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Figure 1 

Time resolved stimulated emission spectrum for the 5100 - 
5200 % wavelength region of the afterglow of a 3 atmosphere helium 
plasma. Data is plotted in units of fractional gain per round 
trip transit as directly measured from the amplification or 
attenuation of a dye laser beam reflected through the afterglow. 
Time resolution was a uniform 10 nanoseconds and shaded data 
planes appearing anomalously long result from the overlap of 
contiguous measurements.  The observed gain maximum corresponds 
to the peak of the P-branch of the Sp1!! ■> 2s1J:+ transition of r g     u 
He„. 
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I.     TECHNICAL REPORT SUMMARY 

The objective of the research described in this report is  to determine 

the  feasibility of developing a recombining electron beam-excited  plasma 

into  a pulsed laser  of exceptionally high peak power.     Currently accepted 

theory supported by the results of  this contrac- research to date indicates 

this  should be possible.     Stimulated emission in 3 atmospheres  of helium was 

first  reported  '     at  6400 A and research during the mosc  recent  contract period 

has  provided a more detailed spectrum of this band and extended  these  results 

to a second band at 5170 X.     As  seen in  the facing fig-ire,  gains  of  the order 

of  0.03  cm      have been found in  the. new band by directly measuring  the time- 

resolved amplification of a tunable dye laser beam used to probe  the plasma. 

Power extractions of  the order of  a megawatt/liter have been accomplished with 

no evidence of saturation of the medium,  and indications are encouraging for 

the prosper-   of similar activity  in  related bands of He    at 4400 and 4000 1. 

These  results  confirm the importance  of  the collisionally-stabilized  recombi- 

ation mechanism as a source of population inversion of significance to the 

development of new types of high energy lasers depending upon electron beam 

excitation at high gas densities. 

Although a wide variety of recombination processes are known to occur in 

gaseous plasmas,  it is this relatively complex and unfamiliar collisionally- 

stabilized one which appears to hold outstanding promise as a lasing medium. 

As discussed in Section H,  this pre cess is optimized at high charge densities 

and relatively low energies    but is almost completely quenched in atomic and 

molecular systems which can participate in dissociative recombination.    Theory 

predicts that,  in helium at charge densities of the order of 1016cin~3,  collision- 

ally-stabilized recombination should product large inverted populations of the 

resulting neutrals which would tend to radiate in the 2.0y to 0.3M wavelength 

region,  provided the temperature of the electron swarm is kept low.     It is 

this requirement which suggests that,  unlike conventional visible and UV lasers 
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excited by electron beams in hydrogen and nitrogen, the lasing action 

from recombination would be optimized in the afterglow period following the 

termination of the beam. There is a considerable advantage in this from the 

viewpoint of fundamental collision cross-sections.  In the conventional, 

directly-excited visible and UV systems,over 95% of the beam energy is lost 

to the production of ionization not contributing to the laser output.  In 

contrast and as detailed in Section II, theory has predicted that the subse- 

quent collisionally-stabilized recombination of the ions with electrons could 

provide a mechanism for recovering some of this ionization energy with a 

resulting order of magnitude increase in the optical output.  In this respect, 

the present system resembles the excimer lasers such as the xenon laser in 

that high total efficiencies are expected. Unlike those systems, the recom- 

bination step is collisionally stabilized thereby introducing an additional 

dependence on electron temperature and density which offers the prospect of 

controlling the time-dependent radiative economy through these parameters. 

Since both the available output energy and pulse duration depend strongly 

on the electron density, the high values which only become available from e- 

beam excitation ac high neutral gas pressures are needed.  In this requirement 

lay the basic uncertainty in the approach since previous investigations of 

this type of charge neutralization had centered on neutral gas densities some 

200 times less than the 20 atmosphere values which theory requires for signifi- 

cant radiative output. 

13 4 
The research effort reported here and in previous technical reports  ' 

has focused upon this recombination approach, and the intent of the initial 

considerations had been to first provide additional tests of theory in helium 

at intermediate pressures around three atmospheres. From there could be directly 

determined the amount of light output, the lifetime of the recombination process, 

and whether or not population inversions were developed. 

-2- 
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During previous reporting periods, an electron beam-exalted helium 

afterglow system, operating routinely at 5 atmospheres and capable of modifi- 

cation to 20, was instrumented so that spectroscopic observation of transient 

emissions,both spontaneous and stimulated, in the visible and near IR region 

could be made w^zh  10 nanosecond resolution. A tunable dye laser was incorpo- 

rated into the experimental system for the direct measurement of gain through 

observation of the time-dependent amplification or attenuation of the dye laser 

beam when passed through the discharge afterglow. Construction details and 

system performance are presented in Section III. 

Technical results reported previously and extended during the most 

recent reporting period, as discussed in Section IV, appear highly encouraging 

from the perspective of the contract objective.  In particular, it was de- 

termined that: 

1. In the absence of lasing, incoherent emissions of the order of 

0.1 to 1.0 milli-Joules/liter per pulse occurred in the after- 

o 

glow of the 3 atmospheres of helium at 6400 and 5875 A, 

respectively.  System efficiencies ran as high as 0.04% even 

without laser action. The efficiency of the recombination 

process relative to direct excitation of excited states by 

either primary or energetic secondary electrons was suggested 

by observation at 3 atmospheres pressure of 0.1 milli-Joule 

1 « 
liter" of spontaneous emission at 6400 A from the former and 

less than 0.003 milli-Joules liter" from the latter. 

2. Both the detailed functional forms and effective lifetimes of 

the spectral transients were consistent with the theory of 

collisionally-stabilized recombination as applied to an electron 

swarm at 1000°K effective temperature. Characteristic lifetimes 

for the recombination source of the radiating populations of I^ 

were found to range from 160 nanoseconds at 1 atmosphere of 

-3- 
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helium to 26 nanoseconds at 7 atmospheres.    The corresponding 

