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Optical emission spectroscopy (OES), as a simple in situ method without disturbing the plasma, has been performed
for the plasma diagnosis of a 2.45 GHz permanent magnet electron cyclotron resonance (PMECR) ion source at Peking
University (PKU). A spectrum measurement platform has been set up with the quartz-chamber electron cyclotron resonance
(ECR) ion source [Patent Number: ZL 201110026605.4] and experiments were carried out recently. The electron temper-
ature and electron density inside the ECR plasma chamber have been measured with the method of line intensity ratio of
noble gas. Hydrogen plasma processes inside the discharge chamber are discussed based on the diagnostic results. What is
more, the superiority of the method of line intensity ratio of noble gas is indicated with a comparison to line intensity ratio

of hydrogen. Details will be presented in this paper.
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1. Introduction

The 2.45 GHz electron cyclotron resonance (ECR) ion
source has been widely used in many plasma processing ap-
plications and particle accelerators since its invention 30 years
ago because of its advantages of high current density, com-
pact structure, long lifetime, and high reliability. In the 1980s,
Peking University (PKU) began to carry out relevant research
on 2.45 GHz high current ECR ion source.!! Since then, sev-
eral 2.45 GHz ECR ion sources have been developed for dif-
ferent applications.>>! Although they have been widely used
and exhibited excellent performance, the physical processes
and plasma characteristics inside the ECR plasma chamber
are still not very clear because of the difficulties on the com-
prehensive studies of the ion source plasma. Fortunately, the
study of the behavior of the electrons is helpful to understand
the internal plasma mechanisms. For example, the reaction
rate coefficient taking into account the energy dependent cross
sections is affected by the electron temperature. The plasma
density, which usually means the electron density for plasma
containing multiply charged ions, is an important parameter.
Therefore, it is significant for us to obtain the information of
electrons inside the discharge chamber.

There are several methods to make measurements on
plasma, such as Langmuir probe, Thomson scattering and op-
tical emission spectroscopy (OES). The Langmuir probe is
a common method to diagnose ECR plasma by immersion
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into the plasma. This probe will then affect the plasma, so
we cannot obtain the actual information inside the discharge
chamber. In addition, the strong RF power and magnetic field
are sometimes limitations for the Langmuir probe.!®! Thom-
son scattering is usually used as a diagnostic method for the
high-temperature and high-density plasma and is developed to
use for the ECR plasma. But the Brewster window and baf-
fles as necessary parts for Thomson scattering measurements
should be taken into account in the design of the ECR ion
source. 78] Compared with the above methods, OES has its
unique advantages. First, it is a non-invasive technique which
measures the line radiation in the visible spectral range. Sec-
ond, the experimental set-up is very simple. Third, it is a pas-
sive and very convenient method which can provide a vari-
ety of plasma parameters. However, to achieve the OES mea-
surements, an ECR ion source with special construction and a
simplified model for the spectroscopic data analysis are very
necessary. At PKU, a specially designed 2.45 GHz PMECR
ion source with a quartz chamber has been developed with a
patent (Patent Number: ZL 201110026605.4). There are also
several ECR ion sources operating with quartz plasma cham-
bers in other laboratories.[°-!!l The plasma diagnostic mea-
surements inside our quartz chamber ion source may provide
some references to these ion sources. In our previous work, the
spectrum measurement platform was set up and relevant ex-
periments were performed using this quartz-chamber ECR ion
source. The collisional radiative (CR) model was selected to
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solve the complex problem on spectroscopic data analysis. As
presented in Ref. [12], the electron temperature under differ-
ent gas pressure and magnitude of electron density was mea-
sured. However, the dependencies of the electron temperature
and electron density on the pressure and the input RF power
have not been studied systematically. More relevant experi-
ments are required to comprehend the plasma characteristics
inside the plasma chamber, which are presented in this paper.

This paper is organized as follows. The diagnostic meth-
ods including the CR model, the methods of line intensity ratio
of noble gas and line intensity ratio of hydrogen are described
in Section 2. The experimental arrangements are displayed
in Section 3. The results and discussion on the electron tem-
perature, electron density, and hydrogen plasma processes are
presented in Section 4. At the end of this paper, a conclusion
and prospect are presented.

