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Consideration of Fluctuation in Secondary Beam Intensity
of Heavy Ion Beam Probe Measurements

A. Fujisawa, H. Iguchi, S. Lee, Y. Hamada

Neational Instituie for Fusion Science
Furo-cho, Chikusa-ku, Nagaya, Japan 464-01

Abstract

Heavy ion beam probes have capability to detect local electron density
fluctuation in the interior of plasmas through the detected beam intensity
fluctuation. However, the intensity fluctuation should suffer a certain degree
of distortion from electron density and temperature fluctuations on the beam
orbits, and as a result the signal can be quite different from the local density
fluctuation. This paper will present a condition that the intensity fluctuation
can be regarded as being purely local electron density fluctuation, together
with discussion about the contamination of the fluctuation along the beamn
orbits to the beam intensity fluctuation.

Keywords: Heavy lon Beam Probe, Path Integral Effect, Density Fluctuation,
Temperature Fluctuation, Contamination



L. Introduction

Fluctuation induced transport in magnetically confined plasmas is one of
problems to be understood for realization of a nuclear fusion reactor. The
heavy ion beam probe (HIBP) 1s a promising tool to investigate the interior
of the plasmas even in a high temperature regime[1-8]. The HIBP can mea-
sure simultaneously the plasma potential, local potential fluctuation, and
‘local electron density fluctuation’ through the detected beam fluctuation.
The detected beamn intensity varies with change of the ionization rate at the
observation point, which is a function of electron density and temperature.
In a sufficiently high electron temperature regime, the ionization rate shows
a weak dependence on electron temperature, therefore, the beam intensity
fluctuation may reflect local density fluctuation at the observation point.
However, the beam intensity fluctuation should contain an integrated fluc-
tuation of ionization rate along the beam path in the plasma (path integral
effects)[9-11]. Consequently, the beam intensity does not only reflect local
electron density fluctuation but also does the fluctuations occurring every-
where on beam orbits.

A number of experiments, such as in TEXT[2.3], ISX-B[4] and JIPP-
TIIU[5], has been performed to investigate local density fluctuation inside of
torus plasmas for the purpose of clarifying the anomalous transport. How-
ever, as 1s mentioned above, the fluctuation of secondary beam intensity may
be ‘path integrated fluctuation of the ionization cross section’. Thus, be-
fore discussing the fluctuation structure of inside plasmas using the beam
intensity fluctuation, we need to answer the following questions. (i) Is the
fluctuation local? (ii) Does the fluctuation purely reflect density fluctuation?

In this paper we discuss these two problems inherent with HIBP mea-
surements, which will be also valid for other beam diagnostics. And we also
would like to clarify conditions for us to regard the fluctuation as being pure
density fluctuation.

II. Mathematical Preparation
II-1. Path Integration of Fluctuations

In the HIBP measurement, singly charged heavy ion beam is injected into
a plasma, and the beam particle will be ionized into a doubly charged ion
(secondary beam) through collisions with electrons. The secondary beam will
come out from the plasma with combined information of physics quantities,
such as electron density and temperature, at the birth point and on the
trajectories. The secondary beam intensity is related to the primary beam



intensity. the attenuation of beam and the jonization cross-section at its hirth
point. And the detective secondary current Lee(7) 18 described as
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where ne(r), Io(r), v, Si, = (< 0.,z >) and w, represent electron density,
initial primary beam intensity, beam velocity, ionization rate form i-th to
j-th states. and sample volume width. respectively, ¢y and &» and are total
rate coefficients from singly and doubly charged states to higher states. re-
spectively, and the term @3 is the local brightness. These terms related to
jonization rates fluctuate with variation of electron density and temperature

By differentiating Eq. (1), the beam intensity fluctuation is written as
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The second and third terms represent path integrated effects of fluctuations.
If the condition
Q2

