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Abstract 

The quenching of Einstein .4-coefHcients was observed by measuring the branching 

ratio of visible and Xl'Y line intensities for CIV. CIII. and XV ions. 
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1. In t roduc t ion 

Since the formula for the Einstein .4-coefficient was derived in the pioneering works 

of Weisskopf and Wigner(WW) 1 based on Dirac*s theory of light, it has been widely 

accepted as valid in any practically important cases. In essence, the expression 

WW obtained was the same as that for a classical oscillating dipole. except that 

the quantum mechanical dipole moment matrix element between the upper and the 

lower level of transition replaced the classical dipole moment. They also assumed 

an exponential decrease for the excitation probability of the upper state as Ansatz 

and proved it a posteriori. 

However, the derivation of the Einstein .4-coefficient has often been the subject 

of rigorous theoretical investigation on the basis of other theories of light. 2 , 3 Even 

though essentially the same expressions as that of WW were obtained, it strongly 

suggests that the nature of radiative transition is not yet fully known. It was also 

noted by several au thors - 5 - 7 that the rate of spontaneous radiative decay can deviate 

significantly from the Weisskopf-Wigner expression in certain environments where 

the atoms are located. Most notably, the spontaneous emission of radiation by an 

excited atom is completely suppressed in a cavity whose characteristic dimension 

is less than half the wavelength of the photon. It is believed that this effect is 

related to the decoupling of the vacuum field and the radiating atom. In quantum 

elect rodynamics(QED). the excited atom is driven to emit a photon and decay to a 

lower state by the fluctuation in the vacuum field if the atom is located in free space 

or a cavity whose dimension is much larger than the radiation wavelength. As the 

dimensions of the cavity become small compared to the radiation wavelength, the 

density of modes accessible to the atom decreases significantly. In this situation, 

the excited atom can no longer decay as freely as in the large cavity, and the 
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radiat ive transition is effectively suppressed. A similar effect was also observed in 

the cyclotron radiation of an electron confined in a Penning t r a p s and has been 

predicted in solid s ta te cavit ies. 9 

In a previous work . 1 0 the observation that the branching ratio of two radia

tive transit ions originating from the same upper level decreased by about an order 

of magni tude at electron density of around 1 0 1 9 c m " 1 compared to the rat io at 

1 0 : s c m " ' led us to the conclusion that the coefficients of spontaneous emission 

were not constants . The term branching ra t io in this paper denotes the ra t io of the 

experimentally measured intensities of the visible and the XUV (extreme ultravi

olet ) light unless specified otherwise. The branching ratios were measured with a 

novel X I \ -visible duo-multichannel spectrometer . The spontaneous emission in

tensity /nm (in photons) for the transi t ion n — m is proport ional t o the upper level 

population density, the .-i-coefficient and a geometrical factor, tha t i s . 1 1 

A,m = kn{r).\n(nt.Tt)ATlm. (1) 

Hence, the branching ratio for optically thin plasmas is the same as the ratio of 

the corresponding .4-coefficients. Therefore, if the .4-coefficients are constant and 

independent of the electron density or other environmental factors, the branching 

ra t io should remain constant even as we observe regions of different electron density 

in the plasma. It was our primary finding that this was not true. 

The observed change in the branching rat io could be a t t r ibuted to the following 

reasons: 

(1) self-absorption of the visible light. 

(2) cutoff of the visible light in a region of high electron density where the plasma 

frequency up = \ is larger than the visible light frequencv fy i s . 

(3) refraction of the visible light out of the spectrometer line of sight. 
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(4) improper alignment of the spectrometer;. 

!5l stimulated emission of the XI"Y light at a level comparable to the spontaneous 

emission. 

(6) nonlinear detector sensitivity at low and high intensity. 

(7) other experimental errors, including misinterpretation of the data. 

(8) deviation of the spontaneous emission coefficients from the vacuum (or \ow 

density) value. 