2. Diagnostic method
2.1. Line intensity ratio of noble gas

For low-pressure and low-temperature plasma inside the
2.45 GHz ECR ion source, the CR model which balances the
collisional and radiative processes is used. More details of the
model have been given in Ref. [13] and we only give a brief in-
troduction here. The population density of state p called n(p)
is given by

n(p)=Rn (p) nune + Ri (p) nine, (1)

where R, (p) and R; (p) are the collisional-radiative coupling
coefficients describing the ground state and the ionic popula-
tion process, respectively.

In a spectral measurement, the line intensity I, is given
by

Tpk=n(p)Apk, 2)

where A is the transition probability from level p to level k.
The line intensity we measured only depends on the popula-
tion density of state p.

Combining formulas (1) and (2), we can obtain the corre-
lation between the results of the CR model and the measured
line intensity as follows:

ka:nnneX;,ff (Te,ne, - -.),
with
Xe'= (Ru (p) +Ri (p) i /1) A . (3)

The effective emission rate coefficient X ;,Ef is the convolution
of the cross section for the electron impact excitation pro-
cess with the Maxwellian electron energy distribution func-
tion (EEDF), and is a function of electron temperature 7; and

electron density n.. The atomic data and analysis structure
(ADAS) database provides reliable effective emission rate co-
efficients of all kinds of elements.

The electron temperature and electron density can be
measured by emission spectroscopy using the diagnostic gas
on the basis of formula (3). However, an absolutely calibrated
system can be easily affected by the density of the particles,
the absolute intensity of the line, the detection efficiency of
the spectrometer, etc. We can use the line ratio method as be-
low to eliminate these influences:

Ly X5 (Tesne,..)

B, mXMNT,ne,...)

“

In our experiment, He with Ey, =~ 23 eV and Ar with Ey, ~
13 eV are used as auxiliary diagnostic gases for the determi-
nation of electron temperature 7. and electron density n.. To
simplify the calculation, the ratio of particle density is 1:1.
The ratio of line intensity can be measured with the spectrom-
eter. Therefore, the ratio of effective emission rate coefficient
which depends on 7; and 7, can be identified. It is noteworthy
that the lines we used are the radiation of atomic He and Ar.
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Fig. 1. (color online) The ratio of emission rate coefficients correspond-
ing to He line at 728.13 nm to Ar line at 750.39 nm as a function of the
electron temperature.

Electron density/10% cm=3

Electron density/10™ cm—3

Fig. 2. (color online) The electron density as a function of the elec-
tron temperature and ratio of emission rate coefficients for He line at
587.56 nm to 706.52 nm.

Figure 1 shows the ratio of emission rate coefficients cor-
responding to He line at 728.13 nm to Ar line at 750.39 nm as
a function of 7.. Relevant research indicates that the ratio is
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sensitive to 7, and less sensitive to ne,[!*! therefore 7, can be
determined from formula (4) by measuring the ratio of these
two line intensities. The line ratio of He line at 587.56 nm to
706.52 nm is sensitive to 7, and it is recommended.!'>! Fig-
ure 2 shows n. as a function of T, and the ratio of emission
rate coefficients for the two He lines.

2.2. Line intensity ratio of hydrogen

For plasma on the state of local thermal equilibrium, elec-
tron temperature 7 can be determined by the ratio of two line
intensities of the same atom.['®! The line intensity ratio can be
given as

L _ Ak (E1E2>' 5)

L AgM kT,

Formula (5) can be written as follows for the evaluation of the
electron temperature:

T E\—E>

T gI1A L A
In>— —In— —1In—
824 b A

[eV], (6)

where A, g, I, A, and E are the transition coefficient, the sta-
tistical weight, the emission intensity, the wavelength, and the
energy of the upper level of the emission line (in units of eV),
respectively. For Balmer series of hydrogen, these constants
are precisely available and are recommended for electron tem-
perature diagnosis. Table 1 presents the spectral line data of
hydrogen Balmer series.

In our measurements, Hy and Hg are used for the deter-
mination of the electron temperature. Figure 3 shows the line
intensity ratio of Hy to Hg as a function of Tc.

Table 1. Hydrogen Balmer series spectral line data.

Statistical T iti
Balmer series  Wavelength/nm a 1,8 ea rar41s1 1on _, Energy/eV
weight  coefficient/ps

Hy 656.28 18 44.1 12.09
Hp 486.13 32 8.4 12.75
H, 434.05 50 2.5 13.05
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Fig. 3. (color online) The line intensity ratio of Hy to Hg as a function
of the electron temperature.

