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Preface

This book presents fundamental and applied research in plasma physics and fusion
energy. It discusses the latest developments and innovative techniques of fusion
energy and its practical uses.

The challenge in exploring fusion energy and indirect plasma physics is the obvious
complexity. Production of clean and environmentally friendly energy on a large
scale is a global challenge for plasma scientists and technologists. To achieve fusion
energy, we need to confine fusion plasma. Confinement of fusion plasma is a key
scientific problem that involves understanding anomalous transport processes in a
tokamak device.

Chapter 1 discusses the research, design and development needed to realise a neu-
tral beam injection system (NBI) for a fusion reactor. NBI is the most successful
heating method used for fusion devices. Chapter 2 explains the taxonomy of big
nuclear fusion chambers provided by means of nanosecond neutron pulses. The
method is based on use of very bright nanosecond neutron pulses generated from a
compact neutron source of a dense plasma focus type in two classes of experimental
methods supported by MCNP numerical modeling. Chapter 3 incorporates experi-
mental studies and theoretical models for detachment in helical fusion devices,
including Tokamaks JET, JT-60U and heliotrons LHD. By approaching the density
limit, the plasma detaches from the divertor target plates so that the particle and
heat fluxes onto the targets reduce dramatically. Chapter 4 presents investigations
of wave spectra through an equilibrium molecular dynamic simulation of three-
dimensional, strongly coupled complex-dusty plasmas. The EMDmethod is the best
tool for computing CL and CT in the dusty plasma over a suitable range of plasma
parameters. Chapter 5 gives the measurement of vacancy migration energy by using
a high-voltage electron microscope (HVEM). It investigates the vacancy migration
energy on the HVEM. Chapter 6 discusses tungsten-based plasma-facing materials.
Tungsten is considered the most promising material for plasma facing components
(PFCs) in magnetic confinement fusion devices due to its high melting tempera-
ture, high thermal conductivity, low swelling, low tritium retention and low
sputtering yield.
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Key Laboratory of Thermo-Fluid Science and Engineering,
Ministry of Education (MOE),
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Chapter 1

Research, Design, and
Development Needed to Realise a
Neutral Beam Injection System for
a Fusion Reactor
Ronald Stephen Hemsworth and Deirdre Boilson

Abstract

The ion temperature in the plasma in a fusion reactor must be sufficiently high
that the fusion reaction (probably between D+ and T+) will need to be high to
ensure that the reaction rate is as high as is required. The plasma will be heated by
the energetic alpha particle created in the fusion reaction, but it is widely accepted
that additional (externally supplied) heating will also be required to ensure a
sustained “burn” and, perhaps, to control the reaction rate. A reactor based on the
tokamak confinement system requires a toroidal current to flow in the plasma. Most
of that current will be created by the “bootstrap” effect, but an external method of
driving current in the poloidal centre of the plasma is needed as the bootstrap
current will be low, or zero in that region. Neutral beam injection is an efficient
heating mechanism and it has the current drive efficiency required in a reactor. In
this chapter the R&D required for an NBI system for a reactor, is considered against
the background of the ITER NBI system design as the ITER beam energy and
operating environment are reactor relevant. In addition the elements requiring most
development are identified.

Keywords: neutral beam injection, negative ion sources, beamline design

1. Basic considerations for a neutral beam injection system on a reactor

A neutral beam system on a fusion reactor will have to meet specifications that
are significantly beyond those of any system so far designed. The injectors will be
directly connected to the reactor vessel, and therefore they will both form a part of
the nuclear confinement barrier and be subjected to high levels of neutron and
gamma radiation. Consequently, the injector design must include a radiation barrier
around the injectors; the choice of materials that can be used must be acceptable to
the vacuum environment, be radiation tolerant, and, where possible, be low-
activation materials. In addition, the design will have to satisfy the nuclear regula-
tor, which, typically, limits the engineering design codes that can be used.

It is clear that the main factors that will influence the design of the injectors, and
require R&D, are the pulse length, the global efficiency, operation and maintenance
in a nuclear environment, and component lifetime. In the following sections of this
chapter, each of the aforementioned aspects is discussed more in detail and some
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suggestions given as to how problems arising from each aspect may be resolved and
the parameters of the future injectors achieved. However it is important to under-
stand that although various basic conceptual designs of an injector to be used on a
fusion reactor have been considered [1–3], no concept has been chosen, and no
serious engineering design of any concept has been carried out. Experience with the
design of the neutral beam systems has shown that many aspects of the conceptual
design are changed significantly during the engineering design phase. For example:

• The initial design of the neutral beam system on the JET tokamak had one
single large ion source, whereas the final design has eight smaller beam sources
[4] with the accompanying four residual ion deflection and collection systems
and four beamline calorimeters.

• The initial design of the ITER injectors used a vacuum vessel of cylindrical cross
section, and all component removal and maintenance were to be carried out
through the rear of that vessel [5]. The design being constructed uses a vessel
that is rectangular in cross section with a removable lid that allows removal and
maintenance of the beamline components from above the injector [6].

It is clear from the above examples that the resolution of problems arising from
operation in the fusion reactor environment, for example, maintenance of the
injector components, can depend strongly on details of the injector design and that
the methods to achieve the required parameters of the injectors may also depend
strongly on the details of the design. Therefore the following sections of this chapter
do not consider any design in detail, but, against the background of the design of
the injectors for ITER, they try to describe the problems that will arise and to
suggest ways in which they might be resolved. Also it is important to understand
that the components of a neutral beam injector are interdependent and that in the
following sections the assumptions made about the design and/or performance of
the injector are self-consistent.

2. Issues related to the design of a neutral beam injector operating on a
fusion reactor, some possible ways to resolve those issues and
suggested R&D

2.1 Global efficiency

The global efficiency of a heating system is simply the ratio of the electrical
power required to operate the heating system divided by the power absorbed by the
device being heated, the fusing plasma in the case of a fusion reactor, and it is of
overriding importance for a fusion reactor. This can easily be understood with an
example: suppose that the heating power required to heat the fusing plasma to the
temperature required to ensure that the rate of fusion reactions in the plasma is that
required to achieve the electrical output from the reactor is 100 MW. Then, if the
global efficiency of the heating system were similar to that achieved by the systems
operating today, of the order of 25%, about 400 MW of electrical power would be
required simply to operate the heating system, that is, the output of a typical power
station. There have been several studies aimed at defining an acceptable global
efficiency for the heating systems of a fusion reactor, and the typical result is ≈60%
or higher [7].

The specification of the neutral beam injectors designed for ITER is the
closest of any design to that which would be suitable for use on a fusion reactor.
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Thus it is interesting to look at the expected efficiency of the ITER injectors to see
where improvements must be made. Table 1 shows the expected performance of an
ITER-like injector plus indications of possible performance changes that could lead
to an injector operating on a fusion reactor. Each of the suggested changes is
discussed in more detail below.

Before discussing the various items impacting the global efficiency, it is impor-
tant to understand some of the more important constraints on the design of the
injectors.

Firstly, the injectors will need to be commissioned after the first installation on
the reactor and then maintained and recommissioned several times during their
lifetime. Commissioning or recommissioning of all the injectors involves firing the
neutral beam through the beamline components and into a beam dump, usually
called a calorimeter. The overall process is that at the start of commissioning, the
beam source is operated at low power and beam energy and for short pulse lengths,
for example, 5–10 s. That ensures safe operation of the system even if the beam
quality, such as the beamlet divergence, is not optimal. Once safe, good operation is
achieved at the selected low power, the beam power, energy, and pulse length are
gradually increased. This continues until full power and pulse length are achieved,
always with the neutral beam being intercepted on the calorimeter. No system has
yet been developed which allows commissioning of the high power beam system
without a calorimeter. As it is almost certain that a calorimeter is required, it must
be designed to withstand the power and power density it will be subjected to, and
this has been demonstrated to be a restricting factor in the design of an injector for
the ITER heating NB injectors. The calorimeter was one of the most difficult
beamline components to be designed, and it can be reasonably considered that the
power and power density handling of the ITER calorimeter design is close to the
limit of what is technologically possible. Thus the beamline calorimeter sets a limit
on the neutral beam power that can be produced by a neutral beam injector of
≈17 MW. In Table 1, the changes to be made for an injector to be used in a fusion
reactor are such that this limitation is respected.

Table 1 gives a calculation of the global efficiency of an ITER-like heating
neutral beam injector (HNB) and of a possible injector for a fusion reactor. Both
deliver ≈17 MW of 1 MeV D0 to the plasma in the device. The calculations in
Table 1 assume that for the injector on a fusion reactor:

I.The ion source and accelerator will be similar to those of the ITER-like
injector.

II.The gas flow into the ion source will be 3 times lower than the flow into that of
the ITER-like injector.

III.The ion source on the injector on a fusion reactor will be based on solid-state
technology with an efficiency of 85%.

A photon neutraliser will be used that has a neutralisation efficiency of 90% and
a laser power of 800 kW, with a laser efficiency of 40%. A lower laser efficiency
would be acceptable if the required laser power is <800 kW.

2.1.1 Detailed discussion

This section discusses the items of Table 1 that are considered not to be
self-explanatory.
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ITER-like
injector
(MW)

Reactor
injector
(MW)

1 RF power to ion source 0.8 0.4

2 Electrical power for the ion source: the AC to RF conversion
efficiency for the ITER-like ion source power supplies is ≈50%.
The efficiency of the solid-state RF power supplies used for the

reactor injectors is assumed to be 85%

1.6 0.5

3 Stripping loss: this is approximately proportional to the gas flow
from the source, which is assumed to be reduced by a factor 3 for

the reactor injectors

8.0 1.5

4 Back-streaming ion power: this is approximately proportional to
the gas flow from the source (see above)

1.0 0.2

5 Electron power exiting the accelerator: this is approximately
proportional to the gas flow from the source (see above).

1.0 0.2

6 Total accelerated power 40.0 22.3

7 Total power lost in the accelerator (including back-streaming
ions): this is approximately proportional to the gas flow out of

the source (see above).

10.0 1.9

8 DC power to accelerator: 50.0 24.1

9 Electrical power to the accelerator: the AC to DC conversion for
the accelerator power supplies is assumed to be 87.5% for both

injectors

57.1 27.6

10 Beamlet halo: for the beam source of the HNBs, this is assumed
to carry 15% of the power of each beamlet, whereas that of the

reactor beam source is assumed to be 5%

6.0 1.1

11 Neutral power exiting the neutraliser: neutralisation for the D2

target is ≈56%; with a photon neutraliser, it is assumed to be
90%

19.0 19.0

12 Neutral power to ITER without re-ionisation loss: the geometric
transmission is taken to be the same for both injectors, 95%, for

the core of the beamlets

18.1 18.1

13 Re-ionisation loss: in the reactor injector, the total gas influx is
reduced by a factor of ≈15; consequently the re-ionisation losses

are similarly reduced

0.9 0.06

14 Power injected into ITER: 17.2 18.1

15 Electrical power to the electrostatic residual ion dump: this is
reduced because of the considerably higher neutralisation

achieved with the photon neutraliser

1.05 0.04

16 Electrical power to the laser: 800 kW of laser power is assumed
to be required to inject sufficient photons into the neutraliser,

and the laser efficiency is assumed to be 40%

0.0 2.0

17 Electrical power to the active correction and compensation coils:
assuming that the AC to DC conversion efficiency for the ACC

coil power supply is 95%

1.6 1.1

18 Electrical power for the cryogen supply: 0.5 MW is estimated as
the additional power at 4 K in the ITER cryoplant needed for the

HNB cryopumps (≈5 MW electrical power). The required
pumping speed is reduced in proportion to the gas flow per
injector, and the power in the reactor cryoplant is similarly

reduced.

5.0 0.2
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2.1.1.1 RF power to the ion source

The requirement to limit the neutral power to the calorimeter combined with
efficiency increases elsewhere in the injector for a fusion reactor leads to a reduction
in the accelerated negative ion current of about a factor 2 (see Section 2.1.1.5.),
which leads to a similar reduction in the maximum power into the RF source. The
reduction in the accelerated negative ion current leads to a more easily realised
extracted negative ion current, lower power to the extraction and acceleration grids,
lower back-streaming ion power, and lower electron power exiting the accelerator,
all of which are very desirable.

2.1.1.2 Electrical power for the ion source

The current design of the RF power supply for the ITER neutral beam injectors
uses a high power tetrode oscillator, which results in an efficiency of RF power
production of about 50%. More modern RF power supplies which use solid-state
technology have a power efficiency of about 85%. The use of such solid-state RF
power supplies with an ITER-relevant type of RF-driven ion source has recently
been successfully demonstrated at the ELISE facility in IPP, Garching, Germany [8].

2.1.1.3 Stripping loss and back-streaming positive ions

The negative ions extracted from the ion source can, and do, undergo diverse
charge changing reactions with the background gas:

D� þD2 ) D0 þD2 þ e (1)

D� þD2 ) D0 þ 2Dþ e (2)

D� þD2 ) D0 þDþ
2 þ 2e (3)

D� þD2 ) D0 þDþDþ þ 2e (4)

D� þD2 ) D0 þ 2Dþ þ 3e (5)

D� þD2 ) Dþ þD2 þ 2e (6)

D� þD2 ) Dþ þ 2Dþ 2e (7)

D� þD2 ) Dþ þDþ
2 þ 2e (8)

D� þD2 ) Dþ þDþ þDþ 2e (9)

D� þD2 ) Dþ þ 2Dþ þ 3e (10)

ITER-like
injector
(MW)

Reactor
injector
(MW)

19 Electrical power for the water cooling of the beam source and the
beamline components: the power needed for the water pumps
for the higher efficiency injector is reduced proportionately

0.8 0.1

Total electrical power to the injector 67.2 32

Overall efficiency 26% 57%

Table 1.
Global efficiency of the ITER HNBs and possible injectors for a fusion reactor, based on reduced gas flow into
the ion source, improved RF power supplies and a photon neutraliser.
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where the underlined species are high-energy particles. Because the above reac-
tions occur inside the accelerator, the produced D0 will not have the full accelera-
tion energy, and the precursor D� will not have experienced the full electrostatic
optics of the extractor and accelerator, and therefore the D0 will in general have a
higher divergence than the fully accelerated D�. After it is created, the Dþ will be
decelerated, and it will either exit the accelerator with reduced energy, or they will
be reflected, and they return to the ion source, and they will impinge on the rear of
the ion source.

In addition to the above reactions, the accelerated D� can simply ionise the
background gas, that is:

D� þD2 ) D� þDþ
2 þ e (11)

D� þD2 ) D� þDþ þDþ e (12)

D� þD2 ) D� þ 2Dþ þ 2e (13)

The Dþ and Dþ
2 created in reactions (11)–(13) will be back-accelerated, and they

return to the ion source, and they will impinge on the rear of the ion source.
The background gas in the extractor and accelerator of a negative ion-based

injector comes overwhelmingly from the ion source, and the background gas
density decreases with the distance from the plasma grid. That, combined with the
fact that the cross sections of reactions (1)–(13) decrease with the energy of the
precursor D� at energies above ≈10 keV, means that essentially all the D0 produced
by reactions (1)–(5) is not useful for heating a fusion reactor and the precursor
D� is considered as lost in the accelerator. Although the Dþ created by reactions
(6)–(10) can be neutralised to produce D0, that reaction is negligible for Dþ at
energies close to that required of the D0 needed to heat the fusing plasma, so the D�

that undergoes reactions (6)–(10) is also considered to be completely lost. The
losses via reactions (1)–(10) are commonly referred to as stripping loss.

In the case of the ITER heating neutral beam injectors, the stripping loss is
calculated to be ≈8 MW, and the power in the back-streaming positive ions (mainly
from reactions (11)–(13)) is calculated to be ≈1 MW. It is obvious that losing
≈9 MW in an injector that is designed to deliver ≈17 MW to the plasma has a major
impact on the global efficiency of the injector, and it must be reduced if the target of
60% global efficiency is to be met. As noted above, most of the background gas in
the accelerator comes from the ion source. Hence to achieve a global efficiency of
60%, that gas flow must be reduced. Fortunately, it has been demonstrated with a
filamented ion source that extracted current densities higher than those needed in
the injectors for a fusion reactor assumed in Table 1 can be achieved with a filling
pressure (the pressure in the in source without source operation) of 0.1 Pa [9], a
factor 3 lower than the target value for the ITER injectors. Thus that value is chosen
in Table 1 for the injector of a fusion reactor. It must be noted that any filamented
source, including the source type where operation at the low gas flow has been
demonstrated, is not considered suitable for use on an injector to be used on a fusion
reactor because of the limited lifetime of the filaments (<200 h). Operation at such
a low gas flow has not yet been achieved in the type of source to be used on the
ITER injectors, an RF-driven source, and significant R&D is needed to develop an
RF-driven source that can operate at such low gas flows.

Back-streaming ions are positive ions that are created inside the accelerator,
which are then accelerated back to the ion source by the electrical fields in the
accelerator. There are three reasons the power in the back-streaming ions must be
reduced in an injector on a reactor:

8

Fusion Energy



i. Reduction of the back-streaming ion power contributes to increasing the
global efficiency of the injectors.

ii. Lifetime of the ion source backplates: the back-streaming ions sputter material
from the backplates, and eventually the back-streaming ions will drill through
the backplate and, most likely, reach the cooling water channel in the
backplate. This problem is avoided in the sources designed for ITER by having
a 1-mm-thick molybdenum layer on surface of the backplates receiving the
back-streaming ions. Most of the sputtering is due to H2

+ (from reaction (11)),
and the sputtering rate of Mo bombarded by H2

+ is low compared to other
possible materials (copper, nickel, etc.), and it is calculated that a 1-mm-thick
layer of Mo will not be eroded away during the foreseen lifetime of ITER [10].
The calculations in [10] predict an erosion depth of ≈0.5 mm during the ITER
lifetime, but they assume that D+ and D2

+ are the only back-streaming ions. In
fact Cs will be present in the extractor, and at a lower density in the accelerator,
that Cs will be ionised by the accelerated D� and back-accelerated into the
source. It is calculated that the erosion by Cs+ could be as important as that of
the D2

+ [11] and that back-streaming Cs+ will overlap with the back-streaming
D2

+ and add to the erosion by D2
+. The erosion over the lifetime of the reactor

would be about 20 times higher than in the ITER HNBs, which have a duty
cycle of 25%. The Mo layer thickness cannot be increased 20-fold to counter
that as that would lead to a design of the backplates that cannot withstand the
power density from the back-streaming ions.

iii. Reduction of the Cs “consumption”: the conversion of D atoms impacting the
PG with a low work function surface is the main method of D� in the ion
source. To create the low work function surface Cs is injected into the ion
source and deposited on the PG. If Cs injection is stopped, the extracted ion
current is found to decrease after some period of operation, which is due to the
an increasing PG surface work function, which may be caused by impurities
reacting with the Cs on the PG, or coating of the Cs by other material. This is
termed “Cs consumption”. In order to maintain the D� production rate and the
extracted D� current constant, it is found necessary to inject Cs into the ion
source periodically or even continuously. To avoid the metal sputtered from the
backplates that is deposited on the PG, increasing the work function is likely to
increase the Cs consumption rate, which is highly undesirable (see Section 4).

It has been suggested that if the plasma grid were made from a low work
function material, there would be no need to inject caesium into the source, with
the accompanying problems discussed in Section 4. However, as mentioned above,
if the PG is coated by several monolayers of metal sputtered from the backplates,
the work function will increase leading to a reduction in the negative ion production
and hence in the extracted current. The sputtering rate for the ITER beam source is
by back-streaming D2

+ which is calculated to be 5 � 1016 atoms/s, and the rate for
the injector on a reactor may be a factor ≈6 lower if the extracted current density is
lower (see Section 1.2) by a factor 2 and the gas density in the accelerator is reduced
by a factor 3. As a monolayer corresponds to about 1017 m�2, so it is obvious that
several monolayers of the sputtered material will be deposited on the PG in a time
that is short compared to the reactor lifetime.

Potential solutions to the problems discussed above are:

a. Easily replaceable backplates plus a reduction in the back-streaming ion flux.
Since the back-streaming D2

+ is directly proportional to the of D2 in the
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extractor and accelerator and that of Cs+ ion intensity is directly proportional
to the density of Cs in the extractor, reducing by a factor 3 the D2 flow out of
the ion source and the Cs density in front of the PG would reduce the
sputtering of the ion source backplates enough to avoid the erosion causing a
water leak in <1 year of reactor operation, allowing the backplates to be
replaced during an annual maintenance period.

b. It should be noted that a factor 3 reduction in the sputtering of the backplates
is not sufficient to prevent a non-renewable PG surface deteriorating in a time
that is short compared to the lifetime of a reactor.

c. Bending of the D� after the extraction grid and offsetting the subsequent
acceleration grids such that the back-streaming ions, which cause most of the
sputtering of the backplates, could be directed onto dumps that are separated
from the beam source. The reduction in the sputtering thus achieved should
be sufficient to allow the backplates to survive for more than 1 year, but
replacement of the backplates must be foreseen.

d. Unfortunately the reduction in the sputtering would not be sufficient to allow
a non-renewable low work function PG to maintain its low work function for
the lifetime of a reactor. Therefore, the use of a non-renewable low work
function PG is not viable.

e. In situ cleaning of the sputtered material off the PG might allow a low
work function PG to be used. Of course that would not solve the backplate
problem. As a and b above do not solve the problem of the sputtered
material “polluting” the PG, it can be concluded that there is little point
in carrying out R&D on the creation of a low work function PG unless
a technique is developed to remove the sputtered material from the PG
in situ.

2.1.1.4 Electrons exiting the accelerator

Some electrons are co-extracted from the ion source, and, as noted in Section
2.1.1.3, electrons are created in the accelerator via reactions (1)–(13). Electrons in
the extractor and accelerator will be co-accelerated along with the negative ions
until they are deflected onto the extraction grid or one of the accelerator grids, or
they exit the accelerator. The power loss in the extractor is given in Table 1, line 2,
and line 5 gives the power in the electrons exiting the accelerator. That power is
deposited on downstream beamline components and the beamline vessel. The
reduction in the gas density in the extractor and accelerator, as discussed above,
results in a reduction in the exiting electron power by a factor similar to the
reduction factor for the back-streaming ions.

2.1.1.5 Total accelerated power

Line 6 of Table 1 gives the total accelerated D� power for the injector to be
used on a fusion reactor as 22.3 MW compared to 40 MW for a heating neutral
beam injector for ITER. The main reason for the reduced accelerated
D� power is to keep the power density on the calorimeter similar to that of the
ITER injector.
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2.1.1.6 Beamlet halo

Early measurements of negative ion beamlet profiles suggested that the optics of
the beamlets are not well described by a simple Gaussian divergence, that is,

P ωð Þ ¼ P0 ∗ exp � ω2

ω0
2

� �� �
(14)

where P(ω) is the power density at a radial position that subtends an angle with
respect to the beamlet axis of ω and ω0 is the beamlet divergence. The measured
profiles were found to be better fitted by a bi-Gaussian profile. For the ITER design,
the latter was chosen, that is,

P ωð Þ ¼ 1� fð Þ ∗P0 ∗ exp � ω2

ω0
2

� �� �
þ f ∗P0 ∗ exp � ω2

ω0h
2

� �� �
(15)

where f is the fraction of the beamlet power carried by the “halo”, which has a
divergence of ω0h. For the ITER design, f was assumed to be 15%. It is assumed that
R&D from the ITER neutral beam test bed and other negative ion-based systems
will allow an improved optics with a halo carrying only 5% of the beamlet power.

3. Pulse length

All neutral beam injection systems that have been designed or built have been
conceived for a pulsed mode operation, whereas fusion reactors, and any NBI
system to be used on the reactor, are expected to operate continuously for 1 year or
more. Continuous operation will require fundamental changes in the design of the
injectors, such as:

3.1 Pumping and gas flow

All NBI systems so far designed and/or built require very high pumping speed at
the exit of the accelerator and downstream of the residual ion dump in order to
minimise beam loss. The former is needed in order to reduce the gas density, and
hence the stripping losses, in the accelerator and the latter to reduce the pressure in,
and downstream of, the residual ion dump and hence the re-ionisation of the
neutral fraction of the beam in that region and in the duct leading to the reactor
vessel. That is important as re-ionised particles will be deflected into the walls of the
duct by the stray magnetic field from the reactor, reducing the injected power as
well as heating the duct walls. The latter is important as removing heat deposited in
the duct leads to water-cooled components in the duct, and those may occasionally
require maintenance. As those components will become highly active during oper-
ation of the reactor, such maintenance will only be possible by remote means, which
is inherently complicated and difficult. Reducing the power load means that the
components can be designed with a high safety factor, leading to less, perhaps no,
maintenance in the lifetime of a reactor.

Cryopumps that “wallpaper” each side of the injector beamline vessel can pro-
vide a sufficient pumping speed for D2, which in the ITER heating injectors is
≈3 � 106 l/s [12]. Gas is not removed from an injector by cryopumps, it is simply
frozen on the cryogenically cooled panels of the pumps, and the quantity of D2 that
can be stored on the pumps is limited because of the possible explosion; if the D2 is
released from the pumps, there is sufficient oxygen inside the injector, and a source
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of ignition is present. Although the risk is low, it is not acceptable, especially in the
case of a reactor where the injector is part of the confinement barrier. Conse-
quently, when the gas storage limit is reached, it is necessary to regenerate the
pumps, i.e. to release the stored D2, and pump it away with an external pumping
system. As several injectors are likely to be installed on a reactor in order to provide
the required total heating and current drive power, continuous provision of the
required power can be assured by installing one “excess” injector. Then if the n
injectors are installed, n� 1 injectors provide the required power, and only n� 1 are
usually operating. That allows the non-operating injector to be isolated vacuum
wise from the reactor and to be regenerated, with each injector being regenerated in
turn. That only works if the regeneration time1 is ≤τ/(n � 1) hours, where τ is the
time for which each injector can operate before regeneration is needed. As an
example, assume that the injectors can be regenerated in 1.5 h and that each injector
can operate for >3 h before needing to be regenerated. Then with three injectors
installed on the reactor, one is regenerated each hour, so that the cryopump of each
injector is regenerated after 3 h of operation; all three injectors are regenerated after
4.5 h, and the cycle is then repeated, as shown in Figure 1. Having an “extra”
injector is expensive, both because of the cost of the injector and the additional cost
of operating the extra injector and because it reduces the efficiency of the reactor as
the wall space needed for the extra injector cannot be used for generating power.2

In the example given above, the injectors would have to operate >3 times longer
than permitted for the ITER injectors, so that, all other things being unchanged, the
total gas flow into the injectors on the reactor would have to be reduced by a factor
3 compared to the gas flow into the ITER injectors, and that must be achieved
without degrading the injector performance or the global injection efficiency.

An alternative to having an extra injector is to instal a higher pumping speed
than is required for the efficient operation of the injector and to be able to regener-
ate the “unnecessary” part of the cryopumps in situ. For example, if the installed
pumping speed were twice that required for the efficient operation of the injector,
then half the pump could be shut off from the injector, whilst the other half
continues to operate; once the first half has been regenerated, that can be opened up
to the injector and the second half closed off for regeneration and so on.

1 The regeneration time consists of the time to isolate the injector from the fusion device, warming up

the cryopumps to the release the gas, pumping down the injector and cooling down the cryopumps, plus

the time to recondition the injector.
2 If a reactor costs 2 � 109 €, and the apertures in the blanket for the injectors take up 1% of the wall

space, the cost of not producing power from that fraction of the wall is 2 � 107 €, i.e. 66 M€ per injector.

Figure 1.
Schematic of the regeneration cycle for a neutral beam system with three injectors installed, with each injector
capable of operating for >3 h before regeneration of the cryopumps being necessary. The yellow areas indicate
that the injector is operational and the green ones that it is being regenerated. Two injectors are always
operational.
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Unfortunately no system for closing off part of a cryopump sufficiently to allow
it to be regenerated whilst the rest of the pump continues operation has yet
been developed.

In the above discussion, it is assumed that cryopumps will be used in the NB
injectors. It has been suggested that non-evaporable getters (NEGs) could be used
instead of cryopumps. NEGs have an advantage that no sudden release of the gas
captured by the getters is possible; thus there is no safety hazard associated with the
storage of large quantities of D2 in the getters. If NEGs are to be considered, a viable
assembly of NEGs needs to be designed, using NEGs that will not be poisoned by
any impurities in the NB injector and, obviously, that the assembly needs to provide
the required pumping speed. However the problem of regeneration of the pumps
remains as NEGs do not actually pump the D2 out if the injector, but they trap it
within the getter material, and regeneration is needed once the NEGs become
saturated with D2. The possible ways to overcome the lack of pumping during
regeneration are, in essence, the same as suggested for cryopumps above. However
the regeneration time for NEGs is expected to be several hours, so that with three
injectors installed on the reactor, as in the above example with cryopumps, the
NEGS would have to operate for 10 h if the regeneration time is 5 h. No design of
such a system has yet been done.

Because of the quasi-continuous operation of the injectors, all the gas used for
the injectors will be gas recovered from the gas recycled through the reactor
“tritium plant”. That must include the gas released from the injector cryopumps as
that will be contaminated with T2 that has flowed to the injectors from the reactor.
However, the gas flowing into the ion sources must contain only a small fraction of
T2 to make sure that the neutral beams will have a negligible fraction of T0 as the
lower velocity of T0 would lead to deposition in the plasma of the reactor nearer the
outside of the plasma which is undesirable.3 The requirement to have fairly pure D2

for the ion source operation impacts directly on the design of the tritium plant,
which could lead to substantial cost increase for the tritium plant, and therefore any
reduction in that gas flow is highly desirable.