An extremely careful examination, including supplementary testing experi

ments, of the other possibilities (1-7) confirmed the hypothesis that in higher den

sity plasmas the spontaneous emission coefficients decreased. This may be a result 

of free electrons' interaction with atoms and ions. 

In section 2. we describe measurements of the changes in the branching ratios 

on CIY (312 A and 5801-5812 A). CIII (574 A and 5696 A I. and NY (209 A and 

4603-4620 A) transitions, and recent results obtained from higher density plasmas 

produced by a ruby laser. These show an even larger decrease in branching ratio 

than could be obtained with a CO; laser as reported in Ref. 10. In section 3. we 

attempt to explain this phenomenon, and in. section 4, we state our conclusions. 

2. Expe r imen t 

In this section, we describe: (1) experimental arrangements. (2j the branching ratio 

measurement experiment on CO^-laser-produced CIY and CIII ions. (31 measure

ment of the branching ratio on ruby-laser-produced CIY ions. (4) measurement of 

the branching ratio on COj-laser-produced NY ions, and f5) measurement of the 

light attenuation, e.g.. by self-absorption and refraction, due to the plasma. 

The experimental setup is shown in Fig. 1. The arrangement primarily consists 

of the lasers, the target chamber, the spectrometers, and the supporting systems. 



such as vacuum pumps and the data acquisition system. The ruby laser is on top 

of the CO2 laser and the two laser beams run parallel to each other. The C 0 2 

laser beam is focused onto the target by a NaCl lens of focal length / = 50 cm. 

and the ruby laser beam is focused by a quart2 lens of focal length / = 25 cm 

after being redirected by a periscope into the CO5 laser beam axis. The position of 

the focusing lens for the ruby laser beam can be adjusted up to —3 cm to provide 

optimal conditions for the generation of different ionization stages. The XeCI laser 

beam is positioned at approximately A3' to the CO2 laser and the ruby laser. The 

characteristics of these lasers are summarized in Table 1. 

The plasma was created by interaction of the laser beam with a solid target 

in the vacuum chamber. The typical length of the target was 24 mm and each 

step was 4 mm long. Several targets of various widths ranging from 200 t̂m to 

4 mm were tested in this experiment. Even though narrower targets of width 

=t 200 jim gave results unaffected by XI"V self-absorption, the signal to noise ratio 

was unacceptable' low. Moreover, these targets tended to be easily destroyed after a 

few shots of laser irradiation. Targets of width larger than 1 mm did not have this 

problem, but it was clear That there was XI"V self-absorptior. close to the target. As 

a compromise, the targets weie fabricated at 300 fim - 500 pm for the measurement 

of the branching ratio. Targets of larger widths were used only to demonstrate 

the Xl'V self-absorption. The target had several steps (typically 6) as shown in 

Fig. 1. and plasmas at various distances from the target surface could be observed 

by moving the target up and down with a micrometer with vacuum feedthrough. 

The distance from observation region to target surface increased by 200 /jm with 

each step. The radiation emitted from the plasma first passed through a narrow slit 

5 of 200 ,um width, which was fixed in the target chamber at a distance of 15 mm 

from the target. The width cf this slit S was also chos»n as a trade-off between 
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the signai-io-noise ratio and the spatial resolution of the measurement. Since the 

distance between the slit S and the target surface varied by 200 ^im. we chose the slit 

width S to be 200 fxm as well. A larger slit width would give better signal-io-noise 

ratio, but would also nullify the resolution provided by the target steps. 

We used one or more of the lasers to produce the plasma. For the measurement 

of the branching ratio, we primarily used the CO2 laser for producing plasmas with 

density ne < 10 1 9 cm~ 3 . the ruby laser for nt < 1 0 2 I c m " 3 . and the XeCl laier for 

n t < l 0 3 3 c m " 3 -

In order to record the Xl'V and the visible spectra simultaneously from ex

actly the same plasma region, we used a specially constructed Xl'V-visible duo-

multichannel spectrometer. The radiation emitted by the plasma, after passing 

through the narrow slit S in the target chamber, enters the spectrometer through 

the entrance slit as shown in Fig. 1(b). Here again, it was necessary to optimize 

