. For 75

elimination of ion beam scattering one needs to reduce 76

the beam-generated electric field by mixing low-energy 77

electrons with the ions. The mobile electrons should be 78

supplied to the beam volume at the outlet of the A-C 79

gap. There are two ways to neutralize an ion beam with 80

electrons. First, we can direct the beam through a dense 81

plasma. The plasma electrons shift in position to com- 82

pensate for the added positive charge. An alternative ap- 83

proach is vacuum neutralization. Here, sources located 84

outside the vacuum beam transport region create the elec- 85

trons. The electrons join the ions as needed. The resulting 86

neutralized beam has an electron density approximately 87

equal to the beam density [7]. 88

For measuring the ion beam charge neutralization we 89

used a charge collector without magnetic insulation or 90

voltage bias. The diameter of the collector was 8 mm and 91

the diameter of the hole in the lid was 4 mm. The electron 92

current was recorded simultaneously by two collectors, lo- 93

cated at a distance of 10 cm downstream from the diode. 94
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Fig. 13. The construction of a charge collector for measuring ion beam charge neutralization and waveforms of the accelerating
voltage (second pulse), ion current density (red line) neutralized beam current density (blue line) and current density, measured
by a charge collector, covered with a 10 μ Al foil (black line).

Fig. 14. Photograph of the strip focusing diode with the shield installed on the grounded electrode and the energy-density
distribution of the beam, formed by a diode with and without a shield.

The construction of the charge collectors and recorded1

waveforms of electron current are shown in Figure 13.2

Ion current density was measured with a magnetically3

insulated Faraday cup (B = 0.4 T). According to the re-4

sults of beam space charge compensation measurements5

the concentration of neutralizing electrons in the focus6

exceeds the ion concentration by a factor of 1.3–1.5. The7

electron energy does not exceed 50 keV. We assume that8

ion beam is supplied with low-energy electrons when pass-9

ing thought the slits in the grounded electrode. When ions,10

accelerated by eclectic filed in the diode gap pass though11

the slits on the grounded electrode the space-charge poten-12

tial of the ion beam accelerates electrons from the plasma13

in the slits, which hence provides space charge neutraliza-14

tion of the ion beam.15

For increasing ion beam focusing efficiency and pre-16

venting the ion loss from the beam volume during propa-17

gation to the target, we used a metal shield installed on18

the grounded electrode. Figure 14 shows the photograph of19

the strip focusing diode with the shield and energy density20

distribution on the target installed in the focusing plane.21

The shield was made from 1 mm stainless steel foil. 22

The depth of the skin-layer in the metal shield in which 23

magnetic field penetrates is 120 μm. Figure 15 shows a 3- 24

D infrared image of PIB on the target, formed by a strip 25

focusing diode with and without the shield. The distance 26

from the diode to target is 15 cm. Each thermal pattern 27

is obtained for one pulse. 28

We have showed that the half-height width of the ion 29

beam decreases from 60 mm to 40–42 mm when using 30

the shield. The beam divergence was decreased from 11◦ 31

to 7.5–8◦. It was found that in our experimental conditions 32

magnetic field, formed by the diode self-current penetrates 33

into the plasma of a charge neutralized ion beam to a 34

depth comparable with the half of the beam diameter. 35

The effectiveness of the metal shield we attribute to the 36

elimination of magnetic filed in the beam transport region. 37

When ion beam prorogates inside the conducting metal 38

shield, installed on the grounded electrode, a mechanism 39

of transverse neutralization might play an important role 40

as well. As explained by Humphries [7] when the beam 41

passes between conducting boundaries that act as electron 42
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(a) (b)

Fig. 15. Thermal pattern of the ion beam, formed by a focusing diode without a shield (a) and with shield (b).

sources, the space-charge electric field of the ions pulls1

electrons from the boundaries. Ideally, the electrons cancel2

electric fields in the beam. In our experimental arrange-3

ment these boundaries are the walls of the metal shield.4

Thus, in order to achieve effective transportation and5

focusing of an ion beam in self-magnetically insulated6

diode it is important to provide conducting boundaries7

in the beam transport region which serve for both elim-8

ination of electromagnetic field in the beam propagation9

area and supplying ion beam with neutralizing electrons10

7 Conclusion11

Complex research was conducted into PIB generation pro-12

cess in self-magnetically insulated diodes. Investigations13

are performed into diodes of different design: strip focus-14

ing and planar diodes, and a new spiral diode. Main results15

are summarized as follows.16

We have designed a new geometry of the diode with a17

spiral grounded electrode. In a spiral diode it is possible18

to increase the efficiency from 5–9% (previously studied19

diodes) up to 20–25%. The high efficiency is achieved due20

to increase in the length of the electron drift and, conse-21

quently, increase in the electron transit time in the spiral22

diode.23

A study on shot to shot variation in energy density24

of an ion beam formed by a self-magnetically insulated25

diode revealed that the standard deviation of energy den-26

sity does not exceed 11%, whilst the same variation for27

ion current density was 20–30%. The ion current density28

is only weakly dependant on the accelerating voltage and29

other output parameters of the accelerator (coefficient of30

determination <0.3); whilst the correlation between the31

energy density of the beam and the output parameters is32

strong (coefficient of determination >0.9).33

Focusing properties of an ion beam have been signifi-34

cantly improved by using a metal shield on the grounded35

electrode. The half-height width of the ion beam decreased36

from 60 mm to 40–42 mm when using the shield Use of37

the shield on the grounded electrode provides decrease in38

the beam divergence from 11◦ to 7.5–8◦. The effectiveness39

of the metal shield we attribute to both the elimination of40

magnetic filed in the beam transport region and realiza- 41

tion of the transverse neutralization mechanism. 42

The combination of high efficiency, when comparable 43

to diodes with external magnetic insulation, good shot- 44

to-shot reproducibility, simplicity of design and configu- 45

ration, and long service life (more than 106 pulses) makes 46

the diode with self-insulation very promising for indus- 47

trial applications where high-energy beams are used for 48

the surface modification of materials. 49
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