[Quai+ [Qui< 32 o

is satisfied, the beam fluctuation reflects local brightness fluctuation.
Next, let us consider that fluctuation amplitude in the intensity.
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where the first, the second term and the third terms are the contributions of
the ionization point, of a cross talk, and of the path integrated fluctuation,
respectively. The crosstalk term consists of two components,

78 =~ [ 0 )Qi) )y,
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and the path integration term has contributions of the following three com-
ponents,

T = [ [ w@)ws(y)Qs(2)@s(z)dedy,
T2, = [ [wd@)eny)@:(2)@xly)dzdy,

T = ffwz zywa{y)Q2(x)Qa(y)dzdy,

(6)
where the primary and secondary trajectories are described by functions of
parameters z and y, respectively, that is, {; = I;(z), l; = L(y), and thus the
term w; = dl;/dr (2 = 1,2) is considered to be a ‘weight’ in the integrals.

The terms (J; are statistical variables, hence, we will consider an ensemble
of fluctuations Q; with < Q; >= 0, where <> means an ensemble average.
By taking the ensemble average of above formulae, we obtain
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with the expressions of
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where < @4, (2)Qim(y) > (2.7,1,m = 1.2) is a correlation function of the en-
semble, and Py, v and ¥ represent cross power, coherence and phase between
fluctuations at points z and y, respectively. H we expand every term into
Fourier components like @ = 3, Q. exp(iwt) and L. = 3. L. exp(wwt), the
obtained relations, Eqs. (7-9), are valid for the Fourier coefficients.

In case of micro-scale fluctuations, coherence +(z, y) should be high only
when the point r is located sufficiently close to another concerning point y.
On the other hand, in case of MHD fluctuations, which are expected to have
a global structure, coherence ¥(z, y) should be high for all over the plasma,
and the phase between two spatial points has a definite value. Thus, regular
temporal and spatial structure of MHD fluctuation of target plasma will give
significant path integral effects on the measurements.

11-2. Fluctuations in Local Ionization Coefficient

If the detected fluctuation in the secondary beam reflects pure fluctuation
of local brightness, the next question is how much it represents the local
density fluctuation. By taking derivatives of the local brightness function,
the fluctuation of the secondary current is described as
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where the coefficients are defined as

GTe = Te'.aa? (%) ; Gne = S(Te): ﬁ = L . (11)
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By taking square of Eq. {10) as is similar to the previous section, we have
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The ensemble average of the above expression is given by

(8)-{) =)

_ eTie Pﬂe’re 2PT9TE
=—5 283 ~ ¥ e, Te)cosb(ne, Ty + 5 Tz

(13)
where P, , and Prr, represent powers of density and temperature fluctua-
tions, respectively, and P, 7, does cross power between density and tempera-
ture fluctuations. In case that the temperature fluctuation is well correlated
with the density fluctuation, the fluctuation of brightness takes a certain
value between (7. + ﬁf’e) and (fi, — ﬁf’e), which correspond to é(n., T.) =0
and é(n., T.) = =, respectively. On the other hand, when these fluctua-
tions are statistically independent, the flcutuation of brightness is equal to

a2 + BT,

ITI. Results from Model Calculation

We have dealt with mathematical expressions about contamination prob-
lems on the beam intensity fluctuation. In this section, we will present several
calculation based on the formulae which have been derived in the previous
sections. The Lotz’s empirical formula[12] is used to estimate several cross
sections, and we suppose that an approximation of 4 ~ @12 and @2 ~ Qs
is valid for convenience.

II1-1. Lotz’s Empirical Formula
The Lotz’s empirical formula gives an analytical form of the ionization
rate as a function of electron temperature and electron density as follows,

_ < exp[—z
S(T.) =3.0x 10 sz_egw . —:E:—l-dx [em3/s],

(14)
where [; and &; are the ionization potential and the number of the equivalent
electrons of the atom, respectively, and N means the number of the atomic
shells.