the width of the entrance slit for the maximum signal-to-noise ratio as well as the 

maximum signal for the visible spectrum. The typical width was between 100 /im 

and 200 /j.m. The grating separates this beam into the 0th. the 1st. and other 

higher order diffractions. 600 or 1200 rulings 'mm grating was used. The 0th order 

beam is sent to the visible multichannel spectrometer by the periscope consisting 

of a small mirror placed immediately after the grating in the vacuum, and another 

large mirror in the air in front of the focusing lens. Other higher order beams 

reach the XUV multichannel detector directly. The small mirror was placed very 

carefully at the point of focus of the 0th order beam on the Rowland circle. Spe

cial precautions were taken in order not to block the path of the 1st order beam 

containing the wavelengths of our interest. The focusing lens in front of the visible 

spectrometer focuses this 0th order beam to a narrow image of the XUV entrance 

slit at the place of the visible entrance slit. Both the entrance slit and the exit slit 
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were removed from the visible spectrometer. The position of the focusing lens was 

adjusted for the minimum instrumental broadening on the detector. The full width 

at half maximum (FWH.M) of the mercury 5461 A was 1.6 A. which we took as the 

instrumental broadening of the visible spectrometer. 

In Fig. 2 are shown the spectra obtained in the vicinity of CIV 312 A and 

5S01-5S12 A(the shaded lines) at distances of 0.2 mm and 0.-J mm from the target, 

respectively. The branching ratio R was calculated from the ratio of the shaded 

areas of the visible and the XUV lines, which gave R — 0.92 at d — 0.2 mm and 

R — 0.29 at d = 0.4 mm. The XUV line was instrumentally broadened mostly due 

to the entrance slit of 200 pm width on the spectrometer. The broadening of the 

visible line is due to the Stark effect. Results from the measurement of changes in 

the branching ratio on CIA" ions were presented in our earlier work. 1 0 In this paper, 

we add more detailed analysis of the line profiles and present new results from the 

supplementary testing experiments. 

To justify the claim made in this experiment, it is crucial to prove that the 

branching ratio we measured was truly the ratio of the spontaneous emission inten

sities and that the measurement was not affected by absorption or cutoff. The evi

dence that visible lines were not absorbed (or self-absorbed) is manifested in the near 

perfect coincidence of the experimentally measured profile of CIV 5801 A(J = 3 2) 

and .5812 A{J = 1 2 ) and the convolution of their Lorentzian profiles with a 2:1 

intensity ratio. Figure 3 shows the fitting of the experimental data and the con

volution of Lorentzian profiles of CI\" visible lines shown in Fig. 2. If there had 

been any absorption, the intensity ratio of the two lines would be smaller tlmn the 

theoretical ratio of 2:1, since stronger line would be more absorbed. This analy

sis also strongly suggests that the plasma was optically thin for visible transitions. 

Absorption or self-absorption of XU\" lines would tend to increase the branching 
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ratio R = /vis /xuv and thus decrease the effect of quenching of the .-1-coeffictent 

of the visible transition. 

As another remark on the analysis of the visible spectrum, we discuss uncer

tainties arising from the integration of the experimental profile used in the calcu

lation of the branching ratio R. If the line is very broad, the boundan.' of the line 

profile to be integrated becomes less distinct, and this may introduce error in the 

integration. This can be quite a serious problem in the correct estimation of the 

total intensity when the background level is noisy or not smooth. Therefore, it 

is important to choose the end points of integration very carefully (and conserva

tively] in order not to underestimate the intensity of the visible transition at high 

plasma density. However, it is our belief the uncertainly in integration cannot ac

count for the obsen'ed change in the branching ratio. Figure 4 shows three cases of 

integration with different end points and the comparison of these values with the 

theoretical curve based on the assumption that the line profiles are Lorentzian. The 

end points we used for the actual calculation of the area are the same as the end 

points of the tentative background level line marked 1. This shows that as long as 

this tentative background level line does not deviate visibly from the adjacent back

ground level, the error in the integration of the profile is relatively small compared 

to the observed change in branching ratio. 

