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We compare Balmer-alpha (Hg ) and Balmer-beta (Hg ) emissions from high-power (1.0-6.0 kW) hydrogen induc-
tively coupled plasmas (ICPs), and propose region I (0.0-2.0 kW), region II (2.0-5.0 kW), and region III (5.0-6.0 kW). In
region I, both He, emission intensity (Io) and Hp emission intensity (/g ) increase with radio frequency (RF) power, which
is explained by the corona model and Boltzmann’s law, etc. However, in region I, /o almost remains constant while /g
rapidly achieves its maximum value. In region III, I slightly increases with RF power, while /g decreases with RF power,
which deviates significantly from the theoretical explanation for the Hy and Hg emissions in region I. It is suggested that
two strong electric fields are generated in high-power (2.0-6.0 kW) hydrogen ICPs: one is due to the external electric field
of high-power RF discharge, and the other one is due to the micro electric field of the ions and electrons around the exited
state hydrogen atoms in ICPs. Therefore, the strong Stark effect can play an important role in explaining the experimental

results.

Keywords: high-power radio frequency plasma, Hy and Hg spectral lines in hydrogen ICPs, Stark effect
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1. Introduction

Neutral beam injection (NBI) can be generated by high-
power radio frequency (RF) ion sources, which is one of the
major plasma heating methods and plays an important role
in the operation of large- and medium-sized Tokamaks, such
as TFTR, JET, JT60, DIII-D, etc.['! Since neutral atoms are
not bound by the magnetic field, the atoms can freely move
across the magnetic field and collide with other particles in
the plasma. Analysis of the spectral lines emitted from hydro-
gen atoms at the high energy levels can provide some valu-
able information about the high-density RF plasma. As a non-
invasive and powerful spectral diagnostic method, the opti-
cal emission spectroscopy (OES) has been rapidly developed
and widely used for measuring the density and temperature of
magnetically confined plasma.!”> Furthermore, the theoret-
ical models for hydrogen excitation and ionization were pre-
sented by Johnson et al.!® and Drawin er al.!”) Some software
packages have been developed to simulate the hydrogen emis-
sion spectra.®121 However, most experimental results were
obtained only from the low-density hydrogen plasmas gener-
ated in the RF discharge power range of < 200 W.[!3-15] For
high-density hydrogen plasmas in the RF power of > 1.0 kW,
insufficient results were obtained due to the strong electromag-
netic disturbance and technical processing difficulties.

In general, both Balmer-alpha (Hy) spectral line inten-
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sity (I«) and Balmer-beta (Hg ) spectral line intensity (/g ) in-
crease with the input RF power.!!3~11 Our experimental re-
sults showed that for the low-power (<1.0 kW) hydrogen in-
ductively coupled plasmas (ICPs), both /, and /g increase
with the RF power. However, it was found that both I, and
Ig do not increase with the input RF power in the range of
2.0-6.0 kW. Due to the strong electric field in high-power hy-
drogen ICPs, the strong Stark effect can be the main reason for
the above experimental results.

In this paper, we illustrate the experiment phenomenon,
and conduct the comparison and analysis of the experimental
results. Finally, the physical explanation is given in detail.

2. Experimental apparatus

The experimental setup for generating high-power ICPs
and the plasma diagnosis systems is schematically illustrated
in Fig. 1. The ICPs discharge system was mainly composed
of the RF ion source, the matching network, the quartz tube,
and the electrode coil. The frequency of the RF ion source
was 2 MHz and its output power can be adjustable in the
range from 0.0 to 6.0 kW. The quartz tube was 180 mm long
and 260 mm in diameter. The electrode coil was made of
four turns of water-cooled copper coils. The vacuum sys-
tem included a mechanical (15 L/s) and a molecular pump

(1600 L/s). The background vacuum of the discharge chamber
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Fig. 1. Block diagram of the experimental setup.

was about 1073 Pa. The working gas (H) was filled into the
discharge chamber and kept at the constant pressure of 0.83 Pa
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during discharge.

The plasma diagnostic system consists of the op-
tical emission spectrometer and 14 Langmuir probes.
The resolution and appearance size of the spec-
(andor-shamsock-SR-500i) are 0.05 nm and

550 mmx343 mmx206.5 mm, respectively. The precise

trometer

calibration has been performed before leaving the factory.
Diagnosis of Langmuir probes shows that the plasma density
(Ne) is about 10'7 m~3 and the plasma temperature 7 is about
5eV.