3. Experimental arrangements

Figure 4 is a cut view of the quartz-chamber ECR ion
source at PKU. The main parts of the ion source consist of an
RF matching section (microwave window), a 90 mmx90 mm
quadrate source body, and a three-electrode extraction system.
It can produce 84 mA hydrogen ion beam working at pulsed
model (10% duty factor) and its rms normalized emittance is
smaller than 0.2 7-mm-mrad. The magnetic field of the ion
source is provided by three NdFeB rings which are separated
by non-magnetic metal gaskets. What deserves to be men-
tioned is that the discharge chamber is made of high trans-
missivity quartz, and the plasma spectrum can pass though
the quartz and gaps between the magnetic rings. Therefore,
plasma diagnosis can be performed for this specially designed
ion source. Figure 5 is a schematic illustration of the exper-
imental set-up for plasma diagnosing at PKU. The test plat-
form is composed of the ECR ion source, a gas control sys-
tem, and a diagnostic system. In order to simplify the calcu-
lation of spectrum, mixed He and Ar are used as diagnostic
gases from one gas cylinder with He and Ar mixed at the ra-
tio of 1:1. Therefore, a two-channel gas control system with
calibrated flow meters is needed to mix the noble gases and
hydrogen at specified fractions (He Ar: H, =1:5 or 1:10)
instead of the three-channel gas control system we used be-
fore. With this improvement, the accuracy of the experimental
results can be significantly improved for the precise ratio of
particle density. The diagnostic system consists of an optic
fiber, a high-resolution spectrometer (AvaSpec-USL3648) in
the spectral range of 410 nm to 920 nm, and a computer for
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Fig. 4. A cut view of the quartz-chamber ECR ion source at PKU.

4. Results and discussion

This section presents the results of electron temperature
T:. and electron density n, as functions of the gas pressure and
the input RF power. What is more, the measurements with dif-
ferent ratios of the mixed noble gases to hydrogen (1:5 or 1:10)
are also performed in our research. Finally, a comparison is
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ECR ion source
\ i e

Fig. 5. (color online) Schematic illustration of the experimental set-up.

made between the methods of line intensity ratio of hydrogen
and line intensity ratio of noble gas. There are two things that
should be kept in mind. Firstly, the gas pressure is the pres-
sure of the vacuum chamber, which does not reflect the actual
pressure of the discharge chamber. It should be lower than
the pressure of the discharge chamber for the high gas resis-
tance of the extraction system. Secondly, the RF power we
mentioned is the peak RF power generated by the microwave
generator (10% duty factor). In addition, each plotted point of
the results is the average of three separate measurements.

4.1. Electron temperature

Figure 6 shows the dependence of the electron tempera-
ture on the gas pressure. We can notice that the electron tem-
perature first decreases significantly and then decreases slowly
as the gas pressure increases. This trend is similar to the results
reported by others using Thomson scattering measurements
and Langmuir probes. 171 This phenomenon can be attributed
to the change of mean free path of the electrons. The increas-
ing gas pressure means higher collision frequency and more
energy loss, thus the electron temperature goes down. This
has been confirmed by the achievement of 2.45 GHz PMECR
ion source at PKU. It can produce more than 100 mA hydro-
gen ion beam working at pulsed mode, and more than 20 mA
HJ (43.2%) and 40 mA H; (47.7%) have been obtained with
suitable parameters.!'®] The cross sections of plasma processes
are affected by the electron energy and will have an effect on
the composition of the extracted currents. Therefore, the de-
pendence of species fraction on the gas pressure of this ion
source is presented for the comprehension of how the electron
energy influences the behavior of different ions. As shown in

Fig. 7, the fractions of the extracted Hy and H3+ beams are
sensitive to the gas pressure and have opposite trends, the ex-
tracted H;r beam decreases and H;“ beam increases as the gas
pressure rises. This is understandable by analyzing the hy-
drogen plasma processes inside the discharge chamber shown
in Fig. 8. Firstly, H; ions inside plasma are created by di-
rect ionization of H,, the cross section of H, direct ionization
firstly increases as the energy increases then decreases with an
optimal energy of 70 eV. For 2.45 GHz ECR ion source, the
electron energy is usually below 20 eV. Therefore, the Hj pro-
duction cross section will decrease as the pressure rises. Sec-
ondly, H;r ions are produced by the dissociative attachment
of H2+ with a threshold energy of 0 eV. This reaction rate in-
creases as the pressure rises. Therefore, the generation of Hy
decreases and the production of HgL increases as the pressure

rises for the diminution of the electron energy.
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Fig. 6. (color online) Dependence of the electron temperature on the
gas pressure.
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Fig. 7. (color online) Dependence of the extracted species fraction on
the gas pressure for hydrogen molecular ion source at PKU.
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Fig. 9. (color online) Dependence of the electron temperature on the
RF power.

