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Heavy ion beam probe (HIBP) can measure density, potential, magnetic field and their fluctuations, simul-
taneously, in high temperature magnetic confinement plasma. However it is well-known that local density fluc-
tuation is measured with difficulty due to a path integral effect. Ionization cross-sections of HIBP beam particles
affects a detected beam current, which informs density. The ionization cross-sections due to not only electron
impact but also proton impact are important for MeV-range beam. Take into account the proton ionization, the
path integral effect becomes twice larger than that only due to electron impact. And the path integral effect can
decrease by less than half, when phase difference between proton and net electron fluctuations is finite.
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1 Introduction

A fluctuation transport closely relates magnetic plasma
confinement performance. This transport is represented
fluctuations of density, temperature, and electric and mag-
netic fields. To measure them is one of the most impor-
tant study in the magnetic plasma confinement. Heavy ion
beam probe (HIBP) is one of powerful diagnostics which
can measure density, potential, magnetic field, and their
fluctuations, simultaneously. However, density, magnetic
field and their fluctuations cannot be measured locally due
to the path integral effects. Measured fluctuation ampli-
tudes are simulated in previous paper [1, 2], and local
density fluctuation amplitude is accomplished to be recon-
structed under a specific condition [3].

A HIBP system on a large confinement device needs
a few MeV order beam energy, like HIBP system on Large
Helical Device (LHD) [4]. This HIBP system makes a
difference from previous HIBP systems which have a few
hundreds keV in beam energy. In the case of MeV order
HIBP, beam particles ionize by mainly not only electron
impact but also proton impact [5]. In this paper, we discuss
influences of proton impact ionization on density fluctua-
tion measurement, and simulate the path integral effect in
this measurement on some conditions.

2 Brief description of density fluctua-
tion measurements of HIBP

HIBP system consists of an accelerator, energy ana-
lyzer, and beam sweepers. In principle, a singly charged
heavy ion beam ( Rb+, Cs+ and Au+, etc ), called primary
beam, is injected into a plasma. In the plasma, the beam
ions are ionized to doubly (or higher) charged ions through
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the collisions with plasma particles. The doubly charged
ions, called secondary beam, come out from the plasma,
and are detected with the energy analyzer.

The detected beam currentId, which has density in-
formations, is expressed in the following form:

Id = I0lsv(r∗)
{
ne(r∗)S

12
e + nH+ (r∗)S

12
H+

}
× exp


−∑

i=1,2

∫ (
ne(r)S

i
e + nH+ (r)S

i
H+

)
dl i


 (1)

wherer∗ is an ionization position,I0 is an initial primary
beam current,lsv is a sample volume length,ne and nH+

are electron and proton density, respectively. The terms
S12
α = ⟨σ12

α vthe⟩M/vb andSi
α = ⟨σi

αvthe⟩M/vb, whereα =
(e,H+), andσe andσH+ are ionization cross-sections of
electron and proton impacts, respectively. The termsvthe

andvthi are electron and proton thermal velocity, respec-
tively. And vb is beam particle velocity. Superscript 12
of σα means ionization from single charged ion to dou-
ble charged ion, and superscripts 1 and 2 ofσα express
ionization from single and double charged ions to higher
charged ions, respectively. Subscript M of bracket repre-
sents a Maxwellian average. And dl1 and dl2 are length ele-
ments of primary and secondary beam orbits, respectively.
The termlsv(r∗)

{
ne(r∗)S12

e + nH+(r∗)S12
H+

}
and exponential

term are brightness and attenuation of detected beam cur-
rent, respectively.

