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temperature decreases to 2800K with 1% concentration of H2,whereas the gas temperature is 
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1. Introduction 
A large bore copper vapor laser (CVL) has been developed for atomic vapor laser 

isotope separation.1* In a large bore CVL, the on-axis beam intensity becomes weak compared 
with the intensity near the wall at a high input power density, and the beam profile is inclined 
to be annular.25 This annular beam profile is considered to be caused by an increase in the 
on-axis lower level density of copper. That is, it is thought that the lower level density is 
excited thermally,3' and therefore, an increase in the on-axis gas temperature at a high input 
power density brings about the annular beam profile. 

The beam profile has improved in uniformity and the output power has increased by 
adding hydrogen gas into the Ne buffer gas in the CVL with a beam diameter of 80 mm.2> 

The on-axis lower level density is thought to decrease by hydrogen gas addition from the 
above-mentioned viewpoint on the annular beam profile. As one possible modeling of such 
decrease in the lower level density, the cooling of the on-axis gas temperature is proposed in 
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this paper. The gas temperature is thought to decrease by hydrogen gas addition, because of 
the enhancement in thermal conductivity by an active heat transfer in the CVL due to the 

thermal dissociation of hydrogen.* A calculation on thermal and chemical equilibria were 

carried out and it has been shown that the on-axis lower level density decreases. The relation 

between the amount of decrease in the lower level density and the amount of concentration of 

hydrogen gas was also calculated and a comparison was made with an experiment on the 

concentration dependence on the output power. The calculated result has explained the 

optimum concentration in the experiment 

2. Thermal conductivity 
At high gas temperature, molecular hydrogen dissociates and the chemical reaction 

H2<->H + H (1) 

takes place actively. The partial pressure of molecular hydrogen pH and that of atomic 

hydrogen pH are written as 

PH2 = (1 -^H) / 7 » Pn=xHp, 

where p is the total pressure (molecule plus atom) and the degree of dissociation. The 

degree of dissociation xH at constant pressure is expressed as 

"»=, i v (2) 

l+f+T 
where K is the equilibrium constant/0 K is given by 

where / and co are the moment of inertia and the vibrational frequency in a hydrogen molecule, 
respectively, and m and & are the mass and the statistical weight of the hydrogen atom.5) T 

is the gas temperature, k the Boltzmann constant, and e0 the dissociation energy. The degree 
of dissociation is shown in Fig.l. The numbers in the figure are the hydrogen pressures, and 
0.125 Torr , 0.25 Torr and 1.25 Torr corresponds to 0.5%, 1%, and 5% concentration of 
hydrogen gas, respectively. (The total pressure in the CVL was 25 Torr.) Active heat 
transfer due to the enthalpy difference between the atom and molecule in reaction (1) is 
expected to occur around 2500K, which is a typical gas temperature in a CVL. 

'This work was preliminary reported in theExtended Abstracts of the 53rd Autumn 

Meeting of the Japan Society of Applied Physics, Osaka, September, 1992,16a-SS-8. 
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The. thermal conductivity of a thermally dissociating hydrogen \ is expressed as 

Ah=Ar + A r , (4) 

where \ is the non-reaction part and \ is the reaction part of thermal conductivity.6' The 
reaction part Xr is expressed using the degree of dissociation as 

_pD(AH)2
 * H ( 1 - * H ) , , , 

r RT RT2 {2-xHf ' P ; 

where p is the hydrogen pressure, D the mutual diffusion coefficient, AH the enthalpy 

change, and R the gas constant4' The factor (pD/RT^AHf/RT2) was obtained by the 

interpolation of the indicated values in a table for some gas temperatures.45 The non-reaction 
part \ was also obtained by the interpolation of the indicated values for gas temperatures and 
degree of dissociation.4' Although ^, A.,, and \ are not shown here, the reaction part \ has 
been found to be about 20 times as large as the non-reaction part \ around 2500K. 

The thermal conductivity of the mixed gas with the Ne and hydrogen gas ^ is 

^mu=(l-a)*Ne + «*h. (6) 
when the concentration of hydrogen a is small.7' XNe is the neon thermal conductivity and 
shown in the table.8' XNe can be expressed properly as 

ANe= 0.00131 xT°-636[W / m-K], (7) 

for the gas temperature T [K]. The thermal conductivity of the mixed gas Xmix is shown in 
Fig.2 for some hydrogen concentrations. The increase in thermal conductivity has been 
found around 2500K, where an active heat transfer due to chemical reaction (1) takes place, 
as shown in Fig.l. 