To prove experimentally that the measurement was not affected by absorption, 

we also measured the transmissivhy of the plasma at various distances from the 

target. The experimental setup is shown in Fig. 5(a). The COj laser beam was 

split into two identical beams by a .VaCl window tilted at ^ 30° with respect to the 

plane perpendicular to the beam axis. The resulting separation of the two plasmas 

created at the target 50 cm away from the focusing lens was 2.5 mm. The narrower 

target was 500 nm. wide and the other target was 2.7 rnm wide. The positions of 
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the beams were adjusted so that the plasmas were created at the center of the left 

target and at the er'ge of the right target. To measure the transmissivity of the 

plasma on the left target, we firs', obtained spectra from the left plasma and the 

right plasma separately by blocking one of the laser beams. Then we obtained the 

spectra with two plasmas. The measured intensities are denoted by I\ (left plasma), 

/•> (right plasma), and l\-? (together), respectively in Fig. 5. The transmissivity T 

was taken to be 

h ' 
The result shows that there was ir.dufRcie"t absorption of visible light to account 

for the observed order of magnitude change in the branching ratio. 

We observed the same effect of quenching of spontaneous emission in ruby-

laser-produced CIV plasmas of higher density as well as in other ions, namely, in 

CIII and NV produced by the CO2 laser. Figure 6 shows the spertra obtained in 

the vicinity of CIII 5*4 A and 5596 A(the shaded lines) at distances of 0.6 mm and 

1.3 mm from the target- respectively. The branching ratio R was calculated from 

the ratio of the shaded areas of the visible and the XUY lines. It is shown clearly in 

Fig. 6 that while the XUY intensity drops by a factor of 4. the visible intensity even 

increases slightly as the distance d increases from 0.6 mm to 1.3 mm. The result of 

the measurement for CIII is presented in Fig. 7. We also measured the changes in 

the branching ratio for the CIV 312 A and 5801-3812 A lines with the ruby laser 

and NY 209 A and 4603-4620 A lines with the C 0 2 laser. The results are show:, in 

Figs. 8 and 9. In ruby-laser-produced plasmas, we could observe larger changes in 

the branching ratio due to higher nt as compared with C02-laser-produced plasmas. 

Measurements of the branching ratio between two transitions that share the 

same upper level is independent of several factors concerning the population changes 

that could affect the line intensities. Here lies the simplicity of the principle involved 
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in this experiment. Even though the measurement of the temporal behaviour of the 

lines can be of assistance in understanding the change of the branching ratio, it 

was not deemed to be essential. The decay time of a transition is. except for the 

resonance transitions, not equal to the reciprocal of the corresponding .-i-coefficient 

but to the radiative lifetime of an excited level, which is given by the reciprocal of 

the sum of all the transition probabilities, i.e.. 

_ 1 

Hence, all the transitions that branch from the same upper level should have the 

same lemporal behaviour but with different amplitudes proportional to the .4-

cocfficiems. Therefore, assuming the plasma density was constant while the emission 

lasted so that the ^-coefficients did not change, we would have 

v ' S n " ^ - C ^ t a n t ) , (2) 

where .V3(f, I is the upper level population at time i, and At, is the incremental 

time interval. If we take At, — 0 and integrate over time. Eqs. (1) and (3} will give 

Ij2 _ fl32(t)dt _k„ 
II fln(t)dt k3l • 

which is also constant. lj2 and lj± are the time-integrated intensities. This shows 

that change of the branching ratio R can be deduced from the change of the ratio 

of the time-integrated intensities alone. 

3. Theory 

The theoretical effort has been on going since we obtained the preliminary results 

from the experiments measuring the branching ratio in CIV. However, there does 
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not exist yet a theoretical model that r an clearly and unequivocally explain this 

phenomenon. In this section, we describe our initial unsuccessful a t t empt , and 

then go on with a suggestion for possible future approaches. 