o 
peak power radiated incoherently at 6400 A was of the order of 

1 KW/liter. 

3. Optical gains were examined with two techniques: a) a qualita- 

tive survey inferring gain from measurements of time-resolved 

enhancemer ■. ratios of axial intensity emitted from a resonant 

cavity containing the afterglow and b) by direct measurement 

of the amplification or attenuation of a pulsed dye laser beam 

tuned to the wavelength of the transition and transiting the 

plasma. From the first technique, positive gain was indicated 

for all transitions examined not terminating on metastable 

levels. Favorable indications were obtained for bands at 

6400, 5130, 4450, and 4000 A. Use of the tunable laser afforded 

a resolution of both spectral and temporal behavior of the gain 

3 +   2 
parameters.  Detailed study of the (3s Eu ■*  2p ng) band at 

G400 % showed gain reaching 0.23 per round trip transit for the 

low members of the P-branch with a time-dependence similar to 

that of the spontaneous emission.  Somewhat smaller gain of the 

order of 0.15 per round trip was found at 5170 A for the peak 

of the P-branch of the 3p TT ->■ 2s E  band of He,. 
g      u ^ 

4. The first esiimates of the economy of energy extraction indicated 

that the energy normally lost during the recombination to non- 

radiative channels of stabilizations can, In fact, be returned 

to an induced radiative channel. Energy of the order of 30 

mllli-Joules/liter and power densities of 5 MW/liter were ex- 

tracted from the afterglow in preliminary measurements at 

6400 A with the tunable laser without evidence of saturation 

of the transition. This value approaches 20% of the maximum 

energy available theoretically to this transition assuming one 

-4- 
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photon per ion and reflects favorably upon the feasibility of 

extracting the energy of one photon from the stimulated tran- 

sition for each recombination event.  Lower dye laser powers 

prevented examination of the 5170 A emission for stimulated 

emission at energies above 2 milli-Joules/liter, but to that 

level no evidence of saturation was observed. 

I 

i 

'' I 

1 

Should theory continue to be validated, the feasibility of the recom- 

bination laser would, in fact, be established.  In that case, the consequent 

advantages inherent in the use of the collisionally-stabilized recombination 

process would be expected to be: 

1) Visible to near-uv operating wavelengths. The principal molecular 

Rydberg series in He- extends from 6A00 A to 3680 A. 

2) One output photon per ion. Most of the excitation energy in 

inert gases goes into ionization and overall efficiencies of 

8% should be attained. 

3) Lifetimes for the source of population proportional to the 

inverse cube of the electron density. At 20 atmospheres pressure 

and an electron density of the order of 10 cm"3, lifetimes of 

the order of 1.0 nanosecond should be realized. 

4) Scalable output energies.   Approximately 5 Joules/liter could 

be expected at electron densities of lO^cm . At electron 

17 -3 
densities of 10 cm  which are characteristic of 200 atmospheres 

pressures, 50 Joules/liter would be expected in a picosecond if 

the same electron temperature were, maintained. 

5) Control of the precise temporal form of the output pulse.  This 

can be controlled in principle by heating the recombining elec- 

trons and thus varying the rate of the population supply through 

its expected T"^'^ dependence. 
6 
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Evidently,   the critical point in the course of this research has been 

successfully attained in that stimulated emission has been obtained in both 

the 6400 1   and 5170 S bands of He2 with the consequent extraction of sig- 

nificant energy from the afterglow.    The task for the Immediate future lies 

in the further confirmation of these results and their extension to other 

related bands of He2.    With the projected construction of 100 GW electron 

beam device   (APEX)  lasing action should be realized in one or more of the 

bands.     Subsequent optimization would then be dependent upon further ex- 

tensive research into the detailed steps and thermal economy of the re- 

combination process 

I 
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I 
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TI.  INTRODUCTION AND REVIEW 

Theory5'6'7'8'9 predicts the occurrence of extremely large inversions of 

populations in certain recombining high pressure plasmas. However, prior to 

the commencement of the research contracted in this project, such inversions 

had only been examined in low pressure helium afterglows.  Indications based 

on those studies of collisionally-stabilized recombination were that it could, 

in fact, form the basis for a new type of laser of high power. In such a 

device,the inversion of population would be produced as a consequence of par- 

ticular ion-electron recombination processes in which the excited atomic or 

molecular states are sequentially populated, energetically speaking, from 

the top down. Although theory had predicted substantial consequent pair inver- 

sion ratios for almost a decade9, the difficulties in obtaining recombination 

controlled plasmas of large volume, which at the same time were free from the 

competing effects of dissociative recombination, generally prevented the actual 

observation of such inversions. 

The process of collisionally stabilized recombination is a complex one 

occurring in two composite steps, 1) capture of an electron by an ion and 

2) subsequent stabilization. For example, in helium the sequences are the 

following: 

Capture processes 

He + 2e «- He (p) + e 

4- ->■    * 
He + He + e +    He (p) + He 

+ * 
He + e ■* He (p) + hv 

Stabilization processes 

He (p) + e ^ He (q) + e    p > q 

He (p) + He ^ He (q) + He  p > q 

He (p) ■* He (q) + hv      P > q 

-7- 
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where He*(p) denotes an excited helium atom with principal quantum number, p. 

The net result of the initial capture sequence is the establishment of a 

quasi-equilibrium distribution of population among the bound states whose ioni- 

zation potential is less than a few KT for the electron gas. However, the total 

population within such states is usually small compared to the ion density and 

does not represent a significant portion of the loss of ionization due to re- 

combination.  Subsequent stabilization can occur by successive collisional or 

radiative processes which tend to move population to states of greater ioni- 

zation potential.  When an element of population has been moved to a level of 

sufficiently high ionization potential, the rates for the inverse excitation 

processes are negligible, and the stabilization is complete.  It is during the 

course of this latter sequence of steps that substantial inversions of population 

should be produced. 

Of first importance to the evaluation of collisional radiative recombination 

as a process for populating inversions in a practical laser medium are its 

potential in terms of a) output wavelength and pulse energy, b) pulse duration, 

and c) efficiency.  Consideration of each is reviewed in the following subsections; 

a)  Output wavelength and pulse energy — an estimate for these parameters 

can be made by recognizing that first for a sufficiently high upper 

state the nearly degenerate sublevels are in thermal equilibrium at 

the electron temperature, and secondly that most collision-induced 

changes of energy level result in only a unit change in principal 

quantum level.  In other words, there is no effective mechanism 

by which the recomblning electrons can avoid the uppev state of the 

stimulated transition. Consequently, the least upper boundary on 

-8- 
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the number of transitions per pulse which can be stimulated to emit 

is the number of recombination events occurring in the afterglow 

period following each ionizing pulse and plasma. Assuming competing 

losses of ionization can be suppressed, one photon could be obtained 

for each electron originally produced. Opuimization of the energy 

available, would occur by selecting a transition in a Rydberg series 

of the atom or molecule with principal quantum number as large as 

possible without elevating the energy into the "quasi-equilibrium 

group" of levels mentioned above.  In principal, this means a photon 

of energy a few KT less than the greatest ionization energy found 

in the class of states having transitions to states with very short 

raaJative lifetimes. Examples are found in Figures 2 and 3 which 

shows excited state energies for He and He2, respectively.  In the 

3    3 
former the most suitable series would be the n F -> 3 D commencing 

0 

at 1.87M and converging at ^8190 A.  In the latter species, He2, 

11 0 

the more favorable series, np n -> 2s S , ranging from 5130A to 

3130A and ns3E + *  2p3II ranging from 6400A to the convergence 
U O 

0 

limit at 3680A could be attempted.     In these cases. Table I 

summarizes  the consequent peak pulsed energy available in a 

16 3 recombining helium afterglow of 10      electron-ion pairs/cm . 