It is to be noted that some of the He produced in the fusion reactions will flow
into the neutral beam duct and the injector, adding to the gas density in the duct.
That will increase the fraction of the neutral beam that is re-ionised by collisions
with the gas in the duct and thus the power to the duct walls. The density of He in
the duct and the injector must be kept at a level that the He in the ion source does
not compromise its performance and that the He density in the beamline and the
neutral beam duct does not significantly enhance re-ionisation losses. An estimate
of the density in the ion source and the increase in re-ionisation loss due to the
presence of He in the injector and duct is given below:

Assume that a 1 MeV D beam is being injected into the reactor.
If the pumping speed for He in the injectors is zero, the He density in the duct

between the injector and the reactor will rise until the flow out of the duct into the
reactor is equal to the flow from the reactor into the duct. Assuming that the He
temperature in the duct is 100°C (due to collisions with a 100°C duct wall), that the
gas flow out of the reactor into the injector duct is ≈1020 atoms/s (a value calculated
for the plasma in ITER), and that 10% of the outflow is He (the rest being D and T),
the density of He in the duct will be ≈2.5 � 1016 m�3.

3 T2 in the source may also impact on the source performance. Operating in D2 is known to result in a

higher fraction of co-extracted electrons compared to operation in H2, and it is possible that the electron

fraction with T2 is even higher.
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Now the He flow out of the injector into the duct must be equal to the flow into
the injector from the duct. Assuming that the He temperature in the injector is 20°C
(due to collisions with water-cooled components in the injector), then the gas
density in the injector will be ≈2.8 � 1016 m�3.

Re-ionisation loss occurs between the entrance to the residual ion dump and the
entrance into the reactor. The cross section for re-ionisation of D on He is ≈3 �
10�21 m2. Assume that the length of the duct between the injector and the reactor is
10 m and that the length of the residual ion dump plus that of the beamline
calorimeter is 3.5 m. Then the extra re-ionisation loss due to the presence of He in
the system is calculated to be ≈0.1%.

If the He temperature in the ion source is 1200 K (the gas temperature in a
negative ion source of the type to be used in the ITER injectors has been measured
to be 1200 K), then as the He flow into the ion source from the beamline must equal
the He flow out of the source, the He density in the ion source will be ≈1.6 �
1016 m�3. To put that in perspective, the D2 density in the ion source should be of
the order of 6 � 1018 m�3, that is, the He will represent <0.25% of the gas particles
in the ion source.

In conclusion, the small increase in the re-ionisation loss due to the presence of
He in the injector and the duct of ≈0.1% is almost certainly acceptable. The pres-
ence of an He density of significantly above ≈1.6 � 1016 m�3 has been shown
experimentally not to have any significant effect on the source performance [13].

4. Caesium (Cs) “consumption”

It is currently estimated that Cs will need to be injected into each ion source at
a rate of ≈20 mg/h in order to reach the required extracted negative ion current.
With quasi-continuous operation and that Cs injection rate, >1 kg will have been
injected into each source every 6 years. It has been found that most of the injected
Cs remains in the ion source and significantly less than 1 kg of Cs is almost certain
to cause operational problems. There are three possible ways to overcome this
problem:

i. Develop a technique for cleaning Cs from an ion source by remote means,
so that cleaning of the source can be done during a reactor maintenance period;

ii. Reduce the required Cs injection rate by about a factor 20 so that Cs
accumulation in the source does not become a problem during the reactor
lifetime;

iii. Develop an alternative to Cs (see is section 2.1.1.3 above).

5. Operation and maintenance in a nuclear environment

The injectors will be operating in a very hostile nuclear environment, and that
will have an impact on many aspects of the NBI system, for example, the activation
and transmutation of materials, the requirement to maintain confinement barriers
under operational response and accidental scenarios, etc., and the necessity to
meet all nuclear safety requirements. A particularly important aspect of operating
in a nuclear environment is that all the components in the actual injectors and the
injector vessel and the nuclear shielding around the injectors will become activated
during operation; that no human intervention for maintenance operations will be
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possible, so all maintenance must be carried out remotely; and that requirement
must be considered at all stages of the design of the injection system.

5.1 Component lifetime

The lifetime of fusion reactors must be very long, and similar to that of a fission
reactor, for example, >40 years, and, like fission reactors, they will operate contin-
uously between outages for maintenance, which will occur not more frequently
than yearly, and the outage time has to be as short as possible, for example,
<1 month, see, for example [14]. The time that the NBI system on a reactor must
operate, both in total and between maintenance periods, is orders of magnitude
beyond any NBI system designed so far, and that means that many new consider-
ations enter into play, such as the lifetime of components which are subjected to
sputtering by the beams and thermal fatigue. It is also evident that as the reactor
and the injectors will operate for 1 year or more between maintenance periods, any
component that is designed to be replaced routinely must be able to operate for
more than 1 year before the replacement becomes necessary.

5.2 Lifetime and fatigue

The injector components should be designed to have a fatigue life that is greater
than the life of the fusion reactor, that is, about 40 years with essentially continuous
operation. When there is a breakdown in the accelerator, the beam will be re-
established in ≈180 ms, which is short compared to the thermal response time of the
components, and the components “see” only a small part of a thermal cycle. There-
fore fatigue failure will arise from the on-off cycles of the beam, when the compo-
nents will experience the complete thermal cycle. The number of on-off cycles will
probably be dominated by the regeneration cycle of the cryopumps. With a photon
neutraliser and a gas flow into the ion source that is reduced by a factor 3, the
cryopumps should be regenerated after ≈3 h of operation (see Figure 2). As, with
continuous operation of the reactor, ≈3000 regenerations will be needed per year,
there will be ≈1.2 � 105 cycles in the reactor lifetime, 40 years. The injector will
almost certainly require conditioning pulses after a regeneration in order to regain
full performance. The low power operation used at the start of the reconditioning
does not contribute significantly to fatigue, and about five full power pulses
should suffice to complete the conditioning. Thus the injector components will
“see” ≈6 � 105 full thermal cycles in the reactor lifetime.

The relatively low extracted current assumed above, together with the reduction
in the stripping losses by a factor 3 (due to the reduced source gas outflow), means
that the power load to the grids should be easily handled and fatigue should not be a
problem. Similarly, the power to the residual ion dump will be quite low because of
the high neutralisation expected with a photon neutraliser and designing the resid-
ual ion dump to have the required fatigue life not be a problem. The reduced gas
flow into the injector will significantly reduce the re-ionisation loss, hence the loads
to the panels in the duct leading to the reactor, and fatigue should not be a problem.
However, even in the reduced current density design considered in Section 1.2, the
beamline calorimeter, which is essential for the commissioning and
recommissioning of the beam source, will receive a similar power density to that
received by the calorimeter of the heating neutral beams of ITER, and the fatigue
life of the optimised design of that component is calculated to be ≈7.5 � 104 cycles,
so either a non-negligible improvement of the design is needed or the calorimeter
will have to be replaced after about 20 years, i.e. once in the lifetime of the reactor.
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It is worth emphasising that, as assumed above, it is reasonable to conclude that
the power “seen” by the beamline calorimeter of an injector on a reactor cannot be
higher than that “seen” by the calorimeter of the heating injectors of ITER, which
precludes increasing the accelerated D� current density to >100 A/m2 when a high
efficiency neutraliser is used. Another consequence is that any increase in the beam
energy would necessitate a decrease in the accelerated current density in order to
keep the power to the calorimeter at the acceptable level.

5.3 Space limitations

High-power, high-energy neutral beam injectors are large; for example, the
ITER 1 MeV heating injectors are ≈15 m long and ≈4 � 4 m in cross section, and the
high voltage bushing through which connects the power, gas, and water cooling to
the beam is over 6 m tall and 2.5 m in diameter (see Figure 2).

Obviously the injectors will require a large “neutral beam cell” somewhere
around the reactor, which must also provide space around the injectors for nuclear
and magnetic shielding, and, because the injectors on a reactor will become radio-
active, space for the remote handling equipment needed for all maintenance on the
injectors. Space around the reactor will also be required for many other types of
equipment, and the space for the injectors will inevitably be limited, which will
directly influence the design and layout of the injectors and any attachments to the
injectors. Some appreciation of the likely space constraints can be gained from the
ITER system. The layout of the three heating and one diagnostic neutral beam
injectors is shown in Figure 3.

5.3.1 Heating power

The three ITER heating neutral injectors will be capable of injecting “only”
50 MW of D0 into ITER, and significantly higher power may be required on a
reactor. If that is realised by adding more injectors, an even larger neutral beam cell
will be required. However that might be avoided by increasing the power from each
injector, which might be achieved by having a more uniform power density on the
calorimeter. In principle, that might be possible as the geometric limitations associ-
ated with the gas neutraliser used in the ITER injector would not apply to a photon
neutraliser-based system. However that requires detailed considerations of the
injector design, and those are not possible with the present state of development of
the photon neutraliser.

Figure 2.
Computer-generated cut-away view of an ITER HNB beamline. The scale below the beamline shows the
distance along the beamline axis in metres from the last grid of the accelerator.
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5.4 Operation in a nuclear environment

The injectors at ITER are expected to perform in a harsh nuclear environment
which will not be better on a reactor. In the present scheme of things, the injectors
are an extension of the vacuum vessel and therefore a part of the nuclear confine-
ment barrier. It is therefore essential that their integrity is assured for all situations
including normal and accidental events which can be initiated when the machine
operates.

The design and operation of injectors in a nuclear environment need to be
considered from various aspects such as the engineering design codes used, the
injector materials, their layout, their operational response to normal and accidental
scenarios under various load conditions, and maintenance, including remote han-
dling, tooling, and the deployment of remote handling tools. All those have been
addressed for the ITER injectors, and the impact on the design has been very
significant. Some of the various aspects are discussed below in order to give an idea
of the complexity involved in adapting the systems to nuclear environments.

5.4.1 Materials

Operation in a radiation environment impacts the choice of materials used for
components, such as to ensure that the essential material characteristics are not
modified by irradiation and to reduce the degree of activation and the quantity of
activated waste. This impacts on all parts of the injector, including, for example, the
choice of vacuum seals, where, essentially, only all metal seals are accepted, the
joining techniques for similar and dissimilar materials, etc. The definitions for
reactors will be stringent because of the harsh environment and strict safety stan-
dards that will be applied. Radiation can damage electronics, components, and
sensors, corrupt signals, and make optical fibres and windows become opaque.
These effects can appear instantaneously or over a period of time due to an accu-
mulation of, for example, atomic displacements. It is clear that the design of an
injector designed to operate on a reactor will have to ensure that all electronics are
situated in low radiation areas, as has been done for the ITER design, both to ensure
their lifetime is adequate and to allow their maintenance.

Figure 3.
Computer view of the ITER NB cell with three heating neutral beam injectors and a diagnostic neutral beam
injector installed. The three heating neutral beam injectors should be capable of injecting 50 MW into the ITER
plasma.
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5.4.2 Injector layout

Designing a system for the environment of a reactor requires a serious consid-
eration of the layout of the injectors, ensuring good access for the remote handling
tooling and adequate shielding in case of the need for man access. Meeting these
requirements requires sufficient space, but there is a conflicting requirement, which
is to keep the “nuclear island” as small as possible. The latter means that the location
of the inventory, the first confinement boundary, is confined to as small an area as
possible. The vacuum boundary of the machine, in normal operation, defines the
first confinement barrier, and any penetration through the barrier becomes part of
the first confinement barrier. To ensure reliability and safety, it is likely that two
metal valves will need to be installed, in series, upstream of any penetration of the
barrier, as is the case on ITER. In that case, the vacuum boundary of the machine
and the second valve, which is the last layer of the primary confinement barrier,
defines the nuclear island. To minimise the size of the nuclear island, the valves and
windows must be located as close as possible to the machine. This can lead to a
complex design which must tolerate high radiation loads, heat loads, neutron fluxes,
and electromagnetic loads whilst simultaneously fulfilling the safety function of
primary confinement. An example of the impact on the injector design is that this
means that any guide tubes for the laser light used for the photon neutraliser will
need to incorporate a window in series with a valve close to the injector vessel. That
window will have to meet all the requirement of the first confinement barrier and
vacuum boundary as well as be able to transmit the laser light quasi-continuously.
As some laser power will be absorbed by the window, it is probable that the window
will need to be cooled by some type of cooling system. Also the window must be
capable of withstanding any over pressure or heat load that might occur during the
failure inside the reactor.

5.4.3 Operational response to normal and accidental scenarios

To ensure safe operation of injectors on a reactor, all possible accidental events
will have to be analysed under all possible load conditions including those arising
from abnormal plasma events such as a “vertical displacement event” (VDE),4 and
under all conditions, i.e. when the system is operating, in stand-by or being
maintained. In addition, nuclear analyses will have to be performed to confirm that
radiation damage to the materials will be below the level at which the mechanical
properties are compromised.

5.4.4 Remote handling

Operation in a nuclear environment limits direct access and hands on mainte-
nance as the injector will become radioactive, and there are then hazards related to
exposure to radiation and from inhalation of airborne contamination. The expected
level of radioactivity in the ITER NB cell and the defined radiation zoning of the
facility lead to the need for remote handling to be in place. Human access is only
allowed when the dose rates are kept beneath the allowed limits of <100 μSv/h.

4 In some magnetic confinement devices loss of control of the plasma position can result in a rapid

vertical movement of the plasma, leading to a violent disruption (sudden loss of the plasma), which is

known as a vertical displacement event. The consequent release of the energy that was stored in the

plasma can lead to very strong, potentially damaging, forces being applied to the machine.
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Achieving the compliance with the radiation zoning is carried out by the use of
effective shielding in the design of the components and reducing materials which
are more activated, i.e. using low cobalt content stainless steel, but achieving a
similar situation on a reactor will be difficult.

6. Discussion and summary

6.1 Efficiency increase

A global efficiency of ≈60% or better is required for a neutral beam system on a
reactor, which is much higher than any neutral beam system has achieved so far.
Meeting that requirement represents a major challenge for neutral beam develop-
ment. To do so requires both a significant increase in the neutralisation efficiency
and a decrease in the losses in the system.

• Increasing the neutralisation efficiency appears most feasible, if difficult, with
a photon neutraliser. The only identified alternative is a plasma neutraliser plus
energy recovery. However, work so far carried out on this topic has failed, by a
wide margin, to produce an adequate D+ and D2

+ + electron plasma target5 nor
to demonstrate how to produce a plasma confinement system that allows the
transmission of the beam through the neutraliser that does not degrade the
beam emittance. Additionally recovering the energy from the D+ fraction of
the beam leaving the neutraliser has severe difficulties and has not been
demonstrated [15–17].

• The stripping losses in the extractor and accelerator of the beam sources of the
ITER heating injectors are very high (≈30%) and must be reduced. That can
only be achieved by reducing the gas flow out of the source into the extractor
and accelerator, which would also reduce the back-streaming in power into the
ion source and the sputtering from the ion source backplates.

• Solid-state RF power supplies have an efficiency of ≈85% and must be used for
injectors on a reactor that use RF-driven ion sources.

6.2 Low work function PG surface

Sputtering from the ion source backplates by the back-streaming ions means
that the PG surface will be coated in the sputtered material in a time that is very
short compared to the operational time between the reactor maintenance periods.
That will result in an increase of the work function and a significant reduction in the
extracted ion current. Thus either the PG needs to be replaced or the surface
renewed. Replacing the PG is not reasonably possible with the current type of
accelerator design. Therefore R&D into low work function PG surfaces should not
be prioritised. However the continued use of Cs injection means that:

5 In principle other gases could be used in the plasma neutraliser, such as argon (Ar), and it is easier to

obtain a higher ionisation degree with Ar [18]. However the potential problems that might occur with Ar

such as contamination of the tritium plant and Ar+ back-streaming into the ion source need to be

evaluated, which has not been done.
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• The Cs flow into the source must be significantly reduced to avoid excessive Cs
accumulation in the source, and ways of in situ cleaning the source of Cs needs
to be developed (see Section 1.1.2).

• Preliminary estimates indicate that back-streaming Cs+ may cause significant
sputtering of the ion source backplates, adding to the erosion by back-
streaming D2

+. Therefore the Cs density in the extractor must be reduced via a
reduction in the Cs in the in source plasma, and R&D on easily exchangeable
ion source backplates may be essential.

6.3 Long pulse operation

Meeting the pumping requirements of the injectors during very long pulse
operation is very difficult, even with a substantial reduction of the gas flow into the
ion source and no gas into the neutraliser. The only systems that can provide the
required pumping speed are cryopumps, and possibly non-evaporable getters
(NEGs), and neither of those actually pumps gas out of the injector. Consequently,
such pumps require regular regeneration to avoid possible explosions and/or to
avoid saturation of the pumps. As no way has yet been developed to allow an
injector to continue operation whilst the pumps are regenerated, the only option is
to take the injector off-line during the regeneration. That problem could be over-
come by having one “excess” injector, so that of the n injectors installed, only n � 1
injectors are ever operating, and each injector is regenerated in turn.

6.4 Lifetime and fatigue

Because the beamline component will become activated during the operation of
the reactor, any maintenance or exchange of the components will have to be done
remotely, and all such operations will be very difficult. That consideration leads to
the requirement that all the components must be designed to have an expected life
that is longer than that of the reactor, for example, with a fatigue life of >40 years.
The calorimeter of the injectors of a reactor will “see” a similar thermal load to that
of the calorimeter of the ITER injectors, even though the accelerated current density
is reduced by 50% of that expected with the ITER system. The ITER calorimeter
design was extremely challenging, and it is unlikely that the design of the calorim-
eter of the injectors on a reactor will be significantly better. The calorimeter of the
ITER injectors has a calculated fatigue life of 7.5 � 104 thermal cycles, and R&D is
needed to meet the full fatigue lifetime requirement which could be ≈5 � 105, i.e.
8 times higher.

6.5 Nuclear environment

The injectors on a reactor will have to fit into the available space, and they will
have to minimise their impact on the size of the nuclear island. The resulting
space constraints will impact on the design and the layout options of the injectors
and any attachments to the injectors, and the requirement that all maintenance
must be carried out by remote means, with the consequent need for space around
the injectors for the remote handling equipment, must be taken into account
during the design of the injectors. An obvious conclusion is that in order to be
considered for R&D funding, any proposal for R&D should consider the possible
implications of the nuclear environment and propose conceptual solutions to those
implications.
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Chapter 2

Taxonomy of Big Nuclear Fusion
Chambers Provided by Means of
Nanosecond Neutron Pulses
Vladimir Gribkov, Barbara Bienkowska, Slawomir Jednorog,
Marian Paduch and Krzysztof Tomaszewski

Abstract

A methodology is elaborated and applied to taxonomy of large chambers of
thermonuclear fusion reactors. It ensures a feasibility to describe impairments pro-
duced by environment and details of the chamber into the neutron field generated
during the operation of a reactor. The method is based on application of very bright
nanosecond neutron flashes irradiated from a compact neutron source of a dense
plasma focus type. A number of neutron activation procedures as well as a neutron
time-of-flight method were applied to trace deviations of neutron 3-D fields after
their interaction with the simulator of the above chamber. Monte-Carlo modeling of
these processes gained the data on the most important elements that influenced on
the fields.

Keywords: nuclear fusion reactors, dense plasma focus, nanosecond neutron
pulses, neutron activation diagnostics, time-of-flight spectral diagnostic

1. Introduction

Contemporary and future nuclear fusion reactors are of rather sophisticated
assemblies positioned in intricate surroundings. Elements of their environment and
constructions may absorb and scatter the basic fusion energy carriers—neutrons [1].

The contemporary main-stream nuclear fusion installations using magnetic and
inertial plasma confinement, namely: Joint European Torus (JET, U.K.) [2],
Wendelstein 7X Stellarator (W7X, Germany) [3] (in the nearest future—the Inter-
national Thermonuclear Experimental Reactor (ITER) [4]), the powerful laser
devices Iskra-5 (in future Iskra-6, R.F.) and National Ignition Facility (NIF, U.S.A.)
[5] as well as the Z-Machine [6] (Jupiter expected in future [7], U.S.A.)—generate
around their chambers 3-D neutron fields that are distorted at their irradiation
outside. The elements of the sheds, numerous structures of the Nuclear Fusion
Chambers (NFC), power sources as well as specific apparatus belonging to these
parts of the facilities exemplify scatterers and absorbers irradiated by neutrons. So
produced by the fluctuations (“voids” and “hot spots”) in neutron intensity and in
spectra around the NFC must be taken into account at the interpretation of the
operational results. The neutron intensity changes and spectra imperfections
observed out of NFC because of elastic and inelastic neutron scattering may happen
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even at an absolutely isotropic initial expansion of neutrons into space from a source
with symmetric nuclear fusion neutron spectral content (e.g., from a laser target in
a laser fusion facility or from an element of the toroidal plasma ring in a tokamak).

But there is an opportunity to describe a 3-D neutron field formed around a
nuclear fusion chamber before its full-scale operation with a help of a foreign
powerful point neutron source that has pulse duration in a nanosecond (ns) range.
Indeed the intense short neutron flash will allow attributing and describing all
elements of a NFC that absorb and/or scatter neutrons separately by using mea-
surements of neutron fluxes (with neutron activation methods) and spectra (with
photomultiplier tube plus plastic scintillator—PMT + S—by means of time-of-flight
(TOF) method) in all directions. These two procedures will also be important from
the point of view of the radiation material science: they will give information where
one may expect increased or diminished values of dpa in the plasma-facing and
construction materials of a NFC.

A very intense ns neutron pulse irradiated from a tiny volume (about 1 cm3) can
be generated by a nuclear fusion device named dense plasma focus (DPF) [8].
Moreover, its neutron emission is quasi-mono-energetic one. So by means of this
device, one may have an opportunity to distinguish elastic scatterings produced by
different parts of a chamber or by dissimilar chemical elements of their content.
DPF may also be used in time-of-flight technique for spectra measurements with a
moderate path length.

Nuclear fusion reactions in a DPF are produced at the interaction of self-
generated and magnetized fast deuterons with pinched plasma [8]. It is similar to
the process taking place in tokamaks with an external neutral beam heating of its
plasma. Accelerated fast deuterons have spectrum spreading to MeV range and
peaked at hundreds keV. The DPF device may be exploited with D or D-T mixture
as working gases. In these cases, it will produce neutrons with mean energy at
around 2.5- or 14-MeV energy peaks correspondingly as it is so in the contemporary
main-stream NFCs. With these ns neutron pulses, a majority of materials used in
activation technique will have the activation time much shorter compared with the
time of their radioactive decay.

Nanosecond neutron pulses are irradiated from the DPF chamber into space as a
neutron “shell” (Figure 1a) of a finite thickness. It has almost a spherical shape. The
thickness of the shell (i.e., a space between the surfaces A and B of the sheath filled

Figure 1.
A neutron “sheath” (a) irradiated from a compact neutron source (shown by a star) of an ns pulse duration
having a thickness in space Δl given by formula (1); its possible use (b) in a large main-stream NFC (a sketch of
a cross-section of the ITER chamber is here).
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with neutrons) has a value Δl equal to pulse duration of neutron radiation Δt
multiplied by neutron speed v:

Δl ¼ Δt� v (1)

This sheath during its propagation from the compact source outwards will be
distorted because of absorption and scattering on elements and systems belonging
to a NFC. Thus, such a source can be able to uncover each element of a NFC
producing the above-mentioned distortions during neutron radiation expansion
through the chamber components (Figure 1b).

These alterations may be found in data on the absolute neutron flux measured in
certain 3-D points in the exterior of the chamber. It will also be discovered as
confident modifications in a neutron temporal evolution in time and, consequently,
in neutron spectral composition after their transit through elements and systems of
the nuclear reactor.

The spatial thickness of the above neutron “shell” will have a value of about 10
of cm being much less compared with the main construction elements of a NFC of a
main-stream fusion facility. Thus, for the taxonomy of objects by such a bright

Figure 2.
Dense plasma focus device PF-6 (a) and a big chamber of the PF-1000U facility (b), simulating a section of a
main-stream fusion chamber of a present-day tokamak (JET here) (c).
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short-pulse neutron radiation, one may use elastic and inelastic scattering of neu-
trons upon nuclei of unknown elements. It is evident that this short powerful
neutron flash allows using TOF technique with short flight bases for modern NFCs.

This type of measurements can be provided by positioning of a DPF-based
compact neutron source in the center of the spherical chamber used in laser fusion
facility or at the movement of this neutron source along the circumference of the
toroidal chamber of a modern fusion device with magnetic plasma confinement.
Such characterization procedures should preferably be repeated after each impor-
tant stage of assembling of a new main-stream fusion facility to describe its novel
elements and their influence on neutron field.

Here in the very beginning, we shall observe the activation methods applied by
using ns neutron pulses generated in a DPF device PF-6 (Figure 2a) due to D-D
reactions. Thus, the generated in the device 2.5-MeV neutrons are subjected mainly
to elastic scattering on parts and structures of a simulator of a NFC [1]. Then later, a
neutron spectroscopic technique will be talked over.

In this case, we exploit in the capacity of the simulator of a big NFC a large
chamber that belongs to the PF-1000U facility [9] available at the Institute of
Plasma Physics and Laser Microfusion (Figure 2b), Poland. This chamber looks
quite similar to the section of JET tokamak (U.K.)—Figure 2c. The vacuum cham-
ber of the PF-1000U device has a shape of a large cylinder with walls made of
stainless steel. The discharge circuit of the chamber consists of a set of capacitors,
cables, and spark-gaps connecting the battery with cylindrical concentric electrodes
playing the role of a plasma accelerator.

2. The PF-6 device as a compact ns-pulsed neutron source and its
auxiliary facilities

2.1 PF-6 device

This machine (Figure 2a) has been described in a number of papers (see e.g.,
[1, 10–12]). Its battery charged to 12–20 kV contains up to 6 kJ of energy. Typical
range of initial pressures of pure deuterium in the device in this configuration was
in the range from 2 to 8 Torr. Amplitude of a discharge current of the device
measured by a Rogowski coil reaches 0.7 MA. The definition of the device as a
neutron source (its major parameters that were measured many times) is as follows:

• Neutron emitting plasma volume is less than 1 cm3; so it is much smaller
compared with a several-meter characteristic size of a main-stream NFC
elements and systems; thus it may be counted as a point very bright mono-
energetic source.

• Quasi-mono-energetic spectra of neutrons are different to some extent being
measured at dissimilar angles to Z-axis of the device; they are peaked near the
energy about 2.5 MeV with the narrow spectrum near it: ΔEn/E0 ≈ 3–5%, where
ΔEn—full width of neutron energy distribution function at its half maximum
(FWHM), and E0 is an energy value where the peak of neutron energy
distribution is observed in a particular direction.

• Neutron yield is 108–109 neutrons/pulse with the deuterium chamber
filling and about two orders of magnitude higher for the D-T mixture as a
working gas.
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• Pulse duration is in the range 15–20 ns, that is, a “thickness” of a quasi-
spherical neutron “sheath” (Figure 1a) spreading into a space from the source
has its value of about 10 cm. In other words, 10 cm is the length of the neutron
packet coming to a detector from the neutron source. Thus, the DPF source
irradiates an ns neutron pulse to a detector as a neutron bunch with a size
much smaller than the characteristic dimensions of the elements and systems
of a NFC.

A DPF is an ecologically more acceptable radiation-producing device in com-
parison with another neutron sources like the accelerators, fission reactors, and
isotope-based sources because:

• Its battery charging voltage is relatively low (�10 kV).

• The DPF is a so-called “push-button source” because it irradiates neutrons
during several nanoseconds merely at switching it on.

• It does not demand safe containers for the device’s protection.

• This set-up can be supplied with a sealed chamber having a D-T gas mixture
generator with a heater discharging the gas into the chamber’s volume [13].

In Figure 3, the oscilloscope trace of the current derivative of a typical “shot”
(discharge) of the device is presented. Chambers that have been used in this device
were of two types (small and large) designed and manufactured at the VNIIA. With
the last one, it may be sealed, obeying a gas generator with deuterium-tritium
mixture and produce the 14-MeV neutrons with the yield up to 1011 neutrons of
15–20 ns time duration.

2.2 Activation methodology

A silver activation counter—SAC [1] (in fact two of them—SAC-1 and SAC-2) is
the main tool in this technique of measurements of the absolute neutron yield Yn. It
is based on silver as activated material. The whole detector is composed of a Geiger-
Muller (G-M) counter wrapped with a silver foil and placed within a hydrogen-
reach moderator. Fast neutrons (2.5 MeV) emitted from a DPF source are slowed

Figure 3.
Oscillogram of the current derivative for a typical “shot” of the PF-6 device.
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down in the moderator. Indirect products of two reactions of decelerated neutrons
with Ag are β� emitters. This type of neutron detectors is a wide-spread tool in the
DPF community, in particular because of the short (ns) neutron pulses generated
by a DPF that is much shorter compared with the half-life of the reactions (see
Table 1). We used these detectors with and without cadmium foil enveloping our
moderators of SACs. With this foil, the effective “threshold” of neutrons’ energy
registered by the counter is 500 keV. In this case, slow neutrons coming to the
detector after scattering in the surroundings are not registered. SACs that were used
since many years as the Yn monitor for the PF-6 device were calibrated many times
by special isotope-based neutron sources placed inside the device’s chamber. The
calibration of SACs has been combined with MCNP calculation [14].

The SAC method has a number of limitations. It can be better operational if it
will be used in a combination with other methods of Yn monitoring. So other
elements [14–18] (In, Be, and Y) were exploited for a so-called cross-calibration
technique with SACs. In a Table 1, one may see the most important nuclear data
regarding the nuclear reactions that were engaged in the PF-6 neutron activation
monitors. Here,T1/2 is the half-life time of particular radionuclides.

The elements have been chosen because of their specific advantages. Thus, a
cross-section for the reaction with Be (the BNAC detector) has an effective thresh-
old near 1 MeV, so undesirable multiple-scattered neutrons do not undergo this
reaction and, therefore, are not measured. The inelastic scattering reaction with In
has such a threshold equal to 340 keV. Fusion neutron yttrium monitor (FNYM)
does not need any neutron moderator to allow neutrons detection.

A large area gas sealed proportional detector SP-126C (Canberra made) has been
chosen in these techniques as a β� particle counter. Its calibration includes the
following procedures: use of calibration sources of β� and neutron radiations with a
parallel set of various Monte Carlo calculations for β� particle and neutron trans-
port. We applied the MCNP5 [16] Monte Carlo code with MCNP5DATA [17] cross
section library that have been used for the above-mentioned calculations.