We first speculated that the screening of the atomic potential by the surround

ing plasma could modify the Coulomb field experienced by the electron and thus 

significantly change the transition probabilities. Several a u t h o r s 1 2 have tried to 

obta in solutions to the Schrodinger equation for a particle in a screened Coulomb 

potent ial . Roussell and O'Connell calculated the spontaneous emission probabilities 

in the dipole approximation, as a function of Debye-Huckel screening length rr> for 

a hydrogen a tom (Z = 1) and showed that the spontaneous emission probabilities 

began to drop sharply at r p = 50a&. where arp is the Bohr radius. 

In our case, the Schrodinger equation was solved numerically for CIV ions in 

the electric potential of the surrounding plasma. This potential was approximated 

by using the Pebye radius rp x n r

 J . assuming Te. the electron tempera ture , to 

be constant . The transitions of the valence electron were assumed to occur in the 

internal potential of two bound electrons ( I s " ) , approximated by a uniform charge 

cloud of radius RQ and influenced by the external field. Therefore, the potential 

1 '(r) was given by 

V(r) = { 
R O { 3 - { R 0 ) J' r e-R" r " . Ur<R0: 

\(Z-Z')e2] 
otherwise. 

where e is the electron charge, r is the distance from the center of the charge 

cloud. Z — 6 and Z' - 2 for CIV. and Rr> was taken to be much smaller than rp. 

Once the eigenfunctions were obtained by solving the Schrodinger equation, it was 

straightforward to obtain the branching ratio between the nvo transitions. In dipole 
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approximation, the Einstein .-Ucoefficients are given by 

w.iere 

S(n/ .n ' f ) = V < n/m d rj'I'rr,' > 3 . 

The theoretical branching ratio /J between the two transitions. nsi 3 — no/j and 

n 3 / 3 — n,_l_. is then given by 

.4(713/3 — n a / 2 ) 

A("3'3 — fti'i) 

Figure 10 shows the result obtained for the cases (5p — -is, op — Is) of 

the hydrogen atom (Z = 1.2' = 0} and (3p — 3s. 3p — 2s) of the CIV ion 

\Z = 6. Z' = 2) as functions of the Debye radius r£). For the transitions between 

lower lying states in the hydrogen atom, we obtained the same results as Roussell 

and O'Connell. As r,p approaches IQao- the branching ratio begins to increase very 

rapidly for the CIV ion in contrast to the hydrogen atom. For hydrogenic ious 

(Z > 1). the higher the Z number, the less drastic was this effect. The main cause 

for the change in CIV was the changes in the transition strength S(nl — n'l'). while 

in the case of the hydrogen atom, it was the shift of energy levels. This result is 

not consistent with the experimental results in that no line shift was observed with 

increasing electron density, i.e.. with decreasing Debye radius. This inconsistency 

clearly indicates that (1) the Debye-Hiickel screened potential is not valid in our 

case since the plasma parameter 

9- nr% 

is not much larger than 1 and/or (2) the electron density is still too low for the 

screening effect to become important. Assuming Tr ft 5 eV and n f < 10 1 9 cm" ! . 
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we have rp > 100a0 and g > 1.5. rp and g become larger as the electron density 

decreases if 7", is constant. This is far sway from the region where the screening 

of the potential can alter the transition probability significantly, and we conclude 

that the quenching of the Einstein .4-coefficients as observed in the experiment is 

due to some cause other than the screening of the static Coulomb potential by the 

surrounding plasma. 

A different approach to the development of a theoretical model has been the 

modification of the Weisskopf-Wigner (WW) approximation of exponential decay of 

excited a t o m s . 1 3 - 1 6 Reference 14 is essentially an extension of the WW in the sense 

that the coupling between the first continuum of states to which the excited atom 

initially decays and the second continuum was taken into account. In this case, the 

decay rate of the initial excited state can decrease if the first continuum of states is 

itself unstable and coupled to a still lower lying continuum of states. Even though 

the probability that the excited state stays there remains exponential, the decay 

rate may be changed. If only the second continuum were considered in addition to 

the first continuum and if the coupling strengths l 3 j and Yn could be factored as 

V 3 2 = F0GQ and V 2 ; = F\G\- the modified decay rate 7 would b e 1 6 

where -,GR is the Fermi Golden Rule rate, and H\ is an intrinsically positive quantity 

proportional to the square of the coupling strength 1' 2 1. 