By taking variations and square of Eq. (1), the instan-
taneous normalized measured fluctuation power is repre-
sented as

 Ĩd(r∗)
Id(r∗)

2

= T0 − SC + AC (2)
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with expression of
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,

where a tilde expresses fluctuation.
The termñα are statistical variables, hence we will

consider an ensemble of fluctuationsñα with ⟨̃nα⟩E = 0,
where⟨⟩E means an ensemble average. Ifne = nH+ and
ñe = ñH+ , by taking ensemble average of Eq. (2), we obtain

⟨̃η2(r∗)⟩E = ⟨T0⟩E − ⟨SC⟩E + ⟨AC⟩E (4)

with the expression on a condition ofS12
α ≡ S1

α of

⟨T0⟩E = ⟨̃ξ2(x∗)⟩E

⟨SC⟩E = 2
∑
i=1,2

∫
⟨̃ξ(x∗)̃ξ(xi)⟩EŜiwi(xi)dxi (5)

⟨AC⟩E =
∑
i=1,2

∑
j=1,2

"
⟨̃ξ(xi )̃ξ(y j)⟩EŜiŜ jwi(xi)w j(y j)dxidy j

where the normalized fluctuations̃η(r) = Ĩd(r)/Id(r) and
ξ̃(r) = ñe(r)/ne(r). The normalized ionization ratêS =
neSi

αa which depends on beam energy, electron and proton
temperature, and density, whereSi

α = Si
e + Si

H+ . The term
a is minor radius. And the weight in the integralwi(xi) =
∂l̂ i(xi)/∂xi , wherel̂ i = l i/a. The ensemble average of two
fluctuation is represented as

⟨̃ξ(x)̃ξ(y)⟩ = |̃ξ(x)||̃ξ(y)|γ(x, y)Ψ(x, y), (6)

whereγ(x, y) andΨ(x, y) are coherence and phase between
fluctuations at pointsx andy, respectively. Equation (4)
and (5) are the same formula as those of previous HIBP
system which has a few hundreds keV beam energy and
beam particles are mainly ionized by electron impact [1],
thus the ionization rate in Eq. (5) is only raised by proton
impact ionization.

There are two kinds of path integral effects; screening
effectSC and accumulation effectAC [3]. The term⟨SC⟩E
has negative sign in Eq. (4), and is a local path integral
effect which screens the local fluctuation. The other way,
⟨AC⟩E has positive sign in Eq. (4), and is a long range path
integral effect which is the same as well-known type effect
in other line integral diagnostics.

3 Simulation of Measured Fluctuation

The measured fluctuation is simulated with linear
beam orbit shown in Fig. 1 as the same as previous paper

Primary Beam

Secondary Beam

1

1

Y

X

ζ

Fig. 1 Beam orbit model.
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Fig. 2 Profiles of electron density (solid lines) and temperature
(dashed line).Ane is hollow factor in Eq. (10). A case of
Ane = 0 expressed Eq. (8)

[1]. Using parameters and t, the primary and secondary
beam orbit are described as

⃗̂l1(s) = (0,−s+ 1), ⃗̂l2 = (t,−ζ̂t + ζ̂) (7)

The corresponding weight factors arew1 = 1, w2 =√
1+ ζ2. In the calculation, minor radiusa is assumed 600

mm, and profiles of density and electron temperatureTe

are assumed as

ne = ne,0(1+ ρ4)2 (8)

Te = Te,0 exp

[
−1

2

(
ρ

0.5

)2
]
, (9)

wherene,0 is calculated as the line averaged density is kept
to be 1×1019 m−3, Te,0 = 2keV (Fig. 2), andρ = |r/a|. The
primary and secondary beam are selected Au+ and Au2+,
respectively. Ionization cross-sections of electron and pro-
ton impacts are calculated using Lot’z empirical formula
and results in Ref. [5], respectively. Electron temperature
contribution to the path integral effect is assumed to be ig-
nored.

