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In order to observe spatial profiles of energetic particle driven modes, measurement signal of Heavy Ion
Beam Probe (HIBP) is formulated theoretically, focusing on effects of the fast ion density fluctuation and atten-
uation of the injected beam (line-integral effect). Obtained formula is applied to the density fluctuation measure-
ment of energetic-particle driven geodesic acoustic modes (EGAMs). Intensity of the fluctuation obtained by the
HIBP can be up-down asymmetric in the poloidal cross-section due to the effect of the fast ion density fluctuation,
when the electron loss cross-section of HIBP due to fast ions is comparable to that due to electrons. A possibility
to measure the fast ion density by HIBP is discussed, and the experimental guideline for the specification of the
resonance which drives the EGAM is presented.
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1. Introduction
In magnetically confined plasmas, energetic-particle

driven modes, such as Alfven eigenmode and geodesic
acoustic modes (EGAMs), affect confinement of fast ions
[1, 2], and properties of bulk plasmas [3, 4]. EGAM in-
teracts with turbulence [5, 6], and can contribute to ion
heating [4], and toroidal rotation drive [7], which is the
so-called GAM channeling. When a resonance due to the
magnetic drift of the fast ions is taken into account, up-
down symmetry of the fluctuation intensity in the poloidal
cross-section is violated, especially in the fast ion density
fluctuation [8]. In such a case, the GAM channeling be-
comes significant. Therefore, the up-down asymmetry of
the EGAM is important to be measured.

Heavy Ion Beam Probe (HIBP) is a powerful tool to
observe spatial profiles of the electrostatic potential and
the electron density [9]. Important observations related
to plasma transport by HIBP has been reported, such as
the observation of turbulence driven flux [10, 11], zonal
flows [12,13], and dynamics of L-H transition [14]. Spatial
profile of the EGAM have been observed in Large Helical
Device (LHD) [15,16]. In this experiment, up-down asym-
metry of the EGAM density fluctuation has been observed
[17]. Up-down asymmetry could be caused by the geo-
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metrical effect, such as the beam attenuation effect (line-
integral effect) [18,19]. In addition, it has been pointed out
that the ionization of HIBP beam by the fast ions can be
important [20]. Therefore, in order to distinguish the real
signal (including the fast ion effect) with the geometrical
effect, it is necessary to evaluate both of the effects of the
fast ions and the line-integral.

In this study, the detected signal of HIBP is formu-
lated theoretically with the effects of the fast ion and the
line-integral. The obtained expression is applied to the
measurement of the EGAM density fluctuation. Assuming
that the electron loss cross-section of the HIBP beam by
the fast ions is comparable to that by the electron, we eval-
uate these effects, and show that the intensity of the fluc-
tuation detected by HIBP can be up-down asymmetric in
the poloidal cross-section. In a low electron density case,
similar to the LHD experiment [15–17], the line-integral
effect is not important, and the fast ion contribution is sig-
nificant for the up-down asymmetry. In such a case, the di-
rect measurement of the fast ion density fluctuation could
be possible by HIBP. The rest of the paper is organized as
follows. In section 2, the detected signal of HIBP in the
presence of the fast ion density fluctuation is formulated.
The obtained expression for the measurement signal is ap-
plied to EGAM, and the spatial structure of the detected
signal is described in section 3. Discussion and summary
are given in sections 4 and 5, respectively.
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2. Formulation of HIBP Signal
The detected signal of HIBP is formulated theoreti-

cally, taking the effects of the fast ion and the line-integral
into account. The situation corresponds to cases of the
plasma where the fast ions exist to excite energetic-particle
driven modes. The injected HIBP beam is assumed to be
ionized by the electrons and the fast ions. In such a case
with the multiple ionization processes, the intensity of the
detected signal of HIBP, I, can be expressed as [18]

I = I0Δ
∑

j

C jn j exp

⎛⎜⎜⎜⎜⎜⎜⎝−
∑

j

∫
C jn jdl

⎞⎟⎟⎟⎟⎟⎟⎠ , (1)

where I0 is the intensity of the injected beam current, Δ is
the sample volume, j denotes the particle species, j = e, h
(e and h represent electron and fast ion, respectively), C j

is defined by C j = 〈σv〉 j/vb. Here, vb is the speed of the
beam, and 〈σv〉 j is the ionization rate coefficient for HIBP
beam by the particle of the j-th species. The integration is
performed along the trajectory of the beam, which attenu-
ates the intensity (line-integral effect).