3. Gas temperature and lower level density 
A CVL is a pulse laser and the interval between the pulses is 200 us for a 5 kHz 

repetition frequency. The discharge current lasts only for about 1 us and period of the 
afterglow is very long. The gas temperature and the lower level density in the afterglow were 
calculated from the thermal equilibrium in the case of hydrogen gas addition. 

The gas temperaturer is calculated by solving the steady-state heat conduction equation 

v(Amix(r)vr)+A3=o, (8) 
where AQ is the input power density into the plasma. This equation can be solved in axial 
symmetry as 

]^dT = ̂ (R2-r2), (9) 
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where Tw is the gas temperature at the wall (r =/?). (In this section, R represents the radius 
of the laser tube.) The radial dependence of the gas temperature can be calculated using Eqs. 
(6) and (9), and the result is shown in Fig.3 for various concentrations of hydrogen gas. R 
was 40 mm, A0 0.8 W/cm3, and !TW 1450"C, and these correspond to the actual experimental 
values.2) The on-axis gas temperature decrease to about 2800K with 1% concentration of 
hydrogen, whereas the gas temperature was about 3400K without hydrogen. 

The lower level density of copper nCu(D)(r) *s expressed as 

«CU(D)(0 = ̂ »CU(S)(0^F, (10) 
9s 

where noi(S)(r) is the ground state density, and gfs and gD is the statistical factor of the 

ground state and the lower level state, respectively. E is the lower level energy. The ground 

state density /iCu(S)(r) depends on the gas temperature T as 

It 
T(ry 

"ans)(r) = -frnailS)(R) (11) 

from the pressure balance, where nCxi{S)(R) is the ground state density at the wall. From Eqs. 

(10) and (11), the lower level density is expressed as 

nmD)(r) = ^-nCaiS)(R)I^-e~^. (12) 
9s 1 v) 

The lower level density normalized by the ground state density at the wall «Cu(D)(r)/"cu(s)(^) 

is shown in Fig.4 for various concentrations of hydrogen gas. The ratio of the on-axis lower 
level density to the ground state density at the wall decreased to about 0.6% with 1% 
hydrogen, whereas the ratio is about 1.3% without hydrogen. 

4. Optimum concentration of hydrogen 

As mentioned in section 1, the beam profile at a high input power density improved in 
uniformity by hydrogen gas addition. Figure 5 shows the spatial and temporal behavior of the 
beam intensity (green) in the CVL with an 80 mm bore and 1500 mm length between the 
electrodes. The experimental setup has been shown in reference 2). Figure 5(a) is the case 
without hydrogen gas and (b) is the case with 0.9% concentration of hydrogen gas addition. 
The on-axis intensity increased by hydrogen gas addition. The output power dependence on 
hydrogen gas concentration is shown in Fig.6. The output power was maximum around 1% 
concentration. 

Figure 7 shows the calculated on-axis gas temperature (dashed curve) and the normalized 
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lower level density (solid curve) as function of the concentration of hydrogen. The details of 
the calculation have been presented in the previous sections. From this figure, the gas 
temperature and the lower level density decreases as the concentration increases, but the 
decrease in the gas temperature and the lower level density is marked up to about 1% 
concentration and the decrease is not so much above 1%. As to the addition of molecular gas 
in a CVL, there is a possibility that a reduction in the electron temperature at discharge by 
molecular gas addition lowers the rate of excitation to the upper laser level. But it is expected 
that the effect of the reduction in electron temperature at discharge is small for a small 
amount of hydrogen gas addition and a large decrease in the lower level density contributes 
greatly to an improvement in the beam profile and the output power. For a much higher 
concentration of hydrogen, the effect of the reduction in electron temperature is expected to 
appear and the output power is thought to decrease, because the amount of the decrease in the 
lower level density is small. That is, up to about 1% concentration, the output power is 
expected to increase by hydrogen gas addition owing to the effect of the decrease in the lower 
level density, but above 1%, the output power is expected to decrease because of the effect of 
the reduction in the electron temperature. 

5. Conclusion 
The lower level density of the copper atom has been found to decrease according to 

calculation owing to the cooling of die gas temperature by the thermal dissociation of hydrogen 
in a CVL. This decrease in the on-axis lower level density is considered to explain the 
improvement in the beam profile by hydrogen gas addition in a large bore CVL. The 
calculation has also shown that the optimum concentration of hydrogen in a CVL with a 
beam diameter of 80 mm is about 1%, taking into account that the effect of the reduction in 
electron temperature is expected to be revealed for a much higher concentration of hydrogen 
gas addition. 

