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We report the measurement of total molybdenum ion density for L-mode and H-mode plasmas on EAST using spectral
lines observation and calculation based on an impurity transport code. A flat-filed extreme ultraviolet spectrometer with
some spatial resolution is used to obtain the radial profiles of molybdenum spectral line emissions. The absolute calibration
for the extreme ultraviolet spectrometer is finished by comparing the calculated bremsstrahlung intensity with the readings
of CCD detector. Molybdenum ion transport study is performed using the radial ion density profiles and one-dimensional
impurity transport code STRAHL. The total molybdenum density profiles are determined from the transport analysis. The
molybdenum density during L-mode and H-mode phases are obtained, which are about 3 and 4 orders of magnitude smaller
than the electron density, respectively. An inward pinch is found during the H-mode phase that leads to the peaked profile

of molybdenum density.
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1. Introduction

Research of the impurity behavior is important for toka-
mak plasma operations since the degradation of plasma per-
formance can be avoided by controlling the impurity con-
tent in the core and the impurity radiation loss at the edge.!!]
It has been observed that impurity profiles tend to be more
peaked than the main ion profile in many experiments, which
is known as the impurity accumulation. >} Impurity accumula-
tion is found to be more severe for heavier impurity species.!
On the EAST tokamak, heavy impurity species are mainly
from metal impurities such as iron, copper, molybdenum, and
tungsten,#! and impurity accumulation is often observed, es-
pecially during the high-density H-mode plasma operations.

Spectroscopy is a unique method to measure the impurity
spectra and to study the impurity behavior. In particular, ex-
treme ultraviolet (EUV) spectroscopy is an excellent tool for
the impurity diagnostics in high-temperature plasmas of fusion

[5-101 A flat-filed grating spectrometer that utilizes var-

devices.
ied line spacing gratings to image the spectrum of 5-50 nm
was installed in the EAST tokamak to monitor core impu-
rity emission profile for impurity transport investigations.!'!]

Absolute intensity calibration of the spectrometers was per-
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formed by using the bremsstrahlung continuum in ohmic dis-
charges on EAST tokamak.!!?! Experimental impurity trans-
port investigations have been performed in many magnetic
confinement devices and most of the impurity transport stud-
ies have been carried out using the spatial profiles of absolute
intensities of spectral emissions from spectroscopic measure-
ment and comparison with an impurity transport code to deter-

U3-181 A future reactor will use

mine the transport coefficients.
high-Z plasma facing components (PFCs) such as tungsten in
order to provide low erosion, sputtering yield and tritium re-
tention. Since 2012, the first wall material of EAST has been
mostly changed into molybdenum, which makes molybdenum
as the most commonly seen metal impurity. Molybdenum den-
sity measurement can be useful for the molybdenum behav-
ior study and evaluation of its effect on plasma performance.
Among the metallic impurities that can be used for transport
study, molybdenum has a good and well assessed knowledge
base of the atomic physics.

In the rest of this paper, the experimental setup and the
observations of molybdenum spectral lines are presented first.
Then the absolute value calibration for the EUV spectrometer

is illustrated in Section 3. Next, the measurement of molybde-
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num density during L-mode and H-mode phases are studied in

Section 4 and the last part is the conclusion.

2. Experimental setup and the observations of
molybdenum lines

The experimental advanced superconducting tokamak
(EAST) is the first fully superconducting tokamak dedicated
to high-performance and long-pulse operation, with elongated
divertor configuration (an elongation ratio k < 1.9).!!°1 The
tokamak has a major radius of R ~ 1.85 m and a minor ra-
dius of a = 0.4-0.45 m. Now, the EAST is equipped with
lower hybrid current drive (LHCD), ion cyclotron range of fre-
quency (ICRF), neutral beam injection (NBI), and electron cy-
clotron resonance heating (ECRH) systems, as the main aux-

