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Abstract A method for analyzing the dynamic energy

spectrum of intense pulsed ion beam (IPIB) was pro-

posed. Its influence on beam energy deposition in metal

target was studied with IPIB produced by two types of

magnetically insulated diodes (MID). The emission of

IPIB was described with space charge limitation model,

and the dynamic energy spectrum was further analyzed

with time-of-flight method. IPIBs generated by pulsed

accelerators of BIPPAB-450 (active MID) and TEMP-4M

(passive MID) were studied. The dynamic energy spec-

trum was used to deduce the power density distribution of

IPIB in the target with Monte Carlo simulation and

infrared imaging diagnostics. The effect on the

distribution and evolution of thermal field induced by the

characteristics of IPIB dynamic energy spectrum was

discussed.

Keywords Intense pulsed ion beam � Space charge � Time-

of-flight method � Dynamic energy spectrum � Power
density distribution

1 Introduction

Intense pulsed ion beams (IPIBs) originated as the

candidate for ignition for inertial confined fusion have

been extensively researched during the past three decades

in materials science and engineering in the USA, Russia/

USSR, Japan, etc. [1]. This technology has been used in

applications of surface modification [2–4], nanopowder

preparation, thin films deposition [5] and test of materials

under high heat flux for nuclear fusion reactors [6], typ-

ically using IPIBs with energy density of several J/cm2. In

IPIB irradiation of targets, by the short pulse duration of

less than 1 ls and the ion range of several lm, the beam

energy is highly compressed in time and space domain.

Sharp temperature changes in the near-surface region of

the target can be induced by the extremely high power

density, leading to melting, vaporizing, ablation and ultra-

fast resolidification [2] with shock waves being ignited by

the thermal shock in the bulk of target [7]. The interaction

mechanism between IPIB and the target, especially the

thermal response, is vital to understanding the phe-

nomenon in material modification. Due to difficulties

experimental observation of the dynamic process of IPIB

energy deposition and induced thermal field, researches in
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this field rely heavily on numerical simulation, in which

the key issue is the energy deposition of IPIB as it renders

the source term.

To describe the IPIB energy deposition in the targets,

it is necessary to figure out the spatial and temporal

distribution of the beam energy in the target. This

requires to estimate the energy loss of ions in matter and

how the count of ions changes. IPIBs are often regarded

as mono-energetic [8] and deposited power of IPIB is

calculated by fitting the accelerating voltage and the IPIB

current density waveforms to a Gaussian shape, and then

take their product [9, 10]. Drawbacks in these approxi-

mations are obvious: The diode voltage and beam current

waveforms acquired by experiments are usually found

dissimilar to Gaussian [7–11], and the ion current density

curve may change during the beam transportation as it is

not mono-energetic. All these question the energy bal-

ance of the models. In short, the spatial and temporal

characteristics of the dynamics in beam emission and

transportation are not fully considered. And in the time-

of-flight (TOF) method proposed to describe the temporal

distribution of the energy spectrum [11], the ratio of ions

in different energies is not clearly demonstrated since the

beam emission dynamics is not fully taken into

consideration.

In this paper, the space charge effect in beam emission

is taken into account and the beam current formed by

protons and C? ions is calculated from the working volt-

age of the magnetically insulated diode (MID). Two sets

of experiments are carried out on MID in active and

passive working modes. The dynamic energy spectra of

IPIB are used to calculate the density function of energy

distribution probability. Then the cross-sectional energy

density, measured by infrared imaging diagnostics, is

projected with this probability function to power density

distribution in the target. The influence of IPIB power

density distribution is checked by applying to thermal

response simulation.

2 MID accelerators

In order to build the dynamic relation between the ion

emission and IPIB energy spectrum, experiments were

carried out on accelerators of BIPPAB-450 at Beihang

University and TEMP-4M at Tomsk Polytechnic Univer-

sity, as shown in Fig. 1.

Technical details of the two MID accelerators can be

found in Refs. [12, 13]. The basic working principle of an

MID accelerator is as follows. Dense plasma is formed by

high voltage pulses on the anode surface of MID. A

transverse magnetic field is applied to the anode–cathode

gap to deflect the electrons and prolong their moving tra-

jectories. In this way, the electron flow in the plasma is

suppressed and equivalently the ion flow is enhanced (i.e.,

magnetic insulation of the electron flow). The accelerated

ions are extracted, ballistically focused to form IPIBs.