One advantage of using Lotz’s formula is that the contamination factor 3
can be expressed in a very simple {form. The derivative of the rate coefficient



with respect to electron temperature is
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Therefore, the contamination factor is expressed by
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The ionization process from the most outer atomic shell is assumed to be
dominant, then the contamination factor can be reduced into a simple form
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Figure 1 shows the ionization rates and the contamination factors for ce-
sium and thallium. In case of cesium, the ionization potentials of Cs™ and
Cs?t are 25.1eV, 34.6eV, respectively. The atomic structure of cesium is
[Kr]4d'®5525p°|63, hence we choose 18 and 17 as the numbers of equiva-
lent electrons for Cst and Cs?*, respectively. On the other hand, in case of
thallium, the ionization potentials of Tl and TI** are 20.4eV, 29.8eV, re-
spectively. The atomic structure of thallium is [ X €][4d"*5d*°5p%|65%6p, thus,
the numbers of equivalent elecirons are chosen to be 26 and 25 for TI* and
T1%*, respectively.

Figure 1b shows that the contamination factors for cesium and thallium
obtained from Eq. (17). The following facts can be read from this figure. (1)
In low temperature region (7. < 30 eV), electron temperature fluctuation has
more dominant effect on the intensity fluctuation, hence in the plasma edge
region, the brightness fluctuation ()12 is more sensitive to the temperature
fluctuation. (2) In intermediate electron temperature region (30 < 7, < 200
eV), the brightness fluctuation ng should reflect the density fluctuation more
than the temperature fluctuation. (3) In high electron temperature region
(T. > 200 eV), the contamination factor is about 0.3, and has a negative
sign. Therefore, around the plasma core region, the brightness fluctuation

()12 is more sensitive to the density fluctuation.
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IfI-2. Critical Electron Density

As beam attenuation becomes stronger, the path integral effects will be
more severe. High electron density results in a strong attenuation, hence
there should exist a certain critical electron density for us to regard that
the detected beam fluctuation as a pure local brightness fluctuation. If we
assume Qo = £Qu2, Q1 = £G4 and Q, = £(}2, the condition expressed by
Eq. (3) can be reduced into the following form,

== /Q1d[1 +fQ2d£2 <1, (18)

where = is termed here as the attenuation factor. This condition is consistent
with I ~ Qy21p, then the path integral effects should be negligible. Thus,
Eq. (18) represents a condition that the intensity fluctuation reflects local
fluctuation of the ionization cross section.

The integral of Eq. (18) can be modified into,

[ @it =QuLs, [ Qudts = Qs (19)

where I; and L, are total primary and secondary path lengths, and @y and
@, averages along the path. Figure 2 shows the critical electron density
should satisfy

_ _ Fle [ = _
S=ili+Q2le= o [S1L1 + SQLz} =1 (20)

as a function of beam energy for several average eleciron temperature, where
Ly = Ly = 0.2m is chosen, which corresponds to a medium size plasma, and
Q1 ~ Q1Y and @, ~ QL™ are assumed.

1-3. Simulation of Path Integral Effects

Here, we will calculate path integrated fluctuation observed in HIBP sig-
nals on several modeled fluctuations. For simplicity, the ionization rate coef-
ficient and length in model calculation are normalized by plasma radius ¢!
and a, respectively. Our model plasma is assumed to have a minor radius of
a = 0.2m.

Supposed beam trajectories are shown in Iig. 3(a); in the figure the
length are not normalized by plasmna radius a. Using parameters s and #,
these primary and secondary trajectories are described as

I(s)=(0, —s+1), blt)={(t —Et+€). (21)



The corresponding weight factors are wy = 1, wy = /1 + £2. Figure 3b also

demonstrates electron temperature and density profiles,

T.(p) = 300 exp[—(p/0.6)*] [eV].

ne(p) = 1.4(1 — p*)¥* + 0.2 [x10"em™2.
(22
The cross sections are also shown in Fig. 3(c). The attenuation factors =
is order of 1, thus, the path integral effects will be significant in this model
plasma.