In some papers, 52 the electron temperature is consid-
ered to be nearly constant over the whole RF power range
since the electron temperature is primarily influenced by the
gas pressure as shown in Fig. 6. This behavior is basically in
accordance with our results in Fig. 9 except for a slight growth
of electron temperature with increasing RF power. This is also
understandable since the electric field amplitude of the propa-
gating wave is proportional to the square root of the RF power.
Therefore, the electrons can gain more energy from the electric
field and the electron temperature will increase. Our results are

reasonable from this point of view.

4.2. Electron density

Figure 10 presents the dependence of the electron density
on the gas pressure. The electron density goes up at first, and
then decreases as the gas pressure increases. Two probable
interpretations are provided for comprehension of this behav-
ior. Firstly, the RF power is sufficient at the beginning, and
the electron density increases as the pressure rises because of
more ionization of hydrogen molecular. However, the elec-
tron density will reach a limitation according to the law of
energy conservation for a certain RF power level. In contrast,
the higher gas pressure means lower electron energy, which
means that the cross section of dissociative recombination of
Hj and other process such as recombination of H* will in-
crease and more electrons will be consumed during these pro-
cesses. This could be a reasonable explanation for the trend
observed in Fig. 10. Secondly, we can also interpret this trend
from Paschen’s law. The breakdown voltage is high at both
low and high pressures, which means that the formation of the
plasma is difficult in these cases. As a consequence, there must
be a vertex of electron density as the gas pressure changes.
More relevant research is needed for confirming these specu-
lations. Moreover, the maximum in the electron density curves
shifts to higher pressure when the input RF power increases.
Therefore, it is crucial to match the gas pressure with the in-
put RF power for higher electron density. This phenomenon
of the electron density is also confirmed by the experimental
results of the high current hydrogen molecular ion source at
PKU. As we know, the extracted current is a space-charge-
limited current for the ECR ion source, and the current den-
sity is proportional to the plasma density inside the discharge
chamber. Therefore the intensity of the extracted current can
be reflected by the plasma density inside the ECR chamber.
Figure 11 shows the extracted current (positive correlation of
electron density) as a function of the gas pressure. The behav-
ior is in accordance with the measurements in Fig. 10. What
is more, the electron temperature and electron density mea-
sured at upstream and downstream are very close as shown in
Figs. 6 and 10 because of the similar magnetic field of these
two positions.

Not only the gas pressure but also the RF power have an
impact on the electron density. It can be noticed in Fig. 12
that the electron density increases rapidly as the RF power in-
creases. This trend is easy to understand, as the RF power
rises, a large number of particles are ionized with more elec-
trons generated. It should be pointed out that the increase trend
is much more significant than that in Ref. [6] because of more
sufficient microwave coupling in our measurement. As shown
in Fig. 4, a specially designed alumina dielectric microwave
window is used for the microwave coupling between the rect-
angle waveguide and the plasma chamber. Therefore, the elec-
tron density varying with the RF power is in fact a reflection
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of microwave coupling efficiency. What is more, the electron
density also has an influence on the species fraction of the fi-
nal extraction beam. For example, H; has a large dissociative
recombination cross section with electrons as shown in Fig. §,
thus low RF power is beneficial to fraction of H;’ according to
Fig. 12. What is more, a moderate RF power is recommended
to the improvement of H fraction. Firstly, a low electron
density is insufficient since the H2+ ions are created by direct
ionization of hydrogen molecules with electrons. Secondly, a
high electron density will consume the H; ions since the dis-
sociative recombination of Hj with electron also has a large
cross section as shown in Fig. 8. These laws have been proved
by the results of cluster ECR ion source at PKU.[!8]
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Fig. 10. (color online) Dependence of the electron density on the gas
pressure.
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Fig. 11. (color online) The current as a function of the gas pressure for
hydrogen molecular ion source at PKU with 30 mm discharge cham-
ber.
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Fig. 12. (color online) Dependence of the electron density on the RF
power.