IPIBs consist of protons and carbon ions. The IPIBs of

BIPPAB-450, generated by flashover of polymers, are rich

of protons, while the TEMP-4M IPIBs, formed by graphite

explosive emission, are rich of carbon ions. The MID of

BIPPAB-450 works under a single-pulse mode, while the

MID in TEMP-4M is driven by a two-pulse mode with a

pre-pulse to form the plasma. The magnetic field in the

anode–cathode gap of BIPPAB-450 is generated by a pair

of coaxial coils (active mode), while the magnetic field of

TEMP-4M is formed by the construction of MID rather

than powered windings (passive mode). The maximum

value of working voltage is 450 kV for BIPPAB-450, while

it is 250 kV for TEMP-4M.

IPIBs were generated by MID accelerators. The working

voltage and beam current density were measured. A

capacitive voltage divider was used to measure the diode

voltage waveform. To overcome the Cullum repulsion of

the positive charges and make stable transportation, IPIBs

were neutralized with electrons. A Faraday cup with

magnetic field [12, 13] was used to deflect the electrons

and measure the ion beam current density.

Fig. 1 Functional schematics

of MID accelerators of

a BIPPAB-450 and b TEMP-

4M
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3 Analysis and modeling method

3.1 IPIB dynamic energy spectrum

It is assumed that protons and C? ions are formed

simultaneously on the anode surface, the drift velocity of

the ions does not vary in flight, the ion density of IPIBs in

both MIDs is lower than 1012 cm-3, and the scattering

between ions is negligible.

Considering the space charge effect, the ion current

density formed by a certain type of ions can be described

by the Child–Langmuir law (i.e., the three-halves power

law) under non-relativistic approximation:

Jion ¼
4Ke0

ffiffiffiffiffiffi

2Z
p

9
ffiffiffiffi

m
p � U3=2

d0 � vtð Þ2
; ð1Þ

where U is the working voltage of the anode, d0 is the

initial anode–cathode gap (d0 = 7.5 mm for BIPPAB-450

and d0 = 8 mm for TEMP-4M), e0 is the permittivity of

vacuum, v is the diffusion velocity of the plasma on the

MID anode surface, m is the ion mass, Z is the ion charge

and K is the amplification constant for an ion species. In

this way, the accelerating voltage (i.e., the ion energy) and

IPIB emission are correlated.

The time of flight of the ions is given by Eq. (2) to

calculate the current density after transportation:

TOF ¼ D

ffiffiffiffiffiffiffiffiffi

m

2ZU

r

; ð2Þ

where D is the anode–target distance (D = 20 cm for

BIPPAB-450 and D = 14 cm for TEMP-4M).

The absolute value of the beam current density is cal-

culated by fitting the calculated beam current density to the

measured data by modulating the amplification coefficient

K in Eq. (1). As the proton signal appears first due to its

short TOF, the K of protons is fixed first, and then the K of

carbon ions is fixed with the later part of the beam current.

3.2 IPIB power density distribution function

Based on the IPIB dynamic energy spectrum above,

Eq. (3) can be established to calculate the power density

distribution of IPIB in the target: At time t, the energy loss

of IPIB in the depth z in the target can be expressed as:

dE

dz

� �

t

¼ N1

dE

dz

� �

1;H

þN2

dE

dz

� �

2;H

þN3

dE

dz

� �

3;C

þ N4

dE

dz

� �

4;C

þ � � � ;
ð3Þ

where (dE/dZ)i,V is the energy loss of ion V (protons or C?

ions) at time t and count Ni.

The total energy deposition of the ion beam is:

S z; tð Þ ¼
X

j

dE

dz

� �

tj

: ð4Þ

Take S0(z, t) as the normalization of S(z, t):

S0 z; tð Þ ¼ S z; tð Þ
RR

S z; tð Þdzdt : ð5Þ

S0(z, t) is the bidimensional probability density distri-

bution. The power density distribution of IPIB can be

written as:

P x; y; z; tð Þ ¼ S0 z; tð ÞQ x; yð Þ; ð6Þ

where Q(x, y) has a dimension of energy per unit area,

means the cross-sectional energy density of IPIB and can

be measured by calorimeters or infrared imaging diagnos-

tics [14, 15]. With S0(z, t), the cross-sectional energy den-

sity of IPIB on the target is projected to the power density

distribution in the target and the energy balance between

the beam diagnostics and the source term of modeling is

thus established. Another common method of approxima-

tion, the variable separation (VS) [13] is taken for com-

parison. In this method, S0(z, t) is expressed as:

S0 z; tð Þ ¼ d zð Þg tð Þ; ð7Þ

where d(z) is depth-normalized ion energy loss function (in

this paper an energy-weighted average ion energy is used

for the calculation) and g(t) is time-normalized beam

power evolution function (here the normalization of the ion

beam current density curves is used). The power density

distribution is:

P x; y; z; tð Þ ¼ S0 z; tð ÞQ x; yð Þ ¼ d zð Þg tð ÞQ x; yð Þ: ð8Þ

The energy loss of ions in 304 stainless steel is calcu-

lated with SRIM code [16]. A typical value of IPIB cross-

sectional energy density, Q = 0.5 J/cm2 [13], is adopted

for calculating P.

3.3 IPIB thermal response simulation

Influence of IPIB power distribution is studied with

thermal field simulation. Within 1 ls, as the lateral heat

conduction is much weaker than that along the depth [17],

one-dimensional approximation is adopted. The thermal

response in the target is described by Fourier heat con-

duction equation:

qCV

oT

ot
¼ k

o2T

oz2
þ P; ð9Þ

where T(z, t) is the target temperature and q, CV and k are

density, specific heat and thermal conductivity of the tar-

get, respectively. For initial condition:
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T z; 0ð Þ ¼ T0 ¼ 298 K: ð10Þ

The radiative boundary condition is taken on the

surfaces:

j ¼ er T4 � T4
0

� �

; ð11Þ

where j, r and e are the radiative heat flux, Stefan–Boltz-

mann constant and emissivity, respectively. For stainless

steel, e = 0.3. Equation (11) can be solved by finite ele-

ment software COMSOL Multiphysics.

4 Results and discussion

4.1 Dynamic energy spectra of IPIB

As IPIB is formed by hydrogen-rich polymers in BIP-

PAB-450, the proton component in the ion beam is much

higher than carbon ions (Fig. 2Aa). The calculated proton

and C? ion current densities are of the loop-like shape.

This can be explained as follows. The first emitted low

energy ions with a longer TOF may arrive simultaneously

at the Faraday cup, while the high energy ions are emitted

by higher voltage and as depicted by the Child–Langmuir

law, with larger counts, forming the branch of larger cur-

rent density. The peaks in the current density can be well

described, yet the rising edge of the current density curve

cannot be well fitted, due to fluctuations in the diode

voltage before the main accelerating pulse acts on the

anode. Projected curves on the E–J plane in Fig. 2Ab show

that the peak height of the IPIB current density is in cor-

respondence with ions of the highest energy, which follows

the Child–Langmuir law and differs notably from the

mono-energetic and Gaussian approximation in previous

studies [8–10]. At the beginning, the beam current consists

mainly of protons due to the shorter TOF of protons. After

90 ns, the beam current pulse of C? ions arrives at the

target with much smaller count and a lower portion in

energy deposition.

As shown in Fig. 2B, the carbon component of IPIB is

dominant in TEMP-4M. A smaller peak of protons with

lower count can be seen in the beam current, before the

main peak of carbon ions with much higher count

(Fig. 2Ba). The main trend of the temporal distribution of

the beam current distribution comes with the prescription

of the Child–Langmuir law, yet the fine structure of beam

current, especially the small peaks in the proton beam

current, cannot be well described. A possible reason is that

the MID of TEMP-4M is first driven by a negative pulse to

form the plasma on the anode surface, causing fluctuations

in the emission of protons, a species easy to be perturbed

due to its small ion mass.

4.2 Power density distribution of IPIB in the target

Due to the compression by short pulse duration and ion

range, a peak of over 1016 W/m3 can be reached (Fig. 3) in

the power density distribution. Several discrete peaks can

be resolved by the TOF method (Fig. 3b) as the temporal

Fig. 2 Data and analysis on

(a) BIPPAB-450 and

(b) TEMP-4M: a waveform of

accelerating voltage by

oscilloscope, total ion current

density by Faraday cup and the

calculated current density of H?

and C? ions. b The calculated

dynamic energy spectrum
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sequence of the ion beam can be analyzed, while in the VS

(variable separation) method (Fig. 3a) the distribution of

beam energy displays a much smoother trend. For the IPIB

produced by BIPPAB-450, in the first 100 ns, the energy

deposition is governed by protons in a depth of up to 2 lm
and is characterized by two Bragg peaks formed by protons

of different energies. After 100 ns, as the range of C? ions

is much shorter (\0.5 lm), another high peak is formed.