3. Results and discussion

Under the discharge pressure of 0.83 Pa, the OES spectra
at different RF powers are shown in Fig. 2. All the OES spec-
tra are dominated by H and Hg emissions. Both Hy and Hp
spectral line intensities obviously change with the RF power.
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Fig. 2. OES spectra obtained at different RF powers: (a) 1 kW, (b) 2 kW, (c) 3 kW, (d) 4 kW, (e) 5 kW, and (f) 6 kW. a.u. denotes

arbitrary units.
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Figure 3 shows that the intensities of Hy (A =656.28 nm)
and Hg (4 = 486.13 nm) spectral lines change with the wave-
lengths in hydrogen Balmer series, where Doppler broadening
or Stark broadening is obvious in ICPs.[1%:17]
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Fig. 3. (color online) Hy (a) and Hpg (b) spectral line intensity with
wavelength ranging from 1 to 6 kW. a.u. denotes arbitrary units.

As shown in Fig. 4, both I and I3 change with the input
RF power. When the RF power is in the range of 0.0-2.0 kW,
both I and Ig obviously increase with the RF power. How-
ever, when the RF power is in the range of 2.0-6.0 kW, I
almost remains constant, but /g obviously increases with the
RF power.
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~
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Fig. 4. (color online) Spectral intensities of Hy and Hg lines versus
input RF power. a.u. denotes arbitrary units.

According to the hydrogen atom theory, H spectral line
is emitted when the excited hydrogen atoms jump from E3 to
E; energy level, and the photon frequency is y35. Similarly, Hg
spectral line is emitted when the excited hydrogen atoms jump
from E4 to E, energy level, and the photon frequency is Y2,
where E» = —3.40eV, E3 = —1.51 eV, and E4 = —0.85 e V.[18]

For atom ray, the optical emission intensity I, of photon
radiation (the transition for the excited states from the n-th to
m-th energy level) at unit solid optical emission angle in light

source can be expressed as follows: 1]

NYom Nangn —E, JkT hYom
Ly = J —— " = A mNm 1
" 4 gz © 4 " M
N, = Na;gn e_En/kT7 )

where N, is the number of hydrogen atoms in the n-th energy
level, Ny the number of all hydrogen atoms, E,, the n-th en-
ergy level, Z the partition function, g, the statistical weight in
the n-th energy level, ¥, the frequency of emitted photons,
and A, is the transition probability.

As shown in Fig. 4, both / and Ig can be divided into
three different RF power regions: region I (0.0-2.0 kW), re-
gion II (2.0-5.0 kW), and region III (5.0-6.0 kW).

3.1. Region I (0.0-2.0 kW)

In the low-pressure hydrogen plasma, the excited hydro-
gen atom is mainly produced by electron impact excitation.
The main ways to produce the excited hydrogen atoms are the
following dissociation excitation during the collision between
fast electrons and the ground-state hydrogen molecules:

or the following direct excitation during the collision between
fast electrons and the ground-state hydrogen atoms: 1920

e(fast) + H— e+ H,_s), 4)

where e(fast) is the fast electron, H, the ground-state hydro-
gen molecule, H the ground-state hydrogen atom, and Hy,, the
excited state hydrogen atom in the n-th energy level.

In order to analyze the hydrogen plasma spectrum, the
corona model has to be used.?!??I The excited state hydrogen
atom density nj; in non-equilibrium plasmas can be expressed
as

ni{ ~ NeNHXem dir + nenHZXem,diSS7 (5)
where 7. is the density of free electrons in hydrogen ICPs, ny
the density of ground-state hydrogen atoms, X, gir the hydro-
gen atom emission coefficient, ny, the density of the ground-
state hydrogen molecules, and X, giss the hydrogen molecular
emission coefficient.

Although an increase in the electron temperature (1—
2 eV) is very small in hydrogen ICPs, the electron density
can rapidly increase with RF power.[?*23] According to the
analytical results from Behringer et al,’?! poth Xem,dir and
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Xem,diss increase with the electron temperature, as shown in
Fig. 5. According to Eq. (5), the density of excited hydrogen
atoms significantly increases with the RF power if the density
of both hydrogen atoms and molecules in the ground-state re-
mains constant.
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Fig. 5. (color online) Emission rate coefficients for three Balmer
lines.[22]

