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Abstract

The neutron emission profile of deuterium plasma in the Large Helical Device was
measured with a multi-sightline vertical neutron camera under various magnetic field
strength conditions. It was found that the line-integrated neutron emission profile shifts

outward in the co-neutral beam (NB) case and inward in the counter neutral beam case.



Here, co- and counter directions correspond to enhance and reduce the poloidal magnetic

field directions, respectively. The shift becomes more significant when the magnetic field

decreased in strength. The experimentally obtained neutron emission profile was

compared with the orbit-following models simulated through the DELTASD code. The

calculated neutron emission profiles vary according to the magnetic field strength because

of the change of beam ion orbit and the slowing down due to the plasma parameter

changes. Although a relatively narrow profile was obtained in the calculations at the

inboard side for the co-NB case in the relatively low field condition, the profiles obtained

through calculation and experiment were almost qualitatively aligned.

1. Introduction

In a fusion reactor, neutrons are mainly created by deuterium-tritium fusion

reactions. Because the neutron does not have an electrical charge, neutrons directly escape

from the plasma without interacting with the magnetic field. The energy of neutrons

absorbed by a blanket module will be used for generating electricity. Understanding of

the fusion reaction profile through the measurement of the spatial profile of neutron

emission is essential in controlling the output power from a fusion burning plasma.

Understanding the fusion reaction profile in an existing fusion machine in various neutron



emission conditions can contribute to an understanding of a fusion reaction profile in a
fusion reactor. Also, a fusion burning plasma is sustained by deuterium-tritium fusion-
born energetic alpha particles [1]. Thus, in the interest of understanding energetic ion
behavior in a fusion burning plasma, the study of energetic ion confinement in magnetic
confinement fusion devices has received much attention. In present day devices neutrons
are primarily created by beam-plasma reactions, as observed in many previous neutral
beam (NB) injection experiments [2]. As such, in NB-heated plasma, neutron diagnostics
are some of the most powerful tools for obtaining information on the fusion reaction and
energetic particles confined in the plasma core region. In particular, neutron emission
profile diagnostics are some of the most effective methods for understanding the spatial
profile of fusion reaction and energetic particle density. Neutron cameras have been used
to measure the time-dependent neutron emission profile in large tokamaks, in which the
total neutron emission rate (Sh) is in an order of 10'¢ n/s [3-5]. Neutron cameras also
provide an understanding of the radial profiles of energetic particles and the effect of
magnetohydrodynamic instabilities on energetic particle transport [6].

Energetic particle studies are also performed in stellarator/helical devices which
have an advantage in long time sustainment of plasma compared with tokamaks. Particle

orbits are relatively more complicated than tokamaks because of the relatively complex



structure of winding coils and the poloidal cross-section of plasma changes according to
the toroidal angle. Previously, studies of energetic particle confinement have been
performed based on charge-exchanged energetic particle measurements [7, 8] and lost
energetic ion measurements [9, 10] because experiments are performed in relatively small
devices or hydrogen experiments where the discussion of the energetic particle
confinement was pretty limited. The first deuterium experiment in which the expected Sa
was on the order of 10'® n/s was initiated in the Large Helical Device (LHD) [11-14]. In
helical systems, the measurement of the fusion reaction profile has become possible for
the first time in LHD. Three sets of vertical neutron cameras were installed in the LHD
to understand the energetic ion confinement in stellarators or helical systems [15-19]. In
helical systems, experiments can be conducted in a relatively wide range of magnetic field
and plasma parameter ranges because the magnetic surfaces are created primarily by
external coils. Previous measurements of the neutron emission profile were mainly
performed at a Bt of ~2.75 T, for which Sn is relatively high [10-25]. In this study, the
neutron emission profile was investigated for various Bt to show the ability of the neutron
emission profile measurement in a fusion plasma as well as in the interest of developing
a more fundamental understanding of beam ion confinement. A preliminary result of

neutron emission profile measurement in the co-NB injection case at a Bt of 1.375 T



revealed that the line-integrated neutron emission profile becomes broader for Bt of 1.375

T than Bt of 2.75 T [26]. This paper reports the measurement of neutron emission profiles

from deuterium LHD plasma under various B: conditions using co- and counter NB

injections. Comparisons with orbit-following will also be provided.