— 647— 

lower level density (solid curve) as function of the concentration of hydrogen. The details of 

the calculation have been presented in the previous sections. From this figure， the gas 

temperature and the lower level density decreases as the concentration increases， but the 

decrease in the gas temperature and the lower level density is rnarked up to about 1% 

concentration and the decrease is not so much above 1 %. As to the addition of molecular gas 

in a CVL， there is a possibility出ata reduction in the electron temperature at discharge by 

molecular gas addition lowers the rate of excitation to出eupper laser level. But it is expected 

白attlte effect of the reduction in electron temperature at discharge is small for a small 

amount of hydrogen gas addition and a large decrease in the lower level density contributes 

greatly to an improvement in the beam profile and出eoutput power. For a much higher 

concentration of hydrogen， the effect of the reduction in electron temperature is expected to 

appear and the output power is thought to decrease， because the amount of the decrease in出e

lower level density is small. That is， up to about 1 % concentration， the output power is 

expected to increase by hydrogen gas addition owing to the effect of the decrease in the lower 

level density， but above 1 %，出eoutput power is expected to decrea路 becauseof the effect of 

the reduction in the electron temperature. 

5. Conclusion 
The-lower level density of the copper atom has been found to decrease according to 

ca1culation owing to血ecooling of恥 gωtempera回reby恥 therma1dissociation of hydrogen 

in a CVL. This decrease in the on-axis lower level density is considered to explain the 

improvement in the beam profile by hydrogen gas addition in a large bore CVL. The 

ca1culation has also shown that the optimum concentration of hydrogen in a CVL with a 

beam diameter of 80 mm is about 1%， taking into account出atthe effect of the reduction in 

electron temperature is expected to be revealed for a much higher concentration of hydrogen 

gas addition. 

-647-



References 
1) J. J. Chang, Applied Optics, 32,5230(1993). 
2) K. Hayashi, Y. Iseki, S. Suzuki, I. Watanabe, E. Noda and O. Morimiya, Jpn. J. Appl. 

Phys.31,L1689(1992). 
3) M. Kushner and B. Warner, J. Appl. Phys. 54,2970(1983). 
4) J. T. Vanderslice, S. Weissman, E. A. Mason and R. J. Fallon, Phys. Fluids 5,155(1962). 
5) L. D. Landau and E. M. Lifshitz, "Statistical Physics", Pergamon Press, London (1958). 
6) J. N. Butler and R. S. Brokaw, J. Chem. Phys. 26,1636(1957). 
7) J. O. Hirschfelder, C. F. Curtiss and R. B. Bird, "Molecular Theory of Gas and Liquids" John 

Wiley & Sons(1954). 
8) Y. S. Touloukian, P.E.Liley and A. C. Saxena, Thermophysical Properties of Matter 

vol.3, IFI/PLENOM Data Corporation (1970). 

-648 — 

References 

1) J. J. Chang， App1ied Optics， 32， 5230(1993). 

2) K. Hayashi， Y. Iseki， S. Suzuki， 1. Watanabe， E. Noda and O. Morimiya， Jpn. J. AppI. 

Phys. 31， LI689(l992). 

3) M. Kushner and B. Warner， J. Appl. Phys. 54， 2970(1983). 

4) J. T. Vanderslice， S. Weissman， E. A. Mason and R. J. Fallon， Phys. Fluids 5， 155(1962). 

5) L. D. Landau and E. M. Lifshitz， "Statistica1 PhysicsヘPergamonPress， London (1958). 

6) J. N. Butler and R. S. Brokaw， J. Chem. Phys. 26， 1636(1957). 

7) J. O. Hirschfelder， C. F. Curtiss and R. B. Bird， "Molec叫町Thωryof Gas and Liquids" ，John 

Wiley & Son5(1954). 

8) Y. S. Touloukian， P.E.Liley and A. C. Saxena， Thermophysical Properties of Matter 

vo1.3， IFIlPLENOM Data Corporation (1970). 