Due to the space charge effects, higher ion energy corre-

sponds to larger ion count. A larger portion of the beam

energy concentrates to the peaks in the TOF method than

that in the VS method. Consequently, after 100 ns in a

depth of[1 lm, the power density calculated by the TOF

method is much lower than that obtained by the VS method

due to the absence of protons.

In the first 70 ns of the IPIB of TEMP-4M, the energy

deposition is dominated by protons. After that, as the car-

bon ions arrived with much larger counts much shorter

ranges in the target, a sharp rise in the power density is

induced in the target within a depth of 0.2 lm, making

tremendous amplitude in instantaneous power density of up

to several 1017 W/m3. Although in all the cases the cross-

sectional energy density of IPIB is the same, considerable

difference in the distribution of deposited power density

can be caused as the dynamic energy spectrum of the beam

changes.

4.3 Thermal field evolution induced by IPIB

radiation

The effect of the IPIB dynamic spectrum is further

reflected by the thermal field induced by different source

terms. For the BIPPAB-450, the maximum value of the

thermal field by the TOF method is over 100 K higher than

that by the VS method (Fig. 4a, b). The temperature change

rates are higher by the TOF method, as a result of more

intensive concentration of beam energy to the peaks

resolved in the method. The temperature change induced

by the TEMP-4M IPIB (Fig. 5c) is much higher ([1400 K)

than that by the BIPPAB-450. As the beam energy is more

intensively concentrated to a shallower region by higher

carbon percentage, larger rates of the temperature rise and

decline appear on the target surface. This means that with

more intensively compressed beam energy, the thermal

shock effect caused by the TEMP-4M is much stronger.

The temperature difference between the TOF and VS

methods for the BIPPAB-450 is demonstrated in Fig. 5a. In

the region within the maximum ion range (z\ 3 lm), the

temperature rise by TOF method is higher than that by VS

method at the beginning of the beam irradiation. After

100 ns, as there is no energy deposition in the depth deeper

than 0.5 lm (the maximum C? range of BIPPAB-450) in

the TOF method, higher temperature rise is induced by the

Fig. 3 Power density distribution of 0.5 J/cm2 IPIB in 304 stainless steel target on BIPPAB-450 and TEMP-4M

Fig. 4 Thermal field induced by IPIB (0.5 J/cm2) in 304 stainless steel on BIPPAB-450 and TEMP-4M
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VS method as a result of direct energy deposition. In the

region deeper than the ion range (4 lm in Fig. 5a), the

temperature rise is induced by thermal conduction rather

than beam energy deposition, and the trend in temperature

evolution becomes similar for the two models.

For IPIB by TEMP-4M (Fig. 5b), within the ion range

(z\ 1 lm), the maximum value and rising rate of the

thermal field is higher than that of BIPPAB-450 as higher

power density is deposited in this region. In the depth of

1.5–2 lm, at the beginning of beam irradiation, the rising

rate caused by BIPPAB-450 is higher as energy can be

deposited in this position by long-range protons. After

200 ns, the temperature evolution becomes similar as the

change in temperature is caused by heat conduction rather

than beam energy deposition. In a depth of over 4 lm, the

temperature evolution, induced by heat conduction only,

becomes similar for the two accelerators.

5 Conclusion

The dynamic energy spectrum is obtained by analyzing

the IPIB emission under space charge limitation and

transportation with the TOF method on both active and

passive MIDs. The power density distribution of IPIBs is

simulated with Monte Carlo method and cross-sectional

energy diagnostics. The IPIB power density distribution

acquired by TOF analysis is characterized by peaks formed

by the temporal structure of the IPIB energy spectrum.

Compared with the variable separation method, the beam

energy is more highly concentrated to the peaks in the TOF

method and induced higher thermal shock on the target

surface.

The beam component has significant influence on the

power density distribution. Ions with shorter range can

make energy more intensively compressed to the shallower

region in the target. Within the ion range, the power density

distribution results in obvious variations in the thermal

field distribution and evolution. In the depth of over twice

the ion range, changes in the thermal field are induced only

by heat conduction and the trend of evolution becomes

similar for different approximations.
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