I 
j. 
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Figure 2 

Energy level diagram of He. Energies of the excited states have been 
plotted relative to the ground state which Is off-scale to the bottom. 
Wavelengths of tbe principal transitions have been Indicated. 

^ 
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Energy level diagram of He2. Values of energy characteristic of the 
equilibrium internuclear separation have been plotted relative to the 
lowest metastable 2s32:u

+ state. The ground state is lsa228a2 and strongly 
repulsive at these internuclear separations. Wavelengths of tho band 
origins of principal transitions have been indicated. 
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Table I 

Peak Pulsed Energies Available in Listed Transitions 

Wavelength 

18700A 

8190A 

o 
64G0A 

5130 A 

3680A 

3130A 

Species 

He 

He    • 

He, 

State 

3 3 
AJF + 3D 

lim n3F ■* 33D 

3s Z      ■»• u 
2p3IIg 

He, 

He, 

He, 

3p1n   + ish^ f      g u 

lim ns E 2P
3ng 

lim np-'-IIg •> 2s1Z:u
+ 

Quantum 
Efficiency 

2.7% 

6.2% 

8.'5% 

1Ü.8% 

15.0% 

17.7% 

Energy 
(Joule/liter) 

1.1 

2.4 

3.1 

3.8 

5.4 

6.3 

b) Pulse duration - The pulse duration is more difficult to estimate 

from theory. In the first approximation, the entire energy avail- 

able to the lasing transition can be assumed to be emitted in a 

time comparable to the inverse of the recombination rate. Initially, 

problems resulted from the paucity of measurements of this rate for 

collisionally-stabilized recombination. For theoretical reasons, 

the effective two-body recombination rate coefficient, defined for 

the ion X+ by 

i_ [X+l - -o[X+] [e] 
3 t 

was expected * to have the form 

(1) 

a - Kje]   (Te/300r9/2 + %[«   (WSOO)8 (2) 

where [e] and [X] denote the concentrations of free electrons and 

neutral atoms respectively, Te, the electron temperature, and a is a 

coefficient which is still undetermined at the present time. 

-14- 
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Values in the literature      had been somewhat scattered and entirely 

confined to values of electron and neutral particle densities several orders 

of magnitude below those now obtainable with bea©-excited discharges. In the 

absence of more appropriate values, the best estimates for He from the litera- 

ture had seemed to be 

I 

I 
iö 

\ 

No 

I 

7 x 10-20[e](T /300)-9/2 + l(r27[He] (3) 

and for He, 

0 «  1.5 x l(r2ü[e](T /300)"9/2 + 1.5 x l(r27[He] e 

13 However, there was some evidence  that a more generalized model was 

necessary and best characterized by 

o - K[e]n(T /300)"9/2 

(A) 

(5) 

where n is a function of pressure and 0 < n < 1. At 44.6 Torr prior measure- 

in    12   "^ + 
ments over the range, 10  to 10" cm~J, of electron densities for Hej 

indicated a value of 

o = 2.8 x 10-11[e]0*185 (6) 

-3 where [e] is again the electron density in units of cm . 

In either case, an equivalent exponential lifetime against recombination, 

T, could be defined to be 

r"1 =-^- i_ [X+] - -«fe] 
[X+] 9t   J   • J 

The resulting expected lifetimes are summarized in Table II. 

(7) 
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Table JI 

Lifetimes Against Recombination 

+ 
He 

H.* 

[ej T 
e 

T 

(cm"3) (8K) (sec) 

1016 300 0.14 x lO-12 

3000 0.44 x lO-8 

1016 300 1.0 x lO-12 

3000 3.0 x 10"8 

Superficially, it appears that any lifetime, hence pulse duration could 

be attained provided 1) the lonlzatlon could be produced In a time short com- 

pared to the output pulse and 2) the electron temperature could be adjusted to 

a sufficiently low value In the same time. Unfortunately, the electron tempera- 

14 15 
ture Is not a free parameter, but had been predicted  '  to be controlled by 

the feedback of energy to the electron gas during the stabilizing collisions 

14 
between excited states and the free electrons. Current theory  had originally 

Indicated that a value in the range 1500O-1800oK would be-appropriate for the 10 

cm  electrons In helium at STP. Nevertheless, It must be recognized that such 

an estimate had been based upon extrapolation of parameters over so many orders 

of magnitude from measured values as to render the nine-halves power of the 

result to be of questionable value. 

These questions were largely resolved * *  during the first contract year 

of this project through the measurement and parametric representation of the 

functional dependence on time of the intensity of the spontaneous emission.  The 

relevant model for that radiation is obtained by starting from the more general 

expression for the colllsional recombination race coefficient, equation (5), sub- 

stituting it into the continuity equation for ion density, neglecting diffusion 

at these pressures, as well as competing reactions, assuming [He« ] ■ [e], and a 
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constant Te ^ 300°; then 

[He2
+ (t)]-(1+^- [He2

+ (0)]-1+n = (l+n)Kt 

,12 

(8) 

Now it is expected  that the rate of spontaneous photon emission in any particu- 

lar band during the course of the stabilisation of the recombination should 

approximately equal some constant fraction, f, of the recombination rate of 

the ions which, allowing for geometric collection factors and sensitivities, 

implies that 

I(t) = C K [He2
+ (t)]2+T1 (9) 

where C represents all collected scale factors. Substituting (9) into (8) 

gives: 

_ i+n - itn 1+n 
l(t) 2+n - i(0) 2+n .K(1+n)(CK)- 2+^ (10) 

This implies that a plot of intensity to the -(l+n)/(2+n) power would be a linear 

function of time and that the slope, S, of such a curve would be simply the 

right-hand side of (10). Defining then 

s -K(l+n)(CK) 2+T1 (11) 

enables the effective lifetime of the collisional recombination defined by 

equation (7) to be written in terms of experimentally measured parameters as 

j"1 - a[He2
+(0)] - Sd+n)'1!^ (12) 

Examination of this equation in comparison with (11) shows T   to be Independent 

of the scaling of the intensity as would be expected. 
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These results suggested the procedure of plotting the inverse intensity 

to the (l+n)/(2+n) power for various trial values of n between 0 and 1. deter- 

mining the best straight line slope, if any. and then obtaining the recombination 

lifetime from (12). This was accomplished experimentally in an extensive series 

of measurements recently reported1'^16 and briefly reviewed below for 

convenience. 