In some of the above-mentioned activation techniques, the gamma spectrometry
system based on the high purity germanium (HPGe) detector equipped with
multichannel analyzer (MCA) was used. The detector is supplied by the

Irradiated
element

Nuclear
reaction

Reaction’s
product

Half-life decay,
T1/2

a
Mean energy Eβ

(keV)
Intensity

(%)

107Ag [14] n,γ 108Ag 2.382 m 629 95.5

109Ag [14] n,γ 110Ag 24.56 s 1199.36 95.18

9Be [14–18] n,α 6He 806.7 ms 1567.62 100

Eγ (keV) Intensity
(%)

115In [14] n,n0 115m In 4.486 h 336.241 45.8

115In [14] n,γ 116In 54.29 m 1293.56 84.8

1097.28 58.5

416.90 27.2

2112.29 15.09

89Y [14] n,n0 89m Y 15.663 s 908.960 99.16
ahttp://www.nndc.bnl.gov/nudat2/dec search.jsp.

Table 1.
Nuclear data relating to the nuclear reactions that are engaged in neutron activation techniques.
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manufacturer with its numerical characterization and software for mathematical
calibration of the system (ISOCS/LABSOCS). Specific features of the above-
mentioned activation methods, calibration procedures, and their MCNP support
calculations one may find in the work [18].

2.3 Neutron spectroscopy based on the time-of-flight measurements

Time-of-flight (TOF) methodology was applied for the neutron spectra investi-
gations with and without the above-mentioned simulator of a NFC. For this goal,
two mobile measuring stands for experiments prepared to work in a harsh electro-
magnetic environment are used [1, 22]. The base for each measuring stand is the
cabinet, which represent a Faraday cage featuring outstanding electromagnetic
compatibility (EMC) shielding (it is possessed of 80 dB in the range from 30 to
300 MHz, of 60 dB in the range from 300 MHz to 1 GHz and up to 40 dB for the
frequency band centered around 3 GHz).

At the data acquisition procedure, the stand is linked with the detectors and
triggers only by the fiber optic connections (i.e., for triggering, time marking, and
data transmission) with the devices positioned out of the stand, thus having no any
galvanic contacts with the main lines and the experimental facilities. The stands are
equipped with the converters for two-way signal conversion (Figure 4) and they
are battery-powered.

The hybrid module is equipped with the photomultiplier tube (PMT) having
12 focusing dynodes. The conversion of ionizing radiation into light occurs in
the fast organic scintillators S (so on the whole the system is named as a
PMT + S—Figure 5).

Usually, the scintillators used in the device have 45 mm in a diameter and 50 mm
of their length. This length was chosen due to its closeness to the mean free path of
2.5-MeV neutrons in it.

All PMT + Ss (these detectors will be named subsequently as TOF-1 or TOF-2)
are inserted into the cylinders made of paraffin (served as collimators) and have a
2-mm lead foil blocking front part of the PMT + Ss to prevent them from scattered
neutrons and soft X-rays. The oscilloscopes are triggered through the fiber optic
cables. In Figure 6, one may see two stands near the PF-6 with the open door
showing PMT + S, an oscilloscope and SACs on their roofs.

Figure 4.
Elements of mobile measuring stands used for powering management and optical communication [19].

Figure 5.
Key components of the fast neutron scintillation probes (FNSP-1) [19]).
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In Figure 7, one may see an oscillogram of a cosmic radiation, demonstrating the
temporal resolution of the PMT + S used in the experiments. It appears to be equal
to 2.6 ns of its full width at half maximum (FWHM).

In Figure 8, the oscilloscope traces (OTs) for low (a), medium (b), and high
(c) intensity of hard X-rays and neutrons are presented. It is seen that at a high-
intensity of the X-ray and neutron radiations, the photomultipliers are working in a
“current mode of operation” (Figure 8c) rather than in a “single-pulse” recording
(as it is in a and b pictures) regime.

Our plan for the first step of experiments on the taxonomy of a simulator is to
investigate the angular characteristics of neutron radiation of the PF-6 device itself
in empty room (Figure 9a).

It is provided in the most “clean” hall by two stands. In this test, one stand
(No. 1) has an immobile position in a direction perpendicular (90°) to the Z-axis
of the PF-6 chamber, whereas the other one (stand No. 2) is moved around the
PF-6 device.

After these measurements, giving information on the spatial distribution of
neutron intensity around the PF-6 device itself, the second step of this procedure
starts. In these tests, the same measurements must be done but already with the
simulator (in its capacity a chamber of the PF-1000U facility is used). That gives an

Figure 6.
Experimental complex for measuring the neutrons field produced around the PF-6-based neutron source; it
consists of two sets of detectors (silver activation counters and PMT + Ss) placed inside two cabinets.

Figure 7.
Oscilloscope trace (OT) of cosmic radiation measured by PMT + S (2.6 ns of its FWHM).

Figure 8.
Oscillograms of three shots with low, medium, and high intensity of hard X-rays (1st pulses) and neutrons (2nd
pulses); in the last oscilloscope trace all flashes produced inside the scintillator by individual X-ray photons and
neutrons (a, b) are merged (c) and the PMT begins to work in the “current” mode of operation.
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opportunity to disclosure imperfections produced in the 3-D neutron field by
scattering and absorption of 2.5-MeV neutrons in structures of the PF-1000U
chamber as well as in the hall parts (Figure 9b).

3. Methodology

3.1 Theoretical treatment

3.1.1 Neutron emission anisotropy

The well-known nuclear fusion reaction D (d,n)He3 produced by a parallel
monoenergetic beam of high-energy deuterons propagating along Z-axis at its
interaction with an optically “thin” target (a cloud) of deuterium gas or low tem-
perature deuterium plasma (i.e., when its thickness is much less than the mean free
path of deuterons in the cloud) is characterized in the laboratory system of coordi-
nates [20, 21] by the following formula:

Q ¼ 4
3
En � 1

3
Ed � 2√2

3
Ed � Enð Þ1=2 cos θ (2)

where Q is the energy released in the reaction, Ed is the energy of a fast deuteron
bombarding the deuteron target, En is the energy of a neutron, and θ is the angle in
relation to Z-axis that neutron is emitted to.

This equation can be resolved, and it gives for neutron energy En:

√En ¼ 0:3535 �√Ed � cos θ � 0:125 � cos 2θ þ 0:250
� � � Ed þ 2:475
� �1=2

(3)

For the angle θ = 90°, this formula takes the simplest form:

En ¼ 3
4
Q þ 1

4
Ed (4)

For the parallel beam of, e.g., 200 and 500-keV deuterons propagating along
Z-axis (the angle θ = 0°) and bombarding plasma, the data on neutrons energy
that escape the plasma volume (i.e., a target) at some angles are depicted in
Tables 2 and 3.

Figure 9.
Steady-state position of the stand No. 1 (SAC-1 and TOF-1) and a movable stand No. 2 (SAC-2 and TOF-2)
in its position No. I (see later) in a “clean-room” condition (a) as well as the same stands placed at their 90°
positions to the Z-axis of both chambers of PF-6 (neutron source) and PF-1000U (simulator) devices (b).
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Figure 10 represents an angle distribution of the effective differential cross-
section σeff of the reaction D(d,n)He3 in the laboratory system of coordinate. This
picture is valid again for the low-intensity parallel monoenergetic beam of deu-
terons of energy Ed = 500 keV interacting with a “thin” target of deuterium plasma
of relatively low temperature [20, 21]. Neutron stream density (fluence) is propor-
tional to the effective differential cross-section σeff. Now, we can define the neutron
anisotropy for the particular plasma device as a ratio of fluencies obtained in
different directions:

A θið Þ ¼ φ θið Þ=φ 90°ð Þ (5)

where A(θi) is the anisotropy of neutrons emitted at an angle of θi to the
direction of the beam of fast deuterons (i.e., to Z-axis of a DPF oriented from its
anode), φ(θi) is the fluence of neutrons emitted at an angle of θi, φ(90

o) is the
fluence of neutrons emitted at an angle of 90o, and various i are the subsequent
positions where anisotropy is calculated and/or measured. From the next section,
one can get that each i denotes the angle that corresponds to the measuring position
location.

It gives for the data on anisotropy of neutron streams at various angles normal-
ized to the value at 90° that produced by the beam of 500-keV deuterons at its
interaction with a low-temperature deuterium plasma the following values
(Table 4).

Thus, the theoretical angular distribution of neutron intensity produced in
an “optically” thin deuterium gas (or low-temperature plasma) target by a

Neutrons escaping angle θi (°) Neutrons energy En (MeV)

90 2.47

0 3.1

180 2.0

Table 2.
Energy of neutrons produced by 200-keV deuterons with the exit angle θi.

Neutrons escaping angle θi (°) Neutrons energy En (MeV)

90 2.57

0 3.6

180 1.8

Table 3.
Energy of neutrons produced by 500-keV deuterons with the exit angle θi.

Figure 10.
A graph of the effective differential cross-section σeff for neutrons taking part in the reaction D(d,n)He3 that is
presented for the laboratory system of coordinate in dependence on the angle. The diagram is calculated for the
case of the mono-energetic beam of deuterons having energy Ed = 500 keV and interacting with a so-called
“thin” target of deuterium plasma of fairly low temperature.
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low-intensity parallel mono-energetic beam of 100-keV deuterium ions as test
particles (usually for the DPF deuteron spectrum obtained in various conditions,
different authors give a figure in the range of hundreds KeV—see e.g., [8, 22]) looks
similar to the eight digit (see Figure 11 plotted for the monoenergetic deuterons of
100-keV energy). In a center-of-mass system, it is symmetrical, whereas in a labo-
ratory coordinate frame, it is slightly shifted in the direction of the beam propaga-
tion with A(θi) ≈ 2.0 and 1.5 for 0 and 180° correspondingly.

However, one has to take into account that the main part of neutrons generated
in DPF is produced by gyrating deuterons [8, 22]. These particles escape pinch
plasma (target) at a certain effective angle. So, it must give for the direction of
Z axis the lower values of anisotropy counted for 100-keV deuterons: A(θi) ≈ 1.7
and 1.2 for 0 and 180°, respectively.

Moreover, the spectrum of fast deuterons in DPF devices is not monoenergetic:
it extends till MeV range following the power law with a peak at hundred keV [8].
As it is known, the deuterons generating neutrons are captured for a certain time by
self-produced magnetic fields and then fly out from the pinch under an appreciable
angle as it was mentioned above. Besides, this flow of deuterons is very dense and
intense (so it may be better characterized as a fast-moving cloud—high-energy and
almost relativistic plasma jet) [8, 22].

All these features must result in the obtained experimental data for neutron
anisotropy and spectra in smoothing of the pictures compared with the aforemen-
tioned theoretical ones. One may expect that the energy of deuterons producing
neutrons in a DPF will occupy an energy range in the interval between the above-
mentioned values (i.e., for deuterons energy distributions with their peak energy
somewhere from 100 till 500 keV).

3.1.2 Time-of-flight spectral measurements

As it is well known [20, 21], the TOF technique converts a temporal behavior of
the ns pulse of the neutron emission reflected in the pulse shape for the PMT + S
positioned at the close vicinity to the generator into the pulse shape reproducing

Angle θi (°) Anisotropy coefficient A for the beam of 500-keV deuterons
normalized to the value at 90°

90 1.0

0 3.33

180 1.8

Table 4.
Anisotropy coefficient on the exit angle normalized to the value at 90°.

Figure 11.
Theoretical angular distribution of neutron intensity produced in an “optically” thin gas target by a low-
intensity parallel monoenergetic beam of 100 keV deuterium ions: in a center-of-mass system (a) and in a
laboratory coordinate frame (b).
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spectral characteristics of neutron radiation when the fast probes is moved to a
certain distance (the speed distribution of particles transfers into the space one).

Time-of-flight of neutrons measured by means of PMT + S can be transformed
into the energy distribution of the neutrons producing the neutron pulse. Their
maximum may be expressed by a ratio (6) presented in books [20, 21]:

EMeV ¼ 72:24 lm=tnsð Þ2 (6)

In this formula, EMeV is neutron energy in (MeV), lm is a distance in (m), and tns
is a flying time interval in (ns).

To transform temporal behavior of a neutron pulse in the OT into spectral
distribution of neutrons by their energy values in the OT, the distances l from the
source till the PMT + S for the observation of spectra must be much longer com-
pared with the size of the neutron pulse in space (in our case l >> 10 cm).

3.2 Neutron activation techniques application for the “clean-room”conditions

The first stage of the characterization experiments is the investigation of the
angular characteristics of neutron yields of the PF-6 device itself by activation
methods. General arrangement of the two stands with SACs and other activation
detectors as well as with two stands containing PMT + Ss-related equipment is
shown in Figure 9 in the positions of a “clean-room” condition (a). Note that there
is a difference in heights of the positions of PMT + Ss and SACs: the PMT + Ss are
situated in the plane of Z-axes of the PF-6 and PF-1000U chambers (that are
directed horizontally in relation to the floor) but the SACs are placed 70 cm higher.

This taxonomy of the PF-6 device was provided in the most “clean” hall. How-
ever, it must be noted here that these conditions are not absolutely “clean.” Indeed,
the device itself has four capacitors filled with a castor oil (scatterers), the concrete
floor and ceiling are presented, four coils of cables and four separating transformers
are the elements of the PF-6 construction. All of these parts are rather bulky
scatterers/absorbers. Due to these obstacles, we shall use the term “absolute” neu-
tron yield in the subsequent text for the figures that will represent the values which
are only correlate with another instruments’ data in the dissimilar positions. Thus,
these data are the “virtual” readings, or the “absolute” quantities with the identical
but unknown standardizing coefficient.

During the experimental simulations, the neutron yield (YnTOTAL) is monitored
using two SAC(s). The shots of the PF-6 device when the YnTOTAL magnitude was in
the range of 108–109 neutrons per pulse were taken into account only. Side by side
with two silver activation counters (SACs), the activation detectors based on Be and
Y were used. The Y neutron detectors give the data that are correlated with the
neutron yield obtained from SAC quite well (see Figure 12).

The calibration measurements were produced during the successive 33 shots
with SAC-1 and SAC-2. These probes were placed normally to the Z-axis of the
chamber of the PF-6 device from its two opposite sides. Then keeping the position
of the probe with SAC-1, the stand No. 2 was relocated along the way around the
PF-6 device with seven different stops shown in Figure 13.

The procedure looks as follows. There are two cages. Each cage has a SAC placed
70 cm above the Z-axis of the PF-6 chamber (Figure 13b). The Z axis covers the
axis of symmetry of the PF device. The X axis is horizontal, so the Y axis is vertical.

For any (x,y,z) point θ = arccos {z/√(x2 + y2 + z2)} is the angle between vector

x!, y!, z!
� �

and the Z axis. This gives the spatial angles θi° that differ from those
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“flat” angles αi° depicted in Figure 13a. From literature, one may find that neutrons
produced in DPF and irradiated in all directions perpendicular to Z-axis (i.e., for the
detector SAC-1 in its immobile place and for the detector SAC-2 in the position 4)
has usually the energy peak near the value equal to 2.5 MeV for reacting deuteron
having energy of hundred’ keV [20, 21].

Step 1: At the beginning, the background (i.e., cosmic radiation) data are fixed
by both SACs. It is repeated five times and the mean figures (usually it is �30–40
counts in the case) are computed for each collection of shots.

Step 2: On the assumption that for both SACs placed at 90° (i.e., perpendicular
to the Z-axis of the PF-6 chamber—position No. 4 for a movable SAC-2), neutron
yields are the same (with this device it was proved many times), and their individ-
ual sensitivities ratio is calculated as Yn1/Yn2(position 4) = Q1. This is a standardization
coefficient Q1 for all subsequent calculations for different positions of a SAC-2 and
for dissimilar neutron outputs in various collections of shots. For example, in this
set of experiments, Q1 = 1.374.

Step 3: Data that were collected by the SAC-1 and by the SAC-2 in its different
locations (Yn1(i) and Yn2(i)) are averaged over about 10–20 “good” shots during a
single session, so the mean figures for each collection of shots Yn1(i)measured and
Yn2(i)measured are calculated after deducting background values.

Step 4: At that time, the “actual” magnitudes of Yn2(i) of the SAC-2 are
calculated with the detector sensitivity correction:

Yn2 ið Þreal ¼ Yn2 ið Þmeasured � Q1 (7)

Figure 12.
Data of the absolute neutron yield measured during the experimental session with yttrium and silver activation
counters averaged over 10–20 shots for each point of the graph.

Figure 13.
Presentation of the diagram of the immobile position of the stand No. 1 and seven successive locations of the
movable stand No. 2: top view—(a) and side view—(b) during measurements of the angular distribution of
“absolute” neutron yield by SACs for the PF-6 device in a “clean” situation.
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Step 5: The remoteness r2i of the detector SAC-2 from the PF-6 chamber are
computed for each of its positions; then a standardization procedure is produced
according to the knowledge of the real distance lengths between the source and the
SAC-2: rSAC-2. Subsequently by applying the r�2 law, the factors for the neutron
yield belonging to all locations of the detector SAC-2 are gained:

ki ¼ rSAC�2i=rSAC�2 position 4ð Þ
� ��2 (8)

Step 6: By means of the multiplication of the above-mentioned “actual” neutron
yields Yn2(i)real with these factors ki and regularizing them by the character for Yn1(i)

in each collection of shots “i,” a coefficient of the anisotropy A in the “clean” room
is gained finally:

A ¼ ki Yn2 ið Þreal=Yn1 ið Þ
� �

(9)

3.3 Neutron activation techniques application for the conditions with an object
simulating a section of a toroidal chamber of a mainstream fusion facility
(the PF-1000U chamber)

Upon obtaining data on the clean-room conditions, the neutron source—PF-6
device—as well as the both fast probes No. 1 (SAC-1 plus TOF-1) and No. 2 (SAC-2
plus TOF-2) must be transported to the simulator, that is, to the PF-1000U facility
chamber. In this arrangement, we must repeat the measurements of the same type
as above but around the model set representing the tokamak chamber section
(Figure 14).

The data acquired in this structure (Figures 14, 15, and 9b) are compared with
the previous data (Figure 9a) as well as with monitoring of readings of the trans-
portable test desk No. 2 in comparison with the values obtained by the stand No. 1
in its steady-state location.

Besides, in these experiments, a special 2/4-cm stainless steel (SS) supplement
(see Figure 16) on the top of the PF-6 chamber was mounted that represented an
additional irregularity (mainly in forward direction of neutron propagation).

Figure 14.
A scheme of a steady-state location of a stand No. 1 (i.e., the stand containing the activation counter SAC-1 and
the fast probe PMT + S—TOF-1) and seven different locations of a movable stand No. 2 during the simulation
experiment with the PF-1000U chamber (i.e., a stand with the SAC-2 and the PMT + S probe TOF-2)—top
view.
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3.4 Neutron spectral measurement procedure by time-of-flight technique for
the “clean-room”condition and for the experiments with a simulator

The typical fast probe OT of the PMT + S-1, that is, obtained by the immobile
stand No. 1 with TOF-1, for the experiment made in a “clean-room” condition is
given in Figure 17.

The PMT + S probes No. 1 (immobile) and No. 2 (movable) are placed in the
horizontal plane coinciding with a Z-axis of the PF-6 chamber. The above-
mentioned TOF method was used to obtain information on the angle neutron
spectral distribution. Again, the PMT + S-1 position (TOF-1) was preserved from
one side of the PF-6 chamber but the PMT + S-2 stand (TOF-2) was moved along
the steps 1 through 7 shown in Figure 13a.

As it was mentioned above, the neutrons’ energy is 2.5 MeV [8] at the angle 900

to Z-axis of the chamber; so for the detectors Nos 1 and 2 placed at 1.05 m we have
to move forward the hard X-ray pulse by its time-of-flight equal to 3.5 ns
(vhxr = 3 � 108 m/s) and the neutron pulse—by 48.5 ns (vn = 2.1667 � 107 m/s) as it
is shown in Figure 18a and b.

This correction on TOF of both types of radiation (we have taken a mean value
for it calculated for the 33 shots) provides the time interval for the delay of the
neutron pulse peak appeared near the anode of the DPF chamber in relation to the
front of the hard X-ray pulse. We found that in these experiments, it was equal to

Figure 15.
Distances l2, R2 and angles α, θ in the plane of the SACs, and the real 3-D angles from the source to the SAC2,
depicted for a hall with a simulator.

Figure 16.
A stainless steel (SS) supplement placed on the top of the PF-6 chamber in front of the anode; distance between
the anode top and the lid’s peg was 3.5 cm.
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Δt = 25 ns for each stand in this collection of experiments. Later, one must recheck
this figure in each shot by using fixed stand No. 1. Typically, the rise-time of the
hard X-ray pulse is vertical practically, that is, it is equal to the fast probe temporal
resolution and, consequently, to the measurements’ uncertainty. These readings
establish for us a foundation for the following measurements and amendments
fitted for all other neutron pulses observed at different angles and at dissimilar
remoteness from the PF-6-based pulsed source of neutrons. So in every shot, we
begin our temporal calculations from the front of the hard X-ray pulses, subse-
quently moving the neutron pulses to the time moment delayed in relation to the
X-ray front namely by this Δt.

After such a procedure, we obtained an opportunity to calculate TOF of this
neutron pulse to the detector No. 2 in its each specific location. Using formula (6),
this measured and corrected time-of-flight can easily be recalculated into the energy
of this neutron group producing the neutron pulse maximum. Results of calcula-
tions at usage of the above procedure and the formula give the angle dependence of
the neutron spectral distributions in the space around our PF-6 device in a “clean”
room conditions.

The same procedure of neutron spectra distortions has been provided in the
experiments with the PF-1000U chamber simulator.

4. Numerical simulations

4.1 Geometrical model

We have used a geometrical model of this simulation experiment in a simplified
form. The scheme encloses the PF-1000U stainless steel vacuum chamber, a set of

Figure 17.
Typical OT of hard X-ray (1st—ΔtFWHM = 10 ns) and neutron (2nd) pulses of the PF-6 device (neutron pulse:
ΔtFWHM = 20 ns).

Figure 18.
Initial (measured—a) and corrected for TOF positions of hard X-ray (1st) pulse and 2.45-MeV neutron (2nd)
pulse (b).
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electrodes with insulators, a collector with cables, as well as all details of the hall
interior. The vacuum cover of the PF-1000U chamber is detached and removed 2
meters away along Z-axis. Thus, an air is filled in the chamber. A frame of reference
is originated in the center of the anode end. The Z-axis is on the axis of symmetry of
the chamber, the X-axis is horizontal, whereas the Y-axis is vertical. A cross-section
of the model in the X-Z plane is offered in Figure 14 and in Figure 19.

4.2 Neutron source

The source of neutrons is point and lies on the Z-axis near the end of the opened
chamber of the PF-1000U facility. The coordinates are (0, 0, 160) cm. The energy
spectrum of neutrons is the Gaussian one. The peak of the most probable energy of
the Gaussian spectrum of neutrons depends on the direction of neutron emission.

The group of neutrons that are emitted in-Z direction (in opposite direction in
the respect to Z-axis) has energy around 2.7 MeV, neutrons that are emitted in XY
plane (90° in respect to Z-axis) have their peak energy around 2.45 MeV, and the
group of neutrons emanated in +Z direction (i.e., at 0° in respect to Z-axis) has their
energy peak around 2.3 MeV. In all in-between directions, the neutron groups have
corresponding intermediary energies. The widths of all Gaussian peaks are assumed
to be 120 keV. The neutron emissions in all directions are unequal (i.e., anisotropic)
as it is described above.

4.3 The code

The MCNP code (X-5 Monte Carlo Team, MCNP—A general Monte Carlo N-
particle transport code, Version 5, Los Alamos National Laboratory, LA-UR-
03-1987, 2003 [16]) was carried out for calculations. Cross-sections used in these
computations have been derived from the ENDF/B-VI library [17].

4.4 Tallies

Calculations of neutron flux density and spectra have been performed for seven
spheres of air placed in positions with spherical coordinates that are described in
Section 3.2.

Let us denote φn (n = I, II, …, VII) as MCNP calculated neutron flux density in
n-th SAC. Then anisotropy An(θn) equals:

Figure 19.
A cut-view of the geometrical MCNP input: ZX plane. Numbered spheres are “detectors”, the star with the letter
“n” denotes neutron source (PF-6).
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An θnð Þ ¼ φnr2n
φIr2I

(10)

Using the above procedure, we have provided test calculations both for neutron
anisotropy and spectra for several configurations close to the experimental ones
including those for the pulse shape as it is seen in the oscilloscope traces.

5. Results and discussions

5.1 Experimental results on measurements of anisotropy of neutron emission
using PF-6 device positioned in an “empty” hall

One may see the results of anisotropy measurements after their processing in
Figure 20. As in Figure 13a, this is the top view. Thus, it is a projection of the plane
of SACs (70 cm above Z-axis) to the plane containing PMT + Ss and Z axis. In
particular, for example, for the SAC-2, the so-called “flat” angle presented as α = 0°
corresponds in the 3-D diagram to the actual angle θ = 12°. Juxtaposition of the
experimental figures and the theoretical data (see Figure 11 and the side analysis)
one may find a number of dissimilarities. However as it was mentioned before, the
beam of deuterons is not a parallel one because of the magnetization of ions in the
self-generated magnetic fields [8, 22]). Besides, this beam of fast deuterons is very
powerful and its energy spectrum is very broad extending to the MeV range (so this
stream is non-monoenergetic one). It is a reason for the observed in the experiment
a certain “leveling” of the “8-digit” form of anisotropy shown in Figure 11. In
addition, there are two peculiarities of the graph 20 that must be discussed.

1.It is seen that in forward directions (V, VI, and VII), a value of anisotropy is
noticeably larger compared with those known from literature [8]. Usually these
values are about 1.4–1.7. Such figures can be obtained bymeans of formula taken
from [20, 21] if the most typical deuteron energy will be equal to Ed ≈ 100 keV
and at the condition that the basic part of fusion neutrons are generated by
magnetized deuterons that are flying out of the pinch within a cone having an
angle to Z axis equal to about 20° [22]. But in these experiments, the magnitudes
of neutron fluxes are equal to 1.8, 2.1, and 2.4 observed in these directions.

Figure 20.
Polar chart of neutron fluxes measured for different angles in relation to Z-axis of the PF-6 device for the case of
the “clean-room” environments (here it is a projection from the plane 70-cm above the plane of Z-axis of the
PF-6 chamber); in this chart, the radii of successively enlarged rings correspond to anisotropy coefficients equal
to 1, 2, and 3, respectively; the coefficients are normalized on the value for the position 4.
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2.One may notice a bit strange result for the position 2 of Figure 20: just
opposite to the previous case, we observed a low value of the neutron flux
measured at the angle α = 157°.

It is possible to find an interpretation of these features by comparing these
experimental results with the MCNP modeling of the process.

Some parts of the PF-6 device itself as well as the hall environment can influence
the ideal theoretical representation. The Monte-Carlo (MCNP-5) computations
have been provided especially to describe the PF-6 itself and its surroundings.
As it is known, the MCNP technique does not permit undertaking an inverse
problem. Thus, we have provided a number of numerical simulation for the
following dissimilar experiment’s situations:

1.The source of neutrons placed at the beginning of system of coordinates (in the
center of the PF-6 anode surface) is point, isotropic, and monoenergetic (with
En = 2.5 MeV).

2.Geometry of capacitors, separating transformers, floor, ceiling, and cables is
approximate and simplified.

For identification of an influence of each component of the environment,
we have provided six successive sets of the computations: with vacuum everywhere
and with separating transformers on their places; vacuum everywhere with
capacitors in their locations; vacuum everywhere with floor and ceiling of the
hall; vacuum everywhere and hank of cables; all components are presented;
only vacuum.

3.All calculations of the neutron flux density have been fulfilled for seven
detectors placed in their real positions coinciding with those in the present
experiments. Detectors were represented by spheres of 15 cm radius each.

Calculations have been done for two cases—with absence and in presence of
the cadmium foils enveloping each SAC—see Tables 5 and 6 correspondingly.
The first one contains results of calculations of neutron flux density (cm�2) of the
whole spectrum of neutrons reaching the detector. The second one comprises data
obtained for calculations of flux density of neutrons with energy spectrum above
500 keV.

The values of flux densities in seven directions around the PF-6 chamber (i.e.,
anisotropy) were calculated for each case taking into account the distance of the
detector from the source using an inverse quadratic law for radii. Examination of
these tables shows quite clearly:

1.The cadmium foil enveloping our SACs is a very effective screen preventing
penetration to the counter of low-energy neutrons that appears due to multiple
scattering in the environment.

2.The first above-mentioned peculiarity of the chart is partially explained
by scattering (reflection) of fast neutrons in forward direction on concrete
ceiling and floor (for example, at 0° the figure looks as follows:
1.7 � 1.23 = 2.1).

3.The second effect is explained by scattering of neutrons on the coil (bundle) of
cables: the data of experiment and modeling coincide numerically almost
exactly.
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Examination of our geometry of the PF-6 chamber used in these experiments
has also shown that too high intensity in the “forward” direction (points 5, 6, and 7
—values up to 2.4) may be explained (additionally to the above-mentioned influ-
ence of concrete ceiling and floor) very likely by a specificity of the anode con-
struction in this case. Instead of an aperture usually made in the anode center to
prevent evaporation of debris by the electron beam we had in this case a special
central insert made of rhenium. In this case, such an insert made of refractory
materials helps to produce the most representative group of fast deuterons having
higher energy compared with a common case. We observed some years ago this
effect with the central anode insert made of tungsten. Because of this fact, the value
of the projection of Ed max onto Z axis appears to be here in the range 150–200 keV,
whereas the real value of these deuterons taking into consideration their preferen-
tial escaping angle [22] of about 25° can be estimated approximately as 300 keV.