iliary heating and current drive systems. Upper divertors are

mainly made up of tungsten and the first wall is composed of
molybdenum, which constitute the main part of plasma facing
materials (PFMs) on the EAST. The spatial profiles of molyb-
denum spectral lines are monitored using an EUV spectrome-
ter, which consists of two main parts: an adjustable entrance
slit with a width of 0-0.5 mm determining the spectral res-
olution and height at 0—1 mm controlling the space resolu-
tion, a varied-line-spacing (VLS) spherically concaved holo-
graphic grating, and a back-illuminated charge coupled device
(CCD) detector. The EUV spectrometer is now installed at the
EAST’s port C and is attached to the end of vacuum pumping
duct. The optical layout of the spectrometer can be seen in
Fig. 1(a). The current setup is able to cover 0-450 mm above
the equatorial plane. The spatial profile measurement of the
impurity for the spectrometer is illustrated in Fig. 1(b) from

the pinhole imaging setup.
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Fig. 1. Schematic drawing of space-resolved spectrometer (a) optical path in top view and (b) principle of spatial resolution in vertical view.
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Fig. 2. Mo spectrum in 5-13 nm.

Figure 2 presents a typical EUV spectrum from highly
ionized molybdenum in the wavelength of 5-13 nm. A com-
plicated structure is seen between 6.5 nm and 8.5 nm, mostly
consisting of ion charge states of Mo XXIV-Mo XXVIL. Iso-
lated Mo XXX-XXXII line emissions observed in 10—13 nm
are not difficult to identify when the central electron tem-
perature is high enough considering their high ionization en-
ergy (Mo XXX: 1601 eV, Mo XXXI: 1726 eV, Mo XXXII:
1791 eV), so Mo XXX at 12.242 nm, Mo XXXT at 11.5988 nm
and Mo XXXII at 12.7868 nm are chosen to carry out molyb-

denum density calculation.
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3. Absolute intensity calibration of EUV spec-
trometer

Absolute intensity calibration for the EUV spectrometer
is technically difficult due to the lack of appropriate standard
light source in the EUV range. In this paper, the absolute in-
tensity calibration is conducted by comparing the calculated
bremsstrahlung intensity with the measured bremsstrahlung
intensity in the EUV range.

The continuum radiation can be divided into
bremsstrahlung and recombination radiation. In the present
fusion plasma with high electron temperature, the contribu-
tion of recombination radiation is very small compared with
bremsstrahlung. Therefore, in our case we only consider con-

tinuum radiation as the bremsstrahlung. The bremsstrahlung

power can be expressed as?"]
272
_ 08 e et 8t
Ubrem - 19 X 10 ﬁel/z
—12395
X exp <” ) W-em™ A7, (D)
(&

where n. is the electron temperature in units of cm 3, T, is
the electron temperature in units of eV, Z is the effective ion
charge, gg is the free-free Gaunt factor, and A is the corre-
sponding wavelength in units of A. The bremsstrahlung power
along the line of light can be calculated when taking into ac-
count the plasma parameters. Electron temperature and den-
sity is measured by Thomson scattering diagnostics.?!)

Since the measured intensity of bremsstrahlung is pre-
sented by the counting rate of photons, equation (1) can be

changed into

Ubrem
hv '’

2

Norem =

where hv is the photon energy.

Finally, the absolute intensity calibration of EUV spec-
trometer can be obtained by comparing the observed EUV
bremsstrahlung radiation profile with the calculated EUV
bremsstrahlung and the absolute intensity calibration factor
can be expressed as

g Norem EUV ’ 3)
N, obser EUV

where Nopser Euv 18 the observed counts of CCD reading at the
same wavelength as Nyrem EUV -

Ohmic discharges are chosen for calculating the
bremsstrahlung intensity. The parameters of the discharge are
I, =400 kA, By =2 T, and Z.gs = 3. The Gaunt factor is cal-
culated with the code RADZ.!'?! From 5.8 nm to 20.1 nm, the
chosen wavelength intervals for absolute intensity calibration
of the spectrometer are listed in Table 1. Npem can be calcu-

lated by Eqgs. (1) and (2) using the parameters obtained from

other diagnostics. Then the absolute intensity calibration fac-
tor of the EUV spectrometer has been calculated by Eq. (3).
The results are shown in Table 2 as well as Ref. [22].