In practice, these measurements were greatly facilitated in both speed 

and accuracy by interfacing a Biomation 8100 transient recorder to the on- 

line date acquisition computer serving the University's Atomic Physics group. 

A dig .tal image of each decay curve of spontaneous intensity could be stored 

and the required inverse intensity to the various fractional powers plotted. 

The resulting data is typified by that of the principal spectral features of 

He2 at 6400 X for an afterglow at 3 atmospheres pressure in the HPAC-lb system. 

as shown in Figure 4 together with the resulting computer analyses and plots. 

Lifetimes of the molecular features showed reasonable agreement over the 

range of pressures examined and suggested the validity of the assumption sum- 

marized in equation (9) that the emitted intensity is a constant fraction of 

the energy released by the recombining He* ions . 

The converse behavior was found for the recombination portion of the 

decay of the atomic lines examined. Lifetimes deduced did not agree with the 

recombination rates for the molecular bands or even with each other. The most 

extreme divergence was shown by the 33D -. 2h  transition at 5875 A which is 

reproduced in Figures . 

The lifetime is anamolously long as can be seen upon inspection, and 

consists of two slopes as shown in the corresponding analyses which present 

the inverse intensities for various n. Other atomic lines did not shov the 

two lifetime behavior but did show scattered lifetimes. 
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Figure 4 

I 

I 

D 
D 
I 

Data plots  showing the  time evolution and its  analyses of 
the 6400 8 emission in  the afterglow from single discharges 
of the e-beam at 3 atmospheres pressure in  the HPAC-lb sys- 
tem.     Shown counter-clockwise from the upper left, 

a)    Photograph of the refreshed oscilloscope trace 
of the analog reconstruction of the stored 
transient. 
Plot of the digital image of the stored transient. 
Plot of the inverse intensity to the M-power as a 
function of decay time for ri=0, neutrally stabilized 
recombination. 
Plot of the Inverse Intensity to the M-power as a 
function ot decay time for rpl, electronically 
stabilized recombination. 

b) 
c) 

d) 

^ 

I 

I 

I, 
i 
I I I 
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Figures 5 

Data plots showing tha time evolution and its analyses of 
the 5875 A emission in the afterglow from a single discharge 
of the e-beam at 3 atmospheres pressure in the HPAC-lb system. 
Shown counter-clockwise from the upper left, 

a) Photograph of the refreshed oscilloscope trace of the 
analog reconstruction of the stored transient. 

b) Plot of the digital image of the stored transient. 
c) Plot of the Inverse intensity to the M-power as a function 

of decay time for TT'O, neutrally stabilized recombination. 
d) Plot of the inverse intensity to the M-power as a function 

of decay time for rrl, electronically stabilized recombination. 
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The rather extreme variation of atomic recombination lifetimes strongly 

indicates that, for the production of excited atoms, the assumption expressed 

by (9) does not hold and that the relative importance of the various stabiliz- 

ing channels is a changing function of electron density and hence, time. This 

is in general agreement with the results of 0.1 atmosphere work which has 

13 
demonstrated that the molecular bands tend to have the same time decays  in 

12 
agreement with (9) while the atomic lines do not . 

Results for the He2 recombination lifetimes are collected in Table III 

and presented graphically In Figure 6 . 

Table III 

Summary of Lifetimes of the Principal Spectral Features 

Lifetime ri"l 
Wavelengt :h (nanoseconc Is) 

Pressure (atm) 1 3   4.2 7 

He2 

6400 A 160 82   59 26* 

4650 A 126 82.5  53 34* 

He 

7065 
o 

A 

6678 
0 

A 

5875 
0 
A early 

late 

*HPAC-2 system 

267 350* 93* 

208* 100* 45* 29* 

880  490 425 300* 

2800 3800 2700 2320* 

These results evidently agree with expression (4) for an electron temperature 

which is a weak function of pressure and has a value around 1000oK at 3 atmospheres. 

-23- 

1   , .,.. -;  ... ■-■■     ■...,.       '■■■'■•   '.-- ■. J~- jHwwKttmmimmm mmmmwi... 

■*—-     j ^   ^ w-    | ^MM 



I 

[ 

^s >« " w 

0 
( 

( 

i 
■ 

i 
I 
( 

I 

I 
I 

Figure 6 

Lifetimes of the sources of population of states resulting from 
the collisionally stabilized recombination of helium ions produced 
by the e-beam. Experimental values at different pressures are 
shown by open circles and theoretical values by solid bars.  Values 
are marked on the .bars which correspond to the electron tempera- 
tures indicated. 
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c) Efficiency — Although the quantum efficiencies simmarized previously 

in Table I are not extremely impressive, the system efficiencies expected for a 

recombination laser should be limited primarily by these quantum efficiencies. 

This results from an exceedingly effective use of electron beam energy. Where- 

as in many e-beam excited laser systems, including N» and H21 waste of over 90% 

of beam energy lost in inelastic collisions occurs in the production of ioniza- 

tion as opposed to excitation, in the recombination scheme use is directly 

made of that ionization. Considering that about 42.3eV of beam energy is 

expended in the production of a 24.5eV He+ ion or 22.4eV He  ion, system 

efficiencies of 58% and 53%, respectively, of the quantum efficiencies should 

be attainable. This implies that recombination lasers should achieve overall 

efficiencies of 5 to 10 percent. Preliminary measurements discussed in 

Section IV on the economy of energy extract! a tend to support this estimate. 
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III.  EXPERIMENTAL METHOD 

The objective of this program has been stated to be the evaluation of 

the potential utility to laser development of recombining high pressure helium 

plasmas. Although there are several ways in which this could have been done, 

the paucity of data existing prior to the initiation of this contract research 

necessitated an initial survey and characterization of the afterglow properties 

in order to develop a model to guide understanding. As discussed in the 

previous section, even theory provided little assistance, being extrapolated 

to parameter values over two orders of magnitude beyond prior experimental 

verifications. 

