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Abstract

Fulcher-a band emissions were fitted using the Boltzmann distribution for the rotational and vibrational distribution

of hydrogen molecules in MAP-II plasmas. The dependency of the rovibrational temperatures on the neutral pressure

are explored in the cases of the helium discharges with H2 puff and pure H2 discharges. It was found that the rotational

and vibrational temperatures increase with the electron temperatures in the experimental conditions studied. However,

the opposite trend is predicted by our modeling, in which the newest cross section data are applied in the most impor-

tant kinetic processes included in vibrational population balance based on the quasi-steady state and quasi-stationary

approximation. The possible channels to cause the discrepancy are discussed; however, the physical mechanism behind

remains un-discovered.
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1. Introduction

Vibrational excitation is one of the key factors for the

negative ion production [1,2] and for the hydrogen

molecular behaviors in the edge plasmas [3]. This paper

focuses on the dependency of H2 vibrational distribution

on the plasma parameters, especially on the electron

temperature and the neutral pressure. In Section 2, we
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discuss the modeling of H2 vibrational distribution and

the processes therein. In Section 3, we give a brief intro-

duction of the experimental determination of the distri-

bution from Fulcher-a band spectroscopy and the

experimental setup. Based on the comparisons of the

experimental and modeling results, finally we give our

discussions and hence the summary.
2. Modeling of H2 vibrational distributions in low

temperature plasmas

In low temperature plasmas, hydrogen molecules

can be vibrationally excited in mainly two ways. In
ed.
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Table 1

Kinetic process of H2 in low temperature plasmas

e–v e + H2 (v)! H�
2 ! e + H2 (w) [4]

e–DA e + H2 (v)! H�
2 !H + H� [4,5]

e–D e + H2 (v)!H2 (b
3R�

u ) !H + H [6]

e–D e + H2 (v)!H2 (a3R
þ
u , c

3Pu, e3R
þ
u , d

3Pu) This

work

E–V H2 (v) + e!H2 (B
1R�

u , C
1Pu) + e !H2

(w) + e

[6]

Ionc H2 (v) + H+ ! Hþ
2 + H [7,8]

p–v H2 (vi) + H+ !H2 (vf) + H+ [8,9]

e–DE H2 (v) + e!H2 (R
�
u , C

1Pu) + e! H + H [6]

e–I H2 (v) + e!Hþ
2 [6]

e–ID H2 (v) + e!H + H+ [6]

v–v H2 (v) + H2 (w + 1)!H2 (v + 1) + H2 (w) [10]

v–t H2 (v) + A!H2 (w) + A (v > w) [10,11]
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low electron energy range of the order of several

electron Volt, the incident electrons can attach to the

target hydrogen molecules to form negative H�
2 mole-

cules which are mainly in the resonant electronic states

of 2Rþ
g and 2Rþ

g . These H�
2 molecules can either be dis-

sociated or detach the attached electrons to return to

H2. The latter process causes the enhanced vibrational

excitation as shown by Bardsley�s theoretical results

using a resonant theory [4]. When the electron energy

is higher to above �14eV, H2 can be excited to the

higher electronic states, i.e., B1R�
u and C1Pu states.

These excitations will be followed by simultaneous

photon emission to return to the ground electronic

state. This also causes the molecules in ground elec-

tronic state to be distributed in higher vibrational

states. After the molecules gain the vibrational quanta,

they would redistribute via the vibrational exchange

among H2, or vibrational de-excitation through vibra-

tion–translational exchange via the collisions with both

the neutrals and the charged ions. In addition, H2 can

also be dissociated or be ionized. Because the ioniza-

tion and dissociation processes have the dependency

on the vibrational level of the molecules, they also

play important roles in the vibrational distribution.

Generally, H2 at higher vibrational levels have

higher possibilities to be dissociated or to be ionized,

so the dissociation or the ionization mostly causes

vibrational de-excitation. To determine the vibra-

tional distribution, one can rely on the so-called qua-

si-steady and quasi-stable model for the equilibrium

of the hydrogen molecules in different vibrational states

which has been discussed in detail by Gorse [1], Kresh-

innikov [3] and Pigarov [5] etc.,

X
i

dNv

dt

� �
i

¼ 0: ð1Þ

The summation must be performed on all possible

processes which are effective in the system in the contri-

butions to the generation and depletion of the molecules

in vibrational states v which ranges from 1 to 14. If the

molecules in primarily vibrationally ground state can be

determined by the transport or the other methods and

the time to reach vibrational equilibrium is much shorter

in comparison to the transport time of the molecules,

then the populations of the molecules in vibrationally

excited states can be solved against the population of

the molecules in vibrational ground state.