Based on Eq. (1), for the special spectral line, both
the spectral line frequency 7, and the transition probabil-
ity Ay, are fixed. Since hyzy = E3 — E; = 1.89 eV and
hysy = E4 — E, = 2.55 eV, and for the transition coefficient
T.m (the transition of excited states from the n-th to m-th en-
ergy level), T3 = 44.10 ! and 74 = 8.419 pug 1,4 we can
obtain 32437 > YapA4n. According to Boltzmann distribution
law, we can obtain N3 > N4. Taking into account that Hy line
is produced when the excited hydrogen atoms jump from E;3
to E; energy level, and Hg line is produced when the excited
hydrogen atoms jump from E4 to E, energy level, both I, and
I increase with the RF power, and I > Ig. The theoretical
explanation is well consistent with the experimental results ob-
tained in the Region I (0.0-2.0 kW).

3.2. Region II (2.0-5.0 kW)

In region II, I, does not increase with the RF power while
I increases rapidly with the RF power. The theoretical expla-
nation for the experimental results in region I is not applicable
to that in region II.

Generally, it is difficult to produce the strong electric field
in low-power RF plasmas although there is always a strong
electric field at the sheath zone of the hydrogen plasmas. >
However, it has been pointed out that the electric field intensity
can be as high as 10° v-m~! in the gas discharge tube.!'®! We
think that two kinds of strong electric fields can be produced
in the hydrogen ICPs at an increasing RF power (> 2.0 kW):
one is the strong external electric field produced from the high-
power RF plasmas, and the other one is the strong internal mi-
cro electric field produced from the ions and electrons around

the exited hydrogen atoms in the ICPs. Based on quantum
mechanics, these strong electric fields can lead to a significant
Stark effect, which plays a critical role in the changes of I
and /g in region IL

According to quantum mechanics, regardless of the elec-
tron spin and relativistic effects, the Hamiltonian operator A
of hydrogen atoms in the external electric field € is expressed

as
H=Hy+H =Hy+ec-r, e=¢+&, (6)
H =H +H,, H =ce-r, Hi=cer-r. (7)

In Eq. (6), Ay is the hydrogen atom Hamiltonian, € is the av-
erage value of the external induced electric field intensity, and
& is the average value of the internal micro electric field in-
tensity. In Eq. (7), I:I{ is the electronic potential energy for the
excited hydrogen atoms in the external induced electric field,
and I-Alé is the electronic potential energy for the excited hydro-
gen atoms in the internal micro electric field. The E», E3, and
E4 are split into multiple energy levels, and the energy level in

a hydrogen atom can be expressed as %%

3
Eym=EY+E.,, =E>+ En(n— |m|—1)e € ag,

|m|=0,1,...,n—1. ®)
Equation (8) shows that the energy levels in the hydrogen
ICPs only depend on the principal quantum number () and the
magnetic quantum number (m). Thus, when the excited state

hydrogen atoms jump from n; to n; energy level, the photon
is emitted, and the photon frequency can be expressed as

E) —E)
Ynzﬁnl = T
3e€a
2h0[inz(n2—|m2|—1)in1(”1—\m1|—1)],
|ml|:0ala"'anl_1~ |m2|:0,1,...,}’l2—1. (9)

According to the radiation transition selection rules:
Am = 0, %1, as the hydrogen atom jumps from n, to n; en-
ergy level, the multiple number N (n;, n;) for spectral lines

can be described as
N(nz,nl):(2n2—l)(2n1—1). (10)

Therefore, Hy, line (n, =3 — n; = 2) is split into 15 spectral
lines, while Hg line (n; =4 — n; = 2) is splitinto 21 spectral
lines. Indeed, the latter can only be split into 15 spectral lines
because of the same frequency.

As the RF power gradually increases, the density of ex-
cited hydrogen atoms can be greatly improved. Because E3 <
E4, the hydrogen atoms can be easily excited to n = 3 split-
ting levels, then the hydrogen atoms in an excited state jump
to n = 2 splitting levels, emitting Hy spectral lines. Taking
into account that the number of excited hydrogen atoms must

obey the Boltzmann distribution under a certain temperature, it
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can be speculated that the number of hydrogen atoms in n = 3
splitting levels will firstly achieve its dynamic balance. There-
fore, I, almost remains constant in region II. However, owing
to the Stark effect, n = 4 energy level is divided into seven
splitting energy levels. Plenty of excited state hydrogen atoms
achieve these energy levels, so a lot of excited hydrogen atoms
in n = 4 splitting energy levels will jump to n = 2 splitting en-
ergy levels, emitting Hg line. This can explain why /g rapidly
increases with RF power in region I, and Ig achieves its max-
imum value so as to obey the Boltzmann distribution.

