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ABSTRACT
The fast deuteron (non-Maxwellian component) diagnostic method, which is based on the higher resolution optical spectroscopic mea-
surement, has been developed as a powerful tool. Owing to a decrease in the D–H charge-exchange cross section, the diagnostic ability of
conventional optical diagnostic methods should be improved for ∼MeV energy deuterons. Because the 3He–H charge-exchange cross section
is much larger than that of D–H in the ∼MeV energy range, the visible light (VIS) spectrum of 3He produced by the dueteron–dueteron (DD)
reaction may be a useful tool. Although the density of 3He is small because it is produced via the DD reaction, improvement of the emissivity
of the VIS spectrum of 3He can be expected by using a high-energy beam. We evaluate the VIS spectrum of 3He for the cases when a fast
deuteron tail is formed and not formed in the ITER-like beam injected deuterium plasma. Even when the beam energy is in the MeV energy
range, a large change appears in the half width at half maximum of the VIS spectrum. The emissivity of the VIS spectrum of 3He and the
emissivity of bremsstrahlung are compared, and the measurable VIS spectrum is obtained. It is shown that the VIS spectrum of 3He is a useful
tool for the MeV beam deuteron tail diagnostics.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0034683

I. INTRODUCTION

In a nuclear burning plasma, fast ions are always generated
by fusion reactions, neutral beam injection (NBI), radiofrequency
heating, and large-angle scattering.1–4 Fast ions are essential for sus-
taining a nuclear burning plasma, and they collide with the particles
in the plasma and provide them with energy; the plasma is heated
through the repetition of this process. Fast ions may drive magne-
tohydrodynamic (MHD) instabilities such as sawteeth or toroidal
Alfvén eigenmodes.5–7 If the instability is driven, the confinement
of fast ions deteriorates7,8 and the efficiency of plasma heating
by fast ions decreases. The elucidation of physics related to fast
ions and MHD instabilities is one of the most important subjects

in nuclear fusion research. These phenomena can be understood
through the velocity distribution function of fast ions (fast ion tails).
The slowing-down of fast ions appears as the shape of fast ion tails,
and the gradient of fast ion tails affects MHD instabilities.8,9 It is
important to diagnose fast ion tails in experimental devices.

There are various types of fast ions, and we will focus on fast
deuterons. The fast deuteron tail diagnostic method has been pro-
posed or used in many experimental devices.10 Among the fast
deuteron tail measurement methods, collective Thomson scatter-
ing (CTS)11 and fast ion D alpha (FIDA)12 are direct measure-
ments of the fast deuteron tail. CTS measurement contributed to
the investigation of NBI-driven ion cyclotron instabilities.13 FIDA
has excellent energy resolution owing to the use of a visible light
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(VIS) spectrometer. The deuteron is fully ionized in high temper-
ature plasma and does not spontaneously emit photons. There-
fore, the deuteron must be recombined by charge-exchange with
an injected neutral particle beam. This method, which is known as
charge-exchange recombination spectroscopy (CXRS), is a success-
ful diagnostic approach.14 FIDA uses a charge-exchange recombi-
nation reaction to measure the Balmer line of deuterons that are
fully ionized in plasmas. In the ASDEX upgrade, during sawtooth
crashes, fast deuteron redistribution was measured using FIDA.15 To
date, fast deuteron tail measurements have focused on fast deuteron
tails that have been formed in the energy region of 10–100 keV.
This energy range is suitable for the commonly used NBI injec-
tion energies. In an ITER-like experimental device with high-energy
NBI, fast deuteron tails will be formed in the energy region on
the order of MeV. In addition, alpha particles are produced by
the DT reaction on the MeV range. In fusion reactors after the
DEMO reactor, it is important to confirm the slowing-down and
characteristics of loss of fast ions in the ITER because plasma heat-
ing occurs by fast ions with energy in the MeV region. When
the energy of fast deuterons reaches the MeV region, even if the
electron density is low, it becomes difficult for FIDA to obtain
detailed information on fast deuteron tails.10 This occurs because
the charge-exchange reaction cross section between the hydrogenic
ion and the hydrogenic atom sharply decreases in the MeV region.
Higher energy fast deuterons are produced by the negative ion
source tangential-injection NBI such as JT-60SA and ITER. These
deuterons need to be charge-exchanged using this NBI. In addi-
tion, the measurement line of sight must be tangential because
the fast deuteron is injected tangentially. Hence, the shift direc-
tion of beam emissions is the same as the shift direction of the
FIDA spectrum, and the FIDA spectrum is contaminated by beam
emissions.16