Table 1 summarized all the processes which are con-

sidered in this paper. Most of the complete sets of vibra-

tionally resolved electron impact cross sections can be

found in Celiberto�s compilation [6] except those for

the excitation to the triplet states and the e–v process.

For the excitation to the triplet states, we use Gryzinski�s
method [12,13] to obtain the complete sets of the vibra-

tional resolved cross sections.
For the e–v cross sections, we utilized the Bardsley�s
cross sections [4] for 0–w (1 < w < 6, 0 and w are the ini-

tial and final vibrational levels, respectively) transitions.

Necessary electron energy extrapolation was made to get

the reaction rate coefficients. For the transition v–w

(v > 0, w > v), we utilize the scaling law suggested by

C. Gorse [14],

r1!w ¼ wr0!w�1ð1 < w < 6Þ

and rv!w ¼ rv�1!w�1 ¼ � � � ¼ r1!w�vþ1ðw >¼ 2Þ: ð2Þ

For the v change larger than 5, we just simply take

the cross sections to be zero as they indeed are negligibly

small.

For the process of vibrational exchange, according to

[10], the forward v–v reaction rate coefficients in Table 1

can be approximated by:

Rv,w � ðvþ 1Þðwþ 1ÞR0,1
3

2
� 1

2
e�dðv�wÞ

� �

� exp D1ðv� wÞ � D2ðv� wÞ2
h i

v > w, ð3Þ

where R0,1 � 4.23 · 10�15(300/Tg)
1/3 cm3s�1, d � 0.21

(Tg/300)
1/2, D1 � 0.236(Tg/300)

1/4, D2 � 0.0572(300/Tg)
1/3

and Tg is the gas temperature in Kelvin. The reverse reac-

tion is also possible but the reaction rate is less than the

forward one by an exponent factor,

R0
v,w ¼ Rv,w exp Gðvþ 1Þ þ GðwÞ � GðvÞ � Gðwþ 1Þ½ �=T e,

ð4Þ

where G denotes the vibrational energy. The v–t relaxa-

tion occurred among the molecules and hydrogen atoms

can be found in Gorse [14]. For the vibrational transla-

tional exchange, we only consider hydrogen molecules

and atoms because they are the main heavy species in

most of the divertor plasmas. For the v–t exchange with

hydrogen molecules, we use the following formula which
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was derived by Matveyev [10] based on the results of

Caccitore [11],

RH2ðwÞ;vt
v;v�1 ¼ 7:47� 10�12

ffiffiffiffiffi
T g

p
expð�93:87T�1=3

g Þv
� exp dVTðv� 1Þ þ d0VTw

� �
cm3=s, ð5Þ

where dVT � .97(300/Tg)
1/3 and d0VT � :287ð300=T gÞ1=2.

For the proton impact processes, mainly ion conver-

sions and proton induced vibrational excitations, Janev

[8] summarized the current database and gave the rele-

vant scaling laws. In MAP-II plasma, H2 density is

about 2 orders higher than electron density. In this case,

Hþ
2 and H+ may have considerable fractions so that H+

is not the only important ion species and its density is

lower than the electron density. Moreover, because there

is no enough time for the ion-electron collisions, ion

temperature is generally lower than the electron temper-

atures. Exact determination of these quantities is not

applicable so the exact consideration of these processes

is not currently possible. Fortunately as one could see

from the discussion section of this paper, neither the

p–v nor the ion conversion processes play important

roles in the explanation of our experimental observation.