5.2 Data on anisotropy measurements of neutron emission using PF-6 device in
the presence of the simulator of a section of a toroidal chamber of a
mainstream fusion facility (the PF-1000U chamber)

The process of measurements of neutron fluxes in different directions is about
the same as above for the case of the empty hall with a bit different distances from
the neutron source to the Faraday cages No. 1 and No. 2 (they were recalculated).
Results of these measurements and their treatment including construction of an
anisotropy graph are depicted in Table 7 (together with the “clean-room” data for
comparison) and in Figure 21 presented here for demonstrativeness. This picture is
a polar chart analogous to that of Figure 20. It presents quite perceptibly both data
on anisotropy obtained in a “clean” room conditions (shown by green color) and in
a hall with a simulator of a tokamak chamber section (red color). This large-scale
object is represented here by a discharge chamber of the PF-1000U installation (see
Figure 14). In particular, one may clearly see a strong influence of the PF-6 cham-
ber supplement (Figure 16) and PF-1000U chamber electrodes (Figure 14) pro-
duced upon the neutron flux densities under the measurements. Indeed, it becomes
apparent in the position V: here between the SAC-2 and the source, the flat part of
the supplement (2 cm of stainless steel) is situated; it is even more evident for the
locations VI and VII where the SAC-2 records the neutron flux passing through the
supplement’s protrusion (here we have 4 cm of SS) and through the PF-1000U
chamber electrodes. At the same time, just contrary—in the locations of the SAC-2
numbers III, II, I, and IV, the data obtained in this experiment feebly differ from
the readings attained in the empty room (positions 1, 2, 3, 4, 5 of the SAC-2).

For the position III, which is close to the location 2 in the empty-room condi-
tions, the same peculiarity (a small dip) in the neutron flux density is observed. It
is a consequence of the presence of the same object as in the above-presented

Positions of the detectors SAC&PMT + S2 during the tests
with the simulator

III II I IV V VI VII

A—an anisotropy coefficient in the simulation tests 1.17 1.31 1.0 2.16 1.63 0.415 0.13

Positions of the SAC&PMT + S2 during the “clean-room”

framework tests
1 2 3 4 5 6 7

A—an anisotropy coefficient in the “clean-room” framework
tests

1.3 1.0 1.4 1.0 1.8 2.1 2.4

Table 7.
Data on anisotropy of the neutron yield in the hall with the simulator.
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“clean-room” conditions (an influence upon the neutron radiation produced by the
cables bundle). A noticeable influence of the PF-1000U chamber may be seen in the
location V (in this very direction the scatterers/absorbers obstacles are cables of the
PF-1000U facility—see Figure 14). In the locations VI and VII where the SAC-2 is
blocked by a thick SS supplement of the PF-6 chamber itself and by the central part
of the chamber of PF-1000U device (electrodes), the SAC-2 readings were dramat-
ically decreased.

This chart is again an image projection of a polar diagram presenting both data
on anisotropy obtained in a “clean” room conditions (shown by green color) and
with a simulator (red color) in the plane of SACs that are 70 cm higher than the
level with Z axes of PF-6 and PF-1000U facilities and the detectors PMT + Ss. This
is a vertical projection of the neutron flux angular distribution to the horizontal
plane containing Z axes of both devices as it is shown in Figures 13 and 14. After
this session, we came to processing of data obtained with fast probes (PMT + Ss).

5.3 Experimental results on measurements of spectra of neutron emission using
PF-6 device with an object simulating a section of a toroidal chamber of a
mainstream fusion facility (the PF-1000U chamber)

First, we made the measurements in the “clean room” condition. We preserved
the PMT + S-2 position from one side of the DPF chamber (at 105 cm) but moved
PMT + S-4 along the steps shown in Figure 14. In the direction perpendicular to
Z-axis (at the angle 900) of the chamber as it was mentioned above the neutrons’
energy is 2.5 MeV [1]. Thus to tie the neutron pulse to the X-ray pulse in the center
of the PF-6 chamber for the detectors Nos 1 and 2 placed at 1.05 m, one have to shift
forward in time the hard X-ray pulse by 3.5 ns (vhxr = 3 � 108 m/s) and the
neutron pulse by 48.5 ns (vn = 2.1667 � 107 m/s) in a way that is presented in
Figure 18a and b. As a result of this process (averaged over 33 shots), the delay time
of neutron pulse maximum inside the chamber in relation to the hard X-ray pulse
front has been found as Δt = 25 ns for both stands. In this set of experiments and
later we checked this figure in each shot by using fixed stand No. 1. After these
experiments, we obtained the basic data for the subsequent measurements and
corrections that have to be done for all other neutron pulses registered at different
angles and at dissimilar distances from the neutron source based on the PF-6 device.

Figure 21.
Polar diagram of neutron yield measured for the PF-6 device in the conditions with a simulator of a section of a
tokamak chamber by means of the discharge chamber of the PF-1000U facility; it is shown by red color (the
green color diagram refers to the “empty-room” condition).
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Each time we begin from the front of the hard X-ray pulse, moving neutron
pulse to the point delayed to the front by Δt inside the chamber. Then the TOF of
this neutron pulse from the chamber to the detector No. 2 in each specific location is
calculated. This time-of-flight can easily be recalculated into the energy of this
neutron group by formula (6). Results of calculations gave us the angle tracking of
the neutron spectral distribution in the space around our PF-6 device in a “clean”
room that is presented in Figure 22.

In the next step, we have compared these results obtained by PMT + Ss with the
data attained with the PF-1000U discharge chamber (Figure 14). The procedure
looks as it was before for the “clean-room” experiment.

Again in the beginning, we made measurements of the delay of the maximum of
a neutron pulse in relation to the front of the pulse of hard X-rays inside the DPF
chamber. For the fixed stand No. 1 placed now at a distance of 0.9 m from the
source the delay time of hard X-ray pulse here was 3 ns. The neutron pulse maxi-
mum inside the chamber in relation to the hard X-ray pulse front was found now to
be in the interval of 9…18 ns in different sets of shots—see e.g., Figure 23.

Figure 22.
Angular tracking of energy distribution of neutrons at the PF-6 device in “clean” conditions: (a)—distances
from the source (PF-6) to the detector (PMT + S No. 2); (b)—polar diagram of the angular tracking of neutron
energy distribution; (c)—data table of energies measured in the specific points.

Figure 23.
OTs obtained at 1.1-m distance from the source by a movable stand No. 2 (a) at the location perpendicular to
Z-axis (position I of 14) and by a fixed stand No.1 placed at the distance of 0.9 m (b)—both with vertical lines
showing shifts of the fronts of the hard X-ray pulses (first, blue) and of the maxima of the neutron pulses
(second, red) by their time-of-flights for 2.5-MeV neutrons.
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The values calculated from the OTs for the simulation experiment are shown in
Table 8 and in a polar diagram (Figure 24) where the “clean-room” conditions are
depicted by blue color (a lower half-plane) and the simulator experimental data are
presented by the red one (the upper half-plane).

The circles in this polar diagram have the same meanings as above: 2.0, 2.5, 3.0,
and 3.5 MeV outwards.

From this diagram and the table, one may see that the difference in energy
values between “clean-room” conditions and simulation experiments observed
almost at all angles is not very much. The real change may be seen in forward
direction along Z-axis. It is not surprising—namely in this zone, we have the most
serious obstacles in the PF-6 and in the PF-1000U chambers (the stainless steel
supplement of the PF-6 device, electrodes of the PF-1000U facility, and several
metallic disks for vacuum preservation) that can lead to multiple scattering of even
high-energy neutrons. But these features are not the only ones. Some other OTs
demonstrate facts connected with the movable stand No. 2 when it is placed in large
distances from the PF-6 device and at angles below 90°. In these positions (IV, V,
VI, and VII), PMT + S-4 registered hard X-ray and neutron pulses passed through
the PF-1000U chamber and interacting with its material. Among them:

• Amplitudes of the pulses became lower by more than 100 times than at 1 m.

• Multiple peaks are observed in the OTs of the movable stand beside the main
peaks of hard X-rays and neutrons.

• Extended tail of the neutron pulse has additional peaks.

The first detail cannot be explained by the larger distance only: the quadratic law
results in only an order of magnitude lower value [e.g., (lV = 4.5 m/lI = 1.1 m)2], that
is, it gives merely a coefficient about 16. It means that we have in reality a strong
absorption and scattering of hard X-rays and neutrons by our simulator.

The second characteristic gives a certain difficulty in interpretation. It appears
that the first set of pulses following the main hard X-ray pulse cannot be attributed
to the neutron ones because their energy calculated on the TOF bases gives a value
much higher compared with the initial ones (above 10 MeV). Examination with
high magnification of hard X-ray pulse shapes of the low intensity obtained at small
distances by the probe No. 1 has shown that they have the same multiple peaks as in
the probe No. 2 at large distances. Moreover, it appears that these subsequent pulses
contain higher energy X-ray photons compared with the first pulse. We observe
already in our earlier experiments such a phenomenon (see e.g., [23, 24]). Because

Positions of the PMT + S No. 2 in the simulation
experiments

III II I IV V VI VII

Distances l [m] in a horizontal plane from the
source to the PMT + S No. 2

1.9 1.42 1.1 1.5 4.5 3.655 3.6

Observation angles θ° to the PMT + S No. 2 from the
neutron source

150° 129°48´ 90° 47°10´ 37° 11°30´ 0°

Energy of the maxima of the first peak of neutron
pulses measured in the simulation experiment
(MeV)

2.08 2.21 2.45 2.83 2.99 3.28 3.07

Table 8.
Data on the angular tracking of energy distribution of neutrons at the PF-6 device in the hall with a simulator
of a tokamak section (the PF-1000U discharge chamber) with angles and distances in a horizontal plane with
Z-axis of both devices and PMT + Ss.
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of the higher energy of photons, a penetrability of each subsequent pulse appeared
to be greater than the previous ones. That is why these pulses are sounder in these
OTs. Their origin is the multiple current disruptions after the main one taking place
during the DPF operation.

Multiple peaks and a very long “tail” of the neutron pulse is explained by
neutron reflections and scattering on various elements of the PF-1000U chamber
and its auxiliary equipment. We were able to attribute one neutron pulse (a quite
high peak) to a real object-scatterer in the OT of the probe No. 2 at its VI position. It
appears that the scatterer is a high-pressure cylinder with deuterium (10 liters,
150 atm) placed close to the PF-6 device.

6. Conclusions

1.The analysis provided above has demonstrated that the powerful nanosecond
neutron pulses generated by a dense plasma focus device open very promising
perspectives in taxonomy of the large main-stream nuclear fusion reactor’s
chamber. Such extremely bright neutron flashes allow using simultaneously
two neutron measurements methodologies—a number of activation
techniques and a time-of-flight method—that are able to characterize big
chambers of nuclear fusion reactors as neutron scatterers and absorbers. They
can fix the most important elements distorting the main characteristics of 3-D
neutron fields around them—anisotropy of neutron flux densities and
neutrons spectra.

2.Measurements of absolute neutron yield and spectra in seven directions
around the neutron source (i.e., the anisotropy of the yield) based on the PF-6
device in the most “clean” (with a minimum of scatterers and absorbers of
neutrons) environment has been fulfilled successfully for characterization of
the source itself.

3.Subsequent measurements of neutron flux densities and spectra in seven
directions around the neutron source based on the PF-6 device in the presence
of a simulator of a section of a main-stream fusion facility of the tokamak type
(i.e., anisotropy of the yield) have been provided.

Figure 24.
A polar diagram showing angular energy distribution around a simulator (upper hemisphere, red) versus the
angular tracking of neutron energy distribution in the “clean-room” conditions (lower hemisphere, blue).
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4.MCNP calculations with and without a simulator of a section of the
mainstream fusion facility have been executed to fix the most important
scatterers and absorbers in the experiment.

5.It was found by these modeling, what are the types of influences produced by
the environment in both cases on the absolute neutron yield, its angular
distributions, and the angle tracking of neutron spectral mapping.

6.Absolute neutron yield calculated over the whole spectrum of neutrons for the
detectors in all directions is higher compared with the “vacuum” case by about
10–20% due to multiple scattering of neutrons in the PF-1000U chamber and
its environment.

7.The distortions inserted by multiple neutron scattering become important in a
very low energy “tail” of the oscilloscope traces and they cannot be observed
by PMT + S probes. So, we have to use neutron activation counters to fix these
features constructing the anisotropy of the neutron yield.

8. Just opposite to the above-mentioned case, a decrease of the number of fast
neutrons due to absorption/scattering can be detected namely by the fast
probes technique.
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Chapter 3

Experimental Studies of and
Theoretical Models for
Detachment in Helical Fusion
Devices
Masahiro Kobayashi and Mikhail Tokar

Abstract

Good plasma performance in magnetic fusion devices of different types, both
tokamaks and helical devices, is achieved normally if the plasma density does not
exceed a certain limit. In devices with a divertor, such as tokamaks JET, JT-60U,
and heliotron large helical device (LHD), by approaching the density limit, the
plasma detaches from the divertor target plates so that the particle and heat fluxes
onto the targets reduce dramatically. This is an attractive scenario for fusion reac-
tors, offering a solution to the plasma-wall interaction problem. However, the main
concerns by realizing such a scenario are the stability of the detached zone. The
activity on the heliotron LHD aimed on detachment stabilization, by applying a
resonant magnetic perturbation (RMP) and generating a wide magnetic island at
the plasma edge, will be reviewed. Also, theoretical models, explaining the detach-
ment conditions, low-frequency oscillations at the detachment onset, and mecha-
nisms of the detached plasma stabilization by RMP, will be discussed.

Keywords: helical device, LHD, detachment, resonant magnetic perturbation,
nonlinear oscillations, modeling

1. Introduction

Handling of power loads onto divertor target plates is one of the most critical
problems by the realization of a nuclear fusion reactor. The divertor configuration
foreseen for ITER (International Thermonuclear Experimental Reactor) has been
designed on the basis of present knowledge on physics and is currently available
through most advanced engineering technology. It is presumed to handle a total heat
load up to 100 MW, which is, however, expected to be reached during the DT
(Deuterium-Tritium) plasma phase [1]. In devices beyond ITER, for example, DEMO
(Demonstration Power Station), even much higher heat fluxes into the divertor
volume are expected. Therefore, up to 90% of power, coming out of the confinement
region, has to be removed before the plasma contacts the divertor plates to guarantee
a long enough lifetime of the targets [2]. One of the most attractive ways to reach this
is the realization of the state where the plasma is detached from the plates, and the
energy is mostly dissipated through the radiation from impure particles in the whole
divertor volume. The understanding of the detachment mechanisms and searching
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for possibilities to reliably control the strongly radiating divertor plasma, being
simultaneously compatible with the confinement requirements for the plasma core, is
one of the most important issues for fusion studies.

Although axis-symmetric tokamaks are presently the most advanced concept for
the realization of the magnetic fusion, studies of the detachment in helical devices
[3, 4] are also of high interest and importance for the reactor design. Because of
inherently nonaxisymmetric magnetic configurations, the magnetic field topology
in heliotrons has unique features, in particular, the existence of magnetic islands
and stochasticity of field lines. The magnetic field in helical systems is completely
generated by currents in external coils. Therefore, the field topology and its effects
on the plasma transport and, in particular, on the plasma detachment conditions
and characteristics can be studied by varying the magnetic structure in a wide
range. Moreover, such investigations are also useful for tokamak devices, where
recently resonant magnetic perturbations (RMP) have been introduced to mitigate
excessive divertor power load [5, 6]. Due to RMP, the magnetic field in tokamaks
exhibits similar structure as in helical devices, that is, with the presence of magnetic
islands and stochastic field lines. Thus, the understanding of detachment features in
heliotrons is, therefore, of general interest for magnetic fusion program.

The structure of the present chapter is as follows. In next section, we briefly
review the features and main differences in the detachment phenomena in toka-
maks and helical devices. Experimental observations on the detached divertor
plasmas in LHD without and with the application of RMP are presented. The RMP
generates a broad magnetic island embedded in the intrinsic edge stochastic layer,
which significantly influences features such as the impurity radiation, divertor foot
prints, and detachment stability. The impacts on the core plasma transport charac-
teristics during the detached discharge phase are also analyzed here. In Section 3, an
interpretation of the detachment phenomena and features of detached plasmas
based on the edge plasma energy balance is presented. In Section 4, different
mechanisms of nonlinear oscillations during the detachment onset both in helical
devices and in tokamaks are discussed. Conclusions are summarized in Section 5.

2. Experimental observations on detachment in the heliotron LHD and
comparison with tokamaks

2.1 Main characteristics of divertor plasmas

By rising the plasma density in tokamaks, the plasma in the scrape-off layer
(SOL) and divertor goes through several qualitatively different “regimes” [7]. At a
low density level, neutral particles, appearing by the recombination of electrons and
ions on the divertor target plates, escape freely into the confined plasma volume.
Here, these so-called recycling neutrals are ionized and charged species generated
diffuse across the magnetic field back into the SOL. Such a particle convection
effectively transports heat coming from the plasma core, and the temperatures of
the plasma components vary weakly along the magnetic field in the SOL. This
regime is referred as either the sheath-limited one or as that of a weak recycling.

With the increasing plasma density, the fraction of recycling neutrals ionized in
the vicinity of the targets is growing up. Therefore, beyond the recycling zone, the
plasma convection becomes relatively weaker. As a result, a significant parallel tem-
perature gradient develops in the main part of the SOL and the energy toward the
targets is transported predominantly by the heat conduction. This regime is called as
the conduction limited or a high recycling one. On the one hand, due to the strong
temperature dependence of the parallel heat conductivity, ∝T2:5, the temperature in
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the SOL changes weakly with parameters such as the plasma density at the separatrix,
ns, being comparable with the density in the confined plasma, and the heat flux from
the core. On the other hand, the plasma density near the divertor targets, nt, and the
plasma flux to the targets, Γt, rise rapidly with ns, as nt∝ns

3 and Γt∝ns
2, respectively

[8]. As a result, the divertor plasma can be brought into a state of a very high density
of 1020–21 m�3 and a temperature below 5 eV. Under these conditions, the impurity
radiation plays an important role in the divertor power balance.

Contrarily to tokamaks in helical devices, such as LHD and W7-AS, it has been
found that the SOL and divertor plasma characteristics do not show such strong
nonlinear variation with ns, even if this is already close to the threshold at the
detachment onset, nt ∝ns

1�1:5 [9, 10]. It has been interpreted as a result of the
momentum (pressure) loss in the stochastic field line region [11, 12] or in the island
divertor structure [10]. In these regions, parallel plasma particle flows, along flux
tubes of very different connection lengths or even streaming in opposite directions
[13], are strongly interconnected through the cross-field momentum transfer.
Therefore, the divertor plasma density remains relatively low, of 1019 m�3, and the
temperature relatively high, of 10 eV, till the detachment transition [9]. (Numerical
simulations for W7-X [14] predict, however, a high recycling regime, due to the
larger spatial separation of the counter-streaming flows in the larger island.)

Nonetheless, experimental observations demonstrate that in the LHD impurity,
radiation plays an important role for the divertor plasma cooling, detachment onset,
and stability conditions. Here, however, the main radiation source is not located in the
divertor legs but in the stochastic layer. Figure 1 shows the tomographic reconstruc-
tion of carbon impurity emission in the edge stochastic layer of LHD just before the
detachment transition, as well as the magnetic field line connection length (LC) [15].
Although, the emission of low charge state, CII (C1+), is distributed along divertor leg
and the very periphery of the stochastic layer, that from the higher charge state, CIV
(C3+), being the main radiating species [16], comes from the stochastic layer only.

In the LHD, studies on the divertor detachment are performed by seeding
impurities deliberately [17–19] and by applying RMP from special coils [20–22]. In
this chapter, we focus on the detachment with the RMP application, which is a
unique feature of the LHD.

2.2 RMP impact on the edge impurity radiation and stability of detached
plasma

The large helical device, LHD, is a heliotron-type fusion machine, in which the
magnetic field is produced by superconducting coils with poloidal and toroidal

Figure 1.
The pattern of the connection length LC in the edge stochastic layer of LHD (a); the tomographic reconstruction
of the emission from carbon ions CII (514 nm) (b) and CIV (466 nm) (c), recorded just before the detachment
onset, at line averaged plasma density ne = 5 � 1019 m�3.
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winding numbers l = 2 and n = 10, respectively [23]. Figure 2(b) displays a poloidal
cut of the calculated magnetic field structure in the edge region and the distribution
of connection length LC. The magnetic field in helical devices is completely gener-
ated by currents in external coils and has a broad spectrum of Fourier harmonics of
different mode numbers m and n. Each of those generates magnetic islands, and by
overlapping of the islands, the magnetic field structure becomes stochastic. The
divertor legs, named left and right legs, are connected to the L and R divertor plates,
respectively, rotating helically by moving in the toroidal direction. The lower half of
the Figure 2 presents the LC distribution with RMP of m/n = 1/1, where the remnant
island structure embedded into the stochastic layer is visible.

Figure 3 shows the time evolution of several plasma parameters in discharges
with and without RMP where the density ramp up was performed without auxiliary
impurity seeding, and the edge radiation was coming mainly from carbon impurity
sputtered from the divertor target plates. On the one hand, without RMP (blue
lines), the growth of the density leads to a sudden increase of the radiated power,
see Figure 3(b), and, finally, to the radiation collapse of the whole plasma. On the
other hand, with the RMP application (red lines), the radiated power is saturated at
a higher level and the state with the plasma detached from the divertor targets is
sustained during the whole later phase of the discharge. This is demonstrated in
Figure 3(a) by the evolution of the heat load onto the divertor target. The strong
cooling of the edge plasma by impurity radiation leads to the decrease of the plasma
column effective radius a99 displayed in Figure 3(d).

Figure 4 shows the radial profiles of the electron temperature Te, density ne, and
pressure in the edge region along the LHD mid-plane, in the attached and detached
discharge phases [24]. With the RMP application, a clear flattening of the Te profile
due to the magnetic island is observed at the outboard, R = 4.60–4.75 m, in the
attached phase. The increase in the density leads to the lowering of Te, and during the
detached phase,Te inside the island is sustained at �20 eV. It is also interesting to
note that with the growing ne, the width of the region with the profile flattening
becomes slightly narrower, and at the same time, a region with the flattening appears

Figure 2.
Top view of the LHD torus with the position of divertor probe arrays at the inboard, indicated by numbers and
letters “L”& “R” (a); LC distribution in the edge region of LHD, without (upper half) and with (lower half)
RMP application (b). The right and left legs, indicated in the figure, are connected to L and R divertor arrays,
respectively.
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Figure 3.
Time evolution of plasma parameters in the LHD density ramp-up discharges, with (red) and without (blue)
the RMP application: The power load onto divertor targets measured by probes (a), the radiated power
measured by AXUV (b), line averaged density (c), and the effective plasma minor radius a99 defined as that of
the flux surface, containing 99% of the total plasma energy (d).

Figure 4.
Radial profiles of the plasma parameters in the LHD edge region: electron temperature (a, d, g), density (b, e, h),
and pressure (c, f, i); the panels (a–f) correspond to discharges with RMP, (g–i)—without RMP. The region of
the Te flattening caused by the magnetic island is indicated by yellow patch [24].
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at the inboard, R = 3.1–3.2 m. This is interpreted as a result of the plasma response to
the external RMP field. Indeed, the measurements with a saddle loop coil indicate the
reduction of the total field perturbation by RMP induced by the currents in the
plasma under the attached conditions and its amplification during the detached phase
[20, 25, 26]. A similar flattening appears in the pressure profiles, while density is
relatively flat in the entire edge region with some modulations around the magnetic
island. Without RMP application, there is no such flattening except for a small
modulation due to the inherent small remnant islands of higher mode numbers.

The edge impurity radiation profiles are estimated using the Te and ne profiles
presented in Figure 4 and by assuming a concentration of carbon of 1% with
respect to ne. Figure 5 shows the temporal evolution of the radiation profiles
together with LC distributions [24]. Without RMP, Figure 5(b), the impurity radi-
ation starts to peak around the X-point of the divertor leg, at R � 4.8 m, and later
moves gradually radially inward due to the decrease in the temperature as the
density increases; the X-point of the divertor leg should be distinguished from that
of the magnetic island created by the RMP. Finally, the radiation penetrates into the
confinement region at t = 4 sec, leading to the radiation collapse, as shown in
Figure 3. With the RMP application, Figure 5(a), a bundle of flux tubes of long
connection length appears at the edge, as a remnant island. The radiation starts to
peak at the X-point of the divertor leg and moves radially inward, similarly to the
case without RMP. It is, however, stopped at the periphery of the edge of the island,
R � 4.75 m, without penetrating into the confinement region at the detachment
transition, t ≈ 2.9 sec. Then, the discharge is sustained until the end of NBI heating
due to the stabilization of the radiation profile by the island.

Radiation profile measurements have been performed to capture the change of
the global structure of impurity emission due to RMP and are compared with
numerical transport simulations with the code EMC3-EIRENE [20–22]. Figure 6
shows the calculated impurity radiation distribution, with and without RMP, and

Figure 5.
The calculated LC distribution in the outboard edge region (upper panels); time evolution of the carbon
radiation estimated from Te and ne profiles as shown in Figure 4, by assuming 1% carbon concentration and
noncoronal cooling rate at neτ = 1017 m�3 s (lower panels), with (a) and without (b) RMP [24].
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the radiation profile measured by the AXUV diagnostics [20]. Without the RMP
application, the impurity radiation is enhanced at the inboard as it is demonstrated
in Figure 6(a). The line integrated radiation profile found both in the measure-
ments and in simulations are shown in the right panel. Both profiles have maxima at
the center channels, which pass through the enhanced radiation at the inboard
location. With the RMP, the peak of the radiation moves to the bottom of the
plasma, where the X-point of the m/n = 1/1 island is located (note that the toroidal
angle positions of the cross sections are different in Figures 2(b) and 6). The
simulation also shows a peak at the bottom channel in accordance with the
measurement. The measurements by imaging bolometer also indicate enhanced
radiation around X-point in agreement with the numerical simulation [21].

The impact of RMP on the impurity emission intensity was also investigated in
the VUV range with the diagnostic equipment [22], viewing the entire plasma
toroidal cross section. Density dependence of the radiated power measured by the
resistive bolometer, together with emissions from different charge states, CIII (C2+),
CIV (C3+), CV (C4+), and CVI (C5+), measured with the spectrometer [27] is plotted
in Figure 7. Here, the plasma density is normalized to the density limit in helical
devices, nsudo [28]. It is seen that without RMP, the radiated power shows rapid

increase around the density limit, that is, ∂ Pbolo
∂ ne

���
without RMP

!∞. This means that any

small density perturbation leads to a significant change in the radiation; that is, the
system in question is becoming unstable. With RMP, the radiation is enhanced in the
low-density range even in the attached phase. The increase of the radiation with RMP
is interpreted due to the enlarged volume inside the edge magnetic island with a low
Te, of 10–20 eV where the radiation of low charged carbon ions approaches its
maximum. After the detachment transition, there appears a region where the radia-

tion is insensitive to the density, that is, ∂ Pbolo
∂ ne

���
with RMP

!0. This provides a possibility

to the radiation level control and, thereby, the detachment stability. One can see that
the “flat” region extends slightly beyond the density limit, which results in an exten-
sion of density operation range for the case with RMP. Very similar density depen-
dence as for the bolometer measurement is observed in the emission of CIII and CIV
species, being the dominant radiating charge states, see Figure 7(b) and (c). As it is
analyzed in Ref. [16], CIV is providing the largest contribution to the total radiated
power. On contrary, with RMP, the radiation of CV and CVI ions increases mono-
tonically with the plasma density, and is larger than without RMP. Since the ioniza-
tion energies of CV and CVI ions, 392 and 490 eV, respectively, are much higher than
the Te inside the magnetic island, the higher emission intensity might indicate
enhanced penetration of impurity toward the core boundary. The contribution of CV
and CVI to the total radiated power is, however, small compared to the states of lower
charges [16].

Figure 6.
Carbon impurity radiation distribution calculated by EMC3-EIRENE at poloidal cross section, together with
line-integrated profile of the simulation and measurements by AXUV, on the right panel, without (a) and with
(b) RMP [20].
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The results above clearly show the difference of edge impurity radiation and
transport with and without RMP. This is of high importance for the detachment
stabilization in the former situation. The mechanism of the stabilization of the
radiation layer is under investigation by taking into account the magnetic geometry,
the particle, and the energy transport, both parallel and perpendicular to the field
lines within and out of the magnetic island. Similar observations of the detached
plasma stabilization with large island were also found in W7-AS [29]. The recent
results on the successful detachment control in W7-X with the island divertor also
suggest an important role of the edge magnetic island for the detached plasma
stability [30].

2.3 Change of divertor footprint with RMP application

The toroidal variation of the particle fluxes onto divertor plates with RMP has
been investigated with Langmuir probe array installed around the mid-plane of the
targets at the inboard side [17, 31]. It has been found that the time evolution of the
divertor particle flux exhibits substantial difference between toroidal locations, that
is, some plates are becoming detached earlier than others; at some plates, the flux
even increases after detachment [27]. The summary of this behavior is shown in
Figure 8, where the divertor particle flux normalized to its value without RMP is
plotted for different toroidal sections. In the attached case, there is an n = 1 mode
structure for both left (L) and right (R) divertor arrays, which are connected to the
left and right legs, respectively, as indicated in Figure 2. In the detached phase, the
n = 1 structure remains, but the toroidal phase is shifted by one section. The relation
between the divertor flux and LC profiles is presented in Figure 9 for several
toroidal cross sections [27]. At the section 6L (Figure 9(a) and (b)), a bundle of
flux tubes of 6.5 mm width is connected to the divertor plate. By applying RMP, the
footprint shifts toward the right side with increased LC. The measured particle flux
increases in the absolute values due to the longer LC, as seen also in Figure 9(a).

