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Resonance radiation trapping effects in copper and manganese pure metals and their halides as 

laser materials have been investigated using Holstein's theory of resonance radiation trapping. 

Theoretical calculations have been performed for determining the laser-starting and optimum 

temperatures, and dissociation levels in the metal halides. The results are found to be in 

excellent agreement with the reported experimental values. A detailed discussion of the results 

has been presented. 

INTRODUCTION 

Laser action in copper has been observed by many inves

tigators on the 5106- and 5782-A. transitions at temperatures 

ofabou! 1800 K.I--4 It has been reported that the 2P3/2-
2Dsn 

(5106 A) transition required a tube temperature exceeding 

about 1475 K to sustain population inversion. A peak power 

of about 40 kW with an effective pulse width of 16 ns was 

obtained in a single-pulsed pure copper metal vapor laser at 

about 1800 K (Ref. 3). Laser action was also reported in 

pure manganese metalS at 1120 K on the 5341-A. transition. 

In addition, the use of metal halides to obtain pulsed 

laser emission from metal atoms using double-pulsed excita

tion has received considerable attention during the past 12 

years due to their low operating temperatures. Laser action 

was reported at 485- and 875-K temperatures for copper 

chloride and manganese chloride, respectively, in double

pulsed excitations.6-R In addition, metal oxides and organo

metallic compounds have also been reported as laser materi

als. 9
•
10 

This approach to metal vapor lasers is attractive, as it 

could lead to the development of practical, efficient, and 

high-energy laser devices in the visible region of the spec

trum. In these double-pulsed metal vapor lasers, the electri

cal dissociation of the metal compounds, the electron impact 

excitations of the metal atoms, and the radiation trapping 

upon the resonance lines are the principal inversion mecha

nisms. Weaver et al. 11 have reported the effective lifetimes of 

2P3/2 and 2P I/2 energy levels of copper in CuI as well as the 

threshold ground-state densities required for radiation trap

ping upon 3248- and 3274-A. resonance lines. They have also 

estimated the reservoir temperature and the dissociation lev

el at which the stimulated emission is observed. No such 

calculations are available in the literature for other metals 

and metal halides. 

In this paper, we present the theoretical resonance radi

ation trapping threshold temperatures, and the tempera

tures at the beginning of the lifetime saturation in copper and 

manganese pure metals and their halides as laser materials. 

These temperatures are compared with the reported values 

of laser-starting and optimum temperatures. The present 

calculations are found to be in excellent agreement with the 

reported laser-starting and optimum temperatures in these 

materials. The laser-optimum temperatures are found to oc

cur at the beginning of the lifetime saturation of the upper

laser level. All these calculations have been carried out by 

using Holstein's theory of resonance radiation trapping. 12.13 

These calculations will guide future experimental studies in 

the most promising directions. 

METHOD OF CALCULATION 

The absorption coefficient (k i,) upon the resonance ra

diative transitions for different temperatures is given by 

k __ 1_l¥n 2 A. tAij N,gj 
I] - -------, 

817' 17' IlVD gi 
(1) 

where A. I] is the wavelength of the resonance radiative transi

tion, A" is the spontaneous atomic transition probability, N 

is the ground-state atomic population density, and gj and ~ 
are the statistical weights of the ground-state and upper

laser levels. IlvD is the Doppler half-width at half-maximum 

(HWHM) of the radiative transition and is given by 

(2) 

where Vo is the central frequency of the transition, M is the 

atomic mass, and T the absolute temperature. 

The atomic density in the ground state N is calculated , 
using N = P / KT, where P is the molecular vapor pressure at 

temperature T, N is the molecular vapor density, and K is 

Boltzmann constant. The values of P have been computed by 

the least-squares fit for the standard equation 14 

10gP=A +B/T. (3) 

From the values of N, the ground-state atomic density of the 

metals l\j for different dissociation levels of the metal com

pounds can be computed. 

Using Eq. ( I ), k ij can be obtained for different dissocia

tion levels at each temperature. The reabsorption of reso

nance radiation which will reduce the effective spontaneous 

emission rate to the ground state is gi\(eRh'S 

A,} (trapped) = FAij (untrapped) , (4) 

where F, the reduction factor, for a cylindrical volume of 

radius R is given byu 

859 J. Appl. Phys. 61 (3),1 February 1987 0021-8979/87/030859-05$02.40 © 1987 American Institute of Physics 859 
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

160.36.178.25 On: Sun, 21 Dec 2014 14:53:12



k 

k 

55 

3.60" src 

II 
oct 

cD 
~ 

(~ 

"" 

9 76 
" SrC 

0< 
~ ..... 
N 

"" 

( 12.3msec) 

oct 
\l) 

o 
<l'> 

784 
n src 

t 

0< 0< 
o "'< 
o cD 
r- r-

'" '" 
2787 I 
" Sr~ 

I 370 
+ n ¥r~ 

! IOt3" srC( 133msec) 

91nsrc (182"seC) 