We are presently following this line of approach and exploring the possibility of 

relating the rapid depletion of the lower level of transition by collisional de-excitation 

to the suppression of radiative decay from the initially excited level 3(see Fig. 11). 

The transition between levels 2 and 1 is forbidden in the dipole approximation, and 

the level 2 would be metastable unless provided with other channels of decay. The 
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coupling between the levels 2 and 1 is provided by collisional de-excitation whose 

rale will increase linearly with the electron density n c . 

4. Conclusion 

We described experiments that focus on the change of branching ratio in high density 

plasmas as well as our theoretical efforts to explain the phenomenon. Various 

possible explanations other than the decrease of Einstein .4-coefficients in the high 

density regime were judged to be unfounded. At this time, we still lack a satisfactory 

theoretical explanation of why the branching ratio, hence the Einstein -4-coefficient, 

changes in high density plasmas. However, we hope that progress in theoretical 

studies will provide such an explanation and lead to a better understanding of the 

atomic radiative processes in plasmas. 
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Tables 

Table 1 
Laser Energy Pulse Beam Shape Beam Size Wavelength 
CO? 
Ruby 
XeC! 

10 J 
5 J 
1 J 

150 ns 
20 ns 
40 ns 

Annular 
Circular 

Rectangular 

3.75""[OD). 1.75"(ID) 
1" diameter 
3 cm x 2 cm 

1060 nm 
694 nm 
308 nm 
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Figure Cap t ion 

Fig. 1 Experimental Setup 

Fig. 2 Xl'V and visible spectr? of CIV taken simultaneously at distances of 

[a)d = 0.2 and (b)d = 0.4 mm from the target surface. The upper ones 

are XL'V spectra and the lower ones are visible spectra. 

Fig. 3 Fitting of the experimental data with the convolution of Lorentzian profiles 

of CIV 5801 A and 5812 A lines. (a)d = 0.2 mm. R = 0.92. (h)d = 0 4 mm. 

R = 2.9. 

Fig. 4 Estimation of error in integrating the line profile. The integration was 

done below the experimental profile and above the tentative background 

levels marked as dashed lines. 

Fig. 5 Absorption measurement experiment: (a)experimentai setup and (b)trans-

missivity of the plasma created on the narrow target as a function of 

distance from the target. 

Fig. 6 XL'V and visible spectra of CHI taken simultaneously at distances of 

(a)d = 0.6 and (b)«£ = 1.3 mm from the target surface. The upper ones 

are XUV spectra and the lower ones are visible spectra. 

Fig. 7 Branching ratio R - Ais<'Jxuv for CIII 574 A and 5696 A lines as a func

tion of distance from the target surface. .Vote that even though the Xl'V 
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line intensity increases sharply near the target, the visible line intensity 

doe? not change very much. 

Branching ratio fi = Ais Acuv for XV 207 A and 4603-4620 A lines as 

a function of distance from the target surface. The plasma was produced 

by a COs laser. 

Branching ratio R - Ais /^xuv for CIV 312 A and 5801-5812 A lines as 

a function of distance from the target surface. The plasma was produced 

by a ruby laser for higher electron density (n c < 10 2 1cm~ ' ) . 

Theoretical branching ratio R obtained by solving the Schrodinger equa

tion with Debye-Hiickel screened Coulomb potential for CIV (3p — 3s and 

3p — 2s) and H (5p — As and op — Is I as functions of the Debye radius 

"D-

Hypothetical theorj-: radiative transition may be quenched when the cou

pling between levels 2 and I becomes large through the collisional de-

excitation bv electrons. 
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