- 648ー



1 

0.8 

0.6 -

0.4 -

0.2 -

— 1 — 

-

-

-

1 

1 1 1 1 1 1 1 1 1 1 l — T -

1.25 Torr 

0.25 Torr / 

0.125 Torr II 

i i i l i _ i — s ^ £ - T i J_ i 

l | x > ^ ~ ^ - ^ 

_ _ i — 1 — I . . I i_ i 1 i _ i 

_ 4 — f - ! 1 1 1 1 

-

-

-

1 1 1 L ..1 ,.,.!_ 1 

1000 1500 2000 2500 3000 

Gas Temperature (K) 

Fig. 1 Degree of dissociation 

3500 4000 

1000 1500 2000 2500 3000 3500 4000 

Gas Temperature (K) 

Fig.2 Thermal conductivity 

— 649 — 

c o 
0.8 4ω ル... 

O 。
0.6 ω rn 。

‘。かー 0.4 

ω O L. 
ol 0.2 。。

O 

1000 

1.5 r 
(
X
E注
〉
)
主、
〉

tコ
コ
て3
5 0.5 
O 
c 
E 
O 

戸。

1000 

0.25 Torr 

1500 2500 3000 3500 2000 

Gas Temperature (K) 

Fig.l Degree of dissociation 

rr-r 

1% 

0%  

4000 

1500 2500 3000 3500 2000 

Gas Temperature (K) 

Fig.2 Thermal conductivity 

-649-

4000 



3500 

3000 

2500 

2000 

-

-

-

-

— i — 

1 

1 

% 

1 

2 

1 1 

% 

i 1 

' 1 ' 

H2 0% 

^ \ ^ . 0.5 % 

i 1 i 

1 

• 
i 

i 
1 

i 

-

i. 
,J

,_
I 

• 

0 10 20 30 

Radius (mm) 

Fig. 3 Radial dependence of gas temperature 

40 

en 
d) 
Q 
"CD > 
CD 

_ J 

o 
_ i 
T3 
0) 

.N 

E 

0 
10 20 30 

Radius (mm) 

40 

Fig.4 Radial dependence of normalized lower level density 

650 — 

H20%  

3500 

3000 

2000 

2500 

(
X
)
O』
2
6』

o
a
E
Oト

ωω

。
1500 

O 40 30 20 10 

Radius (mm) 

Fig. 3 Radial dependence of gas tempera回re

0.5% 
H20%  

2 (ポ
)
b一
ωcω
口
一
@
〉
@
J
』
@
〉
〉
O
J
刀

ω旦一
ω
E」
O
Z 。

40 30 20 10 O 

Radius (mm) 

Fig.4 Radial dependence of normalized lower level density 

- 650-



Beam intensity (arb, unit) 

Without H 

-40 

With H2(0.9 

150 ns 

0 40 
Radius (mm) 

(a) 

Beam intensity (arb. unit) 

150 ns 

Radius (mm) 

(b) 

Fig. 5 Spatial and temporal behavior of beam intensity (green) 

-651-

Without H
2 

-40 

With H2 (0.9 0/0) 

由 40

Beam intensity (arb. unit) 

O 

Radius (mm) 
(a) 

40 

8eam intensity (arb. unit) 

O 

Radius (mm) 
(b) 

40 

Fig. 5 SpatiaI and temporaI behavior of beam intensity (green) 

-651ー



CD 

O 

*•—• 
O 

120 -

100 -

0 1 2 

H2 Concentration (%) 

Fig.6 Output power dependence of H2 concentration (experiment) 

<D 

a 
E 
|2 
V) 
TO 

o 

4000 

3500 -

3000 -

2500 -

2000 

2.0 

- 1.0 

0.0 
D 1 2 3 4 5 

H2 Concentration (%) 

Fig.7 H2 concentration dependence of gas temperature 
and normalized lower level density 

— 652 — 

120 

80 

60 

100 (玄)』
O
B
o
t
-
3
a言
。

2 。

(
d
p
)
h
C
一ωcω
口一
ω〉
ω」
』

ω
3
0
J
百

ωN一一
ω
E』

O
Z

H2 Concentration (%) 

Fig.6 Output power dependence of H2 concen住ation(experiment) 

2.0 4000 

1.0 

0.0 
5 

、.
“ 、 、

ー-h ーー
一 ・・.‘ーー・.ーーー←ーー.ーーーー一一一ー・ー-

3500 

3000 

2500 

2000 
0 

(記

)
O
L
2
g
o
a
E
Gト
ω

旬。

4 3 2 

H2 Concentration (%) 

Fig.7 H2 concentration dependence of gas tempera佃re

and normalized lower level density 

- 652ー