The fluctuation of the detected signal of HIBP due to
the density fluctuation in different spices is calculated. The
density of the j-th species is expressed with the sum of the
mean and fluctuating components, n j = n(0)

j + ñ j. Assum-

ing n(0)
j � ñ j, the fluctuating component of the HIBP beam

intensity, Ĩ, normalized by the intensity without the fluctu-
ation, 〈I〉, is obtained as

Ĩ
〈I〉 ≈

∑
j C jñ j∑

j C jn
(0)
j

−
∑

j

∫
C jñ jdl. (2)

The first term in the right hand side (RHS) of Eq. (2) is
the local information of the density fluctuation, which be-
comes the electron density fluctuation, ñe/n

(0)
e , in the case

when only the electron is dominant for the ionization of
the HIBP beam. In the case of energetic-particle driven
modes, where the fast ion density fluctuation exists, the ef-
fect of the fast ion density fluctuation appears in this term.
The second term in RHS of Eq. (2) is the line-integral ef-
fect for the fluctuation. Equation (2) is a general form for
multiple ionization processes, and it can be rewritten as
following, by considering the ionization processes by the
electrons and the fast ions.

Ĩ
〈I〉 ≈

ñe + αñh

n(0)
e + αn(0)

h

−
(∫

Ceñedl +
∫

Chñhdl

)
, (3)

where α is defined as the ratio between the ionization rate
coefficient of the beam by the electrons and that by the
fast ions, α = Ch/Ce, which determines the strength of the
fast ion effect. The fast ion density fluctuation affects the
HIBP signal significantly when α is the order of |ñe|/|ñh|.
The obtained expression for the HIBP signal is applied to
EGAM in the next section.

3. Application to EGAM Measure-
ment
In this section, the formulation of HIBP signal,

Eq. (3), is applied to EGAM density fluctuation measure-
ment. First, we introduce the EGAM eigenfunction for the
density fluctuation briefly. Then, a spatial profile of the
fluctuation intensity measured by HIBP is discussed.

EGAMs are driven by the resonance of the fast ions.
Depending on the energy distribution of the fast ions, the
unstable branch of EGAMs changes. When the parallel
motion of the fast ions is important, the transit resonance
destabilizes the EGAM with the transit frequency [21].
When the perpendicular motion of the fast ion is impor-
tant (this can be realized when the energy of the fast ions
becomes large), the magnetic drift resonance destabilizes a
branch with the magnetic drift frequency [22]. The branch
with the standard GAM frequency, which is determined
by the sound speed, can be driven by the both resonances.
When the resonance of the magnetic drift frequency of the
fast ion is important, the bump structure appears in the
poloidal eigenfunction [22]. Here, the condition that the
magnetic drift frequency is dominant can be written as [22]

u0 �
∣∣∣∣ 2Λ0

krq(1 + Λ2
0)

∣∣∣∣, (4)

where u0 is the speed of the fast ions normalized by the
ion thermal velocity, q is the safety factor, kr is the radial
wavenumber of the EGAM, and Λ0 is the pitch angle of
the fast ions. Thus, the magnetic drift resonance becomes
important when the energy of the fast ions is large. The
resonance condition for a simple tokamak is given by