The initial approach consisted of three steps. First, a survey of the 

spectrum of spontaneous emission was planned to identify which excited species 

and states could be found under the various experimental conditions of pressure 

and electron density. Second, an investigation of the time-resolved decay of 

spontaneous emission was intended to determine the relevant rate coefficients 

for recombination and de-excit;af.ion.  Finally, measurements of the potenf.ial 

gain of the various promising transitions were planned to guide the study of any 

stimulation emissions which might be expected and prepare the way for quanta- 

tive measurement of the resulting radiative economy.  It has been essentially 

this course which has been followed, as reported in this and previous technical 

reports,1,3,4 

To support this research, a sophisticated ultra-high vacuum and gas 

handling system was constructed and used to prepare and fill several different 

designs of high-pressure afterglow chambers (HPAC's).  System integrity was 

found to be of great importance because of the high ionization potential of the 

helium ions and their large cross-sections for charge transfer to impurity 

gas atoms and molecules.  Figure 7 schematically outlines the functions of the 

gas handling system. All standard components were Varian 2 in. UHV grade 
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I 
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Schematic representation of the UHV vacuum and associated gas 
handling systems. The dotted lines enclose portions bakeable 
to 400 C. The dashed lines enclose additions to the system 
which were implemented when HPAC-2 was installed and used sub- 
sequently with HPAC-lb. 
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The portion enclosed In dotted lines was bakeable to 400°C while the part 

in dashed lines was an addition implemented with HPAC-lb to provide accurate 

pressure measurement without contamination. 

System integrity was such that, after a mild bakeout with heating tapes, 

a pressure of 3 x lO-11 Torr could be maintained in the dump tank while the 

valve to HPAC-lb was open. Final verification was obtained with a commercial 

helium leak detector which failed to show any detectable leaks. 

Figure 8 shows a drawing of the afterglow chamber HPAC-lb.  It is basically 

a welded stainless steel box having the schematic form of a horizontal cross 

with an additional downward leg serving as an inlet port. One pair of 

opposed arms is terminated by copper gasketed windows and the other pair con- 

tains the pumping port opposite to vhe e-beam window.  Dimensions anl con- 

struction details are found in the figure. Windows were either quartz fused 

through graded seals to Varian flanges, or sapphire directly mounted in 

Varian flanges. 

Residual gas analysis was performed after each evacuation and showed 

only traces of contaminant.  A typical mass spectrum is shown in Figure 9a. 

After evacuation, the chamber was valved off from the pump and filled 

through the inlet port with helium of high initial purity, further conditioned 

by passing it at the fill pressure through a molecular sieve trap cooled to 

liquid nitrogen temperatures.  Bureau of Mines analyses of cylinders of similar 

grade have shown one or two ppm non-condensable, inert (neon) impurity, and 

it is believed that this figure represents the ultimate purity attainable 

with this system. As will be discussed in the following section, this treat- 

ment sufficed to reduce all impurities below the threshold of spectroscopic 

detection by optical means. Typical mass spectrometric analysis of the cell 

contents at the completion of an experimental sequence is shown in Figure 10b. 

No evidence of leakage or gas evolution can be detected. 
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Figure 8 

Drawing of the High Pressure Afterglow Chamber, Version lb 

(HPAC-lb) showing construction details. 
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Figures   9 

Residual gas analysis obtained after evacuation of HPAC-lb 

a) Mass spectrum of steady state evacuation,  initial 
condition before filling with helium. 

b) Mass spectrum of cell contents after an experimental 
cycle of the order of 4 hours and 50 e-beam discharge 
pulses. 
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In the cell, the primary ionizarl^n is produced by a nominal 0.5 MeV 

electron beam entering the HPAC through a 0.001 inch thick titanium foil. 

The beam is produced by a Field Emission Corp.  706 e-beam gun which can emit 

2 x 1014 electrons per 3-nanosecond pulse.  Divergence of the beam is reported 

to be 30° so that, at a distance i,   normal to the window, there can be expected 

to be 

N = 1.5 x 1014[1 + 0.8U + 0.165Ü2] 1 (13) 

primary electrons per cm incident upon the HPAC bear, window.  From values of 

average range, energy expended per ion-electron pail, and gas density, an 

average charge multiplication factor in helium of 

M = 15.6 cm 1atm~1 (14) 

can be computed. 

The preliminary diagnostic data obtained with HPAC-1 and discussed in 

the following section was obtained at a helium pressure of 3 atm. with the 

e-beam gun located a distance of 7 cm from the afterglow chamber.  For these 

parameters, the initial helium ion concentration should be 

[+] "^ 5 x 1014 cm-3 HPAC-1 (15a) 

Closer proximity to the e-beam gun was obtained with HPAC-lb and corresponded 

to an initial ion concentration at 3 atuospheres of 

[+]  -v 1.7 x 1015 cm"3 HPAC-lb (15b) 

- HMOf y-u-i:.*    »*«■■ .      '"■ ■■■ ■•■■  '-- ■— -■ -—■ 
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For purposes of the subsequent calculation of efficiencies, an 

expression for the input energy to the afterglow from the beam is useful. 

Considering the specified beam energy of 4.8 Joules and range of 450 cm/atm 

at the 60% power of 300 KeV, the average beam energy deposited in the plasma 

is 

Ev = 7.8 x [1 + 0.8U + O.ieSfc
2]"1 J/liter .   (16) 

b 

Better values for these parameters are contingent upon calibration of 

beam current and divergence, but it is believed that the interim use of 

these approximations is consonant with the current allocation of priorities 

in this project, as well as consistent with the accuracy at this stage of 

Investigation of the data reported in the following section. 

Several instructive problems were encountered with the initial operation 

of the system. Both RFI and X-ray noise were extreme and extensive protective 

measures were necessitated. Nested enclosures were constructed to suppress 

counting from the innermost, the RFI. X-rays, and RFI again.  The innermost 

enclosure consisted of a copper bellows assembly bolted to the face of the 

e-gun and grounding through spring contact to the mounting ring supporting 

the foil window.  Blocking the passage in the bellows was a .004" thick Mylar 

disk placed to protect the face of the e-gun from the possible back ejection 

of material from the foil window. 

Surrounding the HPAC, together with the evacuation tuba and valve to 

the dump chamber was a 1/16" lead enclosure with open ports to allow access 

to the optical v/indows and bellows connecting to the e-gun. Additional 0.5" 

lead plates were positioned in strategic locations to shadow the external 

instrumentation and operators. 