2. Experimental Setups

The LHD has five intensive NB injectors (Fig. 1). Three NB injectors (N-NBs)

with negative-ion sources inject NBs in the tangential direction. The typical acceleration

energy and injection power in deuterium injection are ~180 keV and ~2 MW, respectively.

Two N-NBs (NB1 and NB3) create counter-going transit beam ions, and one N-NB (NB2)

creates co-going transit beam ions in the experiment, with the direction of the toroidal

magnetic field being clockwise or counterclockwise when viewed from the top. The other

two NB injectors (P-NBs) with positive-ion sources inject NBs in the perpendicular

direction. Sh is measured by the calibrated fission chamber detector, which is part of the

neutron flux monitor located on the top of LHD [27, 28]. The time evolution of Sn with

0.5 ms resolution can be obtained. Central electron temperature (7e0) is measured by

Thomson scattering diagnostics every 33 ms [29]. Line-averaged electron density (7e avg)

is measured by a far-infrared interferometer [30]. The radial neutron profile is measured



by a vertical neutron camera 1 (VNC1), as shown in Figure 2 (a). The VNCI1 characterized

by higher spatial resolution measurement is composed of a multichannel collimator,

eleven stilbene scintillation detectors, and a novel data acquisition system capable of

operation with a MHz pulse rate range with simultaneous online and offline neutron and

gamma-ray discrimination functions. Here, the online discrimination meant that the data

acquisition system provides the pulse shape parameter for discriminating neutron and

gamma-ray, whereas the oftline discrimination meant that the data acquisition system

provides signal waveforms for post pulse shape discrimination analysis. The inner

diameter of each multichannel collimator and the stilbene scintillator diameter is 30 mm

and 20 mm, respectively. The anode signal of the stilbene detector is directly fed into the

data acquisition system, which is composed of a 50-ohm 1 GHz sampling analog-to-

digital convertor and field-programmable gate arrays. The shield box made by stainless

steel covers the signal cables from the scintillation detector to the analog-to-digital

converter. Figure 2 (b) shows the sightlines of the VNC1 together with the magnetic flux

surfaces at the magnetic axis position, Rax, of 3.60 m at the installation position of the

VNCI. The entire plasma region is covered with ten vertical chords. Note that the

outermost vertical chord is for measuring background-scattering neutrons.



3. Experimental Results
3.1 Measurement of neutron emission profile in high-B: condition

Measurement of the time-resolved neutron emission profile was conducted with
an inward-shifted configuration Rax of 3.60 m and Bt of 2.75 T. Here, the toroidal magnetic
field direction was set to be clockwise when viewed from the top. The time evolution of
an experiment performed for relatively high Bt and using N-NB is shown in Fig. 3. The
yellow region indicates the region of interest for this study, i.e., the region in which the
plasma becomes approximately stable. In these discharges, one NB was injected into
deuterium plasma with Teo of ~2 keV and 7e avg of 1x10'°m™. Sy had approximately the
same value in both cases, at 1.5x10'* n/s. The time evolution of neutron counts without
subtraction of the scattered signal is plotted at the bottom panel of Figs. 3 (a) and (c¢).
Neutron emission profiles are almost unchanged during the quasi-steady state regime.
Note that the maximum pulse counting rate, including both neutron and gamma-ray-
induced pulses, was ~20,000 counts per second. Therefore, the pile-up rate of the pulse is
low enough because the typical pulse width is 20 ns. Figures 3 (b) and (d) show the radial
Te and ne profiles. Peaked profile of 7e and hollow profile of ne are formed.

Line-integrated neutron profiles were deduced in these experiments (Fig. 4). The

neutron counts were integrated within the region of interest, marked in yellow in Fig. 3.



Here, the scattered signal is evaluated using the outermost channel of the VNCI, e.g., R
of 4.23 m. The red plot corresponds to the co-NB case, and the plot in blue corresponds
to the counter-NB case. Here the neutron counts are normalized by the deposition power
of a deuterium NB. As shown in Fig. 3 (a), in an experiment with relatively high Bt, the
average of neutron counting rate in all the channels divided by the deuterium NB injection
power was approximately 1,200 [cps/MW]. The neutron emission profiles in co- and
counter-NB cases were slightly different. In the co-going case, the peak is located at R of
~3.75 m, which is slightly in the outer region compared with Rax. On the other hand, the

relatively flat top appears at R of 3.5~3.7 m in the counter-going case.