A measurement method, which uses a nuclear reaction dur-
ing which the cross section rapidly increases at the high-energy
region, is effective for the fast ion tail formed in the MeV region. In
nuclear reactions that produce neutrons or gamma rays, the energy
spectrum of nuclear reaction products contains information on the
velocity distribution function of the reactants. Specifically, when the
fast deuteron tail is formed in the velocity distribution function of
the reactants, the energy spectrum of nuclear reaction products is
distorted from the Gaussian component.17 In JET, an attempt was
made to estimate the fast ion tail formed by the third harmonic
ion cyclotron resonance frequency heating by measuring the energy
spectrum of neutrons.18 In addition, a method using the anisotropy
of neutron emissions for measuring small tail sizes has been pro-
posed.19 For gamma rays, Doppler broadening becomes wide in the
wavelength (energy) spectrum.20,21 This occurs because the wave-
length (energy) spectrum of gamma rays is determined by the energy
spectrum of the nuclide that emits gamma rays. The non-Gaussian
component is the high-energy component in the energy spectrum
of nuclides that emits gamma rays, and it is strongly affected by
the Doppler effect. However, diagnostic methods using neutron and
gamma rays have insufficient resolution of the detector to estimate
the fast ion tail in detail. In the measurement conducted by Helle-
sen et al., the energy resolution in the inferred fuel ion distribution
function varied from 100 keV at low energies to 400 keV at the high-
est energies.18 To measure the fast ion tail with high accuracy, it is
desirable to use an instrument with higher energy resolution.

The energy (wavelength) resolution of a visible light (VIS)
spectrometer is higher than that of instruments measuring neu-
trons and gamma rays. If the VIS spectrum of 3He produced by the
dueteron–dueteron (DD) reaction can be measured, a detailed diag-
nosis of fast deuteron tails may be possible. In the region where the
relative energy is on the order of MeV, the charge-exchange cross
section between 3He2+ and H0 is ∼4 orders of magnitude larger
than that between D+ and H0.22 This characteristic is effective to
perform fast deuteron tail diagnosis in the MeV range, which is dif-
ficult to do with FIDA. Furthermore, there is no contamination of
the spectrum by beam emissions because elemental species is dif-
ferent from that of the beam. As a CXRS measurement for nuclear
reaction products, there is a report that the velocity distribution
function of thermalized alpha particles has been measured in TFTR
DT plasmas.23 In addition, the alpha particle measurement by CXRS
using high-energy beams may be possible by calculation analysis in
ITER DT plasmas.24 This suggests that the VIS spectrum of 3He
may be measured. The energy of 3He is smaller than the energy of
alpha particles produced by the DT reaction. Therefore, the charge-
exchange cross section of hydrogenic neutral particles and helium
ions increases. In general, 3He is not an ideal target for spectro-
scopic measurements owing to its low nuclear reaction rate. Possible
solutions include an increase in ion temperature and the injection
of a high-energy beam. These factors considerably increase the DD
reaction rate and charge-exchange reaction rate. The effectiveness of
using the 3He VIS spectrum for fast deuteron diagnostics is assessed
under the following two viewpoints. (1) The first viewpoint is the
magnitude of the change in Doppler broadening of the VIS spec-
trum of 3He with the fast deuteron tail formation. If the change
in Doppler broadening of the VIS spectrum is small relative to the
spectrometer resolution, it may not be possible to distinguish the
change. Therefore, it is necessary to compare the amount of change
in Doppler broadening in the VIS spectrum with and without the fast
deuteron tail and the spectrometer resolution. (2) In spectroscopy,
bremsstrahlung noise may obscure the VIS spectrum of 3He. It is
important to compare the emissivity of the VIS spectrum with the
emissivity of bremsstrahlung.