The outermost, and most complete RFI shield consisted of 5 sides of a 

welded aluminum cube approximately one meter on a side.  It could be lowered 

onto an aluminum base plate lying under the asbestos base of the bakeout oven. 
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Electrical contact between the case and base was assured by commercially 

available RFI gasketing. All gas inlets and vacuum lines through the base 

were grounded to base by sealing them to the base at the point of penetration 

with RFI gaskets. Contact between the penetrating tapered output end of the 

e-gun and the case was made with a sliding RFI gasket.  The only unprotected 

openings through the enclosure were the two opposed circular ports centered 

on the same optical axis as the windows of the HPAC.  Since there was no sig- 

nificant asymmetries or conductive penetrations through these holes, RFI 

radiated from them was at a minimum level and one which was found to be 

acceptable to the external instrumentation. 

For the spectroscopic surveys of the spontaneous emission, three high- 

aperture systems have been found useful; an f/2 camera-spectrograph with 

o 
about 300 A/mm dispersion at the film plane, an f/4, 0.25 meter spectrometer 

O 

with the exit slit removed to give about 100 A resolution, and an f/4, 0.25 

meter spectrograph coupled to a 4-stage image intensifier system arranged so 

that the dispersed spectrum of a single discharge could be photographed at a 

sensitivity where single-photon scintillations could be recorded. 

The f/2-spectrograph was employed primarily to obtain the time-integrated 

spectra of the e-beam afterglow for the purpose of locating features of 

interest, as well as serving as an impurity monitor. Four pulses at the 

maximum beam energy were required for a useful exposure on Tri-X film developed 

to an ASA equivalent index of 2400. 

The f/4-8pectrograph/intensifier shown schematically in Figure 10 was to 

extend both sensitivity and resolution of the f/2 survey instrument. By 

adjustment of the accelerating voltage threshold sensitivity could be varied 

from the resolution of single photon scintillations to the integral of n 

successive photon scintillations within the decay time of the phosphor on the 

outprt screen. 

i 

% 

-37- 

*   A itAi 



I 
f 

1 
I 

i 

► I 
» 

i: 

K 

i 
i 

Li 

I 
I 
I 
1 
I 

Figure 10 

Schematic representation of the spectrograph-lmage Intenslfler 
combination used to record spectra of single discharges at the 
level of sensitivity where single photon scintillations could be 
distinguished. 
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The 0.25 m spectrometer was used with a nine stage RCA-C31025C 

photomultiplier to obtain the transient intensity response for a particular 

0 
100 A wavelength region.     The useable region of  sensitivity extended  from 

0 o 
3000 A to 8500 A.  The photomultiplier risetime of 1.5 nanosecond insured 

the transient intensity could be monitored with nanosecond resolution if, 

adequate recording techniques were used.  Intensities were such that typical 

signals were in the range of 0.1 to 1,0 volts into 50f! with decay times in 

-8 -7 
the range of a few x 10  sec. to a few x 10  sec. 

This suggested the use of a Biomation 8100 transient recorder which 

provides the 8-bit digitization of input signals not less than 0.05 volts 

for full scale conversion over 2048 time increments of at least 10 nanoseconds 

each.  The device was directly interfaced to the data acquisition computer 

currently serving the University's Atomic Physics group. Future refinements 

are under construction to give 300 psec resolution for at least the first 

32 points. 

Calibration of the 0.25 m spectrometer and detection system was 

accomplished by comparison to a standard of irradiance traceable to NBS. 

Detection sensitivities which calibrated the power at the spectrometer entrance 

o 

slit to voltage at the 8100 input ranged from 20^ watts/volt at 4000 A. The 

a 
rather low sensitivity in the violet was primarily a consequence of the 6000 A 

blaze wavelength of the grating, chosen to enhance the usually depressed red- 

sensitivity of most fast detection systems. A consideration of geometrical 

factors and volume sampled gave an overall calibration depending on wavelength 

which equated between one and two kilowatt/liter of incoherent power radiated 

from the e-beam afterglow to 1 volt of detected signal. 

The addition to the system of an internal optical cavity contained in 

the HPAC-lb and having coincident optical axis with it has permitted the 

preliminary inference of optical giin from measurements of the enhancement of 

certain spectral features observed in the optical cavity. The cavity support- 
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ing these measurements is a sub-concentric geometry imposed by the availability 

of mirrors and the physical dimensions of the shielded system. The measurements 

discussed in the following section were obtained with multi-layer dielectric 
o 

mirrors of maximum available reflectivity over the various 1000 A regions 

examined. 

A more quantitative system for the direct measurement of gain was constructed 

as shown in Figure 11. Since the lifetimes for the source of molecular emissions 

ranged from 160 nsec. at 1 atmosphere to 26 nsec. at 7 atmospheres as discussed 

in Section II, it was necessary to use a rapidly pulsed light source for the 

measurement of small signal gain or absorption in a particular transition 

during the afterglow period. A nitrogen laser pumped, tunable dye laser with 

a FWHM of a few Angstroms was used in the differential path arrangement shown in 

Figure 11  üO measure the attenuation or amplification of the beam reflected 

through the plasma by the internal dielectric mirror. Use of the optical 

de1 a/ line in the reference path allowed for the detection of both beams with 

a single photomultiplier and electronics system thus minimizing the drift of 

the balance of sensitivity between the paths. Resulting system stability was 

of the order of 6% with timing jitter between the e-beam and the dye laser 

small in comparison with a recombination lifetime.  As accuracy of the timing 

measurement was around 4 nsec., adequate resolution of the particular phase 

of the afterglow sampled by the dye laser beam could be established. 

jl.2 
The success in the use of this system in the recently reported   pre- 

liminary measurements at 6400 %  and in the detailed re-examination of that band, 

together with the analogous measurements at 5170 8 discussed in the following 

section, indicates it will continue to be the primary technique utilized in the 

measurement of gain at the other wavelengths of importance in the helium after- 

glow.  The dye laser technology is well enough developed to support investigation 
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Figure 11 

Experimental system for the direct measurement of time- 
resolved gain spectra. 
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over  the  3500 A -  7500 A spectral region;  so,   it  can be reasonably expected 

that  the stimulated emission spectrum and its  dependence on experimental 

parameters  can be well characterized by this  technique in advance of projected 

attempts  to  construct an operating laser device  excited by the larger APEX 

electron beam gun. 
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IV.  TECHNICAL RESULTS 

Preliminary values were obtained for the most important diagnostic 

parameters characterizing the e-beam afterglow excited in 3 atmospheres of 

helium with the previously described HPAC-1 system.3 Confirmation and exten- 

sion    ot these values to cover the one to five atmosphere pressure range 

was accomplished in the HPAC-lb chamber at greatly improved gas purity.  A 

copy of the resulting Physics Letters appears in Appendix I. 