3.2 Measurement of neutron emission profile in middle-B: condition

The neutron emission profile measurement was performed in a middle toroidal
magnetic field with Rax of 3.60 m and a strength, B, of 1.83 T, using deuterium N-NB, as
shown in Fig. 5. Here, the direction of the toroidal magnetic field was counterclockwise
when viewing from the top. During the discharge, hydrogen N-NB was additionally
injected to sustain the plasma because the heating power of deuterium N-NB was not
sufficient to support a plasma. Teo was ~2 keV, and 7e avg was 1.5x10°m>. The time

evolution of neutron counts without subtraction of the scattered signal is plotted at the



bottom panel of Fig. 5 (a) and (c). Neutron emission profiles are almost unchanged during

the quasi-steady state regime. Note that the sightline located at R of 3.54 m was removed

from the bottom panel of Figure 5 due to issues with the data acquisition system. Figures

5 (b) and (d) show the radial profile of 7c and ne. The profile of 7 becomes gentle

compared with the high-B: case and the hollow profile of 7. is formed.

Line-integrated neutron profiles are shown in Fig. 6. In the case of middle B, the

average of neutron counting rate in all the channels divided by the deuterium NB injection

power was approximately 1,400 [cps/MW]. The normalized neutron counting rate was

slightly higher than the neutron counting rate in the high B: case because the plasma

density was higher in the middle Bt case than in the high Bt case. Then, the relatively

higher density induces improvement of NB deposition. Unlike in the high B: case, the

configurations of the line-integrated neutron profiles were different in co-NB and counter-

NB cases. In the co-NB case, the peak was located at R of ~3.8 m, whereas in the counter-

NB case, the peak was located at R ranging from ~3.4 to 3.6 m.

3.3 Measurement of neutron emission profile in low-Bt condition

The time evolution of a plasma discharge for the neutron emission profile

measurement performed for a low toroidal magnetic field strength, B, of 0.6 T is shown



in Fig. 7. Here, the toroidal magnetic field direction was directed to be counterclockwise
when viewed from the top. The hydrogen N-NB was also injected to sustain a plasma. 7eo
was ~0.7 keV, and 7c avg was 1.5x10"”m?. Due to electron temperature degradation, the
neutron counts were considerably lower than the neutron counts for high or middle Bt
cases. In a relatively low Bt case, Teo was almost one-fourth of 7eo in high or middle Bt
cases. According to the neutron flux monitor, Sh is approximately 2x10'* n/s. The time
evolution of neutron counts without subtraction of the scattered signal is plotted at the
bottom panel of Fig. 7 (a) and (c). Figures 7 (b) and (d) show the radial profile of 7. and
ne. The shape of Te is similar to that of the middle-B: case and a hollow profile of ne is
formed.

The unique profiles of the line-integrated neutron emission profiles were
obtained in the low Bt case (Fig. 8). The average of neutron counting rate in all the
channels divided by the injection power of the deuterium NB was approximately 200
[cps/MW]. Although Sn becomes almost one order smaller than Sh in high-B: case, neutron
counts reduce by one-sixth. This discrepancy might be due to the change of the neutron
emission profile because Sn reflects global neutron emission. On the other hand, neutron
counts measured by VNC reflect local neutron emission. It was reported that in the high-

Bt experiment, the volume integrated neutron emission profile shows that neutrons are

10



mainly produced at normalized minor radius 7/a of ~0.5 [31]. The discrepancy of the ratio

of Sh and neutron counts in high-B: and low-B: suggests volume integrated neutron

emission profile is vastly changed in the low-B: case compared to in high-B: case, as

expected from Fig. 8. In the co-NB case, the peak position of the line-integrated neutron

profile was R of ~ 4.0 m, whereas, in the counter-NB case, the peak of the line-integrated

neutron emission profile was at R of 3.6 m. Furthermore, in the co- NB case, the steep

gradient of the neutron emission profile was observed at R of ~4.1 m. It is found that the

deviations of peak positions in the co-going and the counter-going cases became larger as

B: decreased.