I I 
oct oct Oct oc( 

--t 
~ 

,.... ..... 
O'l 0 .n 
"-

,..., -r ~ 

1 
.n '" o.n 

I I 
3.6 n sec 3 07 500 4 000 

a .29m srC) " sec ns~c nsec 

I 
; 

3 d5 4s (50) 

F = ___ 1_.6 __ _ 

kyR [7Tln(ki)R)jli2 
(5) 

The resonance radiation trapping threshold temperature, 

threshold ground-state atomic densities, and threshold re

duction factor can be calculated for the condition 

(A,)th = A,,, + Ai,,' + ... . (6) 

The corresponding threshold ground-state density repre

sents the boundary between trapped and untrapped condi

tions. Above this value, resonance trapping effects would 

influence the upper-laser-level lifetimes. The upper-Iaser

level lifetime is then 

where the energies (E) of i, k, k ',' .. ,j levels follow 

Ei > E" > E". ~ E) . 

(7) 

Using these equations, the upper-laser-level lifetimes can be 

calculated for different temperatures and dissociation levels. 

RESULTS AND DISCUSSION 

The energy-level diagrams of copper and manganese 

atoms are shown in Fig. 1. The resonance radiative transi

tions in copper (3248 and 3274 A.) and manganese (2794 A.) 
are indicated in bold lines. The laser transitions considered 

are 5106 and 5782 A. in copper and 5341 A. in manganese, 

which are shown by thin lines. 

FIG. 1. Energy level diagrams of copper and manganese. E.\tended lifetimes 

and time conslan!> are given in hrackets. 

The vapor pressure data of the metals and metal com

pounds have been computed for Eq. (3) (Ref. 14) by using 

the least-squares fit method, from the data given in the Iitera

ture.l~ The vapor pressure data for metals have been taken, 

and upper-laser-level lifetimes have been computed with 

temperature variations, using Eqs. ( 1 )-( 7). All these calcu

lations have been performed for a tube radius R = I cm. In 

o AtomiC denslly(Nj ) 

• Lifetime (t) 

14"" 
10 'E 

13 
to 

v FIG. 2. Variation of lifetime and atomic 

density as a function of temperature. 
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TABLE I. Resonance radiation trapping threshold parameters. 

F'h (N,)'h 

System (X 10- 2
) (X 1013 cm-') 

(1) Cu' 1.58 1.5 

(2) CuCI" 1.58 1.5 

(3) CuBr" 1.58 1.5 

(4) CuI" 1.58 1.5 

(5) Mnf 5.30 0.092 

(6) MnClz' 5.30 0.092 

• Wavelength considered for copper 3248 A. 
bRef.2. 

cRef.7. 

d Ref. 16. 

<Ref. II. 

fWavelength considered for manganese 2794 A. 
"Ref. 5. 

h Ref. 8. 

T,h 

(ns) 

308 

308 

308 

308 

91 

91 

Reported 

1475b 

590" 

693d 

693< 

1120' 

883h 

the case of copper, only the resonance radiation 3248 A and 

corresponding laser wavelength 5106 A have been taken into 

account for the calculations. 

Figure 2 shows the variation of the upper-laser lifetime 

with temperature in the pure metals of copper and manga

nese. Tbe upper-laser-level threshold lifetimes (7th ) in these 

metals are determined using the condition for threshold 

trapping given in Eq. (6). The corresponding resonance ra

diation trapping temperature (Tth ) at 7 th is found from Fig. 

2 and tabulated in Table I. 

The ground-state atomic density at trapping threshold 

(Njth) is found, corresponding to Tth from the "'i-tempera

ture plots shown in Fig. 2 for these pure metals. These 

.. 
I 

E 
~ 

10 
,sr-------------~--------------------------_r 

14 
10 

12 
10 

11 

10 L_~s~--~~----~~----~~----~.-----~----
10 

_F 

FIG. 3. The dependence of the ground-state atomic density N, upon the 

reduction factor Fin CuC!. 

861 J. Appl. Phys., Vol. 61, No.3, 1 February 1987 

Optimum temperature 

T'h in K (inK) Dissociation 

level 

Present work Reported Present work (in%) 

1425 1620 

585 673 665 10 

685 760 775 I 

696 870 800 10 
1050 1175 

880 975 1050 0.01 

threshold densities are taken to be the same for the metal 

atoms dissociated from their halides, as the required atomic 

density at the threshold is the same for pure metals and their 
halides. 

The ground-state atomic densities N, of these metals 

from the metal halides have been calculated from their mo

lecular densities computed from the vapor pressure equa

tion '4 for different dissociation levels of 0.01, 0.1,1.0,10, 

and 100 at each temperature. As CuCl, CuBr, and CuI vola

tilize in the trimeric form, three copper atoms are available 

for each molecule vaporized. This situation has been taken 

into consideration for our calculations. The dependencies of 

the ground-state atomic density N j upon the reduction fac-

.., 
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10 
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10 

'e 13 
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1 
rz 

10 
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II 
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_F 

FIG. 4. The dependence of the ground-state atomic density ~ upon the 

reduction factor Fin CuBr. 
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FIG. 5. Variation of the ground-state atomic density,~ with the reduction 

factor F in CuI. 

tor F at different temperatures for CuCl, CuBr, CuI, and 

MnCl
2 

have been drawn in Figs. 3-6. The value of the reduc

tion factor at threshold (F'h ) has been determined indepen

dently using 

.., 
I 

E 
u 

F'h = (Aile +Aile,)/Aij(ut) [fromEq. (4)]. 