The first report of stimulated emission from a high pressure recombining 

helium afterglow was made in the previous report1 on the contract activities and 

accepted for publication in Applied Physics Letters2.  A preprint of those pre- 

liminary measurements of stimulated emission £t 6400 X appears in Appendix II. 

Parameters considered to date in this work have been a) output wave- 

lengths, b) spontaneous emission, energies and peak power levels, c) incoherent 

output efficiencies, d) stimulated emission, and e) stimulated output efficiencies, 

Each is considered in the following subsections, and those reported previously 

are reviewed to the extent that they clarify present results. 

a) Output wavelengths 

Figure 12 presents a survey spectrum of the spontaneous 

emission from a single discharge in the HPAC-lb system made with the f/4 

spectrograph-image intensdfier combination having greatly improved sensitivity 

and resclution over conventional spectrographic systems. Principal limitation 

on both quantities have been reduced to the quantum noise imposed by the 

discrete nature of the photodetection events. All the information available 

in the spectrum has been recorded. Primary detection occurs with an S-ll 

photocathode with subsequent acceleration and multiplication of the emitted 

1 2 
photoelectrons. In contrast to direct film recordings * , this system has an 

enhanced sensitivity in the shorter wavelength region and a pronounced cut-off 

o 
in the red around 6400 A. 

Relative sensitivity of the intensifier tube as a function of wavelength 

is shown in Figure 13 . 
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Figure 12 

Survey spectrum of the visible region made with the f/4 spectograph - 
image intensifier system. Long wavelengths are to the left. Each 
spectrum is a time-integrated record of the afterglow from a single 
discharge of the e-beam gun in helium at 3 atmospheres in the HPAC-lb 
system. Exposures are for different accelerating voltages correspond- 
ing to different values of the number of superimposed photon scin- 
tillations required within the decay time of the output phosphor to 
reach the threshold for photographic detection^ From top to bottom, 
accelerating voltages are 25, 30,35 and 40 KV, the last two satisfying 
the requirements for the detection of scintillations from single 
photoelectrons, 

i 
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Figure 13 

Graph as a function of wavelength of the relative sensitivity of 

the image intensifier system used to obtain the data of Figure 12, 
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Several exposures of the spectrum are shown in Figure 12 and correspond 

to different values of accelerating voltage on the image intensifiei tube and, 

hence, to different values of gain for the photoelectron amplification. Each 

represents a different value of the number of successively superimposed photon 

scintillations required within the decay time of the ou':put phosphor to reach 

the threshold exposure of the recording film.  From right to left, the exposures 

represent inc-ea-ing accelerating voltage with the last two strips satisfying 

the requirements for the detection of scintillations from single photoelectons. 

Values of actual photoelectron gain corresponding to the accelerating voltages 

shown can be read from Figure 14. 

In Figure 12, most of the He. spectrum is seen, with principal interest 

being directed toward the relatively enhanced features in the red. However, 

it can be seen that the other members of the "favorable" Rydberg-series dis- 

cussed in the introductory material are present.  In particular 

o  +    3 o 
1. the msJJ:  ->• 2p Ilg series convergent at 3680 A is 

represented strongly by the m=3,4 and 5 members at 

e       o o 
6400 A, 4540 A and 4030 A,respectively, and 

i       1 0 

2. the mp-Lng ->■ 2s £ convergent at 3130 A and terminating 

2 
on a state optically connected to the Iso 2sa repulsive 

ground state is evidenced by the relatively strong m=3 

O o 
and 4 components at 5130 A and 4000 A, respectively. This 

latter series is of tangential interest in that, if lasing 

could be accomplished for one component, the delivery of 

population to the 2s J:u state might occur at a rate 

sufficient to invert the vacuum - UV transition from 

this state to the repulsive ground state. 

The spectral information of Figure 12 is summarized in 

Figures 15 and 16 riiich are energy level diagrams of 
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Figure 14 

A graph of photoelectron gain as a function of accelerating 
voltage for the image intensifier system used to record the 
spectra of Figure 12. 
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Figure 15 

I 

I 

Energy level diagram of atomic helium shoving for -.larity only 
those states participating in transitions observed with appreciable 
intensity in the afterglow at three atmospheres. 
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Figure 16 

Energy level diagram of molecular helium showing for clarity 
only those states participating in transitions observed with 
appreciable intensity in the afterglow at three atmospheres. 
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He and He2 in which for clarity only those states 

participating in transitions observed in the afterglow 

with appreciable intensity are shown. The general 

observation can be made that the abundance of He2 levels 

excited is characteristic of a collisional-radiative 

recombination origin of the light with good collisional 

I 
mixing between levels. 

The bands generally appear at relative intensities which could be 

reasonably expected from radiative and collisional cascading in the course of 

the stabilization of the collisional-radiative recombination of He2  .    This is 

the cascading discussed in Section II.    Of course,  such comparisons are quite 

qualitative and dependent upon subjective averaging over a considerable variety 

of low pressure helium recombination spectra.    In addition,the following 

transitions appear anomalously   enhanced: 

1.    the 3s3Eu
+ - 2p3Zg at 6400 A 

2.     the transitions from the 4d complex to the po level 

at 6130 and 6100 A. 

These represent transitions which,  in a sense,  compete with 

\, li the normally intense 3-d complex.    As can be seen from Figure   16,  the third 

Is equivalent to a short-circuit  from principal quantum level A to 2 by^-passing 

the "normal" stabilization curr. nt whicn tends to relax captured electrons 

from one principal quantum level cM   a step.    The first can be rationalized as a 

transition from a state benefltting from one of the "fine-tuning" effects of 

collisional stabilization which tend to move bound electron populations back 

and forth between angular momentum sub-levels corresponding to the same 

principal quantum number.    It Is this effect which, as discwaed in Section 

II, would allow a laslng transition to capture virtually all of the stab- 

ilizing electron current between principal quantum levels.     In the case of 

r _57. 
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the 6A00 A transition, the particular radiating sublevel lies at a sonu.rfhat 

lower energy, 'v 0.22eV, than the d-complex and should show a gain of popula- 

tion relative to the d-complex when the electron density is high and such 

"lateral" collisions are frequent. 