4. Setup for Neutron Emission Calculation Based on Orbit-Following Models

A numerical simulation was performed using the DELTASD code [32] to

understand the measured line-integrated neutron emission profile in detail. The flowchart

of the calculation is shown in Fig. 9. The equilibrium was reconstructed by the

VMEC2000 code [33], using the radial profile of the electron temperature and the electron

density measured by Thomson scattering diagnostics. Here, the ion temperature was

assumed to be equivalent to the electron temperature. The configuration of the ion density

profile was also assumed to be equivalent to the electron density, and the effective charge

11



was assumed to be Zes=3.0 from the previous evaluation of effective charge in a short

pulse NB injection experiment performed in a similar plasma density region [34] with a

constant radial profile. The birth profile of the beam ion was calculated using the

HFREYA code based on the equilibrium, which is an aspect of the FIT3D code [35-37].

The guiding center orbit of beam ions from the birth positions of beam ion in the Boozer

coordinates, including collisions with background plasma, is followed in the DELTASD

code for 1 s, which is longer than typical the neutron decay time due to slowing down and

transport of beam ions in this density range ~500 ms [34]. The energy and spatial

distributions of beam ions in the steady-state plasma are calculated by integrating every

0.5 ms the distribution function analyzed by DELTASD. Five-dimensional distribution

functions meant three dimensions of the spatial distribution, e.g., 7/a, toroidal angle, and

poloidal angle, plus two dimensions of velocity distribution, e.g., energy and pitch angle.

The neutron emissivity in each spatial grid is calculated using the energy distribution of

beam ions, deuteron density, and deuteron temperature. Here, we only consider a beam-

thermal DD fusion reaction using the deuterium-deuterium cross-section using Ref. 38

because the beam-beam fusion rate is low because the relative velocity of beam ions

injected by the same N-NB is small. The line-integrated neutron profile is calculated

based on the neutron emission profile at the poloidal cross section, where the VNC1 is

12



installed. We randomly choose a thousand points on the detector surface and one thousand

points on the upper end of the multichannel collimator using a random number generator

to draw one thousand virtual line elements. The line-integrated neutron emission profile

is calculated by the summation of the neutron emissivity along with the line elements

with five-millimeter steps.

Figure 10 shows the typical collisionless beam ion orbit in Boozer coordinates

calculated by the DELTASD code. Figure 10 (a) shows the orbit of co-going ions whose

energy and pitch angle are 180 keV and 38 degrees, respectively, for each Bt case. Here

the pitch angle of 38 degrees is the typical pitch angle of beam ions deposited on the

relatively outer region of plasma by a co-injection beam [39]. The start point of the

guiding center orbit was set to be at a normalized minor radius, 7/a, of 0.6 and a poloidal

angle of 0 degrees (right-hand side of the figure). In the co-going case, the orbit shifts

outward, as expected. At Bt of 2.75 T, the beam ion orbit almost traced the flux surface.

The deviation of the orbit from the flux surface became more significant for Bt of 1.83 T.

For B: of 0.6 T, the orbit deviates significantly and stays only on the outer side of the

plasma. Figure 10 (b) shows the orbit of a counter-going ion whose energy and pitch angle

are 180 keV and 142 degrees, respectively, for each case of Bi. Here the pitch angle of

142 degrees is the typical pitch angle of beam ions deposited on the relatively outer region

13



of a plasma injected by a counter injection beam [39]. The starting point of the orbit was

set to be at #/a of 0.6 and a poloidal angle of 180 degrees (left-hand side of the figure). In

the counter-going case, the orbit shifted inward, as expected. The deviation of the orbit

from the flux surface is more significant than that of the co-going case. The deviation

from the flux surface became more extensive as the magnetic field strength decreased.