The purpose of this paper is to examine whether the Doppler
spread of the VIS spectrum of 3He+ can be applied to diagnose
fast deuteron tails. By limiting the calculation conditions at a high
ion temperature and high beam energy, the VIS spectrum is eval-
uated when the beam deuteron tail is formed and not formed. The
effectiveness of the proposed method is clarified on the basis of the
above-mentioned two viewpoints and compared with FIDA.

II. ANALYSIS MODEL
We assumed a spatially uniform deuteron beam injected deu-

terium plasma. It was assumed that reactions (i.e., DD reaction
and charge-exchange reaction) and photon emission occur isotropi-
cally. The steady-state deuteron velocity distribution function f d was
evaluated by solving the Fokker–Planck equation as follows:

(∂ f d(vd)
∂t

)
Coulomb

+ S(vd) −
f d(vd)

τp
= 0, (1)

where vd is the velocity of the deuteron and τp is the particle con-
finement time. The first term on the left-hand side of Eq. (1) is the
Coulomb collision term. The second term is the source (deuteron
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beam) term. The third term is the particle loss term. The source is
assumed to be the isotropic deuteron beam, and the velocity distri-
bution function of the deuteron is uniformly distributed. The 3He2+

energy spectrum was evaluated by the following formula:25

dN3He2+

dE
= 1

2∬ f d(vd) f d′(vd′)σddδ(E − E3He2+)vrdvddvd′ , (2)

where

E3He2+ = 1
2

m3He2+VC
2 + mn

mn +m3He2+
(Q + Er)

+ VC cos θC

¿
ÁÁÀ 2mnm3He2+

mn +m3He2+
(Q + Er), (3)

with vr = ∣vd − vd′∣. Vc is the center-of-mass velocity between
deuterons. θc is the angle between the 3He2+ velocity in the center-
of-mass frame and the center-of-mass velocity. Q is the Q value of
the DD reaction, and Er represents the relative energy. The cross
section of the DD reaction σdd was obtained from Bosch and Hale.26

The energy spectrum of 3He2+ recombined by the charge-exchange
reaction was calculated as

dN3He+

dE3He+
=∬ f 3He2+(v3He2+) f H0(vH0)σCX

× δ(E3He+ − E3He2+)vrdv3He2+dvH0 , (4)

where H0 denotes the neutral light hydrogen and σCX is the charge-
exchange reaction cross section of H0 and 3He2+. The 3He2+ velocity
distribution function f 3He2+ was evaluated using Eq. (1). The neutral
light hydrogen distribution f H0 has monoenergy distribution. The
neutral light hydrogen density nH0 was calculated by the following
equation: nH0 = PH0 /(EH0 × A × vH0 ), where A is the cross section
of the diagnostic beam for charge-exchange. Of note, the diag-
nostic (charge-exchange) beam is separate from the heating beam.
We assumed that the 3He velocity vector does not change before
and after the charge-exchange reaction. The charge-exchange cross
section was obtained from the National Institute for Fusion Science
database.22 The expected photon spectrum of 3He+ was evaluated as

dNph

dλ
= ∫

dN3He+

dE3He+
δ(E − Ephoton)dE3He+

dE
dλ

, (5)

where

Ephoton = Ephoton0

⎛
⎜
⎝

√
1 − (v3He+/c)

2

1 − (v3He+/c) cos θ

⎞
⎟
⎠

. (6)

In Eq. (6), Ephoton0 is the transition energy and c is the speed of light.
θ represents the angle between the observation line of sight and the
3He+ velocity vector. The expected VIS spectrum is expressed by
the quantity per unit solid angle. The upper-level principal quan-
tum number (n = 4) has four types of subshells (e.g., s, p, d, and f);
the transition from 4s has large charge-exchange cross section and
large branching ratio. Therefore, in this study, we considered only
the 3p–4s transition. The effect of the halo can be neglected in the

TABLE I. Calculation parameters.