The calculations are performed for density and temperature fluctuations
whose distributions are expressed by fie/n.(p) = T./T.(p) = Aexp[—25(p —
po)?]. We will treat three patterns of fluctuations, po = 0, pg = 0.5 and
po = 0.9 with A = 0.1. These fluctuations are localized around the plasma.
edge (pattern A), middle of plasma radius (pattern B), and the plasma center
{pattern C). Figure 4 shows radial distribution of these fluctuations, together
with resulting local brightness fluctuation @/Q. The density and tempera-
ture fluctuations have the same amplitude, and are well correlated with zero
phase difference. Under these assumptions, the fluctuation of local bright-
ness Q/Q is enhanced by a factor (1+8). In the fluctuation pattern localized
in the plasma edge, the increase of local brightness is remarkable since the
ionization rate S is strongly dependent on the electron temperature in low
temperature regime.

First, we will examine dependence of the path integral effects on the
coherence ¥ in Eq. (7). In calculation, the coherence is assumed to be
a Gaussian form as v(z, y) = exp(~I7%z — y|*), where I, is a correlation
length, and the phase difference of the fluctuations between two spatial points
8(z, y) is assumed to be zero; ¥(z, y) = cosé(z, y) = 1. And the beam is
assumed to be 30 keV cesium. Figure 5 shows intensity fluctuations of the
three patterns for several correlation lengths; I, = 0.05, I, = 0.2, . = 0.5 and
l. = 1.0. The solid and dashed lines in the figures represent, the amplitudes of
imtegrated fluctuation I /L and of original brightness fluctuation @12 [ @12,
respectively.

In the pattern A, the points in the down stream (p < 0.3) exhibit a finite
amplitude (~3-4%) due to path integration of the plasma edge fluctuation
(~20%), whose absolute value is small. In this case, the contribution of Ty,
is larger than that of T., which has a negative value. On the other hand,
in the pattern C, the contribution of 7,y is smaller than that of T, and
the amplitude in the center is smaller than that of the original brightness
fluctuation. In case of I, = 1, the integrated fluctuation amplitude at the



center is about a quarter (~2.5%) of the original fluctuation (~10%). In
pattern B, these two eflects are competing, and vary for each spatial point.
As a result, the distortion is outstanding, particularly for case of I; = 1,
the integrated fluctuation amplitude has a completely different shape from
the original one. The center value of the integrated fluctuation (~14%) is
larger than the original maximum value around p = 0.5 (~10%). Generally
speaking, the integrated fluctuation for every pattern tends to be flatter than
the original local fluctuation, and the distortion is worse as the correlation
length becomes longer.

In the above treatment, we assume that the fluctuation has no spatial
structure. However, actual plasmas will have a certain mode pattern in the
fluctuation, which may have a significant effect on the integrated fluctuations.
Here we will consider the effect of spatial mode structure on the intensity
fluctuation, concerning with the pattern B, which exhibits worst distortion
in the previous calculation. Cesium beam of 50keV is assumed. The phase
difference is assumed to be ¥(z, y) = cos(m#) cos(|p(z) — p(y)|AXT!), where
6 and p represent between r and y and radial coordinate, respectively, and
m and A are poloidal angle and radial periods, respectively.

Figure 6 indicates the dependence on the mode pattern for two differ-
ent correlation lengths, I, = 1 and I. = 0.1. The case of the long cor-
relation length is considered to correspond to MHD fluctuation. In both
cases, it is observed that the integrated fluctuations Lo [/ Isec become closer
to the original brightness fluctuation distribution Qm /G2 as the numbers
of poloidal and radial nodes increase. This is because positive and negative
spatial parts in phase pattern work to cancel out the integrals. The inte-
grated fluctuation for I, = 1 exhibits local maximums and minimums which
are caused by the interference with the fluctuation mode patterns for the
cases of (AX, m) = (0.1, 20), (AX, m) = (0.5, 1). On the other hand,
the integrated fluctuation becomes monotonically closer to the local bright-
ness fluctuation as the node number increases, since the only local structure
around the ionization point can contribute to the integrals in this case.