Figure 11 shows the time trace of beam ion energy in each Bt case calculating

with DELTASD code including the slowing down with background plasmas. Here, the

beam ion energy is the averaged value of ten particles. Start points and initial pitch angles

are the same as the collisionless orbit calculations shown in Fig. 10. The slowing down

of beam ions becomes gentle as the increase of Bt in both cases because of relatively high

electron temperature which induces a longer slowing down time of beam ions. In co-

going transit cases the Spitzer slowing down time (ze) of Bt of 0.60 T, 1.83 T, 2.75 T at

r/a of 0.6 are 61 ms, 307 ms, and 439 ms, respectively, whereas the velocity slowing down

times evaluated by exponential fitting in Fig. 11 (a) at Bt of 0.60 T, 1.83 T, 2.75 T are 62

ms, 458 ms, and 559 ms, respectively. The ratio of the velocity slowing down time in

DELTASD calculation on e in B of 0.60 T, 1.83 T, 2.75 T cases are 1.0, 1.5, and 1.3,

respectively. The ratio at Bt of 0.6 T is unity because r/a position of the orbit is almost

unchanged, as shown in Fig. 10 (a). The longer slowing down time in the orbit following

14



simulation compared to the Spitzer slowing down time in 1.83 T and 2.75 T cases is due

to the orbital effect. This is because beam ion orbit passes the inner side of 7/a, where the

slowing down time is longer, compared to the initial 7/a. The highest ratio is obtained at

Bt of 1.83 T case because orbit reaches the most inner side of the plasma, as shown in Fig.

10 (a). In counter-going transit cases tse of Bt 0of 0.60 T, 1.83 T, 2.75 T at /a of 0.6 are 65

ms, 268 ms, and 356 ms, respectively, whereas the velocity slowing down times evaluated

by exponential fitting in Fig. 11 (b) at Btof 0.60 T, 1.83 T, 2.75 T are 80 ms, 296 ms, and

406 ms, respectively. The ratio of the velocity slowing down time in DELTASD

calculation on e in Bt of 0.60 T, 1.83 T, 2.75 T cases are 1.2, 1.1, and 1.1, respectively.

Unlike co-going transit cases, the ratio is almost unchanged as Bt because the shift of orbit

from the birth 7/a position is relatively small compared with the co-going cases. As shown

in Fig. 10 (b) in counter-going transit cases, the orbit shifts to the inner side of »/a, where

the slowing down time is longer, at the outward region, whereas the orbit shifts to the

outer side of 7/a, where the slowing down time is shorter, at the inward region. Relatively

small deviation and pass through the inner and outer region of »/a compared with the start

point may induce relatively small changes of slowing down time.

5. Neutron Emission Calculation Based on Orbit-Following Models

15



5.1 Calculation of line-integrated neutron emission profile in high-Bt condition

Figure 12 shows the two-dimensional neutron emissivity profile calculated using
the distribution function of beam ions obtained by the DELTASD code at the poloidal
cross-section where the VNCI1 is located. It is worth noting that So/Pns [n/s/MW] obtained
in the calculation is 8.4x10'3 for co-going case and 7.5x10'3 which are 1.2 and 0.8 times
of experimentally obtained Sn/PnB, respectively. In the co-NB case, the neutron emissivity
had its peak in the equatorial plane. In the counter-NB case, the neutron emissivity has a
hollow profile. Line-integrated neutron emission profiles were calculated considering the
width and location of each sightline (Fig. 13). Here, the error bar on the x-axis indicates
the poloidal Larmor radius evaluated using the injection energy of NB. The calculated
neutron emission has a peak at R of ~3.7 m in the co-NB case, whereas in the counter-NB
case, the peak is located at R of ~3.6 m, as observed in the experiment. The calculated

profile is in approximate qualitative agreement with the experimental profile.

5.2 Calculation of line-integrated neutron emission profile in middle-B: condition
Figure 14 shows the two-dimensional neutron emissivity profile calculated using
the distribution function of beam ions obtained by the DELTASD code at the poloidal

cross-section, where the VNCI1 is located. Note that Sw/Pns [n/ssMW] obtained in the

16



calculation is 7.5x10'3 for the co-going case and 7.2x10'3 for counter-going which are 0.7
and 1.1 times of experimentally obtained S»/Pns, respectively. In the co-NB case, the
neutron emissivity had its peak in the equatorial plane. In the counter-NB case, the
neutron emissivity has a hollow profile. Line-integrated neutron emission profiles were
calculated considering the width and the location of each sightline (Fig. 15). Here, the
error bar on the x-axis indicates the poloidal Larmor radius evaluated using the injection
energy of the NB. The calculated neutron emission has a peak at R of ~3.7 m in the co-
NB case, whereas in the counter-NB case, the peak is located at R of ~3.6 m, as observed
in the experiment. Although the signal in the inner side region of the co-NB case is higher
in the experiment, the calculated profile is in approximate qualitative agreement with the

experimental profile.