Parameter Value

ENBI (deuterium) (MeV) 0.3–1.5
PNBI (deuterium) (MW) 16.5, 33
EH0 (hydrogen) (MeV) 1.0
PH0 (hydrogen) (MW) 16.5
A (m2) 0.1
Te (keV) 20
Td (keV) 20
ne, nd (m−3) 2.0 × 1019

τp (s) 3
V (m3) 800

beam energy range of this paper. The spectrum of bremsstrahlung
was evaluated as

dNbrem

dλ
= 1.9 × 10−36nendZeffgff

Te
1/2λ2Ebrem

exp(− hc
Teλ
), (7)

with Ebrem = hc/λ. Zeff is the effective charge, gff is the temperature-
averaged Gaunt factor, and h is the Planck constant. In this analysis,
we assumed that Zeff = 1.6 and gff = 5. The diagnostic ability ξ × ζ
was defined as

ξ × ζ = ∫
dNtail

dλ −
dNMaxwellian

dλ dλ

∫ dNMaxwellian
dλ dλ

×
( dNtail

dλ −
dNMaxwellian

dλ )
peak

( dNbrem
dλ )peak

, (8)

where the tail indicates the case of beam tail formation and
Maxwellian is the case of no tail formation. This equation is
expressed as the product of the skewness of the VIS spectrum in
the case of beam tail formation with respect to the case of no tail
formation (ξ) and the emissivity ratio for bremsstrahlung (ζ). The
signal-to-noise ratio (SNR) was defined as

S
N
= ∫ Sdλ

1
η

√
(∫ Sdλ + ∫ Cdλ)η

, (9)

where S is the fast 3He signal and C is the bremsstrahlung signal.
The effective optical throughput of the spectrometer η was defined
as εtexpQET. ε is the etendue, texp is the exposure time, QE is the
quantum efficiency, and T is the optical transmission. We assumed
that ε = 5 mm2 sr, texp = 5 s, QE = 90%, T = 15%, and the wavelength
range is 0.1 nm. Table I shows the parameters used in the analysis. V
represents the plasma volume. ENBI is the neutral beam energy. PNBI
is the neutral beam power.

III. RESULTS AND DISCUSSION
Figure 1 shows the deuteron velocity distribution functions for

different beam energies. Change in the beam energy alters the size of
the beam tail. This occurs because the density of deuterons injected
by NBI is inversely proportional to the beam energy. In addition, the
size of the bulk component depends on the beam energy. This occurs
because the calculations were made in such a way as to conserve the
density of deuterons. Therefore, with an increase in the beam tail
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FIG. 1. Deuteron velocity distribution functions when PNBI = 33 MW, Te = Td
= 20 keV, and ne = nd = 2.0 × 1019 m−3 for several beam-injection energies in
a beam injected ITER-like plasma.

size, the size of the bulk component will be reduced in the opposite
direction.

Figure 2 shows the 3He2+ energy spectra for different
beam energies. If the deuteron velocity distribution function is
Maxwellian, the 3He2+ energy spectrum will be close to the Gaus-
sian distribution (shown as a dashed line). When the beam tail is

FIG. 2. Energy spectra of 3He2+ produced by the DD reaction when PNBI = 33 MW,
Te = Td = 20 keV, and ne = nd = 2.0 × 1019 m−3 for several beam-injection
energies.

formed, the maximum value of the 3He2+ energy spectrum increases.
This occurs because the cross section of the DD reaction increases at
a high relative energy so that the emission rate of 3He2+ increases.
When the beam energy increases, the distortion of the 3He2+ energy
spectrum from the Gaussian distribution becomes large because the
3He2+ energy increases.

Figure 3 shows the 3He+ VIS spectrum (expected) for differ-
ent (a) beam energies and (b) beam powers. This graph is drawn
as a semi-log graph. The emissivity of the VIS spectrum is ∼1%
compared to the emissivity of bremsstrahlung. This ratio is com-
parable to the CXS measurement for slowing-down alpha particles

FIG. 3. VIS spectra (solid line) of 3He+ when Te = Td = 20 keV and ne = nd
= 2.0 × 1019 m−3 along with the bremsstrahlung spectrum (broken line): (a) ENBI
dependences and (b) PNBI dependences.
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TABLE II. S/N ratios for several beam energies when PNBI = 33 MW, Te = Td
= 20 keV, and ne = nd = 2.0 × 1019 m−3.