Owing to the strong Stark effect in the ICPs, the energy
level could be split into three energy levels inn =2 : E; = Ey,
Ero£3e€ap, inn =3 : Ez = E3y, E3g =4.5e€aq, E5) £ 9e€ay,
and in n = 4 : E4 = Ey, E49 + 6e€ag, Eq £ 12e€ay, Eq £
18e€ap. For new exited energy levels, every energy level has
the exited hydrogen atoms according to the Boltzmann distri-
bution law. It is proved that the exited hydrogen atoms at lower
energy levels are dominant when the system is in the thermal
equilibrium, resulting in better distribution situation for more
and more hydrogen atoms to achieve n =4 energy levels. Then
these excited state atoms jump from n =4 to n = 2 energy lev-
els, emitting Hg lines. As mentioned above, Hg spectral lines
have been split into 15 spectral lines, which is helpful for im-
proving the transition probability from n = 4 to n = 2 energy
levels. Finally, taking into account Eq. (1), it can be concluded

that /g rapidly increases with the input RF power in region II.

3.3. Region III (5.0-6.0 kW)

In region III, both I and I reach their saturation states.
With the further increase in the RF power, more fast electrons
with high energy are produced, thus more excited hydrogen
atoms with high energy will be produced in the plasma. Sim-
ilarly, the excited hydrogen atoms under a certain tempera-
ture must obey the Boltzmann distribution. Therefore, on one
hand, I, stays in its saturation state, on the other hand, the
number of hydrogen atoms at n = 4 splitting energy levels
has to reach their dynamic balance, which explains why /g
remains its relative stable in the region III.

According to Fig. 4, when the RF power is close to
5.0 kW, I is ever bigger than /g, which may be due to the ex-
perimental measurement deviation. However, it is noted that
the gap between I and /g is very small in the region III. We
can see from Eq. (1) that, the light intensity depends mainly
on three factors: the light transition frequency (%), the tran-
sition probability (A, ), and the number of the excited hydro-
gen atoms (N,,). For Hy and Hg lines, the difference between
Y32 and Yy is obvious, and Y32 < 1s2. Based on Eq. (2), we

have N3 > Njs. However, N3 is closer to Ny when more and

more hydrogen atoms in excited states jump to n = 4 energy
levels and n = 3 energy levels have been at the saturation state.
In addition, it is obvious to see that the ways for producing Hg
spectral line are more than the ones for producing H, spectral
line. Therefore, the gap between Az, and A4, can be reduced.
Thus, we obtain ¥30A32N3 ~ Y12 A42Ns. According to Eq. (1),
the gap between I and Ig could be very small in the region
III.

4. Conclusion

In summary, we have obtained both the experimental re-
sults and the theoretical explanation on the spectral line in-
tensities for Hy and Hg in Balmer lines in high-power (0.0—
6.0 kW) hydrogen ICPs. In the region (0.0-2.0 kW), both I
and /I increase with the RF power, which is in good agreement
with the experimental data published. However, in next region
(2.0-6.0 kW), our experimental results deviate significantly
from the theoretical explanation in the region (0.0-2.0 kW).
Based on quantum mechanics, we think that with the increase
in the electrical field, the Stark effect can play an important

role in explaining the experimental results.

Acknowledgments

We would like to thank Li Ming, Bu Ying-Nan, Yu Li-
Ming, Ni Wei-Yuan, and Liu Lu for providing us some mea-
sured results. We thank Prof. Lu Ming-Fang for beneficial

discussion.

References

[1] Janev R K, Boley C D and Post D E 1989 Nucl. Fusion 29 2125

[2] Hutchinson I H 2002 Principles of Plasma Diagnostics (Cambridge:
Cambridge University Press)

[3] Fantz U 2004 Plasma Phys. 44 508

[4] Duan X R, Lange H, Qian S J and Lang N 2003 Chin. Phys. Lett. 20
489

[5] CuilJ B and Fang R C 1996 Chin. Phys. Lett. 13 192

[6] Johnson L C and Hinnov E J 1973 Quantum Spectrosc. Radiat. Trans.
13 333

[7] Drawin HW and Emard F 1976 Physica B 85 333

[8] Zikié R, Gignos M A, Ivkovi¢ M, Gonzdlez M A and Konjevié¢ N 2002
Spectrochim Acta B 57 987