Figure 7.
Density dependence of the radiated power measured by the bolometer (a), the emissivity of CIII (b), CIV
(c), CV (d), and CVI (e) species measured by VUV spectrometer without (triangles) and with (circles) RMP.
The density is normalized to the density limit in helical devices, nsudo [27].
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The flux profile becomes more asymmetric with respect to the central peak, being
increased at the right side, which reflects the right shift of the LC footprint. On the
other hand, the 2R plate shows decrease of the particle flux with the RMP applica-
tion, as seen in Figure 9(c). This is interpreted by the decrease in LC, as shown in
the figure, where the long LC bundle at the central region almost disappears with
RMP, and thus, the particle flux decreases as well. These results show that, to a
certain extent, the particle transport is well correlated with the LC distribution
calculated in the vacuum approximation, i.e., without a plasma response to RMP,
and thus can be controlled by the RMP application in the attached phase. In the
detached phase, the particle flux both at 6L and 2R decreases in the entire region
with respect to the case without RMP, as shown in Figure 9(b) and (d).

In Figure 9(e) and (f), the observations in section 2L are presented. By applying
RMP, the particle flux becomes smaller in the attached phase with respect to the
reference case without RMP. The flux, however, increases at the detached phase, as
shown in Figure 9(f). At this plate, the fraction of long flux tubes with LC > 100 m
decreases, but those with LC � 30 m increases with RMP. The reduction of the flux
at the attached phase may be due to the reduction of the contribution from the
tubes with LC > 100 m. On the other hand, in the detached phase, the increases of
the flux could be attributed to the change of the particle transport channel from
long, LC > 100 m, to the medium, LC � 30 m, flux tubes. This effect has to be
investigated by analyzing in detail the relation between the magnetic field structure
and the ionization front. It has to be taken into account that there is a significant

Figure 8.
The toroidal distributions of the particle flux onto divertor targets with RMP normalized by the values without
RMP on attached (a) and detached (b) discharge phases. Red circles correspond to the left divertor and blue
diamonds to the right divertor arrays, as it is indicated in Figure 2 by the toroidal section number [27].
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plasma response to the RMP, which is different in the attached and detached
phases, as mentioned above.

During the detached phase, there are large oscillation in both divertor particle
flux and radiation. Figure 10 presents the time traces of the particle flux to the
divertor targets and of the radiation losses measured by AXUV during the detached
phase, where oscillation with 60–90 Hz is visible. The particle flux and radiation are
oscillating in phase. Similar behavior was also observed in the particle flux to the
first wall [32]. The mechanism of the oscillation is discussed later in this chapter.

2.4 Operation space of detachment: amplitude and radial location of resonance
layer of RMP

The parameter space of a stable discharge performance with the RMP and the
plasma detached from the divertor targets has been investigated by varying the

Figure 9.
LC (solid lines) and divertor particle flux (dashed lines with circles) profiles along the divertor probe pins,
with (red) and without (black) RMP. (a and b) 6L, (c and d) 2R, and (e and f) 2L toroidal section,
respectively [27].

64

Fusion Energy



RMP amplitude and location of its resonance layer. Figure 11(a) shows the density
dependence of the radiated power at different RMP amplitudes quantified by the
ratio Br=B0 scanned from 0 to 0.12%. The densities at the detachment onset and the
radiation collapse are plotted as a function of Br=B0 in Figure 11(b). The density
range between the detachment transition and thermal collapse corresponds to the
operation range with a stable detached plasma. One can see that the density at the
collapse is almost independent of the RMP amplitude. With decreasing the ampli-
tude, the detachment transition density shifts to higher density and finally merges
with that where the collapse happens. For Br=B0 < 0.07%, the RMP is almost
completely suppressed by the plasma response, and thus, no stable detachment was
realized. As it is seen in Figure 11(a), the radiation level attained in the detached
phase is almost independent of the RMP amplitude.

The radial position of the resonance layer of the m/n = 1/1 RMP was scanned by
changing the rotational transform ι, which is an inverse value of safety factor q
normally used for tokamaks. The radial profiles of Te for different ι-configurations
are plotted in Figure 12, where radial shift of the region with a flat Te profile is
demonstrated. As the resonance layer with ι = n/m = 1 moves radially inward, the Te

in the flattening region becomes higher. This is because the island gradually pene-
trates into the confinement region through the LCFS, and flux surfaces in the island
are becoming closed. In the configurations with the magnetic axis at Raxis = 3.90 and
3.85 m, the island is marginally outside LCFS and is embedded into the stochastic
layer. The stable detachment has been realized so far only for these two configura-
tions. The openness of the flux surfaces in the island thus ensures a low enough level

Figure 11.
The radiated power as a function of density for different RMP amplitudes (a) and density at the detachment
transition (circles) and radiation collapse (triangles) as a function of RMP amplitude (b).

Figure 10.
Time traces of the radiation losses, measured by the AXUV (green line), and that of the particle flux to divertor
targets (red and blue lines) during detached phase with RMP.
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Te in the island and consequently a high level of the edge radiation from impurity
ions of low charges.

The findings discussed above are summarized in Figure 13, where the radial
location of the island is represented by the distance between the island X-point and
the LCFS [12]. Here, the results from W7-AS are also incorporated. The operation
spaces for two devices are not overlapping, which means that probably some hidden
parameters important for the detachment stabilization are still missed. Neverthe-
less, it is seen that for stable sustainment of a detached plasma, there is a threshold
value of Br=B0, which is nearly the same in the LHD and W7-AS, and a certain
distance between the island and the confinement region is necessary.

2.5 Compatibility with core plasma performance

The compatibility of a stable detached plasma with a good performance in the
plasma core is an important issue for a fusion reactor. Temporal evolution of the
radial profiles of Te, ne, and the electron pressure measured by Thomson scattering
are plotted in Figure 14; ne=nsudo = 0.43 and ≥0.5 correspond to the attached and
detached phases, respectively. From the Te and pressure profiles, one can see the
shrinkage of the plasma volume observed as the RMP is applied, which is due to low
Te within the edge magnetic island. It is found that with the RMP application, the
increasing density leads to a peaking of the pressure profile. This is due to the
increase in ne at the central region since the Te profiles are almost the same with and
without RMP. The energy confinement time, τE, and central pressure, Pe0, are
plotted in Figure 15, as functions of the line averaged plasma density [27]. System-
atically, τE is smaller with RMP, because of the plasma volume shrinkage. Without
RMP, τE becomes saturated around the density limit, while with RMP, it increases
with density slightly beyond the density limit. In Figure 15, one can see that the
pressure peaking with RMP is enhanced especially in the detached phase. Near the

Figure 12.
Radial profiles of Te for different profiles of the rotational transform. Configurations differ by the position of the
magnetic axis, Rax. The stable detachment was realized for Rax = 3.85 and 3.90 m so far.
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thermal collapse density limit, the fusion triple product, n0τET0, becomes compa-
rable for both cases, with and without RMP.

The global parameters are significantly affected by the change in the plasma
volume caused by the RMP application. In order to study the local plasma transport
characteristics, a core plasma energy transport has been analyzed with the 1-D
transport code TASK3D [33]. This code calculates the heating source profile, in the
present case by the NBI, by taking into account the beam slowing down and solves a
heat conduction equation with ne and Te values measured experimentally.

Figure 16 shows the resulting NBI power deposition profiles and effective heat
conductivity, χ eff¼0:5 χ eþχ ið Þ, where χ e and χ i are those for electrons and ions and
ρ¼reff=a99 is the normalized minor radius. In the attached phase, ne=nSudo = 0.43, the
NBI power deposition profiles are almost identical for the both cases with and

Figure 13.
The operation space in the plane ΔxLCFS�island ΔxLCFS�divð Þ,Br/B0 with a stable detached plasma in the
heliotrons LHD and W7-AS [12].

Figure 14.
Radial profiles of (a–c) electron pressure, (d–f) ne, and (g–i) Te, with (red) and without (black) RMP, for
different densities, ne=nsudo = 0.43, 0.5, and 1.0.
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without RMP, while χ eff is smaller with the RMP in the plasma central region. The
larger χ eff in the very core without RMP is attributed to the flat pressure profile there,
see Figure 14(a). In the detached phase with ne=nSudo = 0.50 and 1.0, the NBI heating
power is deposited more at the central region with RMP. This is because of a deeper
penetration of the NBI due to the shrinkage of the plasma volume with the edge
radiation cooling. The increased energy deposition at the central region with RMP,
�0.3 MW/m3, provides an addition to the particle source density ΔSp of the order of
1019 1/s/m3, estimated for an NBI particle energy of 180 keV. According to a simple

Figure 15.
Density dependence of energy confinement time, τE, (a) and of the central pressure, Pe0, (b), obtained with
(circles) and without (triangles) RMP [27].

Figure 16.
Radial profiles of (a–c) χeff ¼ 0:5 χe þ χið Þ, and (d–f) NBI deposition, with (red) and without (black)
RMP, for ne=nSudo = 0.43 (attached), 0.5 (detached), and 1.0 (detached), calculated by core transport
code TASK3D.
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picture of a diffusive particle transport, this ΔSp leads to a density increment of
Δn�SpΔr2=D⊥¼1017�1018m�3, with Δr ≈0:1�0:4m (Δρ ≈0:2�0:8),D⊥¼1m2=s. This
level is too low to be responsible for the density increase of 1019 m�3 observed at the
plasma axis with RMP, Figure 14(e) and (f). In the inner plasma region, ρ<0:6, χ eff
decreases significantly both with and without RMP with the increasing density,
although χ eff remains slightly smaller in the case with RMP. Together with the
negligible effects of the NBI particle source, this indicates that the pressure peaking is
probably due to the reduction of the transport. On the other hand, at the periphery,
ρ>0:8, χ eff becomes larger with RMP. This could be due to additional stochastization
caused by the RMP application. Here, the radial transport can be enhanced by flows
along braiding magnetic field lines [34, 35]. The larger impurity emission with RMP,
see Figure 7, could also lead to larger χ eff because TASK3D currently does not take
into account the volumetric power loss. The present findings suggest that with the
RMP application, there is no significant transport degradation in the central plasma
region during the detached plasma phase, compared to the case without RMP.

3. Consideration of detachment as a dissipative structure

The most visible approach to understand the detachment mechanisms is to
analyze the power balance at the plasma edge by applying the concept of dissipative
structures [36]. The power transported from the plasma core by the plasma heat
conduction is lost from the edge region mostly through two channels: (i) the plasma
particle outflow through the separatrix and (ii) the radiation of light impurities such
as carbon sputtered from the divertor target plates.

On the one hand, the density of the former channel qcon is normally monoto-
nously increasing with the plasma temperature T at the plasma edge. On the other
hand, it is well known [7] that the impurity radiation density qrad has a maximum as
a function of T: by a too low temperature, electrons do not have enough energy to
excite impurity species, by a too high temperature, impurities are strongly ionized
and have a very large excitation energy. In particular, for carbon, the best “radia-
tors” are the Li-like ions C3+. Qualitatively, qcon, qrad, and their sum qloss are
displayed as functions of T in Figure 17.

Figure 17.
Temperature dependence for the energy loss channels from the plasma edge with the plasma conduction and
convection through the separatrix, qcon, with impurity radiation, qrad, and their sum qloss.
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Both qcon and qrad increase with plasma density n [7]. Indeed, the larger the
content of plasma particles, the higher their loss from the device. Likewise, qrad
increases both with the density of exciting electrons n and that of the exciting
impurity species nI ¼ cIn. Typically, the relative concentration cI of carbon
impurityin LHD plasmas is of order of 1%.

In a steady state, the energy loss from the plasma edge has to be balanced by the
heat transfer from the plasma core, with the density qheat,which in many cases is
weakly dependent both on the edge temperature and on the plasma density.
Figure 18 shows qloss and qheat versus T for three magnitudes of n. One can see that a
moderate increase of the plasma density from n1 to n3,by less than 40%, results in a
very strong drop in the stationary edge temperature, from its level Tat of several
tens of eVs in an attached plasma state A to Tdet of 1 eV in a detached state D. In the
latter case, electrons and ions in the plasma effectively recombine one with another
as it is indicated by spectroscopic measurements.

For the intermediary level of the density, n2, there are three steady states. It is
straightforward to comprehend that the one with the in-between temperature is
unstable. Indeed, an infinitesimal spontaneous deviation from this state, e.g., with
diminishing T, leads to an increase of the energy losses and a further decrease of the
edge temperature. Finally, the plasma will get the one of two stable states with a low
temperature.

4. Nonlinear low-frequency oscillations at the detachment onset

As it was discussed in the first part of the present chapter, there is a significant
difference between the detachment scenario in LHD without and with RMP. In the
former case, one needs very fine tuning of the radiation level by gas puffing of fuel
or impurity, and detachment onset may lead to a total radiation collapse of the
discharge. Unlikely, with RMP after the transition to the detached state, the plasma
density can be increased further, with corresponding growth of the radiated power
and without a significant deterioration of the discharge performance. Finally, a
radiation collapse occurs roughly at the same plasma density as without RMP.

Figure 18.
Temperature dependence for the density of the energy loss from the plasma edge, qloss, for three magnitudes of
the plasma density n1 < n2 < n3 (solid curves) and of the heat flux to the edge from the plasma core, qheat: In
a steady state, these balance each other, qloss ¼ qheat:
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Interestingly, that by the detachment onset with RMP, there is some density range
where nonlinear oscillations of high amplitude and relatively low frequency of
100 Hz have been observed in diverse plasma parameters such as the radiation
intensity and ion saturation current to the divertor target plates. Also in tokamaks,
similar large-scale self-sustained periodic oscillations in various plasma characteristics
have been seen, by approaching to critical conditions, see, for example, [37, 32].
Several models [38–40] have been proposed previously to explain these phenomena.

Here, we consider two new mechanisms. The first one is relevant for LHD, with
plasma of relatively low density in its divertor legs. In such a situation, by
approaching to the critical density, the plasma detaches practically directly from the
periphery of the edge stochastic layer. This reminds the phenomenon of radial
detachment in limiter tokamaks such as TFTR and TEXTOR. The threshold condi-
tions for radial detachment have been analyzed in [41].

The second mechanism is pertinent for the case of tokamaks with divertors like
JET, ASDEX-U, DII-D, operating before detachment in the regime of strong plasma
recycling on the target plates [7].

4.1 Radial detachment

4.1.1 Stationary states

In the simplest case, the behavior of the plasma temperature T in the edge region
is governed by the following heat conduction equation:

3n∂tT þ ∂xqx ¼ �cIn2Lrad (1)

where qx ¼ �κ⊥∂xT is the density of heat flux perpendicular to the magnetic
surfaces, in the direction x, with κ⊥ being the corresponding component of the
plasma heat conduction; the term on the right-hand side (rhs) is the energy loss due
to impurity radiation, whose temperature dependence is determined by that of the
cooling rate Lrad. The behavior described qualitatively in the previous section is well
mimicked by the following formula [41]:

Lrad ¼ Lmax
rad exp �

ffiffiffiffiffiffiffiffiffiffiffi
T1=T

p
�

ffiffiffiffiffiffiffiffiffiffiffi
T=T2

p� �2� �
(2)

For carbon impurity, dominating the radiation losses from the plasma edge in
LHD, Lmax

rad ≈ 6:6� 10�7eV cm3s�1, T1 ≈ 5eV, T2 ≈ 64eV. In Eq. (1), we assume n, κ⊥,
and cI invariable in time and space.

Subsequently, we multiply Eq. (1) with 2κ⊥∂xT and integrate over the
coordinate x, from the interface with plasma core, x ¼ xc, to the outer boundary of
the stochastic layer, x ¼ xs. As a result, one gets

6n
ðxs
xc
qx∂tTdx ¼ P Tsð Þ � q2c � q2s � 2κ⊥ cIn2

ðTc

Ts

Lrad Tð ÞdT (3)

where Tc,s ¼ T xc, sð Þ, qc ¼ qx xcð Þ is given by the heating power transported from
the core to the edge region; qc ¼ qx xcð Þ ¼ κ⊥Ts=δs is prescribed as a boundary condi-
tion [41, 42], with the temperature e-folding length δs at the separatrix defined by the
transport in the SOL with open field lines and being fixed in the present analysis. By
assessing the term on the left-hand side (lhs), we adopt for qx its value average in the
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edge region, qc þ qs
� �

=2. Furthermore, it is reasonable to assume that by the oscilla-
tions in question the strongest time variation in the temperature occurs close to the
outer boundary and ∂tTs makes the largest contribution to the integral on the lhs of
Eq. (3). In average over the edge we assume ∂tT ≈ ∂tTs

2 and the lhs of Eq. (3) is
estimated as C∂tTs,with C Tsð Þ≈ 1:5n xs � xcð Þ qc þ qs

� �
. Normally Tc ¼ T xcð Þ≈

300� 400 eV≫T2 and the integral in the rhs is practically unaffected by the upper
integration limit. Finally, from Eq. (3) one gets the following equation for Ts tð Þ:

dTs=dt≈P Tsð Þ=C Tsð Þ (4)

In Figure 19, the rhs of Eq. (4) is displayed for qc ¼ 80 kW m�2, κ⊥ ¼ 8� 1019

m�1 s�1, δs ¼ 0:02 m, xs � xc ¼ 0:2 m, cI ¼ 0:01, n ¼ 8� 1019 m�3 and
n ¼ 1020 m�3, parameters typical for the conditions of experiments aimed on the
investigation of the detachment process in LHD [20].

4.1.2 Time evolution at the plasma density above the critical one

According to Figure 19, if a critical plasma density of 9� 1019m�3 is exceeded,
no stationary state can be sustained for the assumed impurity concentration
cI ¼ 0:01. The latter, however, does not remain at the same level since the plasma
detachment from divertor target plates leads to the vanishing of the impurity source
due to physical and chemical sputtering of the plate material [7]. As a result,
impurities diffuse out of the plasma core and their concentration decreases. The
characteristic time for the impurity concentration decay is of τI ≈ l2I=D⊥, where lI is
the characteristic penetration depth of the mostly radiating Li-like ions of carbon
and D⊥ is the charged particle diffusivity. Impurity transport analysis [42] shows
that if lI ≈0:05� 0:1 m and for D⊥ ≈0:5 m2 s�1, we get τI ≈ 5� 20 ms. In the sim-
plest way, the time evolution of impurity concentration can be described by the
equation:

Figure 19.
Dependence of time derivative of the plasma temperature at the outer boundary of the stochastic layer, xs, the
rhs of Eq. (3), on Ts for different plasma density and impurity concentration. Steady states, dTs=dt ¼ 0 with
∂

∂Ts

dTs
dt >0,

∂

∂Ts

dTs
dt < 0 (black circles) are stable and that with d2Ts=dt

2 <0 (transparent circle) are unstable.
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dcI=dt ¼ c0I Tsð Þ � cI
� �

=τI (5)

For the stationary impurity concentration, we assume c0I Ts ≥T ∗
s

� � ¼ 10�2 and
c0I Ts <T ∗

s

� � ¼ 10�3 with T ∗
s ≈ 5 eV. Figure 20 demonstrates the time evolution of

the impurity concentration cI and of the radiation level qrad=qc, calculated for
n ¼ 1020 m�3 and τI ¼ 15 ms. Without knowing the exact temperature profile T xð Þ,
needed to assess the flux density of radiation losses qrad firmly, we estimated this by
assuming a linear one T xð Þ ¼ Ts x� xcð Þ þ Tc xs � xð Þ½ �= xs � xcð Þ.

One can see that the frequency of these oscillations is of 100 Hz, in agreement
with observations.

By concluding this section, we discuss qualitatively possible causes for the dif-
ference in the behavior of the detached plasma in LHD without and with RMP,
respectively, an unstoppable penetration of cold plasma into the core, leading to the
radiation collapse, and the existence of the plasma density range where the radia-
tion layer is stably confined at the plasma edge. As it has been demonstrated in [42],
the mechanisms both of plasma heating and heat transfer through the plasma are of
the importance for the discharge behavior by achieving the critical density. In
ohmically heated discharges in the tokamak TEXTOR, where the plasma current
was maintained at a preprogrammed level, a radial detachment was stopped by the
increase in the density of the heat flux from the hot plasma core due to decreasing
minor radius of the current carrying plasma column. If, however, the main heating
is predominantly supplied from other sources such as NBI, this stabilization mech-
anism is ineffective and, as calculations in [42] have shown, a radiation collapse
occurs, similar as this happens in LHD without RMP.

What occurs as a detachment set is determined by the competition between the
decay of the impurity concentration in the plasma, characterized by the time τI, and
time for the cooling front spreading into the plasma core. As it has been discussed in
the first part, in addition to the magnetic island with strongly increased transport,
RMP induce a region deeper into the plasma core. With the experimentally measured
Te profiles, one can assess that with the RMP, the heat conduction in this region is
reduced by a factor of 10 and the heat conductivity χ⊥ ¼ κ⊥=n is of 1 m2 s�1. For the
penetration of the cooling front through this region, with a width Δ of 0:15 m, a time
of Δ2=χ⊥ ≈ 20 ms is needed. This is at the upper limit of the impurity decay time, and

Figure 20.
The time evolution of the impurity radiation level qrad=qc and concentration, calculated by integrating Eqs. (4)
and (5) for n ¼ 1020 m�3 and τI ¼ 15 ms.
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therefore, the cooling wave most probably fades out. This mechanism is to some
extend similar to that of the excitation of self-sustained oscillations in a plasma-wall
system with strongly inhomogeneous diffusivity of charged particles [40].

4.2 Model for self-sustained oscillations by detachment in the regime of strong
recycling on divertor targets

4.2.1 Stationary states in the recycling zone near the target

In a stationary state, the plasma parameters, such as electron density n and
temperature T, near the divertor target are governed by the particle and heat
balances in the recycling zone (RZ), see Figure 21. On the one hand, the heat flux
transported to the RZ by plasma heat conduction and convection is dissipated by
the energy loss (i) with the plasma outflow to the target, (ii) by the ionization and
excitation of recycling neutrals, and transfer of the thermal energy of neutrals,
escaping from the plasma layer, xj j≤ δp=2, to gas particles:

qrδp ¼ γTtΓtδp þ Eion Γtδp � Ja
� �þ 1:5JaTr (6)

Here, qr is the heat influx into RZ projected onto the normal to the target, γ is the
heat transmission factor, Γt ¼ ntcs sinψ is the same projection for the plasma parti-
cle outflow to the target, cs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Tt=mi

p
is the ion sound velocity, nt, Tt are the

plasma density and temperature near the target, ψ is the inclination angle of the
magnetic field to the target, Eion is the energy spent on the ionization of an atom,
and Ja is the density of the atom outflow from the plasma layer.

In addition to Eq. (6), the particle balance in the RZ has to be fulfilled in a
stationary state:

Γrδp ¼ Ja (7)

where Γr is normal to the target projection of the influx into the RZ of charged
particles from the main SOL. To assess Ja, one has to consider behavior of atoms,
recycling from the target. In the plasma layer, xj j≤ δp=2, these are ionized by

Figure 21.
A schematic view of the charged and neutral particle flows in the recycling zone (RZ) in vicinity of a divertor
target plate; qr and Γr are the projections normal to the target of the densities of heat and charged particle
influxes into the RZ from the main SOL.
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electrons and charge-exchange (cx) with ions. The cx rate coefficient kcx is notice-
ably larger than that for ionization, kion. Thus, during the lifetime, recycling atoms
many times chaotically changes the velocity direction; i.e., their motion near the
target is like Brownian one. Quantitatively, it is described by the diffusivity:

Da ¼ Viλa ¼ V2
i = kcx þ kionð Þnr½ � (8)

where Vi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tr, =mi

p
is the ion thermal velocity, which atoms acquire after a cx

collision, λa is the mean free path length of atoms, and nr, Tr are the characteristic
plasma density and temperature in the RZ, which we have to define.

The width lr of the recycling zone, Figure 21, is defined roughly as a distance
from the target where the atom density na x; lð Þ decays to a low enough level, e.g., by
a factor of 10. By integrating over 0≤ l≤ lr, the continuity equation is reduced to the

following one for the variable Na xð Þ ¼ Ð lr0 na x; lð Þdl:

�Dad
2Na=dx2 ¼ Γt � kionnrNa (9)

The boundary conditions presume that atoms escape out of the plasma layer
with their thermal velocity. With constant Da and kion, corresponding to nr, Tr, one
finds an analytical solution to the equation above and gets:

Ja ¼ Na
δp
2

� �
þNa � δp

2

� �� �
Vi ¼

δpΓt

χion þ χdif=tanhχdif
(10)

with χion ¼ δpkionnr= 2Við Þ, χdif ¼ χion
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ kcx=kion

p
:

For fixed qr and Γr, Eqs. (6), (7), and relation (10) allow to determine the plasma
parameters in the RZ, by taking into account that nr ≈ nt, Tr ≈Tt: For qr ¼ 5kW=cm2,
δp ¼ 5 cm and ψ ¼ π=2, Figure 22 shows nr, Tr calculated as functions of Γr.

4.2.2 The plasma particle influx into RZ and stability analysis of stationary states

The density of the charged particle influx into the RZ, Γr, is defined by the
transfer of plasma particles and momentum along the magnetic field in the main
part of the SOL. In a zero-dimensional approximation, these are as follows:

Figure 22.
The Γr dependence of the plasma parameters in the recycling zone calculated for ¼ π=2, qr ¼ 5kW=cm2,
and δp ¼ 5 cm.
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dnSOL
dt

¼ S⊥ � Γr

lSOL
,
dΓr

dt
¼ 2nSOLTSOL �Mr

milSOL
(11)

where nSOL and TSOL are the characteristic plasma density in the main SOL, far
from the target, and S⊥ is the plasma source density due to losses from the confined
plasma through the separatrix. The SOL extension in the poloidal direction, lSOL, is
much longer than that of RZ, lr, and therefore, a characteristic time for Γr change is
much larger than that for nr, Tr. Thus, the latter are always governed by quasi-
stationary Eqs. (6) and (7). The total momentum at the entrance of the RZ is,

Mr ¼ 2nrTr þmi

nr

Γr

sinψ

� �2

(12)

In a stationary state, dnSOL=dt ¼ dΓr=dt ¼ 0 and Γst
r ¼ S⊥lSOL, nstSOL ¼ Mr Γst

r

� �
= 2TSOLð Þ:

To analyze the stability of stationary states, we assume as usually that there is a
spontaneous small deviation from such a state, i.e., Γr tð Þ ¼ Γst

r þ δΓr exp γtð Þ and
nSOL tð Þ ¼ nstSOL þ δnSOL exp γtð Þ. Due to strong dependence of the parallel heat con-
duction on the temperature, κk � T2:5, TSOL is considered as unperturbed. By
substituting these forms of Γr tð Þ, nSOL tð Þ into Eq. (11) and requiring that the
resulting system of linear equations for δΓr and δnSOL has a nontrivial solution, one
gets a quadratic algebraic equation for the growth rate γ with the solutions:

γ ¼ �ωr=2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2
r=4� ω2

s

q
(13)

where ωr ¼ ∂Mr=∂Γr
milSOL

and ωs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2TSOL=mi

p
lSOL

. Usually, ωrj j≪ωs, i.e., the second term in
γ is imaginary and defines the frequency for small oscillations. Thus, Reγ>0 for
ωr � ∂Mr=∂Γr <0, and the corresponding states with the negative slope of the
Mr Γrð Þ dependence are unstable. Figure 23 shows this dependence for the parame-
ter magnitudes used to calculate the results presented in Figure 22. In addition, we
display by the dashed curve the Mr Γrð Þ dependence obtained, by taking into
account the energy losses on ionization and excitation of carbon impurity eroded
from the target plate by physical and chemical sputtering, see [7]. The vertical lines
correspond to Γst

r for different S⊥. For the larger one, the stationary state is unstable.
It is of interest to consider how Mr Γrð Þ dependence changes with the magnitude

of qr and Figure 24 demonstrates this. For low enough qr, the losses on ionization
of all recycling neutrals, the second term on the right-hand side of Eq. (6), exceed
significantly the heat influx into the RZ, and atoms freely escape into the gas, i.e.,

Γr ≈ ntcs sinψ and Mr ≈4ntTt ≈
4
ffiffiffiffiffiffiffiffiffiffi
qrΓrmi

p
ffiffiffiffiffiffiffiffi
2γþ3

p
sinψ :

For large enough qr, practically all recycling atoms are ionized in the plasma
layer and Eq. (6) provides nr ≈ qr= cs sinψ Eion þ γTrð Þ½ � and
Mr ≈ 2nrTr ≈

qr
ffiffiffiffiffiffiffiffiffi
2Trmi

p
sin ψ EionþγTrð Þ :

Thus, as a function of Tr,Mr has a maximum at Tr ¼ Eion=γ. Because of the
unique relation between Γr and Tr, a maximum exists also for the Mr Γrð Þ depen-
dence. For a stationary state with ∂Mr=∂Γr <0, the instability would lead to an
enduring increase of Γr and nr and decrease of Tr. A new steady state can be
achieved due to mechanisms, which are not taken into account in the present
model, e.g., recombination of charged particles. In [38], the maximum in Mr Trð Þ
has been interpreted as a density limit in the main SOL. Indeed, since in the case of
interest Mr ≈ 2nSOLTSOL and TSOL is changing very weakly, nSOL cannot exceed
Mmax

r = 2TSOLð Þ:
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4.2.3 Limit cycle nonlinear oscillations

The case of the intermediate qr ¼ 5kW=cm2 presented in Figure 23 is considered
qualitatively. The plasma in the RZ, being initially in the unstable stationary state
with Γst

r ¼ 1020 cm�2 s�1, will deviate from this along the Mr Γrð Þ curve to one of its
optima, e.g., to the maximum point A, Figure 25. Here, Γr is smaller than its
stationary level and dnSOL=dt>0, see Eq. (11). The increase in nSOL leads to
dΓr=dt>0 , and Γr also increases till the trajectory in the Γr;Mrð Þ phase plane comes
to the point B at the stable branch on the Mr Γrð Þ curve. Here, both dnSOL=dt and
dΓr=dt are negative and Γr, Mr decrease to the minimum point C. Since in this
point dΓr=dt is still negative, a development till the point D on the left stable branch
of theMr Γrð Þ curve takes place. Here, dΓr=dt>0 and Γr,Mr increase till the point A.