4.3. Proportion of mixed noble gases

Generally speaking, a small percentage of mixed noble
gases are added to the discharge chamber just for diagnostic
purpose, the results should not be affected a lot by the ratio of
the mixed noble gases to hydrogen. However, it can be noticed
in Figs. 13 and 14 that the electron temperature decreases and
the electron density increases as the proportion of mixed no-
ble gases increases. In other words, the electron temperature
we measured is lower and the electron density is higher than
the results for pure hydrogen. It seems that the method of line
intensity ratio of noble gas will bring some problems. How-
ever, this phenomenon is also reasonable for the distinction
of ionization energy of different gas. The ionization energy
of hydrogen atom is lower than Ar and He in which situation
electrons can gain more energy from the RF power. Therefore,
the electron temperature of pure hydrogen is higher than the
gas mixture. As mentioned in Section 2, the diagnosis of the
electron density is based on the electron temperature, the de-
crease of the electron temperature will lead to the increase of
the electron density for a certain line ratio as shown in Fig. 2.
What is more, the proportion of the mixed noble gases makes
no difference to the trend we observed as shown in Figs. 13
and 14. From this point of view, the method of line intensity
ratio of noble gas is still a very powerful tool that we can use
for plasma diagnosis.

12 6.0x10~4 Pa He Ar/H2I ratio = 1:5 downstregn 1

T T T T
8.0X10~* Pa He Ar/H2 ratio = 1:5 downstreaim
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=)
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Fig. 13. (color online) Dependence of the electron temperature on the
RF power for different ratios of mixed noble gases to hydrogen.
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Fig. 14. (color online) Dependence of the electron density on the RF
power for different ratios of mixed noble gases to hydrogen.
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4.4. Comparison with other methods

Some research indicated that the electron temperature can
be determined using the line intensity ratio of hydrogen.!?!->?]
This method is also used in our work by measuring the line
intensities of Hy and Hg for the determination of the electron
temperature. Figure 15 presents the results for pure hydrogen
and hydrogen with noble gas (gas mixture). It is obvious that
the electron temperature is higher for pure hydrogen which
is in accordance with the conclusion in Subsection 4.3. As
mentioned in Subsection 4.1, the electron temperature first
decreases significantly and then decreases slowly as the gas
pressure increases. This trend is similar to the results reported
by others using Thomson scattering measurements and Lang-
muir probes. Thus this law should be a typical result and
should not be different for different methods. However, the
hydrogen method cannot reflect this law as shown in Fig. 16
because this method is based on the assumption of local ther-
mal equilibrium (LTE). For plasma inside ECR ion source, the
LTE assumption is not valid. The line intensity ratio of noble
gas is without the limitation of LTE assumption and is reliable
for electron temperature diagnosis. Based on these facts, more
improvements are needed for the use of line intensity ratio of
hydrogen inside ECR chamber, and the line intensity ratio of
noble gas is recommended. But this does not mean the line

1.6 T T

pure hydrogen (1400 W)
—o—gas mixture (1400 W) ]
1.2} b

1.4}

0.6} M// 1

0.4r E

Electron temperature/eV

0.2 E

O 1 1 1 1 1 1
0 0.5 1.0 1.5 20 25 3.0

Pressure/10~3 Pa

Fig. 15. (color online) Dependence of the electron temperature on the
gas pressure obtained by the method of line intensity ratio of hydrogen.
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Fig. 16. (color online) Comparison of line intensity ratio of hydrogen
and line intensity ratio of noble gas.

intensity ratio of hydrogen is useless. On the contrary, this
method can play an important role in the diagnosis for degree
of dissociation, etc. More relevant work about hydrogen spec-
trum will be performed in the future.

5. Conclusion and prospects

The electron temperature and electron density are mea-
sured for plasma inside 2.45 GHz ECRIS at PKU with OES
method. The results show that the electron temperature de-
creases significantly as the gas pressure increases and nearly

unaffects input RF power. The electron density increases

rapidly with increasing RF power. And it is crucial to match
the gas pressure with the input RF power for higher electron
density. What is more, the species fraction and extraction
beam current are mainly determined by the electron energy
and electron density, respectively. All of the details and ex-
planations are presented in this paper. In addition, we illus-
trate the influence of the noble gas on the diagnostic results
and show the feasibility of the line intensity ratio method for
plasma diagnosis. At last, the superiority of line intensity ratio
of noble gas is indicated with a comparison to the line intensity
ratio of hydrogen.

A new 2.45 GHz microwave driven H™ ion source with a
quart window is designed for plasma diagnosis, more relevant
work such as atomic and molecular spectroscopy for hydrogen
plasma will be performed in the future.
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