Finally, as the beam energy increases, the interaction between beam
and plasma becomes small (= — 0}, and the contribution of path inte-
gral effects should be reduced. As is shown in Fig. 7(a), attenuation fac-
tor Z(= [@hdl + [ @2dly) becomes small as the beam energy increases;
= o Ky '/? is expected. The calculation of integrated fluctuation is also per-
formed for pattern B with the assumption that correlation length of . = 0.5
and phase difference ¥ = 1. Figure 7(b} shows the integrated fluctuations
for the beam energy of Ky =50keV, 200keV, 1000keV. As the beam energy
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increases, the integrated fluctuations are observed to become closer to the
original fluctuation distribution. For case of using 1MeV beam, however,
the integrated fluctuation around the center (in the down stream) still have
apparent fluctuation level of 2.5%, which corresponds to about a quarter of
the peak value of the original fluctuation{~11%).

IV. Discussion and Summary

We have considered the fluctuation amplitude observed in secondary
beamn intensity. If the beam energy can be increased to a sufficiently high
level, the condition of = = [ @ dl; + [ @.dl; < 1 is satisfied. Then the
path integral effect should become small, and the intensity signal allows us
to know the phase difference of fluctuations at two points, which is another
important concept. The phase difference between two adjacent spatial points
has been used to estimate the wavelength for micro-scale turbulence which
causes anomalous transport|2,11]. On the other hand, the intensity fluc-
tuation is quite different from the original brightness fluctuation when the
attenuation factor is large to satisfy = = [ (dl; + [ @Q2dly > 1. The phase
difference between two spatial points should be precisely known in order to
reconstruct the original fluctuation amplitude (see Eqgs (7-9)).

However, the phase difference from the intensity signal should suffer worse
distortion than that of the amplitude when the amplitude is distorted. In
cases of long correlated fluctuations, as was shown in Figs. 3(a) and (b),
the fluctuation in the upper stream of trajectory can appear in its down
stream, therefore, the fluctuations at two spatial points in the down stream
should indicate a good correlation with nearly zero phase difference when the
beam attenuation is large. In general, a condition of |r — y| € I. € Ly is
necessary to consider that phase difference between two points is regarded
as a real phase difference between two local spatial points[11], where |z — y|
and Ly,; represent a distance between two spatial points, and lengths of
trajectories.

The HIBP can provide local potential fluctuation in addition to the inten-
sity fluctuation. Therefore, the original brightness fluctuation may be able to
be evaluated using the phase difference between two spatial points in the po-
tential fluctuation. The other measurements, such as Mirnov coils, soft X-ray
arrays, will be also available to deduce the fluctuation mode structures.

In summary, we can regard the fluctuation in the secondary intensity as
being pure local brightness fluctuation, if the beam attenuation should be
sufficiently small as is expressed in Eq. (15). Moreover, the local brightness
fluctuation does not reflect the density fluctuation but always does contain

11



electron temperature fluctuation, which can be reduced to a negligible level
in sufficient high electron temperaiure more than several hundred eV. In case
of long correlated fluctuations driven by MHD instabilities, we need to be
cautious to possibilities that their regular patterns should give a cooperative
effect and a large distortion on local fluctuation measurements.

12



References

1) F. C. Jobes, R. L. Hickok, Nucl. Fusion 10 195(1970).

2) T. P. Crowley. P. M. Schoch, J. W. Heard, et al., Nucl. Fusion 32
1295(1992).