First, we will examine dependence on a position of
fluctuation peak and coherence. The local fluctuation pro-
file is assumed 0.1 exp[−0.5(ρ − ρ0)2/0.22], and three pat-
terns;ρ0 = 0.0, 0.5 and 0.9, are simulated. The coherence
γ is assumedγ(x, y) = exp(−|x−y|2/l̂2C), wherel̂C = lC/a is
a normalized correlation length expressed with correlation
length lC. And using delta functionδ(x, y), the phase dif-
ferenceΨ is assumedΨ(x, y) = cosδ(x, y) = 1. The beam
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Fig. 3 Dependence of path integral effect on fluctuation peak position and coherence. Coherence is assumedγ(x, y) = exp(−|x− y|2/l̂2C),
wherel̂C = lC/a is the local correlation length. No phase difference is assumed;Ψ(x, y) = 1. Radial profile of the local density
fluctuation and the measured fluctuation are indicated dashed and solid lines, respectively. (a) Edge (pattern A), (b) half of minor
radius (pattern B), and (c) center (pattern C) peaks local density fluctuation profiles.
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Fig. 4 Dependence of the path integral effect on density profile. The correlation length is 300mm, and other parameters are the same as
Fig. 3 except density profile (Fig. 2). Radial profile of the local density fluctuation and the measured fluctuation are indicated
dashed and solid lines, respectively.

energy is assumed to be 1.5 MeV. Figure 3 shows three pro-
file patterns of local fluctuatioñξ with several correlation
lengths;lC = 10mm, 30mm, 120mm, 300mm and 600mm.
The short and long correlation lengths are the cases of drift
wave turbulence and MHD fluctuation, respectively. The
primary beam is injected from right hand side in Fig. 3.

In all three cases, as correlation length becomes
shorter, profile distortions of the measured fluctuation am-
plitudes from original local fluctuation amplitudes become
smaller. The measured fluctuation profiles mostly cor-
respond to the local fluctuation profiles in the cases of
lC = 10mm in upstream of the original peak. In pattern
A, the measured fluctuation amplitude in the area of up-
stream (r/a < 0.6 ) remains finite amplitude∼ 2% in the
case oflC = 600mm due to the path integral effects of the
plasma edge fluctuation (10%). The accumulating effect is
larger than the screening effect in this area;SC/AC < 1.
On the other hand, in pattern C, the peak of measured fluc-
tuation amplitude reduces and shifts to upstream aslC be-
comes large. The reduction of the measured fluctuation
amplitude is calculated less than half of the original local
fluctuation amplitude in the case oflC = 600mm, and rep-
resents that the screening effect is larger than accumulat-
ing effect; SC/AC > 1. An amount of the local maximum
shift is r/a = 0.1 in the case oflC = 600mm. The shift
arises as a result of which the accumulating effect along
primary beam orbit is larger than that along the secondary

beam orbit. In pattern B, a upstream peak of the measured
fluctuation is reduced and shifts as the same as pattern A.
An apparent peak, which can be larger amplitude than the
original peak, can appear near the center. This is gener-
ated as the result of the screening effects around two orig-
inal peaks and the accumulating effect originated from up-
stream peak of the local fluctuation. The qualitative prop-
erty of the measured fluctuation profiles is the same as
HIBP system considered only electron impact ionization
[1], this is because model equations, Eq. (4) and (5), are
the same formulae. However, the path integral effect con-
sidered electron and proton ionization can be twice larger
than that considered only electron ionization in these case.

The dependence of measured fluctuation amplitude on
density profile is simulated. Hollow and parabolic density
profile are supposed for center heating of ECRH and NBI
plasma, respectively. Here, Eq. (8) is instead of

ne(ρ) = ne,0

(
1+ ρ4

)2 (
1− Aneρ

2
)
, (10)

whereAne is hollow factor. Hollow depth becomes deep
as hollow factor increases (Fig. 2). Figure 4 shows am-
plitude profiles of the measured fluctuations calculated for
several hollow factors;Ane = −1.5, 0, 2, 5 and 10. The cor-
relation length is assumed 300mm and other parameters
are the same as Fig. 3 except density profiles. If density
is calculated negative, density replaces sufficiently small
positive value.
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The measured fluctuation profiles change as density
profile, even though in the same line average density (Fig.
4). In pattern A, contaminations of the measured fluctu-
ation amplitudes in center region due to edge fluctuation
amplitudes become large as the hollow factor increases.
This is because the density around local fluctuation peak
is relatively higher, then the path integral effect become
large. For the same reason, in pattern C, distortions of mea-
sured fluctuation profiles become small as hollow factor
increases. In pattern B, the distortion is medium between
pattern A and C, and variation of the distortion is small
for hollow factor. In the three case, although the amounts
of the distortions are different, a tendency of distortion of
measured fluctuation profile is the same as the simulation
of Fig. 3.