In the modeling, we simply assume that the ion temper-

ature and density are the same with electrons.
Fig. 1. Modeling result: vibrational distribution as a function

of electron temperature.
3. Experimental determination of H2 rovibrational

distribution

In many researches such as Fantz [15], Surrey [16]

and our previous work [17] etc., Fulcher-a band spec-

troscopy was used for the diagnostics of the H2 vibra-

tional distribution in low temperature plasmas. In

these studies, the vibrational distribution of H2 in the

electronic ground state was taken to be Boltzmann dis-

tribution characterized by the vibrational temperature.

In our previous work, we further found that the rota-

tional distribution in the electronic ground state partic-

ularly obeys the Boltzmann distribution. Thus in this

paper to fit the experimental observed emissions we

use also the following function, which was explained in

detail in our previous publication [17],

Idv
0J 0

av00J 00 ¼
hc
k

Adv0J 0

av00J 00

Atot

�
X
v

X
J

�
Rdv0J 0

XvJ Cvð2J þ 1Þgas

� exp � F X ðJ ,vÞ
T rot

� GX ðvÞ
T v

� �	
: ð6Þ

Idv
0J 0

av00J 00 and Adv0J 0

av00J 00 are the emission intensity and the radia-

tive emission rate coefficient, respectively. v denotes the

vibrational level and J rotational level. R is the rovibra-

tionally resolved electron impact reaction rate, ne hrvi. F
is the rotational energy and G the vibrational energy. gas
is the degeneracy factor to consider the nuclear spin and

Cv is a normalization factor. The summation in the for-

mula are performed on all possible v and J values.
The experiment was done in MAP-II device (Material

and Plasma) which was designed to be an edge plasma

simulator. The details of the device and the experimental

setup has been provided in former publications [17,18].

After an arc discharge between a flat LaB6 cathode

and an anode pipe, the plasma is confined by a longitu-

dinal magnetic field of �200Gauss to form a column

with a diameter of �5cm. It is transmitted to the target

chamber and finally stopped at a floating target. Second-

ary gas can be injected into the target chamber. Lang-

muir probes are used to measure the electron

temperature and density. In the target chamber, the elec-

tron temperature can be varied from lower than 1eV to

about 10eV, and the electron density can be varied from

1011 to 1012cm�3 by adjusting the discharge voltage and

current and the gas pressure.

For the optical spectroscopy, a 1m Czerny-Turner

monochromator with a 1200grooves/mm grating

equipped with a photo-multiplier tube was used. The

wavelength resolution was about 0.042nm at a 50lm slit

width. Line emission was collected by the spectrometer

across the column so that the collected signals are indeed

the radial line integral. The line integration effect can be

taken into consideration using the same way which we

did in our previous work [17].
4. Results and discussion

Fig. 1 gives the solution results of the Eq. (1). The

ratio of the H2 density with respect to the electron den-

sity was set to be 100 which is close to the experimental

conditions. It can be seen that when the vibrational level

is less than 5, the absolute curve slope of the distribution

decreases with the decrease of the electron temperature.

This implies that the vibrational temperature is pre-

dicted to be a decreasing function as to the electron
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temperature if we approximate the vibrational distribu-

tion in lower vibrational level to be Boltzmann. How-

ever, both the measured vibrational and rotational

temperatures decrease as functions of the neutral pres-

sure in both the helium discharge with H2 puff and pure

H2 discharge as shown in Fig. 2. When the neutral pres-

sure goes higher, the electron temperature would de-

crease because more energy is transferred from the

electrons to the neutrals. It also brings about more cool-

ing to the rotationally excited H2 so that the rotational

temperature goes down. As to the vibrational tempera-

ture dependency on the electron temperatures, the exper-

iment shows the opposite trends compared with that

predicted by the modeling. We noticed that in Fantz�
experiment [19], the same dependency of the vibrational

temperature on the neutral pressure existed when the D2

pressure is less than 5Pa. However, the dependency be-

came reversed as the D2 pressure is larger than 5Pa.

Unfortunately we have no information in Fantz�s re-

ported results for the electron temperature.

We discuss the possible channels which might cause

the discrepancy between our experiment and our theo-

retical prediction on the vibrational temperature depen-

dence on the neutral pressure or electron temperature.