ω = ωD sin θ, (5)

where ω, ωD and θ are the EGAM frequency, magnetic
drift frequency, and the poloidal angle, respectively. The
resonance condition has poloidal angle dependence, and
there are special angles, which satisfy the resonance con-
dition; θ∗ = arcsin(ω/ωD). The density fluctuation for
the fast ion is localized at the resonance location θ = θ∗.
The eigenfunctions for the electron density and the fast
ion density are illustrated in Fig. 1, which corresponds to
the case with ωD > 0. The eigenfunction of the fast ion
density fluctuation is completely up-down asymmetric in
the poloidal cross-section, while the intensity of the elec-
tron density fluctuation is almost up-down symmetry. The
density fluctuations of the electron and the fast ion are out
of phase. The absolute value of the fast ion density fluc-
tuation is comparable to that of the electron at the reso-
nance locations. When the frequency is chirped in time, as
was observed in the experiment [15], the resonant location,
θ = θ∗, is expected to change temporally, according to the
chirped frequency. In such a case, the up-down asymmet-
ric fluctuation can be observed in a wider poloidal region.

We describe the spatial structure of the EGAM density
fluctuation measured by HIBP. For simplicity, we consider
a situation that the HIBP primary beam is injected from
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bottom to top of the torus with a straight trajectory, and
the beam passes through the resonance location. The fre-
quency chirping is not considered. The HIBP signal is cal-
culated from Eq. (3), by using the LHD experimental pa-
rameters [15]: Te = 8 [keV], Ti = 0.6 [keV], n(0)

e = 1×1018

[m−3], B = 1.375 [T], the minor radius a = 0.65 [m], the
energy of the fast ion Eh = 175 [keV] (that is supplied
by the neutral beam injection (NBI) heating), and the ra-
dial wavenumber of the EGAM k−1

r = 0.2a. It is noted
that the energy of the fast ions in LHD experiment is so
large that the magnetic drift frequency can be comparable
or larger, compared to the transit frequency. In this study,
as a first step, we assume that the EGAM is driven by the
magnetic drift resonance in such a condition, and investi-
gate what can be observed in experiments. The ionization
rate coefficient of the primary beam with the electron is
〈σv〉e = 0.6 × 10−12 [m3/s] [23]. The energy of the HIBP
primary beam consisted of Au is Ebeam = 1.134 [MeV],
which corresponds to vb = 1.1 × 106 [m/s]. The electron
loss cross section of the HIBP beam increases with the in-
crease of the energy of the beam, and the cross section is
roughly the order of σh ∼ 10−19 [m2], and it corresponds to
〈σv〉h ∼ 10−13 [m3/s] [20]. The ionization rate coefficient
by the fast ions can be comparable to that by the electron.
However, there is ambiguities for the cross-section by the
fast ions. Thus, the strength of the fast ion effect, α, is

Fig. 1 Density eigenfunction of EGAM in poloidal cross sec-
tion. (a) Electron density and (b) Fast ion density are
shown.

Fig. 2 Comparison of the density fluctuation with the simulated
signal of HIBP in the case of α = 3. Electron density
fluctuation, simulated signal with and without the fast ion
effect are shown by the black, blue and magenta lines,
respectively.

treated as a parameter of the order unity. By using these
parameters, the detected signal of HIBP is simulated from
Eq. (2). The spatial structure of the simulated fluctuation
intensity is shown in Fig. 2. The horizontal axis is the dis-
tance along the trajectory of the primary beam. The re-
gions of l < 0 and l > 0 correspond to the bottom and top
sides of the torus. Although the electron density fluctua-
tion is symmetric, the up-down asymmetric fluctuation is
expected to be obtained by HIBP, which is similar to that
observed in LHD [17]. This asymmetry, the reduction of
the fluctuation signal in l > 0, is due to the fast ion den-
sity fluctuation. For the case when the cross-section by the
fast ions is neglected, α → 0, only the line-integral effect
by the electron is obtained, which is plotted by the dashed
magenta line. The line-integral effect due to the electron is
almost negligible.