4 Discussion

In a case of low frequency range fluctuation, like MHD
fluctuation, net electron fluctuation is the same phase as
proton fluctuation. However, in the case of higher fre-
quency range fluctuation or the plasma including impuri-
ties, the net electron fluctuation cannot be the same phase
as proton fluctuation.

We consider the two cases that net electron fluctu-
ations are in-phase and anti-phase to ion fluctuations,
as a extreme case. Assuming infinitesimal correla-
tion in a homogeneous plasma,γ(x, y) = δ(x, y) and
dxidyi = δ(xi − yi)dxidyi . In the case of the net elec-
tron and proton fluctuation are in-phase, the ensemble

averaged Eq. (4) is deformed,η2
= ξ

2 [
T0 − SC + AC

]
,

whereT0 = 1, SC = 2
√

2π ˆlCne
∑

i=1,2

{
Si

ei + Si
Loss

}
and

AC =
√

2π ˆlCn2
e
∑

i=1,2

{
(Si

ei)
2 + (Si

Loss)
2
}
L̂i . Overline

expresses constant in the homogeneous plasma. The
terms L̂1 and L̂2 are normalized lengths of primary
and secondary beam, respectively. A path integral
coefficient Φ is defined asΦ ≡ (SC + AC)/T0, and
furthermore, a distortion coefficient Dist is defined as
Dist ≡ (−SC + AC)/T0. The distortion ratio indicates the
measured fluctuation distorts the local fluctuation. In the
case of anti-phase on the same assumptions, the ensemble

averaged Eq. (4) is deformed,η2
= ξ

2 [
T′0 − S′C + A′C

]
,

where T′0 =
(
S12

ei /S
12
)2
+

(
S12

Loss/S
12
)2

, S′C =

2
√

2π ˆlCne
∑

i=1,2

{
(Si

ei)
2 + (Si

Loss)
2
}
/S12 and A′C =

√
2π ˆlCn2

e
∑

i=1,2

{
(Si

ei)
2 + (Si

Loss)
2
}
L̂i . A path integral

coefficient in the case of anti-phaseΦ′ is defined as
Φ′ ≡ (S′C + A′C)/T′0.

Figure 5 (a) showsDist with L̂1 = L̂2 = 1 and
lC = 120mm. The distortion coefficientDist = 0 means that
the measured fluctuation amplitude can be the same as the
local fluctuation amplitude, as a result of the screening and
accumulating effects. Positive or negativeDist represent
that the measured fluctuation amplitude can increase or de-
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Fig. 5 (a) Contours of the distortion coefficient Dist with lC =
120mm and (b) the ratio of the path integral coefficients
Φ′/Φ

.

crease from the local fluctuation amplitude. In the case of
ne = 1 × 1019m−3 andTe = 2keV, the distortion ratio is
negative (Dist = −0.8 ), which is consistent with the mea-
sured fluctuation amplitude reduced at center in the case
Fig. 3 (c). The ratioΦ′/Φ shown in Fig. 5 (b) increases
as the density increase, and is 0.2 atne = 1 × 1019m−3

andTe = 2keV. This means that the path integral effect
in the case of the anti-phase is 20 % of that in the case
of in-phase. Hence, the case of anti-phase is more local
measurement than that of in-phase.

5 Summary

The path integral effect on the density fluctuation mea-
surement by use of MeV-range HIBP system is estimated.
When net electron and proton fluctuations are in in-phase,
the equation of the measured fluctuation is the same for-
mula as a few keV-range HIBP system. And, the path inte-
gral effect of MeV-range HIBP system is much larger due
to the proton ionization. If the net electron and proton fluc-
tuations are in anti-phase, the fluctuation can be measure
more locally.
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