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Calorimetric method has been primarily applied for several experimental campaigns to determine
the angular divergence of high-current ion source for the neutral beam injection system on the
Experimental Advanced Superconducting Tokamak (EAST). A Doppler shift spectroscopy has
been developed to provide the secondary measurement of the angular divergence to improve the
divergence measurement accuracy and for real-time and non-perturbing measurement. The modified
calculation model based on the W7AS neutral beam injectors is adopted to accommodate the
slot-type accelerating grids used in the EAST’s ion source. Preliminary spectroscopic experimental
results are presented comparable to the calorimetrically determined value of theoretical calculation.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4852295]

I. INTRODUCTION

Megawatt high current ion sources1 for the neutral beam
injection (NBI) systems are currently being developed in
the Institute of Plasma Physics Chinese Academy of Sci-
ences to provide the auxiliary heating for the Experimen-
tal Advanced Superconducting Tokamak (EAST). As one
of the key parameters of the beam, the angular divergence
should be measured properly in order to optimize the op-
erating conditions of the beam extraction system and to re-
duce the heat load on beam facing components.2, 3 Study
of transmission and intensity distribution of a heating beam
also needs the value of divergence4 especially for the case
when neutral beam is used for a diagnostic purpose.5 The
current calorimetric technique in the EAST NBI system suf-
fers from destruction of the measuring devices and is un-
available during beam injection period. Nowadays the use
of emission-line with Doppler-shift by the beam particles is
widely applied and becomes a standard and non-disturbing
tool for neutral beam injectors.6–8 Analysis of the energy
fractions as well as the angular divergence can be deduced
by the Doppler shift spectroscopy (DSS) measurement.9–11

For the experiments on the EAST NBI testbed, the inten-
sity of each Doppler-shifted component of Hα light is mea-
sured and energy fractions are calculated with appropriate
cross sections data12–14 and analysis model.15, 16 The angu-
lar divergence can be evaluated from the width of each
energy component after considering all related broadening
effects.

a)Contributed paper, published as part of the Proceedings of the 15th Interna-
tional Conference on Ion Sources, Chiba, Japan, September 2013.

b)Author to whom correspondence should be addressed. Electronic mail:
jtext@hust.edu.cn.

II. EXPERIMENTAL SETUP

Figure 1 shows the geometric relationship between the
accelerating grid and the arrangement of collecting optics.
Four-grid multi-slot accelerator is adopted for the EAST
ion source because of high transparency and efficient heat
removal performance. Each accelerating grid is fabricated
with four identical sub-electrodes. The sub-electrodes in
Section I and Section II are inclined to beam direction to
focus the beam. Two sub-electrodes in Section ZERO are in
the vertical plane with no contributions to beam convergence.
Ion beam is extracted along the z-axis through slot apertures,
which are parallel to the x-axis. Since the beam cross section
is rectangular and the divergence angle is different at each
viewing direction, the DSS optical system used on the EAST
NBI testbed occupies one viewing port in the vertical plane
and two in the horizontal plane. The inclined sightlines re-
specting to the beam direction to provide the Doppler-shifted
measurement have the angle of 46◦, 62.5◦, and 67.5◦. Sight-
lines of the L1 lens and L2 lens intersected the beam axis al-
most at the same place inside the neutralizer and the L3 lens
viewed the area just behind the exit of the neutralizer. Signals
from L1, L2, and L3 are relayed to a Czerny-Turner spectrom-
eter using optical fibers. The spectrometer has a focal length
of 0.5 m and an aperture of f/6.5 equipped with a grating at
1800 groves/mm.

III. CALCULATION MODEL

The broadening effects of beam-emitted light have been
thoroughly investigated under the concept of convolution by
Bracco et al. in Ref. 9. The detailed derivation of formulae
and evaluation of experimental results are strongly simpli-
fied if the use of 1/e widths of the spectrum is taken into
account.17
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FIG. 1. Geometric relationship between accelerating grids and the arrange-
ment of collecting optics (not drawn to scale). Beam is extracted along
z axis. Sightline in the vertical plane (upper picture) integrates light across
all three sections. Lenses in the horizontal plane (lower picture) only collect
light coming from Section ZERO.

In nonrelativistic approximation the Doppler shift of the
Hα line at a viewing angle θ with respect to the beam velocity
v is given by

�λ = λ0
v

c
cos θ, (1)

here λ0 = 6562.8 Å. The various broadening as a result of a
deviation from the central Doppler shift

�λ0 = λ0
v0

c
cos θ0 (2)

caused by a distribution of v and θ will be

δ ≡ d(�λ) = �λ0

(
dv

v0
+ tanθ0dθ

)
. (3)

A. Ion source temperature

The ion source has a finite temperature of the order of
a few eV. The angular divergence caused by perpendicular
beam temperature of the beam with energy Ebeam is

ε⊥ =
√

T⊥
Ebeam

, (4)

and the Gaussian 1/e half-width of the spectral line only con-
sidering T⊥ is

δ⊥ = ε⊥�λ0 tan θ0. (5)

Parallel beam temperature contributing to the 1/e half-
width of the spectral line is

δ‖ = ε‖�λ0. (6)

Beam parallel energy spread is strongly compressed by
the parallel acceleration.17 The high-voltage ripple is not con-
sidered for the same reason.