Table 1. The chosen bremsstrahlung continuum wavelength intervals
for absolute calibration of the EUV spectrometer.

Wavelength range/nm Central wavelength/nm

5.6-6.0 5.8
6.1-6.5 6.3
7.6-8.0 7.8
8.1-8.3 8.2
8.9-9.3 9.1
9.6-10 9.8
11.2-10.6 10.4
11-11.4 11.2
11.8-12.2 12
12.6-13 12.8
13.5-13.9 13.7
14.3-14.7 14.5
15.1-15.5 15.3
15.9-16.3 16.1
16.7-17.1 16.9
17.5-17.9 17.7
18.3-18.7 18.5
19.1-19.5 19.3
19.9-20.3 20.1

Table 2. Sensitivity calibration coefficients of the present EUV system.

Central wavelength/nm Absolute calibration coefficient

5.8 2.6533850 x 108
6.3 25305166 x 108
7.8 2.5335634 x 108
8.2 2.6703333 x 108
9.1 3.2583642x108
9.8 3.6774128 x 108
10.4 3.9531347 x 108
11.2 4.3139325%108
12 4.7845677 x 108
12.8 4.9811859 x 108
13.7 5.0487075 x 108
14.5 4.9544579x 108
15.3 5.1624842 x 108
16.1 5.4101146 x 108
16.9 5.7908230 x 108
17.7 6.3613862 x 108
18.5 6.2681472 x 108
19.3 5.9795315 x 108
20.1 5.4957427 x 108

4. Molybdenum density measurement during L-
mode and H-mode phases

The waveform of a typical EAST H-mode discharge
together with the time evolution of Mo XXXI intensity at
11.59 nm is shown in Fig. 3. The plasma current is 400 kA. At
the beginning it only has ohmic heating and the loop voltage is
high. Mo XXXTI intensity keeps at a low level. When LHCD
is injected at + = 1.2 s, the loop voltage begins to decrease.
ICRF wave is injected at r = 2.6 s and the discharge enters the
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H-mode phase suddenly, as can be seen in the abrupt Do sig-
nal drop. In the meantime, Mo XXXI signal builds up and then
rises quickly. Mo XXXI intensity reaches its highest value at
t = 3.8 s as a result of impurity accumulation. The profiles
of Mo XXX, Mo XXXI and Mo XXXII in L-mode (t =2.4 s)
and H-mode (# = 3.8 s) phases are shown in Fig. 4. By mul-
tiplying the sensitivity calibration coefficients in Table 2, the
chord-integrated brightness profiles of three lines can be ob-
tained as shown in Fig. 5.

R
S 14 | | ' )
S, 00

SN R e 7 (©)
= s T

éélzogg . : . . . . I(d)g
E Y cusevanuenm BRICE
2 £ 1000 ' //\F_\'m (f)
o5 R R = S ECE
=

Time/s

Fig. 3. The time evolution of shot 38300: (a) plasma current, (b) loop
voltage, (c) Hy intensity, (d) LHCD power, (e) ICRF power, and (f)
intensity of Mo XXXI (11.59 nm).
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Fig. 4. The intensity profiles of Mo XXX, Mo XXXI and Mo XXXII
during L-mode (r = 2.4 s) and H-mode (+ = 3.8 s) phases from shot
38300.
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Fig. 5. The chord-integrated brightness profiles of Mo XXX, Mo XXXI
and Mo XXXII during L-mode (1 = 2.4 s) and H-mode (t = 3.8 s) phases
from shot 38300.