From the view point of the experiment, one may think

that it is possibly due to our assumed vibrational distri-

bution. The vibrational distribution may not obey well

the Boltzmann, which we adopted in our experimental
(A)

(B)

Fig. 2. Measured rotational and vibrational temperatures. (A)

Helium discharge using H2 puff, (B) H2 discharge using H2 puff.
data analysis. However, the fitting in all the cases shows

less than 10% uncertainties for the vibrational tempera-

ture. This implies that the vibrational temperature at

least reflects the initial slope of the vibrational distribu-

tion curve. The experiment also depends on the applied

vibrationally resolved reaction rate for the excitation

from the ground state to the upper Fulcher state. Detail

discussion about the cross sections and the reaction rates

can be found in again our previous work [17]. As a try,

we used the Fantz�s treatment [15] for the reaction rates,

the derived vibrational temperature exceeds our values

by percentages about �10%. This did not change our

experimental finding that the vibrational temperature

to be a decreasing function as to the electron tem-

perature.

The vibrational exchange might also be one of the

causes. Generally, vibrational exchange would make

the final equilibrium distribution to be,

NðvÞ ¼ N 0 exp � -v
kT v

þ -xvðvþ 1Þ
kT

� �
, ð7Þ

where -and -x is the molecule term values and T is the

temperature of the molecules which can be approxi-

mately taken to be the rotational temperature in most

of the cases. This equilibrium can only occur or be as-

sumed when the v–v exchange collision frequency is

much larger than the other processes. For (v = 3,

w = 2) ! (v = 4, w = 1), the v–v rate coefficient is only

1.41 · 10�14cm3/s. For the smaller initial v and w, the

value is even smaller. This is negligibly small in compar-

ison with e–v rate coefficients at electron temperature of

3eV, which is 1.9 · 10�9cm3/s for 0! 1 transition. So in

lower vibrational levels, v–v exchange can be neglected if

the molecules density is less 4 orders higher than the

electron density.

At low electron temperatures (Te � 3eV), the domi-

nant collision to determine the vibrational distribution

is the electron attachment process. For example at

Te = 3eV, for the process H2 (vi = 0) + e ! e + H�
2 !e +

H2 (vf = 1), the rate coefficients is about 1.9 · 10�9cm3/s.

The p–v process may compete with the e–v processes.

When the ion temperature is close to the electron tem-

peratures (1–7eV), the 0–1 p–v excitation rate coefficient

is in the range of 0.2–0.5 · 10�9 cm3/s which is much

smaller than the e–v reaction rates. The other contribu-

tions are at least several times lower than e–v process.

Concerning the depletion rates of the state v = 1, the

total reaction rate coefficients for the electron attachment

including dissociation attachment is 6.2 · 10�9cm3/s.

This is the most dominant depletion process for the state

v = 1, in comparison with the other depletion processes.

The vibrational population at v = 1, is thus determined

by the balance between these two processes. Namely,

N(v = 1) �N(v = 0)Re�v (v = 0–1)/Rattach (v = 1). Our

underlying database for this process is all originated

from Bardsley�s calculation [4]. Necessary extrapolation
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was made to the electron energy beyond the range of

2eV < Ee < 12eV. The extrapolation should not influ-

ence much the exactness of the rate coefficients at elec-

tron temperature of 3–6eV which is of our interest.

It may not exactly reflect the cross sections calculated

by Bardsley [4] for the scaling by Gorse [14] which was

used in this paper. However, the 0(vi) � 1(vf) cross sec-

tion is slightly more than one half of the 1(vi) � 2(vf)

cross section when we check Bardsley [4] cross section

at 6 and 8eV. This small difference should not change

much the relative slope of the vibrational distribution.

This point was verified by [20] when using a different

scaling law which was suggested by Pigarov [5].
5. Summary

In summary, we have observed that the vibrational

temperature is a decreasing function as to the neutral

pressures and thus to the electron temperature in the

case of the discharge characterized by the neutral

pressure of 2–16mTorr and the electron temperature of

1–6eV. This dependency is just the opposite of that pred-

icated by our modeling. Our current knowledge cannot

explain the physical mechanism behind. There are possi-

bilities of the H2 �Hþ
2 and H2 �Hþ

3 collisions which

contribute to the observed vibrational distribution, how-

ever, current understanding by either us or the literature

is limited. To discover the physical mechanism behind

the observed distribution is our future objective.
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