B. Sightline cross-section

The cross-section of sightline also blows up the measured
linewidth. Additional divergence can be obtained by the fiber
diameter, the focal length of the collecting lens. Sometimes
the viewing port may act as an aperture stop. Similar to Eq. (5)
the Gaussian 1/e linewidth caused by light collecting system
is

δLi
= εLi�λ0 tan θ0, i = 1 − 3, (7)

where εLi
is calculated from the geometric-optical relation for

each lens.

C. Instrument broadening

Since a spectrometer is used to analysis the beam emitted
Hα lines, instrumental broadening δinstr is monitored routinely
during experiments.

D. Beam focusing

Beam focusing also makes a contribution to the line
broadening for a spherical shape accelerating grid but this is
not the case for the EAST ion source. Ions are not focused
in the x direction and partially focused in the y direction by
the sub-electrodes in Section I and Section II. A summation
of three Gaussian functions as Eq. (8) is used as the target
function in the fitting procedure for each energy peak for the
spectra collected from L1. The fitting function is

yfit = A exp

(
− (λ − λ1)2

2σ 2

)
+ A exp

(
− (λ − λ2)2

2σ 2

)

+ 2A exp

(
− (λ − λ0)2

2σ 2

)
, (8)

where λ1 and λ2 are Doppler-shifted wavelengths caused by
the small inclined angles (α = 1.083◦) of sub-electrodes in
Section I and Section II. Three sub-components in Eq. (8) rep-
resent the beam emitted light from the three sections, respec-
tively. The light integration length in Section ZERO is twice
as that in Section I and Section II; therefore, the magnitude of
the third part is two times larger than the first two in Eq. (7).
As light comes from all sections bearing the same broadening
effect, the width control σ in each part has the same value in
Eq. (8).

Considering all the broadening effects discussed above
the total 1/e width of spectral line becomes

δLi
=

√
δ2
⊥ + δ2

‖ + δ2
Li

+ δinstr, i = 1 − 3. (9)

Then the influences of parallel and perpendicular beam tem-
perature can be derived using Eq. (9) for three independent
spectral results from collecting lenses which have different
angles inclined to the beam.

Angular beam divergence in the x and y directions can be
derived from Eq. (9) using spectra from L2, L3, and L1:

εx,i =
√

δ2
Li

− δ2
instr

(�λ0 tan θi)2
− ε2

Li
, i = 2, 3, (10)
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FIG. 2. A typical spectrum observed by L1 including sub-components for
fitting. Solid lines show the sub components of the full energy peak.

εy,i =
√

δ2
L1

− δ2
instr

(�λ0 tan θi)2
− ε2

Li
− α, i = 1. (11)

A spectrum of Hα lines emitted by a typical shot observed by
L1 with preliminary results is shown in Figure 2. In the blue
shifted spectrum each energy peak is fitted by using Eq. (8)
and the sub-components of the full energy peak are plotted.

IV. RESULTS

Based on the model given in Ref. 3 calorimetric
determined beam divergence at any operation range in the-
oretical calculation can be drawn as a reference line which is
mainly related to the geometry of accelerating grids. During
the experiments on the EAST NBI testbed we tried to find
well coupled operation parameters to make a good beam fo-

FIG. 3. Beam divergence as a function of extraction current at a fixed ac-
celerating voltage (52 kV). The solid line shows the single Gaussian fitting
results for the full energy component. Calorimetrically determined results of
theoretical calculation are also presented (straight line).

cusing performance. Beam divergence as a function of ex-
traction current at a fixed accelerating voltage is shown in
Figure 3. The results are calculated from the spectra collected
from L1. Equation (8) is used for curve fitting. Meanwhile
the full energy component is also fitted with single Gaussian
function for comparison. It can be seen that the former fit-
ting result at the best match operation point around 33 A is
closer to the calorimetrically reference line. The remained gap
may result from the uncertain sightline cross section which is
difficult to determine after beamline assembly.

V. CONCLUSIONS

Preliminary spectroscopic determined beam angular
divergence of each energy component was presented. The
DSS on the EAST NBI testbed is proved to be an important
additional diagnostic tool for beam divergence measurement
to optimize EAST NBI operation range. The influence of
the sightline cross section need to be checked in the future
experiment.
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