The local radial emissivity profiles can be obtained using
an Abel-like matrix inversion technique. The relationship be-

tween the line integrated brightness and the local emissivity

can be expressed as!?’!

Bi =Y LiEj, “

where L;; is the path length of the i-th chord through the j-th
zone between two adjacent magnetic surfaces and can be de-
termined solely from geometry, E; is the j-th zone emissivity
and B; is the i-th chord brightness.

The emissivity E; can be obtained by inverting Eq. (4)
and expressed as

Ej=Y L;'B: (5)

After Abel inversion, the emissivity profiles of Mo XXX, Mo
XXXTI and Mo XXXII during L- and H-mode phases are plot-
ted in Fig. 6. It can be seen that the three line intensity profiles
are centrally peaked.
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Fig. 6. The emissivity profiles of Mo XXX, Mo XXXI and Mo XXXII
as a function of p during L-mode (+ = 2.4 s) and H-mode (+ = 3.8 s)
phases from shot 38300.

The emissivity of a particular transition from the initial
state to the final state can be expressed as

Ezij=nz(p) ne(p) -PECz;;(p), (6)

where i is the initial state, j is the final state; nz and n. are
the impurity and electron densities, and PEC is the photon
emissivity coefficient depending on both electron density and
temperature and can be obtained from the Atomic Data and
Analysis Structure (ADAS) database.?*!

The radial profile of Mo*®* spectral emission at 12.242
can be calculated by

E12’242 nm __ nZ(P) . ne(P) .PECeXC(p)

Mo29+

+nz11(P) - ne(p) - PEC™(p) +nz11(p) - nu(p) - PEC*(p), (7)

where PEC®*¢, PEC™° and PEC** are the PECs for excitation
recombination and charge exchange, respectively; nz and nz |
are the impurity density of the ground level of a specific ion-
ization state and next higher ionization state, and ny is the neu-
tral hydrogen density. As there is no neutral beam injection
for the discharges analyzed here, the contribution of charge
exchange can be neglected. Considering that the plasma is at
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the steady-state phase, the recombination term can also be ne-
glected. The remaining important term is from excitation and
the radial profile of PEC for excitation can be calculated from
the ADAS database by inserting the radial profiles of electron
density and temperature. Then the density profile of Mo XXX
can now be expressed as

1\1/126%§'+2 " /[ne(p) ‘PEC;XC:12.242 m(P)] (8)

For Mo XXXI at 11.5988 nm and Mo XXXII at
12.7868 nm, the density profile can also be calculated in the

N\p29+ (p) =

same way as Mo XXX. The electron density and temperature
are measured by Thomson scattering diagnostic and the pro-
files are shown in Fig. 7. By using their profiles, the radial
profiles of PEC for excitation can be obtained and the density
profiles can be calculated using Eq. (8).
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Fig. 7. The electron density and and temperature profiles measured by
Thomson scattering.

In order to calculate the total molybdenum density, the
molybdenum density’s radial profile has been computed using
a 1D impurity code, STRAHL, and matched with the mea-
sured results.!>! The STRAHL code solves the coupled radial
impurity transport equations for ions at all possible ionization
stages. For one charge stage Z, the coupled radial impurity
transport equation can be expressed as

2 19 (Da;f - Vnz) +0, ©)
where D is the diffusion coefficient and v is the convection ve-
locity. Both of them are assumed to be time-independent and
to be the same for all the ionization stages of impurity ions.
The source/sink term Q couples the transport equation of each
ionization stage to the neighboring charge stages as follows:

0z = — (neSz +ne0z +nuCz) nz +neSz—1nz-1

+ (ne0z41 +nuCzy1)nz1, (10)

where S is the rate coefficient for ionization, ¢ is the rate coef-
ficient for recombination (radiative and dielectronic), and C is

24.26] The main inputs to

for charge exchange recombination. |
the STRAHL code are electron density and temperature pro-

files, impurity source rate, diffusion, convective and atomic

physics data from ADAS for ionization and recombination
calculations. Impurity ion densities of Mo?**, Mo®**, and
Mo3!* are calculated by the STRAHL code from the molyb-
denum ionization balance together with the given plasma pa-
rameters.