5.3 Calculation of line-integrated neutron emission profile in low-Bt condition

Figure 16 shows the two-dimensional neutron emissivity profile calculated using
the distribution function of beam ions obtained by the DELTASD code at the poloidal
cross-section, where the VNCI is located. It is worth noting that Sw/Pns [n/s/MW]
obtained in the calculation is 1.5x10'3 for the co-going case and 5.0x10'? for the counter-

going case which are 1.2 and 0.5 times of experimentally obtained Sn/Pns, respectively.

17



In the co-NB case, the neutron emissivity had its peak in the equatorial plane but largely

shifted to the outward of the torus. In the counter-NB case, the neutron emissivity has a

relatively flat profile. Line-integrated neutron emission profiles were calculated

considering the width and the location of each sightline (Fig. 17). Here, the error bar on

the x-axis indicates the poloidal Larmor radius evaluated using the injection energy of the

NB. Although the calculated neutron emission profile almost aligns with the calculated

profile in the counter-NB case, in the co-NB case, the calculated profile has a narrower

profile at the inboard side when compared with the experimental profile. The narrower

nature of the calculated profile may be due to the orbit loss boundary or the effect of

MHD instabilities. In the DELTASD calculation, beam ion orbits are followed in Boozer

coordinates. Therefore, the orbit loss boundary is the last closed flux surface. However,

in an experiment, some of the beam ions crossing the last-closed flux surface can reenter

the plasma region. In previous research, the reentering effect of beam ions in a relatively

low field experiment was evaluated using the MORH code [40]. It was reported that the

heating efficiency of the co-going beam became 1.8 times when the reentering effect was

included in fairly low field conditions, e.g., Bt of 0.425 T. In contrast, there was barely a

change in the heating efficiency of the counter-going beam [41, 42]. Besides, the number

of reentering ions becomes significant when Bt is decreased for the co-going beam,

18



whereas the number of reentering ions is almost unchanged for the counter-going beam.
The reentering effect is thought to be visible in a relatively low Bt configuration at the
inward side for co-going beam ions, as predicted by previous research. Another possibility
is the MHD instabilities. In the low-B: case, the magnetic fluctuation amplitude
normalized by B (b _iilda/By) is substantially large 2.5%10™* compared to in high-B: 1.8x10-
> and middle-B: 7x107 cases. Such MHD instabilities might enhance the transport of beam
ions, which leads to the degradation of the neutron emission rate and change of neutron
emission profile. The detailed analysis of the neutron emission profile in low-B: case will

be the future work.

5. Summary

Neutron emission profiles were measured using a VNC in the LHD plasma with
tangential N-NB injected under various Bt conditions, where the neutron emission profiles
are different due to the beam ion orbit and slowing-down time. The peak of the line-
integrated neutron emission profile shifted significantly in the low Bt case relative to the
high Bt case. Thus, the neutron emission profiles in the co-NB case and the counter-NB
case move away from each other as B: decreases. The experimentally obtained line-

integrated neutron profile was compared with the calculated profile using the guiding
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center orbit code DELTASD with a VMEC2000 equilibrium. The orbit in Boozer

coordinates showed that the deviation of the orbit from the flux surface becomes larger

as Bt decreases, as expected. The slowing down time of energetic ions is longer compared

with Spitzer slowing down time because of orbital effects. Although the calculated Sn/Pns

stays within a factor of two, the deviation of calculated S»/Pns from the experimental

value varies from -50% to +20% and opposite directions for co- and counter going cases.

One of the possible candidates for the deviation in the opposite direction might be Zer.