[9] Gignos M A, Gonzdlez M A and Cardenoso V 2003 Spectrochim Acta
B 58 1489

[10] Chen C K, Wei T C, Collins L R and Phillips J 1999 J. Phys. D: Appl.
Phys. 32 688

[11] Satoru T, Xiao B J, Kazuki K and Morita M 2000 Plasma Phys. Con-
trol. Fusion 42 1091

[12] Fantz U and Heger B 1998 Plasma Phys. Control. Fusion 40 2023

[13] Zhu Y H, Wu W D, Tang Y J and Sun W G 2008 Chin. J. Vac. Sci.
Tech. 28 308 (in Chinese)

[14] Deng H'Y, Wang J K, Wu W D, Cheng X L and Yang X D 2005 J. At.
Mol. Phys. 4 256 (in Chinese)

[15] Wang J K, Wu W D, Sun W G, Deng H Y, Cheng X L and Tang Y J
2005 Chinese High Power Laser and Particle Beams 10 1513 (in Chi-
nese)

[16] Qiu D R 2002 Atomic Spectra Analysis (1st edn.) (Shanghai: Fudan
University Press) pp. 36—43 (in Chinese)

075201-5


http://dx.doi.org/10.1088/0029-5515/29/12/006
http://dx.doi.org/10.1002/(ISSN)1521-3986
http://dx.doi.org/10.1088/0256-307X/20/4/314
http://dx.doi.org/10.1088/0256-307X/20/4/314
http://dx.doi.org/10.1088/0256-307X/13/3/010
http://dx.doi.org/10.1016/0022-4073(73)90064-2
http://dx.doi.org/10.1016/0022-4073(73)90064-2
http://dx.doi.org/10.1016/0378-4363(76)90031-0
http://dx.doi.org/10.1016/S0584-8547(02)00015-0
http://dx.doi.org/10.1016/S0584-8547(02)00015-0
http://dx.doi.org/10.1016/S0584-8547(03)00097-1
http://dx.doi.org/10.1016/S0584-8547(03)00097-1
http://dx.doi.org/10.1088/0022-3727/32/6/015
http://dx.doi.org/10.1088/0022-3727/32/6/015
http://dx.doi.org/10.1088/0741-3335/42/10/307
http://dx.doi.org/10.1088/0741-3335/42/10/307
http://dx.doi.org/10.1088/0741-3335/40/12/003

Chin. Phys. B Vol. 23, No. 7 (2014) 075201

[17]
[18]
[19]

[20]
[21]

Xin R X 2011 Plasma Emission Spectra Analysis (2nd edn.) (Beijing:
Chemical Industry Press) p. 122 (in Chinese)

Young H D and Freedman R A 2011 Sears and Zemansky’s University
Physics with Modern Physics (12th edn.) (Beijing: Mechanical Indus-
try Press) p. 1317

Keiji S and Takashi F 1995 J. Appl. Phys. 78 2913

Chen C K and Wei T C 1999 J. Phys. D: Appl. Phys. 32 688

Xiao B J, Kado S, Kajita S and Yamasaki D 2004 Plasma Phys. Con-
trol. Fusion 46 653

[22]
(23]

[24]

[25]
[26]

075201-6

Behringer K and Fantz U 2000 New J. Phys. 2 1

Fang T Z, Wang L, Jiang D M and Zhang H X 2001 Chin. Phys. Lett.
18 1098

Tang P Y, Liu T, Ding B N and Dai J Y 2003 Chinese High Power Laser
and Particle Beams 15 293 (in Chinese)

Mishra M K and Phukan A 2008 Chin. Phys. Lett. 25 1011

Zhang C X 2005 Journal of Anhui Normal University (Natural Science)
28 407 (in Chinese)


http://dx.doi.org/10.1063/1.360037
http://dx.doi.org/10.1088/0022-3727/32/6/015
http://dx.doi.org/10.1088/0741-3335/46/4/006
http://dx.doi.org/10.1088/0741-3335/46/4/006
http://dx.doi.org/10.1088/1367-2630/2/1/301
http://dx.doi.org/10.1088/0256-307X/18/8/334
http://dx.doi.org/10.1088/0256-307X/18/8/334
http://dx.doi.org/10.1088/0256-307X/25/3/056

	1. Introduction
	2. Experimental apparatus
	3. Results and discussion
	3.1. Region I (0.0–2.0 kW)
	3.2. Region II (2.0–5.0 kW)
	3.3. Region III (5.0–6.0 kW)

	4. Conclusion
	References