ENBI (deuterium) S/N ratio at S/N ratio at
(MeV) (472 ± 0.05 nm) (477 ± 0.05 nm)

1.5 25 11
1.0 24 10
0.75 22 9.5
0.5 20 7.8
0.3 16 6.0

in TFTR.23 Thus, the spectrum in the range of λ0–478 nm may be
measured using long-time exposure. The emissivity of the VIS spec-
trum is dependent on the beam energy. This occurs because, when
the beam power is fixed, the size of the beam tail is inversely propor-
tional to the beam energy. The emissivity is also dependent on the
beam power. This can be explained by the fact that the DD reaction
rate changes when the beam energy is fixed and the beam power is
changed. If the 3He+ VIS spectrum is measured beyond 478 nm, we
can obtain more detailed information about the beam tail.

The SNR was evaluated for (a) in Fig. 3. The results are sum-
marized in Table II. In the beam energy range of 0.5–1.5 MeV, the
SNR is large and accurate measurements can be expected. Even
though the intensity of the bremsstrahlung is two orders of magni-
tude greater than the intensity of the signal, the SNR is greater than
1 because noise is defined as the uncertainty of the bremsstrahlung
(i.e., the square root of the intensity of the bremsstrahlung) in this
paper. The SNR was evaluated when the beam energy was fixed at
1 MeV and the plasma temperature was varied. In the plasma tem-
perature range of 18–20 keV, the SNR is large and accurate mea-
surements can be expected (Table III). The electron density cannot
be higher than 2 × 1019 m−3 because it would increase the inten-
sity of the bremsstrahlung and reduce the size of the fast deuteron
tail. NBI with beam energies above 0.5 MeV will be installed in the
experimental device after JT-60SA. It will be the experimental device
after ITER that can maintain the high plasma temperature for a long
time. Therefore, it is difficult to apply the proposed method to the
present-day experimental device.

We estimated the halo density relative to the NB density. When
the beam energy is 1 MeV, the halo density is on the order of
109 m−3. The NB density is on the order of 1013 m−3, which is
four orders of magnitude higher than halo density. When the beam
energy is 0.3 MeV, the halo density is on the order of 1012 m−3.
The NB density is on the order of 1014 m−3, which is two orders
of magnitude higher than halo density. In addition, the D(H)–3He
charge-exchange cross section is smaller than that of the beam H0

TABLE III. S/N ratios for several plasma temperatures when ENBI = 1.0 MeV,
PNBI = 33 MW, and ne = nd = 2.0 × 1019 m−3.

Temperature S/N ratio at S/N ratio at
(keV) (472 ± 0.05 nm) (477 ± 0.05 nm)

20 24 10
18 18.5 8.0
15 12 5.1

because the energy of the bulk D0 is about a few keV. Therefore, the
effect of the halo can be neglected in the beam energy range of this
paper.

Figure 4 shows the normalized 3He+ VIS spectrum (expected)
for different (a) beam energies and (b) beam powers. The value at
λ = 472 nm (thermalized 3He influence becomes sufficiently small)
in the 3He+ VIS spectrum was used for normalization. This graph
is drawn as a linear graph. With an increase in the beam energy,
the half width at half maximum (HWHM) of the VIS spectrum

FIG. 4. VIS spectra of 3He+ normalized by the value at λ = 472 nm when
Te = Td = 20 keV and ne = nd = 2.0 × 1019 m−3: (a) ENBI dependences and
(b) PNBI dependences.
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increased. This occurred owing to the high proportion of 3He+ with
the energy greater than 0.8 MeV when the beam energy is high.
When the beam power increases, the HWHM increases, which is
similar to the case of increasing beam energy. By defining ΔλHWHM
as the difference in HWHM when the beam tail is formed and
when it is not, ΔλHWHM is ∼0.6 nm under the conditions of ENBI
= 1.0 MeV and PNBI = 33 MW. In the VIS range, the resolution
of the spectrometer of ITER is ∼20 pm,24 which is sufficient for
detecting ΔλHWHM in the VIS spectrum. Thus, it is possible to dis-
tinguish between the case where the beam tail is formed and the
case where the beam tail is not formed in the VIS spectrum. The
change in plasma temperature and the change in beam energy can
be distinguished by simultaneously looking at the HWHM and the
emissivity of the VIS spectrum. When the temperature is changed,
both the HWHM and the emissivity change. In this case, the emis-
sivity changes more than that when the beam energy is changed.
Therefore, even if the change in HWHM is the same, distinction
can be made based on the change in emissivity. In the case of
beam power, the distinction can be made from the reaction rate
of the DD reaction rather than the emissivity of the VIS spec-
trum. When the beam power is fixed and the beam energy is varied,
the reaction rate of the DD reaction is almost unchanged. On the
contrary, when the beam energy is fixed and the beam power is
varied, the reaction rate of the DD reaction changes significantly.
Therefore, even if the change in HWHM is the same, distinction
can be made based on the change in the reaction rate of the DD
reaction.