Figure 23.
Mr versus Γr calculated for qr ¼ 5kW=cm2, δp ¼ 5 cm and ψ ¼ π=2, without (solid curve) and with (dashed
curve) impact of C impurity eroded from the target. Vertical lines correspond with stationary Γst

r values for
different S⊥. The states with larger Γst

r are unstable.

Figure 24.
Mr Γrð Þ computed for qr ¼ 1:5kW=cm2 (a) and 15kW=cm2 (b). For the same, Γst

r ¼ 1022 cm�2 s�1 stationary
states can be both stable (a) and unstable (b).
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Thus, nonlinear oscillations around the unstable stationary point arise. In
Figure 26, the time evolution for the flux density onto the target, Γt tð Þ, for the set
of input parameters as for Figure 25 is presented.

5. Conclusions

Plasma detachment from divertor targets is an important and very interesting
phenomenon in fusion devices including helical systems and tokamaks. On the one
hand, it can lead to the deterioration of the plasma performance and even to the
total collapse of the discharge. On the other hand, detachment, if it is controlled and

Figure 25.
Schematic view of the limit cycle oscillations around an unstable steady state at qr ¼ 1:5kW=cm2 and
Γst
r ¼ 1022 cm�2 s�1.

Figure 26.
Time evolution of the plasma flux density onto the target, Γt, obtained by numerical integration of Eq. (11) for
the unstable steady state at qr ¼ 1:5kW=cm2 and Γst

r ¼ 1022 cm�2 s�1 without (solid curve) and with (dashed
curve) impact of C impurity eroded from the target.
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stable can be useful for the reduction of the heat power losses to the target plates
and even may lead to peaking of the pressure profiles in the plasma core that
manifests in a confinement improvement. Resonant magnetic perturbations pro-
viding a broad enough magnetic island close to the separatrix has proven to be an
effective method to control detachment in LHD.

Often at the onset of the detachment, large nonlinear oscillations of relatively
low frequency can be observed in different plasma parameters, such as radiated
power and ion saturation current to the target plates. Two models of such self-
sustained oscillations are proposed. The first one is relevant to the radial detach-
ment in LHD with divertor legs of low plasma density and transparent for neutrals.
The second model offers an explanation for phenomena in tokamaks observed at
the transition from strong recycling to plasma detachment at divertor targets.
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of Nuclear Fusion Devices
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Abstract

Wave’s spectra are investigated through an equilibrium molecular dynamic
(EMD) simulation of three-dimensional (3D) strongly-coupled complex-dusty
plasmas (SCCDPs). In this chapter, we have analyzed the correlation functions over
a wide range of plasma parameters of Γ (�1, 100) and of κ (�4.5, 5.5) along with a
higher wave’s numbers of k (�1, 4). In EMD simulations, we have examined the
propagation modes of wave in the longitudinal CL(k, t) and transverse CT(k, t)
current direction at higher screening (κ). We have also analyzed the wave’s spectra
in different regimes of plasma states of SCCDPs. A new simulation shows that the
longitudinal (CL) and transverse (CT) waves in SCCDPs are damped for low values
of Γ. However, these damping affects decrease comparatively with an increasing Γ.
Outcomes show that amplitude and frequency modes of the CL and CT depend on
κ, Γ, k and probably on a number of particles (N). The results obtained from EMD
are in reasonable agreement with earlier known theoretical and experimental data.
It has been shown that the present EMD method is the best tool for computing CL

and CT in the SCCDPs over a suitable range of plasma parameters.

Keywords: wave properties, plasma parameters, longitudinal current correlation,
transverse current correlation, strongly coupled dusty plasmas, equilibrium
molecular dynamic

1. Introduction

A partially or fully ionized gas containing neutral atoms, electrons, ions and with
the addition of dust particles is known as dusty plasma (DPs). This additional
component (dust particle) increases the complexity in the behavior of the system,
and thus refers to this system as “dusty” or complex plasma [1]. Nowadays the
term “complex plasma” is commonly used in literature to differentiate the dusty
plasma. Due to embedded dust particles in the plasma, these dust particles create
changes in the charge composition. The new physical processes were introduced in
the system such as the recombination of plasma on the particle surface and effects
associated with the degeneracy, fluctuations of particle charges which also change
the energy and transport phenomena. That’s the way the DPs became a new type
of non-Hamiltonian systems. The presence of dust particles in the complex plasma
is vital for the collective processes. These micro size dust particles create very
low-frequency wave mode, which represents charge particle oscillations against the
quasi-equilibrium background of ions and electrons. Generally, a dynamical time
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scale related to the dust component is in the range of 10–100 Hz. Recently the dusty
plasma becomes an interesting field for researchers, technologist and scientists
[2, 3]. The initial challenge of fusion in nuclear devices is to confine ionized isotopes
of hydrogen atom known as plasma, increase the plasma pressure to initiate and
sustain the fusion reaction [4].

Dusty plasma is classified on the basis of density, temperature, potential,
and thermal energy. For classification of dusty plasma first, we define Coulomb
coupling parameters. Coulomb coupling defines as “the ratio of average potential
energy to the average thermal energy of neighboring charged particles” and
mathematically written as Γ ¼ Q2=4πε0awskBT [5].

1.1 Weakly coupled dusty plasmas (WCDPs)

Weakly coupled dusty plasmas have higher average thermal energy than average
potential energy due to neighboring charged particles. WCDPs have a high temper-
ature, low density and value of Coulomb coupling parameter less than 1 Γ < 1ð Þ.
WCDPs have no structural form due to high temperatures. The background of
WCDPs is considered as ionized gases. The temperature of dust particles is much
higher than those of ions, electrons, and the neutral population in the system. Due
to this, difference in temperature values, DPs becomes a particular interest in the
research field of science and technology [6].

1.2 Strongly coupled complex dusty plasmas (SCCDPs)

In strongly coupled dusty plasma (SCDP), the average potential energy of
neighboring charged particles is dominated on the average thermal energy of the
same charged particles. This type of dusty plasma has high charged particles density
and low temperature. The SCDPs speedily become emerging fields from last three
decades. Due to the presence of dust particles in the atmosphere, the dusty plasma
becomes a very significant research field of astrophysical plasma and also in nuclear
fusion devices [7–9]. At higher density and low temperature, the SCDPs undergo in
crystallization phase. In Coulomb coupling systems, the SCDPs change phase from
liquid to crystal phase at specific values of the Coulomb coupling parameters.
SCDPs known as a warm liquid at Γ = 5, liquefy at Γ = 80, it becomes cold liquid at
Γ = 100, very cold (Γ = 120) and then liquid phase has a limitation at Γ = 137. The
SCDP has a crystalline form at Γ = 175 value; it has very high density and very low
temperature [10, 11]. SCDPs appear in many astrophysical objects such as neutron
star crusts, white dwarf interiors, supernova cores, and giant planetary interiors.
Charged particles in dusty plasma are also found in many physical systems such
as condensed matter systems of liquid metals and molten salts, cryogenic traps,
electrons trapped on the free surface of the helium. DPs play a very important
progressing role in laboratory experiments. Nowadays, recently the dusty plasma
plays a very significant role in the nuclear fusion devices for plasma confinement
and to control the fusion reaction [12]. For basic experiments in the laboratory, the
DPs shows very interesting phenomena such as melting and formation of crystals,
collective modes excitation with reference to dust component. Nanostructure lay-
ered, and colloidal suspension of dusty plasma was also investigated in these set of
references [13–15].

1.3 Properties of dust particles

Dust is present everywhere in the space and environment. Dust particles are
much larger than electrons, ions, and neutral particles. Their sizes of dust particles
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vary from hundreds of millimeters to 10 nm and the mass of dust particle is
approximately 7.53 � 10�10 kg. Their dynamic behaviors are easily observed
through a CCD camera because of temporal and spatial scale. These dust particles
are mostly negatively charged; however, sometimes they have positive charged also,
that depends upon the charging phenomena. The large shielding clouds are created
for balance the ion thermal current and electron thermal current. Charging phe-
nomena of dust particles are photoionization, electron bombardment, sputtering,
etc. The amount of charge at dust particles depends upon shape and size. Most
often, they have spherical shape; however, sometimes they are of the form of rod
type and or irregular shape [13, 16]. Dust particles are exposed to ion and electron
currents from discharge plasma that’s why reached quickly in dynamical equilib-
rium. The electric charge on the dust particle depends upon their radius (size) and
shape, and the charge amount is in the order of 103–104 electrons. Increasing the
charge on the particles increases the electrostatic repulsion between them in a
confined system and may lead to crystallization [17]. The dust particles are strongly
coupled due to high electric charges and unable to move easily so that they look like
a solid and liquid phase in the DPs. The phonon spectra in the DPs are easily
calculated due to the thermal motion of dust particles [18]. The motion of dust
particles generates the longitudinal and transverse waves in the dusty plasma. Due
to the complex behavior of a dust particle in DPs, it becomes an independent field
for researchers whose study dusty plasma with strong correlation. The charged dust
particles are highly susceptible to the different forces in the plasma such as the
electric field, neutral and ion drag and can serve as sensitive diagnostic tools [19].

1.4 The existence of DPs in nature and laboratory

DPs are found in the ionosphere, that’s a lower part of the earth. Noctilucent
clouds (NLs) are composed of ice and dust from manmade pollution and heavy
clusters. In the space environment, the examples of dusty (complex) plasma are
Jupiter rings, were first observed in 1779, comets, planetary rings and spokes,
Saturn’s rings and Neptune. The size of dust particles in Saturn ring varies from
micron to sub-micron. The radial spokes also consist of micron and submicron sized
dust charged particles that are electrostatically levitated. The presence of dust
particles in the atmosphere at the altitudes in the range of 80 and 90 km was
observed during polar summer mesopause [20]. The presence of dust particles was
observed in the nuclear fusion devices, both Tokamaks and stellarators. Due to the
presence of dust particles in these devices may disturb the performance and stop
working on it. Nowadays, study of dust particles in fusion devices becomes very
important. The charging mechanisms of dust particles in these devices are also
investigated by Liu et al. [21]. It becomes very necessary for operational Tokamak
or other fusion devices to study and found waves and transport properties of dusty
plasma. Thermal conductivity, diffusion coefficient, shear viscosity in dusty plasma
and charging mechanisms of dust particles in nuclear fusion devices are also needed
to investigate [22]. The dust particles are also observed in radio frequency (RF)
device and direct current (DC) glow discharge tube and Z-Pinch device etc. Under
the laboratory condition, the plasma crystals are observed in different devices such
as in RF, DC, thermal plasma, nuclear-induced dusty plasma over wide range of
plasma parameters [23].

1.5 Nuclear fusion devices

Fusion energy is a source of energy for a future generation which is almost
inexhaustible. Currently, it is an undefeatable challenge for engineering and
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thermophysical researchers. The basic challenge to achieve the fusion energy is “to
achieve a rate of heat emitted by fusion plasma that exceeds the rate of energy
injected into the plasma”. The central expectations are focused on two fusion
reactor devices, one is Tokamak and the other is stellarator. Today the whole world
community is working for nuclear fusion device, which is known as Tokamak.
Fusion energy is investigated and comes closest to the explosion. These devices
consist of a ring-type magnetic field used to confine the plasma. Tokamak plasma is
confined by an electric current flowing in plasma, and in the stellarators, a magnetic
field of very complicated shape used to confine plasma stationary. The Tokamak
work only in the pulsed mode without auxiliary facilities and stellarators is suitable
for continuous operation. The most effective magnetic field configuration is toroi-
dal in the shape of the doughnut. The Tokamaks, stellarators and the reversed field
pinch (RFP) are commonly under developing fusion nuclear devices based on
toroidal confinement configuration. The Z-pinch is also nuclear fusion device in
which is a strong electrical current in plasma to generate X-rays. The magnetized
target fusion, referred to as a MIF (magneto-inertial fusion) system, is also cur-
rently in progress. In these nuclear devices, a magnetic field is applied to confine the
plasma with the help of electromagnetic or mechanical linear implosion. A com-
pression heating is provided with laser hot dense magnetized plasma which is
created in the plasma focus (PF) devices. The PF devices belong to the family of
dynamic noncylindrical Z-pinch. If in this device deuterium is used as gases then
DD fusion reaction takes place [24–28].

1.6 Dusty plasma in fusion devices

The working conditions of nuclear fusion devices are such that the fuel of these
devices must be heated up to heat fuel in nuclear fusion devices heat in the range of
100 � 108 K temperature, at this temperature the fuel is in the plasma state. The
temperature of the plasma is very high, and materials are vaporized that contact
with it, that’s why plasma must be confined kept in the magnetic fields. In the
Tokamak reactor fuel is use in the range of grams (g), so it is a very safe device. The
solid impurities are known as “dust” were also found and investigate Scrape-Off
Layer transport that is a key element of edge physics research program. For safety
precautions against the dust particles, it is very significant for engineers to predict
where the quantity of dust particles increases. To resolve the dust transport problem
in fusion devices it is necessary for physicists to develop a fully accurate dust
transport code (DTC) [29]. It is also required to calculate the plasma parameters
from geometrical relations and engineering constraints of nuclear fusion Tokamak
device. Plasma density (n), pressure (p), temperature (T), energy confinement
time, β (normalized plasma pressure) as a function of α (minor radius of plasma)
are the basic main plasma parameters. In addition, some plasma parameters such as
plasma current, bootstrap fraction and kink safety factor are required for a plasma
physicist in order to understand Tokamak process. The reactor demands toroidal
current I to achieving high energy confinement time (very large) for ignition
[3, 27]. There are several techniques used for heating plasma in Tokamak. The most
common technique use to heat plasma is Ohmic heating, neutral beam injection, RF
heating. The fusion plasma has such as high temperature so that they emit little
visible light [30, 31].

1.7 Waves spectra in dusty plasma

To understand dynamical information and basic properties of gas, liquids, and
solids, it is compulsory to study the basic two phenomena such as phase transition
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and waves [32]. Dust particles in SCDPs support longitudinal (compressional)
waves, also known as dust acoustic waves (DAWs) and transverse waves (shear)
[13]. The propagations of longitudinal modes are faster than the transverse mode in
the crystalline phase of dusty plasma. The WCDPs does not sustain the transverse
wave and only sustain longitudinal waves. The compressional electrostatic waves
and DAWs have low-frequency modes due to a larger mass of dust particles. In
order to study the thermal motion of dust particles through MD simulation and it
was found that cut off wave number is calculated for transverse mode near the
solidification phase of dusty plasma [33]. The generalized hydrodynamics (GHD)
model of the equation is predicted by the existence of transverse wave mode in the
liquid and strong coupling regimes and dispersion properties of longitudinal modes
[19]. Investigation of dusty longitudinal waves (DLWs—dust lattice waves) in two-
dimensional bi-crystal in an arbitrary direction and it was found that hybrid modes
have both components along with transverse and longitudinal directions. The
hybrid modes become purely transverse to longitudinal waves for the angle of
propagation is 0 or π/2 [34]. Background of the colloidal suspension liquid exerts
large friction on the motion of charged particles than the background of dusty
plasma gases. Due to low friction between charged particles in the gas phase of
dusty plasma waves damped slowly. The complex (dusty) plasma the current cor-
relation functions of complex (dusty) plasma are classified into the longitudinal
current and transverse current, also known as longitudinal and transverse (shear)
wave’s mode. In the classical fluids, when k approaches zero then longitudinal
modes known as acoustic modes. Strongly coupled plasma in the liquid phase
supports shear maintained transverse mode. In SCDPs, when k approaches zero then
transverse modes are also considered approach as acoustic modes [35] (Figure 1).

The uniform liquid phase does not support transverse modes of waves. The
reason for this is to ignore the migration of diffusion damping. For isotropy liquid,
the transverse mode approaches the same Einstein frequency ωE as a longitudinal
mode, when the wavenumber k approaches to infinite. The current correlation
functions of DPs are studied theoretically, numerically and experimentally.

Figure 1.
Directions of longitudinal and transverse waves in DPs relative to the direction of wave numbers vectors. The
direction of the wave vector shows that direction of CL(k, t) is along the wave vector and direction of CT(k, t) is
perpendicular to the wave vector (k) [36].
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The results are in good agreement with the theoretical prediction, in support of
simulation measurements and also verified by experiments [14, 16, 24].

1.8 MD simulation and types

An MD simulation is a tool that studies the microscopic model in a macroscopic
system, and this model is quantified in terms of intermolecular interaction and the
molecular structure. The results are obtained with accuracy through different sim-
ulation techniques (algorithm) and compared with theoretical and experimental
results. Simulations are also used to study the wave properties of complex models at
the microscopic level which cannot be investigated by experiments [37]. There are
several computational techniques that have advantages and also disadvantages with
their respective fields. Monte Carlo (MC) and molecular dynamics (MD) simula-
tions are influential tools for the study of transport properties of dusty plasma.
Transport properties can also be calculated by Langevin dynamics (LD), MC, path
integral MC (PIMC) and MD methods. The disadvantage of the MC technique is
that it cannot evaluate the transport properties of dynamical systems and cannot
solve and apply the equations of motion [38].

2. Mathematical model and numerical method

In this chapter the EMD Simulations are performed for a selected system,
having the number of particle N = 500 with apply periodic boundary condition
(PBCs) on the cubic box in three dimensions coordinates directions. These particles
are placed in a cube volume V and interact with each other by pairwise Yukawa
potential is given:

ϕ rj jð Þ ¼ Q2

4πε0

e� rj j=λD

rj j , (1)

Q is the charge, on dust particles, ε0 is permittivity of free space, λD is the Debye
length which accounts for the screening of the interaction by other plasma species.
The dimensionless plasma parameters have fully characterized the system under
study. One is Coulomb coupling parameter and defines as Γ = Q2/4πε0awskBT
(already defined in Section 1.1), where a is the Wigner-Seitz radius and is define as
aws = (3/4nπ)1/3 with n is the dust particle density,T is the temperature of the
system and kB is Boltzmann constant. The screening parameter is and defines as
κ � aws/λD. In an EMD technique, Newton’s motion equation is, m(d2r/dt2)
= Fi = ΣjFij, integrated numerically for N Yukawa particles with mass m positioned
at ri, velocity vi and acceleration ai in the volume (V) of simulation box of particle
i (i = 1, 2, 3… ..N) is exerted a force on other particle j and it is given as Fi = Σj Fij
and i 6¼ j. The EMD is performed in the microcanonical ensemble (NVT) for
constant volume and temperature [39]. In this chapter, the EMD has been used to
investigate the time-dependent current correlation functions [CL(k, t) and CT(k,
t)]. The dimension of the simulation box is Lx, Ly, LZ. The periodic boundary
condition is used to minimize the surface size effect and applied to the simulation
box. The main calculation is performed for N = 500 particles at κ = 4.5 and 5.5,
plasma coupling parameters Г (temperature of the Yukawa system) varies from
1 to 100 and wavenumbers k = 0, 1, 2, and 3. The simulation time step is taken as
Δt = 0.001 to allow computing the important data for sufficient 425,000 simulation
run. EMD method is reported of the current correlation of SCDPs over sufficient
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domain of plasma parameters of Debye screening (4.4 ≤ κ ≤ 5.5) and Coulomb
coupling (1 ≤ Γ ≤ 100).

2.1 Current correlation functions

The SCDPs support both longitudinal and transverse waves. The experimental
importance of time-dependent correlation function is that the spectroscopic tech-
nique an example of this technique is neutron scattering. Investigate microscopic
dynamical quantities through the MD approach and then comparison by Fourier
analysis of the simulation result. The local density gives information about the
atom’s distribution. There is also possible to analyze the motion of atoms. The
Fourier component of Particle current or momentum current for a single atomic
particle in MD unit is given as.

π r, tð Þ ¼ Σ
j
vjδ r� rj tð Þ
� �

(2)

where vj and rj are the velocity and position of a jth particle, by using the
Fourier transformation of particle current becomes as for a given wavenumber
vector (k).

π k, tð Þ ¼ Σ
j
vje�ik:rj tð Þ (3)

The correlation function of the current vector component is defined as

Cαβ k, tð Þ ¼ k2

Nm
πα k, tð Þπβ �k, 0ð Þ�

(4)

For the isotropic fluid under consideration of symmetry above equation can be
expressed in term of longitudinal current correlation and transverse current corre-
lation in the relative direction of k, where k is the wave vector and equal to multiple
of integers k = 2π/L and L is the size of the simulation box. Wave vector k becomes
equal to k = 2π/L (k0, k1, k2, k3), kj ϵ Z, j = 0, 1, 2, 3; L is the length of simulation box
and V = L3.

k ¼ kj j ¼ 2π
L

x, y, zð jj (5)

Here x, y, and z are integers.

Cαβ k, tð Þ ¼ kαkβ
k2

CL k, tð Þ þ δαβ � kαβ
k2

� �
CT k, tð Þ (6)

By putting k = k z the time-dependent longitudinal current correlation
becomes as.

CL k, tð Þ ¼ k2

Nm
Σvie�ik:zj tð Þ k, tð ÞΣvje�ik:zj k, tð Þ

j

* +
(7)

Where Nm represents the number of particles, vi and vj are the velocity of the ith
and jth particles, < ....> gives the statistical average of particle current. Longitudinal
current correlation function explains the direction of the waves along the wave
vector (wavenumber) and a transverse direction perpendicular to k.
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CT k, tð Þ ¼ k2

2Nm
πx k, tð Þπx �k, 0Þ þ πy k, tÞπy �k, tð i���

(8)

The longitudinal current correlation also related to the dynamical structure
factor.

S k,ωð Þ ¼ 1
ω2 CL k,ωð Þ (9)

In Eq. (9), the dynamical structure factor and longitudinal current correlation
contain the same physical information of the systems. Transverse current and
longitudinal current also explain the wave spectra in 3D SCDPs. In our EMD simu-
lation model, the current correlation function is the only function of wavenumber
and time (k, t). Through this mathematical model of current correlation, we
checked out variation in frequency and peak amplitude of transverse and longitu-
dinal waves in SCDPs for at Г, κ, N, and k [14, 19, 32, 35].

3. Results and discussions

In this section, we describe the consequences of extensive MD simulations
methodology work, carried out to explore the current correlation functions (com-
pressional and share waves) of 3D Yukawa liquid via the EMD simulation tech-
nique. CL (k, t) (Eq. 7) and CT (k, t) (Eq. 8) is simulated at an extensive
combinational range of parameters (Γ, κ, N and k). The CL(k, t) and CT(k, t) which
are normalized by plasma frequency (ωp) has been extensively used for prior
studies of SCDPs but while here we are investigating its correspondence with time
(t). The information waves spectra for nuclear fusion device conditions is generated
from simulation goes, that prediction which is true for frequency spectra, current
correlation function [CL(k, t), CT(k, t)] simulation are executed for higher screen-
ing strength of spherical charged dust particles (κ = 4.5 and 5.5) and Coulomb
coupling parameters (inverse of plasma temperature) parallel closely same experi-
mental plasma state (κ, Γ). This was executed to facilitate comparison with
presented simulation results and available data of recent and earlier.

In this section, we present our EMD simulation results and their discussion of
wave spectra from the current correlation function in the longitudinal and trans-
verse wave’s modes. The specific attention in this chapter is given to CL(k, t) and
CT(k, t) for a different combination of plasma parameters which are investigate the
behavior of transverse and longitudinal waves in 3D SCDPs. Explanation qualita-
tively features of the longitudinal (compressional or sound) waves in 3D complex
(dusty) plasma shown in Figures 2 and 3. Here our EMD outcomes we compute the
CL(k, t) for κ = 4.5 and 5.5 for a number of particles (N = 500) and in the direction
of wave vector numbers (k = 0, 1, 2 and 3). We determined properties of longitu-
dinal waves in SCDPs at a different combination of plasma parameters (κ, Γ), the
results have plotted the magnitude of CL(k, t) against simulation time (t). In our
EMD simulations result, the effect about plasma temperature is observed on the
magnitude, wavelength, frequency, and damping phenomena of waves in SCDPs.
Figure 2 consists four panels which covering from non-ideal to the liquid and then
liquefy state of dusty plasma. The panel (a) of both Figures 2 and 3 represent the
results of longitudinal wave spectra in the non-ideal state of dusty plasma at κ = 4.5,
5.5 respectively. It is observed from first panel of these two figures that collective
modes of wave spectra are highly damped due to high temperature of dust particles
confirmed good agreement with earlier published worked by Nunomura due to
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collisions between particles [30] and Shahzad et al., for low screening strength [2].
The modes of these waves in amplitudes of longitudinal waves increased at higher
wavenumber (k = 3) and also at lower wavenumber has low peak amplitude mode
clearly seems from results plotted in Figures 2 and 3. The damping of waves at a
higher temperature would attribute this to viscous/collision and Landau damping.
The effects of Γ on the propagation of waves in SCDPs are observed from four
panels of Figure 2. The frequency modes are increases and amplitude decreases of
CL(k, t) with increasing Γ. With increasing Γ the thermal effect decreases in the
magnitude and the correlation effect clearly seems. Figures 2 and 3 show the wave’s
spectra of longitudinal mode at different values of coupling which covering the
non-ideal phase dusty plasma and also liquefy state. It is observed that the damping
effect in wave’s mode decrease with decreasing the plasma temperature. Here
higher damping at Γ = 1 and at Γ = 5 comparatively low damped and then oscillate
very at a low magnitude for Γ = 5. If we further increase the coupling values the
damping decrease and longitudinal waves propagate in form of sinusoidal. At Γ = 20
and 100 waves in longitudinal modes properly propagate and with the passage of
time, the magnitude of waves decreases we can observe Figures 2 and 3 (d) at
Γ = 100 in the liquid liquefy phase.

There is a slight effect of screening strength (κ) on longitudinal wave’s mode in
plasma with respect to damping and propagation phenomena. The frequency and
amplitude of waves in SCDPs are high at lower values of κ when we increase
screening strength at the same N, k and Г amplitude and wavelength are gradual
decreases with respect of κ. The magnitude of CL(k, t) 0.2332, 0.0379, 0.0057 and

Figure 2.
EMD simulations results of wave spectra of the longitudinal mode against the simulations time (t) for κ = 4.5
covering from non-ideal to liquid states ((a) Γ = 1, (b) Γ = 5, (c) Γ = 20 (d) Γ = 100) of 3D SCDPs and
N = 500 for higher wave number (k = 0, 1, 2 and 3).
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0.0014 for Γ = 1, 5, 20 and 100 respectively at κ = 4.5 and k = 0. When we increase
value of screening κ = 4.5 to = 5.5 then the magnitude of CL(k, t) at k = 0 increase
0.2244, 0.0508, 0.0105 and 0.0016. In this chapter, we have simulated at an
N = 500 for the same combination of parameters (N, κ, Г).

In this part, we have investigate CT(k, t) through EMD simulations for 3D
SCDPs coulomb system in the classical ensemble (NVT) for N = 500 particles. The
charged particles are interacting with each other via Yukawa pair potential. We
have analyzed the behavior of the wave’s spectra in the transverse (shear wave)
direction in SCDPs, using Eq. (8), by EMD simulations technique. It is found that
our results is calculated for CT(k, t) are in a good agreement using the EMD
algorithm over an extensive range of plasma parameters and selecting a number of
particles. We have ensured that the presented results of CT(k, t) are in satisfactory
agreement with prior known simulation, theoretical and numerical results. In our
MD simulation result, the effect of plasma temperature is observed on amplitude,
wavelength, frequency, and propagation of waves in SCDPs.

Figures 4 and 5 demonstrate the Simulation results which are obtained for
CT(k, t) of SCDPs plasma using EMD simulations at k = 0, 1, 2 and 3, Г = 1, 5, 20 and
50 for κ = 4.5 and 5.5. The given simulation results of CT(k, t) spectra are compared
with increasing and decreasing sequences of κ, Г, and k. It is observed that the
magnitude of transverse current waves has increases behavior with increasing wave

Figure 3.
EMD simulations results of wave spectra of the longitudinal mode against the simulations time (t) for κ = 5.5
covering from non-ideal to liquid states ((a) Γ = 1, (b) Γ = 5, (c) Γ = 20 (d) Γ = 100) of 3D SCDPs and
N = 500 for higher wave number (k = 0, 1, 2 and 3).
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numbers. We have observed from further EMD simulations calculation that mag-
nitudes of this wave have decreasing behavior for a high number of particles. The
absence of any structure of strongly coupled plasma in the liquid phase the shear
waves are not propagated through it. Wave’s in SCDPs are highly damped at high
plasma temperature or low values of coulomb coupling. In Figure 4 plotted four
penal of shear waves which covering from non-ideal to liquid state of dusty plasma.

The panel (a) of both Figures 4 and 5 represent the results of CT(k, t) spectra in
the non-ideal state of dusty plasma. It is observed from these figures that collective
modes of wave spectra are highly damped at higher plasma temperature and
damping of transverse waves reduce with corresponding to decrease the plasma
temperature. In the non-ideal state of dusty plasma, the transverse current wave’s
mode is highly damped as compare to longitudinal modes especially at higher wave’s
number in our case. CT(k, t) spectra having increasing behavior in the magnitude for
wave vector. The damping of waves at a higher temperature would attribute this to
viscous/ collision and Landau damping that confirmed from earlier published work
of [2, 30]. The effects of Г on the propagation of waves in SCDPs are observed from
four panels of Figure 2. The frequency modes are increases and amplitude decreases
of CL(k, t) with increasing Г. With increasing Γ the thermal effect decreases in the
magnitude and the correlation effect clearly seems. Values of CT(k, t) at different
parameters as for k = 0(1), CT = 0.2558(0.9016), 0.0454(0.1749), 0.0141(0.0449),
0.0017(0.0071), and for the case k = 2(3) as CT = 2.3453(3.9837), 0.4218(0.7214),
0.0810(0.1260), 0.0144(0.0229), at Г = 1, 5, 20, 100 respectively for κ = 4.5. With
the comparison of Figures 4 and 5, we have observed that there is a slight difference

Figure 4.
EMD simulations results of wave spectra of the transverse mode against the simulations time (t) for κ = 4.5
covering from non-ideal to liquid states ((a) Γ = 1, (b) Γ = 5, (c) Γ = 20 (d) Γ = 100) of 3D SCDPs and
N = 500 for higher wave number (k = 0, 1, 2 and 3).
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occurs when we increase the screening of dust charged particles. The propagation
and damping behavior of waves in transverse direction remain nearly same with
increasing screening. For particular wave’s number (k), magnitudes of transverse
waves have increasing behavior with increasing screening strength.