3) A. Fujisawa. A. Ouroua. J. W. Heard. T. P. Crowley. et al., Nucl.
Fusion 36 375(1996).

4) G. A. Hallock, A. J. Wootton, R. L. Hickok, Phys. Rev. Lett. 59
1301(1987).

53) Y. Hamada, A. Nishizawa, Y. Kawasumi, K. Kawahata. et al., Nucl.
Fusion 36 515{1996).

6) A. Fujisawa, H. Iguchi, S. Lee, T. P. Crowley. et al., Rev. Sci. Intrum.
67 3099(1996).

7) K. Takasugi, H. Iguchi, M. Fujiwara and H. Ikegami. Jpn. J. Appl
Phys. 23 364(1984).

8) J.J. Zielinski, S. C. Aceto and K. A. Connor, et al., Rev. Sci. Instrum.
59 1822(1986).

9) D. W. Ross, M. L. Sloan. A. J. Wootton, et al., Rev. Sci. Instrum. 63
9232(1992).

10} J. W. Heard, T. P. Crowley, D. W. Ross, et al., Rev. Sci. Instrum. 64
1001(1993).

11) D. W. Ross, P. M. Schoch, J. W. Heard, et al., Nucl. Fusion 31
1355(1991).

12} W. Lotz, Astophy. J. Suppl., 14 207(1967).

13



Figure Captions

Fig.1: (a) lonization rate for cesium and thallium, calculated by using the
Lotz’s empirical formula.(b) Contamination factor of electron temper-
ature fluctuation for cesium and thallium cases.

Fig.2: Critical electron density as a function of beam energy in several tem-
perature plasmas. Below this line, fluctuation in secondary intensity
can be regarded as local fluctuation in local ionization cross section
which is a function of electron density and temperature.

Fig.3: (a) Model of primary and secondary trajectories. (b} Assumed elec-
tron temperature and density profiles. {¢) Corresponding cross sections
for 50keV cesium beam.

Fig.4: Three radial distribution of assumed fluctuation pattern for density
and temperature as fie/ne = To/Te = 0.1exp[—25(p — po)?] (dashed
line), and the corresponding fluctuation patterns of local brightness
C:?12/ Q12 (solid line). Here, we assume the electron density and tem-
perature is well correlated, and the phase difference between them is
Zero.

Fig.5: Dependence of path integral effects on the coherence. The coherence
is assumed to be (z, y) = exp[—I-?|z — y[*], with no phase difference
between any two spatial points; ¥(z, y) = 1. the correlation lengths
are chosen to be L = 0.05, I, = 0.2, [, = 0.5 and I, = 1. Local
brightness distribution @12/ (1, is indicated by the dashed line. (a)
Radial distribution of intensity fluctuation for pattern A, (b} for pattern
B, and (c) for pattern C. The local brightness distributions correspond
to those shown in Fig. 4.

Fig.6: Dependence of path integral effects on the mode pattern of the fluc-
tuation. The calculation is done for patitern B. The coherence and
phase are assumed to be v(z, y) = exp[-{7*|z — y|?] and ¥(z, y) =
cos(mB) cos(|p{z) — p(y}|ANT), respectively, where 8 is poloidal angle
between two spatial points. Local brightness distribution @12 [Ga is
indicated by the dashed line. Integrated fluctuation for three mode
patterns, m = 1/AX = 0.5 m = 2/AX = 0.25 m = 20/AX = 0.1, with
correlation lengths of (a) I. =1, (b) and . = 0.1.

14



Fig.7: Dependence of path integral effects on beam energy for pattern B. (a)
Integrated attenuation factor = = [ @;dl;+ | (2,d/; for the beam energy
K =30keV, 200keV, 1000keV. (b) Integrated fluctuation for the beam
energy K =30keV, 200keV, 1000keV. In this case, I, = 0.5 and ¥ = 1.0
are assumed. Local brightness distribution Q12/Q,2 is indicated by the
dashed line.
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