Figure 5 shows the beam energy dependence of ΔλHWHM in
the VIS spectra. An increase in the beam energy and beam power
gains ΔλHWHM. The energy resolution of the proposed method in

FIG. 5. ΔλHWHM (difference in HWHM when the beam tail is formed and when
it is not formed) as a function of ENBI for several beam powers when Te = Td
= 20 keV and ne = nd = 2.0 × 1019 m−3.

FIG. 6. MeV range ion tail diagnostic ability ξ × ζ (products of the skewness of the
VIS spectrum and the emissivity ratio for bremsstrahlung) of the 3He VIS spectrum
(black and red lines) as a function of ENBI along with that of FIDA (orange line) for
Te = Td = 20 keV and ne = nd = 2.0 × 1019 m−3.

the primary deuteron distribution function can be estimated from
Fig. 5. To keep the SNR high, the wavelength is assumed to be
divided every 0.1 nm. At a beam energy of around 1 MeV, the res-
olution for the beam energy is estimated to be ∼150 keV. The gradi-
ent of ΔλHWHM as a function of beam energy depends on the beam
power. Therefore, the energy resolution in the velocity distribution
function improves with increasing beam power. Even if the entire
3He+ VIS spectrum cannot be measured, the shape of the beam
tail can be estimated from the relationship between ΔλHWHM and
emissivity.

Figure 6 shows the beam energy dependence of diagnostic abil-
ity for FIDA and VIS spectrum of 3He. In the case of FIDA, the beam
power of the deuterium beam was 33 MW. The beam energy of the
diagnostic beam was assumed to be 100 keV to avoid the influence
of contamination of the spectrum due to beam emissions. The diag-
nostic beam power was 3.6 MW. When PNBI is 33 MW in the VIS
spectrum of 3He, it was comparable to FIDA’s diagnostic ability for
a beam tail of ENBI = 0.75 MeV. Comparing the diagnostic ability of
FIDA with that of 3He VIS spectra, it is determined that 3He is more
sensitive than FIDA when the beam energy is on the order of MeV.
This occurs owing to the large difference between D–H and 3He–H
charge-exchange cross sections when the relative energy reaches the
MeV order.

Throughout the simulations, we assumed a uniform plasma.
The temperatures, densities, and deuterium beam (energetic
deuteron) in the actual plasma have spatial distributions. To select
the line of sight of the spectrometer, it is necessary to perform
simulations by considering spatial distributions.
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IV. CONCLUSION
This paper shows a possibility of Doppler broadening of the VIS

spectra of energetic 3He produced by the DD reaction to diagnose
the deuteron beam tail in the deuteron velocity distribution func-
tion. The VIS spectra of 3He for the cases when a beam tail is formed
and not formed in deuterium beam injected deuterium plasmas were
evaluated under conditions when a large amount of 3He is gener-
ated by the DD reaction increasing ion temperature and injecting
high-energy beam. The change in Doppler broadening of the VIS
spectrum of 3He is sufficiently larger compared to the resolution of
the current spectrometer, and a detailed observation of the size and
shape of the beam tail can be expected. The emissivity of the VIS
spectrum is ∼1% compared to the emissivity of bremsstrahlung. The
VIS spectrum may be measured using long-time exposure. The VIS
spectrum of 3He is a useful tool for the beam ion tail diagnostics
in low density and high ion temperature operation. In the future,
the evaluation will be performed by assuming an actual experimen-
tal device. If the observability increases, the beam tail shape will be
measured by the experiment.
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