4. Summary

The EMD simulations are used to investigate the CL(k, t), and CT(k, t) for 3D
SCDPs over an extensive range of plasma parameters κ, Г, and k (wavenumber),
N (number of particles in simulation box) and k. The first involvement of the
presented simulation is that it delivers an understanding of propagation and
damping phenomena of waves in SCDPs. In general, the amplitude, frequency of
waves is analyzed. The presented simulation specifies that the waves are highly
damped at high temperature Г = 1, frequently propagates at intermediate and high
value of Г = 20–100. This investigation shows that the values of frequency and
amplitude depend on κ, Г, N, and k. It has been shown that the presented EMD
method and earlier EMD techniques have comparable performance over the wide
range of plasma points, both yielding reasonable results for correlation parameters.
New simulations give more reliable and excellent data for the CL(k, t), and CT(k, t)
for a wider range of κ and Г are (4.5, 5.5) and (1, 100). The existing simulations

Figure 5.
EMD simulations results of wave spectra of the transverse mode against the simulations time (t) for κ = 5.5
covering from non-ideal to liquid states ((a) Γ = 1, (b) Γ = 5, (c) Γ = 20 (d) Γ = 100) of 3D SCDPs and
N = 500 for higher wave number (k = 0, 1, 2 and 3).
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deliver more reliable data for existence for waves in SCDPs. In the absence of
structure in dusty plasma, the shear wave does not support. The sound wave
frequently propagates at medium and higher values of Г in SCDPs. It is suggested
that the presented EMD technique based on Ewald summation described here can
be used to explore other ionic and dipolar materials. It is very interesting what
other types of interaction potentials support correction parameters of strongly
coupled plasma and how its strengths depend on the range of new interaction
potentials.
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Abbreviation and symbol

EMD equilibrium molecular dynamic
κ screening strength
Γ Coulomb coupling
k wavenumber (wave vector)
N number of particles
DP dusty plasma
SCDPs strongly coupled dusty plasmas
3D three dimensional
CL(k, t) longitudinal current wave
CT(k, t) transverse current wave
CDPs complex dusty plasmas
WCDPs weakly coupled dusty plasmas
NLS noctilucent clouds
RFP reverse field pinch
MFT magnetized target fusion
PF plasma focus
MIF magneto-inertial fusion
KB Boltzmann constant
n plasma density
p plasma pressure
T plasma temperature
β normalized plasma pressure
α the minor radius of the plasma
I plasma toroidal current
DAW dust acoustic wave
PBCs periodic boundary condition
RF radiofrequency
DC discharge current
DTC dust transport code
MD molecular dynamic
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Chapter 5

Measurement of Vacancy
Migration Energy by Using HVEM
Pingping Liu

Abstract

Vacancy migration energy is a key factor for irradiation resistance of nuclear
materials and also a fundamental parameter for modeling and should be experi-
mentally calculated in advance. A new method together with a formula was devel-
oped for measuring the vacancy migration energy on high-voltage electron
microscope (HVEM) from the temperature dependence of the growth speed of a
dislocation loop in consideration of other sink effects including surface and grain
boundary on point defects. Anti-noise property and the other characteristics of the
three different methods have also been analyzed and discussed to help choose the
appropriate method to measure the vacancy migration energy when in need in
different situations.

Keywords: vacancy migration energy, in situ HVEM, measurement of Em

1. Introduction

Fusion energy is one of the most promising carbon-free energy in the future.
One problem limiting the development and application of fusion energy is the
radiation damage of materials. Irradiation resistance of a material is determined by
the motion and recombination of point defects (vacancy and interstitial) [1]. The
motion and recombination of point defects are governed by the vacancy mobility at
material service temperature which is always higher than the vacancy mobile tem-
perature [1, 2]. Thus, vacancy migration energy is a critical factor for the ability of
nuclear materials to resist radiation damage. Moreover, it is becoming a popular and
an effective method to simulating the irradiation-induced microstructure changes
to predict the mechanical properties of materials during irradiation with the devel-
opment of computational materials. Vacancy migration energy is also a fundamen-
tal parameter for modeling and should be experimentally measured in advance.

Kiritani et al. have firstly proposed one method as early as the 1970s by experi-
mentally measuring growth speed of interstitial dislocation loops at different irra-
diation temperatures to measure the motion of vacancies in iron by using HVEM
[2, 3]. High-energy electron irradiation produces pure Frenkel point defect pairs,
which is very beneficial to the fundamental research of point defect mobility. In
combination with in situ heating sample holder, HVEM has been proven to be a
powerful apparatus to investigate microstructural evolution and measure the
vacancy migration energy under in situ high-energy electron irradiation. Since then,
the method proposed by Kiritani et al. was often used to measure the vacancy
migration energy of materials. The effects of impurities, helium, and hydrogen on
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vacancy migration energy in pure Fe-based alloys, F82H and electron-beam-welded
F82H joint, have been investigated by Hashimoto et al. [4–6]. The effect of deute-
rium on vacancy migration energy in Fe-10Cr alloy has also been investigated [7].
Point defect behavior in pure vanadium and its alloys were also analyzed under
HVEM irradiation by using the method [8–10]. However, it is important to note
that the method did not consider the effect of sample surface on the measurement
of the vacancy migration energy. And, it is always very difficult to ensure that the
observed loops are deep in the specimen (located so far apart from specimen
surface) by HVEM stereo observation operation [11]. Thus, Wan et al. derived a
new formula for calculation vacancy migration energy by considering the surface
effect in the 1990s [11]. In this brilliant derivation, the effect of specimen surface
was treated as a constant, and three data of growth rate at different irradiation
temperatures were used once to numerically calculate the vacancy migration energy
by iterated operation. This method considered the surface effect intrinsically, but
iterated solution by using a computer is needed. This operation would produce two
roots, in which one should choose the right one according to physical meaning. It is
a little bit difficult to calculate and choose the right root. Probably for this reason,
reference of using this numerical method is not many. Moreover, the effects of
other sinks such as irradiation-induced small void, fine precipitates, and grain
boundary on the growth speed of dislocation loops also needed to be considered
when using HVEM to measure the vacancy migration energy.

In this chapter, other sinks such as surface, small void, precipitates, and grain
boundary were taken into consideration to develop a new method for calculating
vacancy migration energy according to the relationship of the reciprocal of irradia-
tion temperature and growth speed of dislocation loops. An influential factor relat-
ing to the effects of other sinks was also presented in this new method. In addition,
the formula derived by Wan et al. has also been rediscussed to avoid one root and
help to choose the right root, which may encourage a broader range of applications
of this numerical method. The characteristic of these three methods is discussed to
help choose the appropriate method to measure the vacancy migration energy when
in need in different situations. In addition, the motion interstitial is also important
and could be measured by using HVEM [12, 13]. In this chapter, however, we only
discussed the mobility of vacancy because vacancy moves much slower than that of
interstitial, and the recombination of vacancies and interstitial defects is governed
by the vacancy mobility at material service temperature which is higher than
vacancy mobile temperature.

2. The calculation method

2.1 Linear method

This method was reported by Kiritani et al. [2] and Tabata et al. [14] in which
several factors affecting the migration energy were discussed in detail. According to
their analysis, the variations of the concentrations of interstitial atoms (Ci) and
lattice vacancies (Cv) with the point defect mobility (M) at high temperature
(at which vacancies are highly mobile) are given as follows:

dCi

dt
¼ P� Ziv Mi þMvð ÞCiCv � ZiLMiCsLCi �MiCsiCi (1)

and
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dCv

dt
¼ P� Ziv Mi þMvð ÞCiCv � ZvLMvCsLCv �MvCsvCv (2)

where Ziv, ZL, and Cs denote the recombination coefficient, the number of
reaction sites of dislocation loops and point defects, and concentration of sinks,
respectively. And, t denotes the time. First term P is the production rate of free
Frenkel pairs induced by HVEM. The second term is the mutual annihilation rate
between interstitials and vacancies with the mutual annihilation cross-section of
Ziv. The third terms are the annihilation rate of each kind of point defect to dislo-
cation loops whose concentration of atomic sites as sinks is CsL and with absorption
cross-sections ZiL and ZvL at each site for each point defect. The last terms are the
annihilation at the surface sink. When a steady state of point defect concentrations
is established, there is:

dCi

dt
¼ dCv

dt
¼ 0 (3)

Then, both Eqs. (1) and (2) are equal to zero, and one can obtain the following
equation:

ZiLCsL þ Csið ÞMiCi ¼ ZvLCsL þ Csvð ÞMvCv (4)

The most dominant terms of the point defect annihilation are the second terms
in Eqs. (1) and (2), at least for the “thick-foil” case in which the last terms in the
equations never become dominant. Then one can obtain the following, under the
condition of Mi ≫ Mv:

P ¼ ZivMiCiCv (5)

Using Eqs. (4) and (5), the following equation could be obtained:

MvCv ¼ βMiCi ¼ βP
ZivCv

¼
ffiffiffiffiffiffiffiffiffiffiffiffi
βPMv

Ziv

r
(6)

where β = (ZiLCsL + Csi)/(ZvLCsL + Csv). Since Csi and Csv are considered to be
equal to each other and stay constant as long as the loop remains at the same fixed
position in a specimen foil, the value β is thought to be slightly larger than unity
because of the slightly larger capture cross-section ZiL for interstitial than that for
vacancy, ZvL, at a dislocation loop and can be taken as constant (at least at a fixed
temperature) though it varies slowly with the increase of CsL by the growth of the
dislocation loops [2].

The growth speed of interstitial loop of size R is expressed by the arrival rate to
the loop of interstitial atoms in excess of vacancies and is:

dR
dt

¼ a ZiLMiCi � ZvLMvCvð Þ ¼ a

ZiLffiffi
β

p � ffiffiffi
β

p
ZvL

ffiffiffiffiffi
ziv

p
0
@

1
A ffiffiffi

P
p ffiffiffiffiffiffiffi

Mv

p
(7)

where a is the increase of loop size by the absorption of one point defect per one
site on the dislocation [2]. ZiLMiCi and ZvLMvCv are the ensemble of point defect
fluxes captured by the loop. In order to reduce the effect of loop’s size, the loops
with same/similar initial size should be selected during experimental operation,
which can be done relatively easily. Then, the equation can be written as:
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dR
dt

¼ C � exp �Ev
m

2kT

� �
(8)

where k is the Boltzmann constant and C is an experimental constant. The above
equation can be rewritten as:

ln
dR
dt

� �
¼ lnC� Ev

m

2kT
(9)

Using this equation, the vacancy migration energy can therefore be obtained
from the slope of a linear relationship between the logarithm of the growth rate of
dislocation loops and the inverse of temperature. Here, we called this method
“linear method.”

2.2 Numerical method

Using the “linear method” with Eq. (9), the vacancy migration energy can be
calculated simply. However, the position of the dislocation loop must be deep in the
thick foil to ensure the surface effect could be avoided. This makes the experiment
more complex and difficult. Considering the surface effect of the sample, another
brilliant derivation was developed by not avoiding the third and fourth terms of
Eqs. (1) and (2) by Wan et al. [11].

When the point defect concentration is in a steady state, there is dCi/dt = dCv/
dt = 0. And one can obtain an equation under the condition of Mi ≫ Mv:

P ¼ ZivMiCiCv þ ZvLMvCsLCv þMvCsvCv ¼ Ziv

βMv
MvCvð Þ2 þ ZvLCsL þ Csvð ÞMvCv (10)

The former equation can be written as:

A1

Mv
MvCvð Þ2 þ B1MvCv � P ¼ 0 (11)

where A1 and B1 are constant. The root of this equation is:

MvCv ¼ �B1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
1 þ

4PA1

Mv

s !
Mv

2A1
(12)

Substituting Eq. (12) into Eq. (7), one can obtain:

dR
dt

¼ a ZiLMiCi � ZvLMvCvð Þ ¼ a
ZiL

β
� ZvL

� �
MvCv ¼ B2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
2 þ

A2

Mv

s !
Mv

(13)

where A2 and B2 are constant. This equation can be changed to be:

exp
Em

kT

� �
dR
dt

� �2

� B3
dR
dt

� �
� A3 ¼ 0 (14)

Letting dR/dt = V, the above equation can be expressed as:
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exp
Em

kT

� �
V2 � B3V � A3 ¼ 0 (15)

By HVEM observation, V1, V2, and V3 at temperatures T1, T2, and T3 can be
obtained, respectively. Using these data in Eq. (15) and getting rid of the constant,
there is:

V1 � V2

V2 � V3
¼

V2
1 exp

Em
kT1

� �
� V2

2 exp
Em
kT2

� �

V2
2 exp

Em
kT2

� �
� V2

3 exp
Em
kT3

� � (16)

Letting (V1 � V2)/(V2 � V3) = V0 > 0 and substituting it in Eq. (16), the vacancy
migration energy is given as follows:

a1 � exp Em � b1ð Þ þ a2 � exp Em � b2ð Þ � 1 ¼ 0 (17)

where

a1 ¼ V2
1

1þ V0ð ÞV2
2
, a2 ¼ V0V2

3

1þ V0ð ÞV2
2
, b1 ¼ 1

k
1
T1

� 1
T2

� �
, b2 ¼ 1

k
1
T3

� 1
T2

� �

and where k is the Boltzmann constant. Eq. (17) can be solved by using a
computer. A Python program example for solving Eq. (17) is given in the Appendix.
According to Eq. (17), two mathematical results would be obtained. In this case it is
necessary to select one of these two results by the physical meaning. Sometimes,
one will have a little difficulty in choosing the correct result. Probably for this
reason, the application of this method had been limited.

The derivation was discussed here again to help select the result of Eq. (17). Two
roots were induced by the Eq. (11) firstly. We can avoid one root directly in Eq. (12)
by the physical meaning:

2A1Cv .0

where A1 = Ziv/β > 0, Cv is the concentration of the vacancy. So, Eq. (12) could
be rewritten as:

MvCv ¼ �B1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
1 þ

4PA1

Mv

s !
Mv

2A1
(18)

The Eq. (13) can also be changed to:

dR
dt

¼ a ZiLMiCi � ZvLMvCvð Þ ¼ B2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
2 þ

A2

Mv

s !
Mv (19)

There should be only one root for Em in the Eq. (15) in which A3 and B3 are
constant. Thus, one knows to choose the big one of the two results from Eq. (17).
Only one result will be obtained. This may encourage a broader range of applica-
tions of this method as it considers the surface effect intrinsically. We called this
method “numerical method” here because of numerical calculating of the vacancy
migration energy by iterated operation [15].

107

Measurement of Vacancy Migration Energy by Using HVEM
DOI: http://dx.doi.org/10.5772/intechopen.87131



2.3 Nonlinear method

Using linear method, the vacancy migration energy could be obtained simply
with no consideration of the surface effect. In order to ensure the surface effect
could be avoided, however, the position of the dislocation loop must be deep which
is difficult sometimes and will make the HVEM experiment more complex. Con-
sidering other sink effects such as surface, small void, precipitates, and grain
boundary, some terms were added in Eqs. (1) and (2):

dCi

dt
¼ P� Ziv Mi þMvð ÞCiCv � ZiLMiCsLCi � ZioMiCsoCi � ZiPMiCspCi � ZiBMiCsBCi �MiCsiCi

(20)
dCv

dt
¼ P� Ziv Mi þMvð ÞCiCv � ZvLMvCsLCv � ZvoMvCsoCv � ZvPMvCspCv � ZvBMvCsBCv �MvCsvCv

(21)

where Ziv, ZL, and Cs denote the recombination coefficient, the number of
reaction sites of dislocation loops, and point defects and density of sinks, respec-
tively. The first term P is the production rate of free Frenkel pairs induced by
HVEM. The second term is the mutual annihilation between interstitials and
vacancies. The third terms are the annihilation rate of each kind of point defect to
dislocation loops whose concentration of atomic sites as sinks is CsL and with
absorption cross-sections ZiL and ZvL at each site for each point defect. The fourth,
fifth, and sixth terms are the ensemble of annihilation of each kind of point defect
to void, precipitates, and grain boundary, respectively. It is worth noting that these
three kinds of sinks mean a very small one or inconspicuous one which could not be
observed by HVTEM at the same magnification times as observing the whole loop.
One can avoid it directly during the TEM observation if the void or precipitates are
big enough, which will not be discussed here. The seventh terms express the escape
of point defects to the surface sink. Under the condition of Mi >>Mv and the steady
state of point defect concentrations (dCi

dt ¼ dCv
dt ¼ 0), Eqs. (20) and (21) can be

written as:

P ¼ ZivMiCiCv þ ZvLMvCiLCv þ ZvoMvCsoCv þ ZvPMvCsPCv þ ZvBMvCsBCv þMvCsvCv

(22)

Then, there is:

Ziv

βMv
MvCvð Þ2 þ ZvLCsL þ ZvoCso þ ZvpCsP þ ZvBCsB þ Csv

� �
MvCv � P ¼ 0 (23)

where β = (ZiLCsL + ZioCso + ZiPCsP + ZiBCsB + Csi) / (ZvLCsL + ZvoCso + ZvPCsP +
ZvBCsB + Csv).

Set a1= Ziv
β and b1= ZvLCsL þ ZvoCso þ ZvPCsP þ ZvBCsB þ Csv. According to the

physical meaning, a1 and b1 are constant larger than zero. The above equation can
be written as:

a1
Mv

MvCvð Þ2 þ b1MvCv � P ¼ 0 (24)

The root of Eq. (24) is:

MvCv ¼ �b1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b21 þ

4Pa1
Mv

r� �
Mv

2a1
(25)
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According to the physical meaning, MvCv should be larger than zero, while

�b1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b21 þ 4Pa1

Mv

q� �
Mv
2a1

< 0. Anyway, substituting Eq. (25) into Eq. (7), the follow-

ing equation can be obtained:

dr
dt

¼ a
ZiL

β
� ZvL

� �
MvCv ¼ b2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b22 þ

a2
Mv

r� �
Mv (26)

where a is the change of loop radius by the absorption of one point defect per
one site on the dislocation [2].

ZiL
β � ZvL

� �
≈ ZiL � ZvLð Þ ¼ Lbias, thus, a2=

a2PL2
bias

a1
and b2=

�b1aLbias
2a1:

Eq. (26) can be changed into:

exp
Em

kT

� �
dr
dt

� �2

� b3
dr
dt

� �
� a3 ¼ 0 (27)

where a3 = 1/4a2, b3 = b2. The above equation can be written as:

exp
Em

kT

� �
¼ a3

dt
dr

� �2

þ b3
dt
dr

� �
(28)

As a3, b3 and
b23
4a3

¼ b22
a2
¼ b21

4Pa1
are constant. There is a constant d to hold the

following equation:

d ∗ exp
Em

kT

� �
¼ a3

dt
dr

þ b3
2a3

� �2

(29)

From the above equation, one can obtain:

1
T
¼ 2k

Em
∗ ln

dt
dr

þ B1

� �
þ C1 (30)

where B1 = b3/2a3 and C1 is constant. By HVEM observation and getting dt/dr
[1/(dr/dt)] data at different temperatures, the Em can be obtained by this equation.
In order to plot easily, the equation can be rewritten as:

1000
T

¼ A ∗ ln
1

dr=dtð Þ þ B
� �

þ C (31)

Note: A = 2 k*1000/Em, B = �b1/(a*P) is a negative constant relating to total
effects of all other sinks. Thus, from the function of 1/(dr/dt) and 1/T, the Em can be
obtained by plotting the curve according to Eq. (31).

3. Discussion

Measurement of vacancy motion in solid state materials is a challenging work.
There are not so many experimental methods. In situ HVEM has been proven to be
one of the powerful tools to obtain vacancy migration energy by measuring the
temperature dependence of the growth speed of a dislocation loop during electron
irradiation. A reasonable phenomenological model of the loop growth could be
selected and applied to extract the vacancy migration energy from the experimental
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data. Kiritani et al. firstly proposed one linear model to calculate the vacancy
migration energy. Then, Wan et al. derived a new formula by considering the
surface effect. In this chapter, a new nonlinear model was developed by considering
the other sink effects such as surface, small void, small precipitates, and grain
boundary, and the numerical method was rediscussed. When the measured exper-
imental data are ideal, not affected by the surface or other defect sinks, the vacancy
migration energy value calculated by the three methods should be the same. One
experimental example for calculating the vacancy migration energy by using the
three methods was given here. The sample was Fe-10Cr model alloy which was pre-
implanted by He and H ion sequentially. Then electron irradiation and in situ
observation were carried out in HVEM at 573, 673, and 773 K. At a corresponding
temperature, the growth rates of dislocation loop were measured [15]. But, the ln
(dR/dt) and 1/T calculated from the experimental data were not strict linear that
means there may be influences from the sample surface or other sinks. Thus, three
assumed ideal values of the growth rate which are close to the three experimental
values were selected to test the three methods, which are about 1.1 nm/min at 573 K,
3.5 nm/min at 673 K, and 8.1 nm/min at 773 K, respectively. According to these
values, the ln(dR/dt) and 1/T followed a strict linear relationship, which means an
ideal situation without the effect of other sinks. Then, the three methods were used
to calculate the vacancy migration energy in this ideal case, and the results were
shown in Figure 1. Figure 1(a) showed the result calculated by the linear method
where blue squares are the experimental data and red pentagrams are the ideal
values. The result calculated by the numerical method was shown in Figure 1(b);
the solving process example of the Eq. (17) was given in the Appendix. Figure 1(c)
showed the result calculated by the nonlinear method where the horizontal axis

Figure 1.
Measurement of vacancy migration energy in sequential-(He+H) ion implanted Fe-10Cr samples according to
the ideal values by using linear method (a), numerical method (b), and nonlinear method (c), respectively.
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represents the inverse of the growth rate and the vertical axis represents the inverse
of temperature. These results indicated that the vacancy migration energy value
calculated by the three methods according to ideal values in He+H pre-implanted
Fe-10Cr sample was the same which was about 1.52 eV, while the vacancy migra-
tion energy values calculated by a different method according to the experimental
data were different because of the different characteristics of the method. The
characteristics of three methods for measuring vacancy migration energy were
listed in Table 1.

In addition, if the linear fitting degree is larger than 0.9 which means the effect
of other sinks was not dominated, linear model was preferred to fitting the experi-
mental data and obtaining the value of vacancy migration energy because it is very
simple. Otherwise, nonlinear model or numerical method should be used in consid-
ering the surface effect and other sink effect intrinsically. And, the overall influence
of other sinks was also given as an influence factor (B) in the nonlinear model. It is
worth to note that the “nonlinear method” has one more parameter than “linear
method,” which means there is a bigger possibility for overfitting problem to
arise. Thus, one should notice that parameter B should be negative according to
Eq. (31) to avoid the overfitting problem. Another thing which needs to be noted is
that Mi >>Mv is appropriate for pure metals, but Mv >Mi may exist for some alloys
[11, 16, 17]. The anti-noise property and the result reliability of different methods were
also discussed in Ref. [18] and listed in Table 1. Then, one can choose an appropriate
method to measure the vacancymigration energy according to the anti-noise property,
result reliability, and other characteristics of the three different methods.

4. Summary

In summary, the methods to measure the vacancy migration energy by using
HVEM were described and discussed in this chapter. Considering other sinks
effects, a new nonlinear method was developed to measure vacancy migration
energy according to the relationship of the reciprocal of irradiation temperature and
growth speed of dislocation loops. Meanwhile, an influential factor relating to the
effects of other sinks was also presented. The characteristics of three methods for
measuring vacancy migration energy were also discussed in detail, which can help
to select the appropriate method to measure the vacancy migration energy in
different situations.
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Methods Considering surface
effect

Considering other sinks
effect

Anti-noise
property

Linear method No No Very good

Numerical
method

Yes No —

Nonlinear method Yes Yes Good

Table 1.
The characteristics of three methods for measuring vacancy migration energy.
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Appendix

Python program example (He+H implanted sample for example) for solving
Eq. (17) is given here. Two methods were tried to solve Eq. (17). One is Newton
iteration method and another is directly plotting the curve. Here we paste the
program to illustrate the solving of Eq. (17) by directly plotting, which may be the
simplest and most effective method.

#Python 3.6
#Filename: Cal Em by using Numerical Method plot curve of Em

import numpy as np
import pandas as pd
import matplotlib.pyplot as plt

print('---------------------------------------------')
print('Import the growth rate data of He+H implantation...')

(t,v)=np.loadtxt('.\\loop growth rate_He+H.txt', skiprows=1, unpack=True)

print('T(K)',' V(nm/min)')
print(t[0],v[0])
print(t[1],v[1])
print(t[2],v[2])

v0=(v[0]-v[1])/(v[1]-v[2])
v0=float('%.5f'%v0)
print('\nV0 is:',v0)

a1=(v[0]*v[0])/((1+v0)*v[1]*v[1])
a1=float('%.5f'%a1)
a2=(v0*v[2]*v[2])/((1+v0)*v[1]*v[1])
a2=float('%.5f'%a2)
b1=100000*(1/t[0]-1/t[1])/8.6
b1=float('%.5f'%b1)
b2=100000*(1/t[2]-1/t[1])/8.6
b2=float('%.5f'%b2)

print('\ny=a1*exp(E*b1)+a2*exp(E*b2)-1')
print('a1 ','b1 ','a2 ','b2')
print(a1,b1,a2,b2)

#Plotting of Em of He+H-implanted sample
x=np.arange(0,1.1,0.000005)

#y=a1*exp(x*b1)+a2*exp(x*b2)-1, is not available here, use y=y1+y2
y1=a1*np.exp(x*b1)
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y2=a2*np.exp(x*b2)-1
y=y1+y2

i=len(x)-1
while y[i]>0.00001:

i=i-1
else:
print('Em:',2*x[i]) #M. Kiritani, H. Takata, K. Moriyama, et al., Philos. Mag. A,

40 (1979) 779-802.
print('y:',y[i])

He+H_data={'y=a1*exp(x*b1)+a2*exp(x*b2)-1':y,
'Em':x}

df1=pd.DataFrame(He+H_data)
df1.to_csv('.\\He+H_data.csv')

plot1=plt.plot(x,y,'r',label='He+H implanted')

plt.xlabel('E')
plt.ylabel('y in the equation')
plt.legend(loc=2)

plt.show()
plt.savefig('p1.png')
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Chapter 6

The Tungsten-Based 
Plasma-Facing Materials
Tao Zhang, Zhuoming Xie, Changsong Liu and Ying Xiong

Abstract

The plasma-facing materials in fusion reactors will face very extreme servic-
ing condition such as high temperatures, high thermal loads, extreme irradiation 
conditions induced by high-energy neutron, and high fluences of high-flux and 
low-energy plasma. Tungsten is considered as the most promising material for 
plasma-facing components (PFCs) in the magnetic confinement fusion devices, due 
to its high melting temperature, high thermal conductivity, low swelling, low tritium 
retention, and low sputtering yield. However, some important shortcomings such as 
the irradiation brittleness and high ductility-brittle transition temperature of pure 
tungsten limit its application. Focusing on this issue, various W alloys with enhanced 
performance have been developed. Among them, nanoparticle dispersion strength-
ening such as oxide particle dispersion-strengthened (ODS-W) and carbide particle 
dispersion-strengthened (CDS-W) tungsten alloys and W fiber-reinforced Wf/W 
composites are promising. This chapter mainly reviews the preparation, microstruc-
ture, properties, regulation, and service performance evaluation of ODS-W, CDS-W, 
and Wf/W materials, as well as future possible development is proposed.

Keywords: W alloy, plasma-facing materials, fabrication, performance

1. Introduction

The development of high-performance materials is the major concern for real-
izing magnetic confinement fusion reactors. The plasma-facing materials (PFMs) 
work under extreme conditions including high-energy neutron (14.1 MeV) bom-
bardments, severe thermal loads (up to 20 MWm−2), and high fluences of high-flux 
(>1021 m−2 s−1) and low-energy (<100 eV) hydrogen and helium plasma irradiations 
[1–3]. The tolerable peak power of the plasma-facing components (PFCs), like 
the divertor targets, imposes significant restrictions on the design of future fusion 
reactors such as demonstration (DEMO) reactor or China fusion engineering 
experiment reactor (CFETR) [4]. Developing advanced materials with improved 
properties could substantially improve the performance of such PFCs.

Tungsten (W) is a kind of refractory metals that has supreme properties such 
as high melting temperature, high thermal conductivity, good erosion resistance, 
low vapor pressure, low swelling, and low tritium retention [1, 5, 6]. These proper-
ties are appealing for applications as PFCs in future fusion facilities. However, high 
brittleness in several regimes including low-temperature embrittlement (relatively 
high ductile-brittle transition temperature (DBTT)), irradiation embrittlement, 
and recrystallization embrittlement [7, 8] is one of the main disadvantages, which 
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limits the engineering application of W alloys, particularly in the nuclear energy 
fields [3, 9, 10]. The thermal load resistance of material is also intimately linked to 
the strength and DBTT, because the cracks would initiate when the thermal stress is 
larger than the ultimate strength of material at temperatures above DBTT or than the 
yield strength at temperatures below DBTT [11–14]. Currently, the performance of 
pure W can constrainedly satisfy the ITER servicing condition, but for the CFETR 
and DEMO with higher working parameters, it is not enough. Therefore, tungsten 
materials with more excellent mechanical properties, high-temperature stability, and 
irradiation resistance would be highly desirable for PFCs in future fusion reactors.