10 
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FIG. 6. Variation of the ground-state atomic density tv, with the reduction 

factor Fin MnCl,. 

862 J. Appl. Phys., Vol. 61, No.3, 1 February 1987 

700~---------------------, 

DIssociation 

( 'I,) 

0 Cu Cl 100 

• Cu C I 10 

" Cu Sr 100 

• CuBr 10 

V CuBr 1 

0 Cu I 100 

• Cu I 10 

FIG. 7. The variation of the upper-laser lifetime (7) with temperature for 

different dissociation levels in CuCl, CuBr, and CuI. 

(Nj )'h and F'h are indicated with dotted lines in the figures. 

The meeting point of these two dotted lines is expected to be 

very close to the plot corresponding to one of the tempera

tures, and can be taken as the temperature of the trapping 

threshold of the resonance radiation. These values are shown 

in Table I. 

The experimental laser-starting temperatures reported 

earlier for these compounds through double-pulsed excita

tions are given in column 5 of Table I for comparison. We 

have determined that the calculated values of T'h should 

correspond to the laser-starting temperatures, as the stimu

lated emission is expected to start at these temperatures. The 

calculated values are found to be in good agreement with the 

reported values within an accuracy of 5%. 

Figures 7 and 8 show the variation of the upper-laser 

FIG. 8. The variation of the upper-laser lifetime (7) with temperature for 

different dissociation levels in MnCl,. 
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lifetime ( T) with temperature ( T) for CuCl, CuBr, CuI, and 

MnCl2 for different dissociation levels. The particular disso

ciation levels corresponding to 1"h and Tth have been deter

mined from these plots, and found to be 10% in CuI, = 10% 

in CuCl, and 1 % in CuBr. In MnCl2 the dissociation level is 

found to be 0.01 %. The dissociation level of 10% in CuI is 

consistent with that of the value given by Weaver et al. II It is 

quite interesting to find from these figures, corresponding to 

these particular dissociation levels, that the temperatures at 

the beginning of the lifetime saturation are approximately 

the same as the optimum temperatures reported earlier. A 

possible explanation is yet to be given to confirm this obser

vation. Experimental investigations by double-pulsed laser 

excitations using these metal halides are in progress, system

atically, to establish the validity of these theoretical calcula

tions. 

ACKNOWLEDGMENT 

One of the authors (K. Srigouri) is thankful to the Indi

an Institute of Technology, Madras for financial assistance. 

863 J. Appl. Phys .• Vol. 61. NO.3. 1 February 1987 

'w. T. Walter, N. Solimene, M. Plitch, and G. Gould, IEEE 1. Quantum 

Electron. QE-2. 474 (1966). 

2W. T. Walter, IEEE 1. Quantum Electron. QE-4, 355 (1968). 

'w. T. Walter. Bull. Am. Phys. Soc. 12.90 (1967). 

4G. R. Russel. N. M. Nerheim, and T. J. Pivirotto. App!. Phys. Lett. 12, 

565 (1972). 

'w. T. Silfvast and G. R. Fowles, 1. Opt. Soc. Am. 56, 832 ( 1966). 

0e. 1. Chen, N. M. Nerheim. and G. R. Russel. App!. Phys. Lett. 23, 514 

( 1973). 

'N. M. Nerheim, J. Appl. Phys. 48,1186 (1977). 

"e. 1. Chen. App!. Phys. Lett. 24, 499 (1974). 

9G. Chakrapani. T. A. Prasada Rao, A. A. N. Murty, and D. Ramachan

drarao, App!. Phys. Lett. 31. 832 (1977). 

'0R. S. Anderson, B. G. Bricks, and W. Karras, App!. Phys. Lett. 29, 187 

(1976). 

ilL. A. Weaver. e. s. Liu. and E. W. Sucov, IEEE 1. Quantum Electron. 

QE-IO, 140 (1974 l. 

IlT. Holstein, Phys. Rev. 72.1212 (1947). 

"T. Holstein. Phys. Rev. 83, 1159 (1951 ). 

.4K. Srigouri, S. Ramaprabhu, and T. A. Prasada Rao, Curr. Sci. 55. 974 
( 1986). 

"Robert e. Weast. CRC Handbook of Physics and Chemistry (CRC, Boca 

Raton, FL, 1983l. p. D-196. 

'"Milan Brandt and 1. A. Piper. IEEE 1. Quantum Electron. QE-17, 1107 
(1981 ). 

Srigouri, Ramaprabhu, and Prasada Rao 863 
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

160.36.178.25 On: Sun, 21 Dec 2014 14:53:12