The part of beam ions can hit the plasma-facing components which leads to the incidence

of impurities. The hitting position on the plasma-facing components depends on the beam

ion orbit decided by the magnetic field configuration and strength. The precise evaluation

of Zesr including the profile, which is our future work, will provide a better understanding

of beam ion confinement in experiments and calculations. The peak of the neutron

emissivity shifts inward in the co-NB case, whereas in the counter-NB case, the peak of

the neutron emissivity shifts outward as Bt decreases. The line-integrated neutron profile

obtained through calculation was compared with that obtained through the experiment.

Although the calculated peak position aligned with the experimental peak position, the

calculated profile was narrower at the inward side for the co-NB case for a relatively low

Bt case. Possible explanations for this deviation are the reentering effect of beam ions and
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the effect of MHD instabilities. The experimentally obtained neutron emission profile

almost matches the profile calculated by guiding center orbit-following models in the

middle to high Bt experiment.
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Fig.1 Top view of the LHD with the neutron flux monitor and vertical neutron camera 1.
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Fig. 2 (a) Schematic drawing of the vertical neutron camera. (b) Sightlines of VNC

together with the poloidal cross-section of a plasma.
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Fig. 3 Time evolutions of plasma discharges in high B: conditions with (a) co-N-NB

injection and (d) ctr.-N-NB injection. (b), (d) Radial profile of 7. and n. measured by

Thomson scattering diagnostics.
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Fig. 4 Line-integrated neutron emission profiles obtained for a high B: with N-NB

injection.
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Fig. 5 Time evolutions of plasma discharges in middle Bt conditions with (a) co-N-NB

injection and (c) ctr.-N-NB injection. (b), (d) Radial profile of Te and n. measured by

Thomson scattering diagnostics.
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Fig. 6 Line-integrated neutron emission profiles obtained for a middle Bt with tangential
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Fig. 7 Time evolutions of plasma discharges in low B: conditions with (a) co-N-NB

injection and (c) ctr.-N-NB injection. (b), (d) Radial profile of Te and n. measured by

Thomson scattering diagnostics.
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Fig. 8 Line-integrated neutron emission profiles obtained for a low Bt with tangential N-

NB injection.
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Fig.9 Flowchart of neutron emission profile calculation.
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Fig. 10 Typical collisionless guiding center orbit in Boozer coordinates calculated with
the DELTASD code for (a) co-going transit beam ions, (b) counter-going transit beam

ions.
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Fig. 11 Time evolution of beam ion energy calculated by DELTASD code including the
collision effect with background plasmas for (a) co-going transit beam ions, (b) counter-

going transit beam ions.
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Fig. 12 Two-dimensional plot of neutron emissivity obtained from the numerical

simulation in high Bt conditions with (a) co- and (b) counter N-NB injections.
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Fig. 13 Line-integrated neutron emission profiles calculated for a high Bt with (a) co-N-

NB injection and (b) ctr.-N-NB injection.
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Fig. 14 Two-dimensional plot of neutron emissivity obtained from the numerical

simulation in middle Bt conditions with (a) co- and (b) counter N-NB injections.
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Fig. 15 Line-integrated neutron emission profiles calculated for a middle B: with (a) co-

N-NB injection and (b) ctr.-N-NB injection.

39



B,=060T
Co NB injection  Counter NB injection

1.0 1.0 b
0.8 0.8
Neutron emissivity Neutron emissivity
0.6 (m3s1) 0.6 (m3s1)
0.4 - 6.0e+13 0.4 - 6.0e+13
0.2 0.2
. 4.5e+13 ? 4.5e+13
E 0.0 E 0.0
N 02 3.0e+13 N 02 3.0e+13
-0.4 -0.4-
0.6 1.5e+13 0.6 1.5e+13
-0.8 1.0 -0.8+ 1.0
-1.0 -1.0
-1.2 e e -1.2- -_—
3.03.23.43.63.84.04.24.4 3.03.23.43.63.84.04.24.4
R (m) R (m)
#155708 t=4.20 s #155606 =4.20 s

Fig. 16 Two-dimensional plot of neutron emissivity obtained from the numerical

simulation in low Bt conditions with (a) co- and (b) counter N-NB injections.
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Fig. 17 Line-integrated neutron emission profiles calculated for a low Bt with (a) co-N-

NB injection and (b) ctr.-N-NB injection.
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