Running of the STRAHL code starts with initial guesses
of diffusion and convective coefficients to compute the impu-
rity radial profiles. Subsequently, diffusion and convective co-
efficients iterate and converge until the best fit of simulated ion
density profiles to the measured ones are obtained. The final
D and v are plotted in Figs. 8 and 9. Figure 10 shows the best-
fit calculated ion density profiles of Mo XXX, Mo XXXI and
Mo XXXII during both L-mode and H-mode phases. Com-
pared with impurity diffusion coefficient during the L-mode
phase, it is smaller during the H-mode phase. The convective
velocity is positive and shows an increasing trend from the
core to the edge area during L-mode phase while it is nega-
tive within p < 0.6, which means that the convection velocity
v in the core plasma reverses from outward (v > 0) to inward
(v > 0) after L- to H-mode transition. These facts indicate
that molybdenum impurities undergo inward transport during
the H-mode phase, which can lead to impurity accumulation
in the core region. Molybdenum ion density of all ionization
stages can be obtained after the running the STRAHL code
and the total molybdenum density can be calculated by adding
these ion density. The molybdenum densities during L-mode
and H-mode phases are shown in Fig. 11, which are of about
3—4 orders of magnitude smaller than the electron density. The
peaked profile of molybdenum density during H-mode phase
can be a result of inward transport.

1.4
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— H-mode
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1.0

0.8
0.6

D/m?s~!

0.4

0.2

0 0.2 0.4 0.6 0.8 1.0
p

Fig. 8. Radial profiles of diffusion coefficients during L-mode and H-
mode phases.

Impurity radiation power density can be estimated ac-
cording to Pz = nenzLz, where Ly represents the line cool-
ing rate.?’) In our case, central electron temperature is around
1.3 keV and 1.1 keV, and the central electron density are
3x 10" m~3 and 4.5 x 10! m 3 during L-mode and H-mode,
respectively. If we consider a molybdenum cooling factor
of Lyo =~ 7 x 10732 W -m?, the radiated power density of
molybdenum in the core region can be around 140 kW/m? and

20 kW/m? during H-mode and L-mode phases.*’!
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Fig. 9. Radial profiles of convective velocities during L-mode and H-
mode phases.
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Fig. 10. The best-fit calculated ion density profiles of Mo?**, Mo+
and Mo3!* during L-mode and H-mode phases associated with the ex-
perimental results.
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Fig. 11. Total molybdenum density obtained during L-mode and H-
mode phases from the simulation results.

5. Conclusion

The extreme ultraviolet spectrometer previously used on
the EAST tokamak has been calibrated by comparing the cal-
culated bremsstrahlung radiation intensity with the reading of
CCD’s detector. The reconstructed emission profiles are ob-
tained at the core plasma for Mo XXX, Mo XXXI and Mo
XXXI1I. To facilitate next-step impurity transport studies, to-
tal molybdenum density profiles during L-mode and H-mode

phases are obtained using the spectral lines and the STRAHL
code. The results show that the molybdenum density is 3—4
orders of magnitude smaller than electron densities in typi-
cal EAST plasmas. Impurity accumulation happens during H-
mode phase as a result of inward pinch in core plasma. Esti-
mates of molybdenum radiated power density are 140 kW/m?
and 20 kW/m? in core plasma during H-mode and L-mode
phases. The present EUV spectrometer is designed to study
the impurity behavior and impurity transport. By using the
present method, the impurity accumulation behavior and the
related transport mechanism will be studied in the future,
which will be useful for exploring methods for relieving im-
purity accumulation.
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