For tungsten alloys, decreasing DBTT has been a major goal over recent decades. 
It is generally understood that the low ductility of tungsten is closely related to their 
weak grain boundary (GB) cohesion, due to the segregation of interstitial impuri-
ties, such as O at GBs [15, 16]. In this sense, methods that purify impurity at GBs 
should be effective to improve the strength and ductility of tungsten. However at 
high temperatures (above 1000°C), the strength of pure W decreases significantly 
[17, 18]. Recent research results indicated that trace active elements, such as Zr, Ti, 
and Y, in tungsten can react with oxygen and diminish the influence of free oxygen 
on GBs via forming thermally stable nano-oxide particles and thus purify and 
strengthen the GBs, raising the stability at high temperature [19–21].

Therefore, several approaches are developed to improve the mechanical properties 
such as increasing ductility and fracture toughness and decreasing the DBTT. First, 
tungsten materials with high strength and high thermal stability can be obtained by 
the dispersing second-phase particles, such as oxides or carbides forming the oxides 
or carbides and dispersion-strengthened (ODS or CDS) tungsten-based materials 
[22–30]. Recently, various ODS-W or CDS-W materials with enhanced strength and 
thermal stability were fabricated and investigated for fusion applications [3, 30]. For 
example, W-La2O3 and W-Y2O3 showed enhanced strength, high recrystallization 
temperatures, and high thermal shock resistance [3, 24, 31]. Carbides such as TiC, 
ZrC, and HfC have much higher melting temperatures than that of the abovemen-
tioned oxides and better compatibility with tungsten, which may lead to excellent 
comprehensive performances in CDS-W. For example, an ultrafine-grained (UFG) 
W-1.1%TiC fabricated by severe plastic deformation exhibits a very high bending 
strength up to ~4.4 GPa and appreciable ductility at room temperature (RT) [23]. 
Zhang et al. [14, 28, 31] developed a bulk W-ZrC alloy with a flexural strength 
of 2.5 GPa and a strain of 3% at room temperature (RT) and a DBTT of less than 
100°C. In addition, the W-ZrC alloy plate can sustain 4.4 MJ/m2 thermal load without 
any cracks at RT. The low-energy and high-flux plasma irradiation resistance of this 
W-ZrC alloy is better than that of W-La2O3, ITER grade pure W, and commercial pure 
W; the hydrogen retention is also lower than that of ITER grade pure W [31]. W fiber-
reinforced Wf/W composites also provide a good candidate for PFCs. In this chapter, 
the comprehensive introduction of the abovementioned materials will be reviewed.

2. Oxide dispersion-strengthened W-based materials

In ODS-W, nanoscaled oxides pin and hinder the migration of grain boundaries and 
dislocations in tungsten matrix, which improved the mechanical properties such as 
strength, recrystallization temperatures, and creep resistance. In addition, the disper-
sion of nanoscaled particles provides a large amount of phase interfaces that could act 
as sinks for irradiation-induced point defects and thus has the potential in improving 
the irradiation resistance [29, 31]. For instance, W-(0.3–1.0–2.0)wt%Y2O3 produced by 
mechanical alloying (MA) and hot isostatic pressing (HIPing) or microwave sintering 
has fine grains with the grain sizes ranging between 20 and 500 nm and containing a 
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high density (5.4–6.9 × 1022 m3) of nanosized Y2O3 particles with sizes between 1 and 
50 nm [32, 33]. These refined grains and nanosized particles produce high densities of 
GB/PB interfaces, which generate high strength and a promising radiation resistance. 
To improve the ductility W-Y2O3 materials, different sintering and posttreatments 
such as spark plasma sintering (SPS) and high-temperature sintering in combination 
with hot rolling or hot forging deformation were used [34–38]. The performances of 
these W-Y2O3 were investigated as potential plasma-facing materials with respect to 
microstructures, thermal physical properties, mechanical properties, and thermal 
shock response when exposed to electron beam bombardment. For SPSed W-Y2O3, 
the tungsten grain exhibits an isotropic microstructure with an average grain size of 
3.2 μm; the average of Y2O3 particles is about 80 nm [38]. For the sintered W-Y2O3 in 
flowing H2, Y2O3 particles are located at the grain boundaries with a typical bimodal 
size distribution, i.e., composing of two portions of particles with particle size of ~0.68 
and 1.1–1.7 μm, respectively, and the average grain size of tungsten is about 3 μm [34]. 
The thermal conductivity of deformed W-Y2O3 showed nearly 35% and 17% higher 
values than that of SPSed W-Y2O3 at RT and at 1473 K, respectively [34]. The tensile 
tests showed that the deformed W-Y2O3 is ductile in the investigated temperature range 
of 673–1273 K with the total elongation between 4% and 10%. Three-point bending 
tests indicated that the deformed W-Y2O3 had a better mechanical strength and tough-
ness. The determination of thermal shock response revealed a superior thermal shock 
resistance of the hot rolled W-Y2O3 [34]: no cracks but only surface roughening was 
found on the loaded surface after 100 shots at 0.6 GW/m2 for a pulse duration of 1 ms. 
Besides, the melting and recrystallization behaviors of deformed W-Y2O3 were less 
obvious than those of SPSed W-Y2O3 [34]. The discrepancy in thermal shock response 
between the two materials and in particular the superiority of deformed W-Y2O3 agrees 
well with the results that the better the thermophysical and mechanical properties, the 
better the thermal shock resistances. The high-energy-rate forging may significantly 
improve mechanical properties of W-Y2O3 materials [35]. It is indicated that needlelike 
grains ranging from a few to more than 50 μm in forged W-Y2O3 lead to the improved 
mechanical properties [35]. A detectable plastic deformation (TE = 2.9%) associated 
with work hardening occurs at 100°C, and the ultimate tensile strength of this forged 
W-Y2O3 material increases drastically to 1040 MPa.

For swaging deformed W-Y2O3, tungsten grains are round bar in shape [38]. 
The average diameter and length of tungsten grain in swaged W-Y2O3 are 4.6 and 
26.7 μm, respectively, corresponding to an aspect ratio of about 6:1. The tensile 
results have shown that it is a brittle fracture until above 250°C and its strength is 
also smaller than that of the high-energy-rate forging ones [35], which implies that 
bimodal interfaces (in forged ones) are more in favor of strengthening and ductility. 
Therefore, it is important to notice that again the microstructure design, here from 
hot forging, is at least as important as the ODS effect. Although the addition of Y2O3 
can produce PB interfaces and control GB interfaces, it cannot reduce the detrimen-
tal impurities of oxygen. Xie et al. [21] added Zr element into W-Y2O3 to absorb free 
oxygen at GBs to form Y-Zr-O particles, and at the same time, the particle size of 
Y-Zr-O can be further reduced. Because of the improved PB/GB interfaces by Zr, the 
strength and plasticity of this W-Zr-Y2O3 increase further on the base of W-Y2O3.

3. Carbide dispersion-strengthened tungsten-based materials

As compared with the oxides’ strengthening phases, the carbides, such as TiC, 
ZrC, and HfC, have much higher melting temperatures and better compatibility 
with tungsten, which may lead to excellent comprehensive performance. Kurishita 
et al. reported ultrafine-grained (UFG) W-TiC alloys which showed increased 
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mechanical properties and better irradiation resistance [22, 39, 40]. These favorable 
properties of W-TiC alloys imply the potential of other carbide dispersion-strength-
ened tungsten materials with fine microstructures.

Among these carbide-strengthened phases, ZrC and TaC have high melting 
temperatures of 3540°C and 3900°C, respectively. It’s worth mentioning that the 
lattice match of d(200)ZrC ≈ d(110)W ≈ 0.221 nm might introduce coherent PB interface 
between ZrC phase and W matrix, which will significantly increase PB cohesion. In 
addition, ZrC as an oxygen getter can react with oxygen to form stable Zr-C-O or 
ZrO2 particles at GBs, purifying GB interface, and thus is beneficial to improve the 
GB cohesion and enhance the low-temperature ductility of tungsten.

Fan et al. [27, 41] fabricated W-ZrC material by high-temperature sintering in 
hydrogen atmosphere using W-ZrC composite powders prepared by sol-heteroge-
neous precipitation-spray drying-thermal reduction. The relative density of their 
W-(0, 1, 2, 3, 4)%ZrC samples is in the range of 98.5–99.7%. They found that the 
addition of ZrC could refine tungsten grains and improve the strength. The grain 
size of W-3%ZrC (10~15 μm) is much smaller than that of pure W (~100 μm), 
and the ZrC particles are micron-sized; most of them are distributed at grain 
boundaries. Xie et al. [42, 43] fabricated a series of W-(0, 0.2, 0.5, 1.0)%wtZrC 
with an average grain size which ranges from 2.7 to 4.2 μm by using mechanical 
alloy and SPS. The ultimate tensile strengths (UTS) of SPS pure W and W-(0.2, 0.5, 
1.0)%ZrC at 700°C are 337, 419, 535 and 749 MPa, respectively, suggesting enhance-
ments in strength by adding a small amount of ZrC nanoparticles. The strength of 
W-0.5%ZrC (W-0.5ZrC) is over 50% higher than that of pure W. Meanwhile, the 
ductility could also be effectively improved by the ZrC addition.

On the basis of composition optimization, Xie et al. [28] fabricated bulk 
W-0.5wt%ZrC plates with a thickness of 8.5 mm, which are suitable for engineering 
application. This material exhibits very good mechanical properties. At RT, this 
bulk W-0.5ZrC plate exhibits a high bending stress of 2.5 GPa as well as a flexural 
strain of 3%, which is much higher than those of the hot rolled W, HIPed pure W 
[44], and W-1.0Y2O3 [45] and close to those of the severely deformed W-TiC alloys 
[46]. The DBTT is about 100°C (see Figure 1 and Table 1), which is much lower 
than that of reported bulk W alloys and several other tungsten materials [31, 47]. At 
temperatures above 150°C, the W-0.5ZrC plates can be bent to a high flexural strain 
of 15% (limited by the machine) without any crack.

Figure 1e shows the engineering stress-stain curves of the W-0.5ZrC alloy tested 
at various temperatures along rolling direction (RD). At 100°C, the W-0.5ZrC 
plate exhibits obvious tensile deformation with a TE~3% and an UTS value up to 
1.1 GPa. With the increase of the test temperature to 200°C, the TE increases to 
14.2%, and the UTS maintains as high as ~1 GPa. At a higher testing temperature 
of 500°C, the UTS is still very high (583 MPa), and the TE increases up to 41%. The 
rolled W-0.5ZrC showed both higher strength and ductility than that of the rolled 
W-0.5TiC [48] and rolled W-0.5TaC [49], which were fabricated following a similar 
process. The W-3%Re and K-doped W-3%Re show ductility at 100°C, which is 
comparable with W-0.5ZrC plate, while their tensile strength values (<1000 MPa) 
are lower than that of W-0.5ZrC plate (1058 MPa) [50]. As compared with Plansee 
ITER specification W (IGP), AT&M ITER specification W (CEFTR), W-1wt%TiC 
(W1TiC), W-2wt%Y2O3 (W2YO) from Karlsruhe Institute of Technology at 
Germany, and fine-grained W (FG) from the Institute of Plasma Physics at Czech 
Republic, W-0.5ZrC exhibits the highest tensile strength and lower DBTT [51], as 
shown in Figure 2.

For PFCs, the transient heat load events such as major plasma disruptions, 
edge-localized modes (ELMs), and vertical displacement events (VDEs) are serious 
issues [11], which may lead to a significant temperature rise and high thermal 
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stresses in PFCs. The abrupt high temperature during transient events can lead to 
material recrystallization, grain growth, surface melting, and droplet ejection. The 
high thermal stresses can lead to cracking, fatigue fracture, and fatal destruction 
of the PFCs. Therefore, the thermal shock resistance of PFCs is closely related to 
their mechanical properties. Intuitively, high strength could resist a relatively high 
stress induced by thermal shocks to prohibit the cracking formation, while good 
plasticity/ductility is in favor of releasing the stress via plastic deformation rather 
than cracking. That is to say, a higher strength and better low-temperature ductility 
would lead to the better thermal shock resistance [28, 31, 52].

Figure 1. 
Mechanical properties of W-0.5ZrC alloy: (a) flexural stress-strain curves tested at various temperatures (note 
that values larger than a flexural strain of 15% is not accurate due to the limited bending angle of the machine). 
(b) Flexural strain of W-0.5ZrC at various test temperatures. (c) Temperature dependence of the yield strength 
(YS) by 3-point bending test in comparison with available literature data. (d) Optical images of 3-point 
bending specimens tested at various temperatures. (e) Tensile engineering stress-strain curves of W-0.5ZrC at 
different temperatures. (f) Hardness in different planes of W-0.5ZrC tested by nanoindenter [28].
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Figure 3 shows the thermally loaded surfaces of rolled W-0.5ZrC after expo-
sure to single shot with a pulse length of 5 ms using an electron beam. No cracks 
or melting were observed on the samples when tested at an absorbed power 

Figure 2. 
The tensile stress of various W materials [51].

Materials/size Working process DBTT 
(K)

Dimension 
(mm)

Methods

W-0.5ZrC (8.5 mm thick plate) Rolling 373 2 × 2 × 20 3 PB

Pure W (0.1 mm thick foil) Rolling + joining 373 4 × 15 × 33 Charpy

Pure W(10 mm thick plate) Rolling 473 2 × 4 × 20 3 PB

Pure W (4 mm thick) HIP 473 2 × 3.3 × 20 3 PB

Pure W Injection molding 1173 3 × 4 × 27 Charpy

W-2Y2O3 (2 mm thick, Φ 95 mm) Hot forging 473 2 × 2 × 25 3 PB

W-1%Y2O3 Injection molding 1273 3 × 4 × 27 Charpy

W-0.2Zr–1.0Y2O3 (Φ 9 mm rod) Swaging 423 2 × 3.3 × 20 3 PB

W-0.25Ti–0.05C (1 mm thick 
plate)

Rolling 260 1 × 1 × 20 3 PB

W-0.2TiC (1 mm thick) Forging + rolling 440 1 × 1 × 20 3 PB

W-0.5TiC HIP + forging 484 1 × 1 × 20 3 PB

WL10 Swaging + rolling 973 10 × 10 × 55 Charpy

Table 1. 
DBTT of the rolled W-0.5ZrC and several reported W materials [31].
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density (APD) of 0.66 GW/m2 as shown in Figure 3a. Still no crack at an APD of 
0.88 GW/m2 but surface melting was observed as shown in Figure 3b. The results 
suggest that the melting threshold of the rolled W-0.5ZrC is ~0.88 GW/m2.  
When the APD increased to 1.1 GW/m2 (Figure 3c), both cracks and melting were 
found on the sample surface, indicating a crack threshold of 0.88–1.1 GW/m2. For 
comparison, the cracking thresholds of previously reported tungsten materials 
like sintered W, chemical vapor deposition (CVD) W, deformed W, potassium-
doped W (W-K), and W-La2O3 alloys [53–57] were summarized in Table 2. 
These results further indicate the excellent thermal shock resistance of the rolled 
W-0.5ZrC.

During the thermal shock, the materials are heated and undergo thermal 
expansion, which is restricted by the colder surrounding material, causing 
compressive stress [53]. If the compressive stress exceeds the yield strength of the 
tested tungsten material, plastic deformation would occur because of the mate-
rial plastic at high temperatures. During the cooling stage, the thermally loaded 
area shrinks, and the compressive stress is converted into a tensile stress [53]. 
Thus the cracks would form if the stress exceeds the ultimate tensile strength 
of the materials. Therefore, the excellent thermal shock resistance of the rolled 
W-0.5ZrC seems reasonable, because it has high strength, a lower DBTT, and 
good plasticity.

Thermal fatigue behaviors of the as-rolled and recrystallized W-0.5ZrC alloys 
were investigated by repetitive thermal shocks (100 shots in total) with a pulse 
duration of 1 ms at RT [14]. The cracking thresholds for the as-rolled and recrystal-
lized W-0.5ZrC are 0.22–0.33 GW/m2, which is comparable to that of ultrahigh-
purity W but lower than that of W-5%Ta [52]. It’s reported that at higher base 
temperatures, tungsten materials tend to exhibit enhanced resistance to thermal 

Figure 3. 
The SEM images of sample surfaces after exposure to thermal shocks with a pulse duration of 5 ms. (a) 3.3 MJ/
m2 (0.66 GW/m2), (b) 4.4 MJ/m2 (0.88 GW/m2), and (c) 5.5 MJ/m2 (1.1 GW/m2) [28]. No cracks were found 
at 0.88 GW/m2 although the sample surface melted and the cracking threshold is 0.88~1.1 GW/m2.
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shocks because of the increased ductility of materials [13]. Nevertheless, there are 
still no results of the thermal fatigue behavior of the rolled W-0.5ZrC at higher base 
temperatures, which would be investigated in the near future.

The irradiation resistance to plasma is another key property for PFCs. The PFCs 
in fusion reactors suffer from the high-flux (about 1024 m−2 s−1) low-energy plasma 
irradiation, which would cause bubbles and erosion phenomena on the surface of 
PFCs, and lead to the degradation of performances. More badly, the excessive erosion 
dusts will extinguish the burning plasma. Therefore, the less the erosion, the better.

Liu et al. [58] studied the irradiation damage of several newly developed 
tungsten materials including pure tungsten, CVD-W, W-0.5ZrC, W-1.0wt.%Y2O3, 
W-1.0vol.%Y2O3, and W-1.0La2O3 under low-energy He plasma neutral beam. 
Figure 4 shows the surface and cross-sectional morphologies of irradiation-modified 
layers on the abovementioned tungsten materials after high fluences (1026 ions/m2) 
of low-energy helium plasma irradiation [58]. After 220 eV He-ion irradiation at 
900°C, all samples showed pinhole features on the irradiated surface, while in the 
case of 620 eV He-ion irradiation at 1000°C, the pinhole surface evolved into coral-
like features except for the W-0.5ZrC alloy which retains the pinhole feature [58]. 
This result indicates the good resistance of W-0.5ZrC alloy to He-ion irradiation. The 
fine-grained W-0.5ZrC alloy has abundant GBs and PBs which all provide nucleation 
sites for He atom aggregation and thus reduce the concentration of He, thus hinder-
ing the growth of He bubbles and mitigating the evolution from pinhole to coral-like 
structures. The thickness of modified layers on the surface of tungsten materials 
was measured and plotted in Figure 5, in which W-La, W-Y1, and W-Y2 represent 
W-1wt.%La2O3, W-1wt.%Y2O3, and W-1vol.%Y2O3, respectively. The thickness of 
modified layers on W-0.5ZrC is much lower than that of pure W, W-La, and W-Y1, 
implying its better resistance to plasma irradiation and erosion [58].

Liu et al. [58] also studied the evolution of morphology and thermal-mechanical 
properties of pure W, CVD-W, and W-0.5ZrC alloys after pure H beam and H/
He mixed beam irradiation using the neutral beam facility GLADIS (Max Planck 
Institute for Plasma Physics, Germany). It is found that just roughness occurred 
on all W material surfaces after H irradiation, while a mixture of 6% He resulted 
in pinhole structures, indicating the crucial factor of He irradiation for the surface 
modification. The unexposed and pre-irradiated CVD-W and W-0.5ZrC were then 

Alloys State Crack thresholds (GW/m2)

W-0.5ZrC Swaged 0.22–0.44

W-0.5ZrC Rolled 0.88–1.1

CVD W — 0.28–0.33

W As-sintered 0.33–0.55

W Recrystallized <0.33

Rolled W As-rolled 0.44–0.66

Forged W Stress relieved/ recrystallized 0.15–0.33

W-K alloy Swaged + rolled 0.44–0.66

W-Y2O3 — 0.6

WL10 Rolled <0.22

W-TiC — 0.33

Table 2. 
Comparison of W-ZrC alloys and some tungsten materials after single thermal shock loads at RT with a pulse 
duration of 5 ms [31].
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loaded repeatedly by thermal shocks through an electron beam with a 1 ms pulse and 
100 cycles. The cracking threshold of unexposed CVD-W is about ~0.22 GW/m2, a 
little lower than that of W-0.5ZrC. Pre-irradiation by H only seems to have less effect 
on the critical cracking thresholds, while pre- irradiation by H/He mixed beam 
significantly reduces the cracking thresholds [58].

The effects of deuterium (D) plasma irradiation on the microstructure 
of W-ZrC were also investigated. Several CDS-W materials, including rolled 
W-0.5ZrC [28], W-0.5HfC [30], W-0.5TiC [48], as well as pure W, were sub-
jected to D plasma irradiation in the linear plasma device of simulation for 
tokamak edge plasma (STEP) [59]. Figure 6 shows the morphologies of these 
materials after exposing to D plasma irradiation under a same condition  

Figure 4. 
The surface morphologies of (a) pure W, (b) CVD-W, (c) W-1.0%Y2O3 irradiated by 220 eV He+ at about 
900°C and (d) pure W, (e) CVD-W, and (f) W-0.5ZrC irradiated by 620 eV He+ at 1000°C to a same fluence 
of 1 × 1026 atoms/m2 [58]. The insets of (a)–(f) show the corresponding cross-sectional morphologies of 
irradiation-modified layer in each sample.

Figure 5. 
Thickness of modified layers in various tungsten materials under the He+ irradiation of 220 eV at 900°C and 
620 eV at 1000°C [58].
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(D+ energy ~90 eV, flux ~5 × 1021 ions/m2 s, fluence~7.02 × 1025 ions/m2, tem-
perature ~180°C) [31]. Surface swelling and a high density of large bubbles with 
size ranging from 1 to 10 μm were found on the surface of the pure W. On the 
surface of W-0.5HfC and W-0.5TiC, the bubble size was much smaller (less than 
1 μm). In the case of W-0.5ZrC, only blisters (about 100 nm) were observed, 
despite the high blister density. These results further indicate the increased 
resistance to bubble formation to D plasma irradiation. The enhanced irradia-
tion resistance may come from the fine grains and homogeneously dispersed 
nanoscaled particles in the rolled W-0.5ZrC, which provide a large number of 
GB and PB interfaces that act as effective sinks for irradiation-induced defects 
[60–62].

The hydrogen isotopes especially tritium retention behaviors in PFCs are also 
an important issue, which has an impact on the tritium fueling and the safety of 
fusion reactors and has not been completely understood. The hydrogen isotope 
retention behaviors of W-ZrC alloy were investigated through plasma irradiation 
and thermal desorption spectrum (TDS) analysis. The D plasma irradiation was 
carried out in the STEP device [59]. Rolled pure W and W-0.5ZrC were exposed 
to low-energy high-flux deuterium plasma under the same condition (D+ energy~ 
90 eV, flux ~5 × 1021 ions/m2 s, fluence~7.02 × 1025 ions/m2, temperature 400 K). 
After irradiation, the TDS results have shown that the rolled W-0.5ZrC exhibits 
much lower hydrogen retention than that of pure W as shown in Figure 7. This 
result indicates that the hydrogen retention in W-ZrC is not increased although they 
contain the Zr element, because the Zr element exists in the form of stable carbide 
or oxide particles. Both the rolled W-0.5ZrC and pure W had a desorption peak at 
temperature around 560°C, and the peak intensity of W-0.5ZrC is much lower than 
that of pure W.

The above performance is closely related to the microstructure of the rolled 
W-0.5ZrC. The detailed microstructures show the coexistence of multi-scale 
interfaces in the rolled W-0.5ZrC plate. From the outer to inner space, in the first 
layer along the rolling direction, the average length of mother grains is about 

Figure 6. 
Surface morphologies of pure W, rolled W-0.5ZrC, W-0.5HfC, and W-0.5TiC irradiated by D plasma. [31].
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10 μm, and the width is about 1~3 μm, which is the micrometer scale GB interface 
[28]. Prolonged mother grains come from the multistep rolling deformation. In 
the second layer, there are equiaxed sub-grains in the matrix with average size of 
about 1 μm, which could be considered to the sub-micrometer scale GB interfaces. 
The sub-grains can be attributed to the deformation and dynamic recrystalliza-
tion resulting from the precise control of rolling parameters [28]. For the third 
layer, most of the nanoscaled particles disperse in tungsten grain interior. The 
size distributions of the particles indicate that most particles located in W grains 
have an average size of 51 nm, while parts of particles at W GBs show bimodal 
distribution which contains relatively small particles with an average particle 
size of 60 nm ranging from 40 to 200 nm and a small fraction of large particles 
with an average particle size of 385 nm ranging from 250 to 400 nm [28]. It is 
worth pointing out that the small particles at GBs are dominantly ZrC, while the 
large particles are W-Zr-C-O complexes, which eliminate the free O at GBs and 
purifying GB interfaces. Therefore, the third layer interface is the nanoscale or 
sub-micrometer scale interface. The intuitive magnifying HRTEM of PBs shown 
in Figure 8a–e exhibits a perfect coherent structure interface between W matrix 
and ZrC dispersoids. This atomic ordered interface could pin and accumulate 
dislocations and thus effectively raise the strength and simultaneously improve 
the ductility of alloys.

The multi-scaled interface structure is in favor of irradiation resistance and 
decreases the retention of hydrogen. Mother grain boundaries may provide 
rapid diffusion paths for H and its isotope [63], and thus H could easily dif-
fuse to the surface of the specimen even at a relatively low temperature. Thus a 
large fraction of D atoms may escape from the W-0.5ZrC during the D plasma 
irradiation at 400 K, leading to low retention of D in materials. At the same 
time, the fine sub-grains increase the GB interface density, and the nanosized 
particles create a high density of PB interfaces, which can absorb interstitial 
defects and then annihilate nearby vacancies by re-emitting the interstitial 
atoms back into the grain, thus improving the ability of irradiation resistance of 
W-0.5ZrC alloy.

Figure 7. 
TDS results of pure W and W-0.5ZrC after 90 eV high-flux (~5 × 1021 ions/m2 s) D plasma irradiation to a 
fluence of 7.02 × 1025 ions/m2 at 400 K [31].
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4. W fiber-reinforced Wf/W composites

Since a decade, a promising method of toughening tungsten composites using 
tungsten fiber reinforcement has been actively pursued, namely, tungsten fiber-
reinforced tungsten (Wf/W) composites [64–72]. However, in the bared Wf/W, the 
interface is not obvious due to the chemical reaction between Wf and W matrices, so 
the reinforcing effect is not ideal. Therefore, in this material concept, tungsten fibers 
are embedded in a tungsten matrix where a proper interface has to be introduced to 
prevent a chemical reaction between the two components. The increase in toughness 
is achieved through a couple of non-plastic energy dissipation mechanisms such as 
matrix cracking and interfacial debonding followed by frictional sliding/pullout of the 
fibers, while the primary crack is bridged by mostly elastically deforming fibers  
[65, 73]. To maximize the energy dissipation, the interfaces need to be engineered 
by coating which can withstand thermal exposure during service. Du et al. [65] 
investigate the thermal stability of the various kinds of coated interfaces for Wf/W 
composites: Cu/W multilayer, Er/W multilayer, ZrOx/W bilayer, ZrOx/Zr multilayer, 

Figure 8. 
(a) HRTEM image of W matrix and ZrC phase (intragranular) as viewed along [001]. (b) The SAEDP revealing 
the particle with a face-centered cubic structure. (c) Fast Fourier transform (FFT) pattern of selected red square 
area A on ZrC. (d) FFT pattern of selected red square area B at interface area between W and ZrC. (e) It is clear 
that the particle-matrix phase boundaries have a coherent structure like that shown in high magnification [28].
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and C/W dual layer. These coatings were selected for interface engineering with which 
one utilizes energy dissipation by controlled interfacial debonding and sliding achiev-
ing apparent toughness. Regarding the effect on the interfacial properties, the fracture 
energy of the Er/W multilayer and the ZrOx/Zr multilayer was affected by less than 
10%, while it increased by 40% for the ZrOx/W bilayer. Therefore, the ZrOx/W bilayer 
interface is the best choice for Wf/W composite. The single direction of W fibers can 
enhance the fracture energy of tungsten matrix once the extrinsic toughening mecha-
nisms of fiber pullout and plastic deformation were triggered, but they will lead to the 
obvious anisotropy of mechanical properties [73]. Lama et al. [74] use woven tungsten 
wire meshes as reinforcement in the composites (wire diameter, 127 μm; distance 
between wires, 1 mm), which avoided the anisotropy induced by single direction of 
W fibers. In addition, a stable interfacial coating zirconia film (ZrOx) was deposited 
on the meshes by magnetron sputtering. The zirconia coating could survive the heat 
loads without any notable damage or overall cracking. The coating thickness remained 
mostly unchanged. Therefore, under the extreme environment, the zirconia coating 
interfaces are stable, which is in favor of reinforcing the Wf/W composites [75, 76].

5. Summary and outlook

The improvements in different aspects of tungsten have been enriching the 
knowledge base and help to show the way to high-performance tungsten materials 
for fusion applications. Nevertheless, to satisfy the requirements of PFCs in future 
fusion facilities, the performances of tungsten materials need to be further improved, 
which may be achieved through several approaches as follows. Firstly, microstructure 
optimization includes the size and shape of tungsten grains and the size, distribution, 
and the number density of second-phase particles in tungsten-based materials. For 
ODS-W or CDS-W, the size of strengthening particles is not small enough; if second-
phase particles could be further refined, e.g., to 10 nm or even smaller, more favorable 
particle-matrix interfaces would be constructed, and thus mechanical properties, 
resistance to thermal loads, and irradiation might be further improved. Secondly, to 
reduce the DBTT and improve the low-temperature ductility, the content of detri-
mental interstitial impurities (i.e., O, N) should be as low as possible. For the Wf/W 
composites, the interface is still a weak point and needs to be further optimized.

For the materials used in fusion reactors, the synergistic effects of multi-loadings 
including high thermal loads, high-flux H/He plasma etching, and neutron irradiation 
may lead to much more severe degradation of properties. Therefore, the synergistic 
effects of high heat loads, low-energy high-flux plasma etching and neutron irradia-
tion, and transmutation elements on the microstructures and properties of tungsten 
materials need to be systematically investigated in the near future, which is necessary 
to evaluate the performance of the tungsten materials more accurately, and the cor-
responding database for the performance of tungsten materials should be established.
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