4. Discussion
We discuss the possibility to measure the fast ion den-

sity by using HIBP. In the low density experiment, where
the line-integral effect is not significant as the case in the
LHD experiments [15–17], the detected signal of HIBP can
be written as

Ĩ
〈I〉 ≈

ñe + αñh

n(0)
e + αn(0)

h

. (6)

If one knows the value of the coefficient α (the electron loss
cross-section of HIBP by the fast ions), one can estimate
the fast ion density as follows.

The mean of the fast ion density, n(0)
h , can be evaluated

from 〈I〉, which is the sum of n(0)
e and αn(0)

h . The difference
of 〈I〉with n(0)

e is αn(0)
h . Here, n(0)

e can be measured by other
instruments such as reflectometer or Thomson scattering.
Thus, n(0)

h is possible to be measured by comparing 〈I〉 and
n(0)

e . In order to validate the measurement, it is useful to
use the response of 〈I〉when the NBI is turned on/off. 〈I〉 is
expected to increase/decrease with the scale of the slowing
down time, when the power of NBI is on/off.

The fluctuation of the fast ion density is also possible
to be measured. The ratio of Ĩ at upper-side (Ĩ(up)) and
down-side (Ĩ(down)) can be written as

Ĩ(up)

Ĩ(down)
≈ ñ(up)

e + αñ(up)
h

ñ(down)
e

≈ −
⎛⎜⎜⎜⎜⎜⎝1 + α ñ(up)

h

ñ(up)
e

⎞⎟⎟⎟⎟⎟⎠ , (7)

assuming the relation, ñ(up)
e ≈ −ñ(down)

e , where ñ(up)
j and

ñ(down)
j are the values of the density fluctuation at upper-

side and down-side, respectively. It is possible to change
the ionization rate coefficient α by changing the HIBP
beam energy. This ratio can be plotted as in Fig. 3. ñh

can be obtained from the slope, where the slope is given
as ñ(up)

h /ñ
(up)
e . The negative slope indicates that the density

fluctuations of the fast ion and the electron are out of phase.
It is noted that the asymmetry discussed here is due to

the magnetic drift of the fast ion so that up-down asymme-
try can be reversed by changing the sign of the magnetic
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Fig. 3 Up-down asymmetry of intensity of simulated signal,
|Ĩ(up)|/|Ĩ(down)|.

Fig. 4 Simulated signals of HIBP in the case of α = 3 for the
positive and negative magnetic fields.

field, which is shown by the red line in Fig. 3. The de-
tected signals for the positive and negative magnetic field
cases are illustrated in Fig. 4. It should be noted that the
positive direction of the magnetic field is the toroidal di-
rection in the usual toroidal coordinate. Reversing the sign
of the magnetic field is useful to validate the kinds of the
resonances which causes the asymmetry. There is a dif-
ferent resonance which can excite the EGAMs; the transit
resonance, which does not cause the asymmetry of the fast
ions in poloidal direction. In the case of this branch, no
change for the fluctuation is expected by changing the sign
of the magnetic field. Due to poloidally homogeneous res-
onance, the measurement of ñh is difficult for this branch.
In helical plasmas with the complex magnetic filed, there
are other fast ion resonances exist, for instance, the preces-
sion drift (which is expected to cause the in-out asymme-
try). A unified theory of the EGAMs to include such kinds
of the multiple resonances is required for the future study.

5. Summary
Measurement signal of Heavy Ion Beam Probe

(HIBP) is formulated theoretically, focusing on effects of
the fast ion density fluctuation and the line-integral. Ob-
tained formula is applied to the density fluctuation mea-
surement of the EGAMs in LHD. In experiments in LHD,
where the ionization rate coefficient of the HIBP beam by
the fast ion could be comparable to that with the electron,
the intensity of the fluctuation detected by HIBP can be
up-down asymmetric in the poloidal cross-section due to
the effect of the fast ion density fluctuation. A possibil-
ity to measure the fast ion density by HIBP is discussed,
and the experimental guideline for the specification of the
resonance which drives the EGAM is presented.
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