The rather restricted excitation summarized in Figure 15 for the atomic 

spectrum is, conversely, more characteristic of some type of selective excit- 

ation and warrants further investigation of the possible kinetic processes 

which might supply such upper state excitation. 

b) Spontaneous emission, energies and peak power levels 

Each of the spectral features in the wavelength range of the 

instrumentation showed one or a combination of three basic transient responses, 

each correlating with a different excitation mechanism as shown in Figure 17. 

A typical example of an emission showing a combination of direct e-beam, 

and recombination excitation is found in the data of Figure 18.  In this figure, 

the emission of the 33S •>• 23P line of atomic helium at 7065 A is recorded on a 

horizontal scale of 200 nanoseconds/division by 81 watts/liter per division 

vertically. While the upper 33S state of this transition is optically for- 

bidden to the ground l^S state and hence an unlikely candidate for excitation 

by the primary electrons, it does have a non-zero cross section for secondary 

electrons which might be expected to have energies near the threshold for 

excitation of this system. Most probably the situation here is analogous 

to the: excitation of the N2 C-state in the e-beam N. laser. That state is 

also optically forbidden to the ground X-state and as a consequence is only 

weakly excited by the higher energy primary electrons but strongly excited 

by the secondary electrons whose energy lies only slightly above the excitation 

threshold. 

With the exception of the band at 5130 X the detailed examination on an expanded 

time base of the leading edges of the molecular emission, as typified by the one 

at 6400 A.showed no evidence of a component of e-beam excitation either by pri- 
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Figure 17 

Time evolution of selected atomic and molecular emissions at 3 

atmospheres illustrating the three basic excitation mechanisms 

observed:  1)  5015 A atomic transition, direct excitation by primary 

electrons, 2)  7065 A atomic transition, excitation by energetic 

secondary electrons and 3) 6400 % molecular transition, excitation 

by recombination of He„ ions and cool secondary electrons. 
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mary or secondary electrons.  This is what, would be expected in the absence of 

a stable He„ ground state.  The leading edge showed a rise time consistent with 

the decay of the component of the 7065 X excitation inferred to be due to the 

secondary electrons.  This also is consistent with the simple model which re- 

quires the secondary electrons to cool before they can participate in collisional 

recombination with the ions.  If they are energetic enough to excite the 7065 A 

line, they are too hot as a group to recombine with the He. ions to give the 

6400 %  radiatim.  The exceptional excitation of the 3p TT ■*■ 2s Z   transition 

centered at 5130 %  showed an early component in addition to the recombination 

peak.  Since this state dissociates to a 3 P atom, it is likely this early source 

of excitation results from the three-body molecular association of ground state 

atoms with 3 P atoms produced by the primary electrons in the beam.  Stimulated 

emission peaking at 5170 %. was found in the P-branch of this band for both ex- 

citation sources. 

From these spontaneous emission data an interesting comparison can be 

made of the output energies resulting from each of the three processes.  These 

are summarized in Table IV. 

Table IV 

Comparison of Measured Output Energies 

from D:irect Excitation and Recombination 

at 3 Atmospheres 

I 

Line 

5015 A 

7065 A 

6400 A 

Direct e-beam Excitation 
(micro-Joules/llter) 

^ 1.8 

^ 16 

<  2.7 

Recombination 
(micro-Joules/liter) 

71 

110 

I 
Table IV serves to underscore the comments made in Seccion II that the 

potential for recovering much of the e-beara energy "lost" to ionization is 

quite high in recombination systems. 
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Implicit in the development of data of the sort presented in Table IV 

is a knowledge of lifetimes by which the peak powers are multiplied to 

estimate the output energy per pulse. The particular lifetimes desired are 

the lifetimes against recombination defined by equation (7), Section II, 

and tabulated in Table III. The energy output, E, can be written in terms 

of these quantities as 

. 

i 

I. 

-£ (t)dt 
which becomes upon substitution from  (10) 

= |: (0) 

l+n l+n   2+Ti 
2+n 2+n   l+n 

+ K(l+n)(CK) t) dt 

(17) 

(18) 

Upon integration followed by substitution from (12) and (11), this becomes 

E - I(0)T, (19) 

Table V summarizes  the resulting energies per pulse  radiated spontaneously. 

\ 

Table V 

Summary of the Energies per Pulse of the 
Principal Spectral Features Emitted Spontaneously 

I 
I 
I 

Wavelength 

Pressure (atm.) 

He2 

6400 A 

4650 A 
He 

7065 A 

6678 A 

5875 I 

*HPAC-2 

Energy 
(micro-Joules/liter) 

1     3   4.2 

104 52.5 35.0 32* 

42.5 31.4 25.2 24* 

- 54* 59* 92* 

38.6* 24.2 12.1* 15.0* 

665 905 2200 4400* 
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c)  Incoherent Output Efficienciet.—From the data of Table V and the 

input e-beam energy estimated in equation (16), the output efficiency can be 

obtained for the prominent spectral features examined. Table VI summarizes 

these results. 

Table VI 

Efficiencies for the Incoherent Radiation 
Observed from the Recombination 

Her 

He 

Wavexength 

Pressure (atm) 

6400 A 

4650 A 

7065 A 

6678 A 

5875 A 

.0057% 

.0023% 

Efficiency 

3 

.00096% 

.00057% 

4.2 

.00054% 

.00032% 

— .001% . 001% 

002% .0004% .00015% 

036% .016% .028% 

] 

1 
I 
I 
I 
I 

Efficiencies  are not particularly impressive,  but  this  is not surprising 

because in  the absence of  a stimulated  transition,   at these electron densities 

a large  fraction of  the level  to level stabilization should be  accomplished by 

non-radiative  transitions.     According  to  theory,  if a stimulated  transition 

can be  developed,   the energy now lost  to the  collisional  channels  could be 

tapped by       competing radiative  transition,   if strongly induced.     This effect 

is  illustrated in part e)  of this  section  for the  case ot  the  6400 8 and 5130 X 

bands. 

d)     Stimulated Emission Spectra—The ability of the helium afterglow to 

sustain stimulated emission was  investigated with  the dye  laser apparatus of 

Figure  11.     By directly measuring the attenuation or amplification of the 

probing beam,   the coefficient of loss  or gain could be directly determined. 

-64- 
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As shown, an optical delay line was used to retard the reference beam 

so that both beams could be detected with the same photomultiplier with a 

separation in time small compared to the characteristic drift times of the 

electronics.  A charge integrating amplifier detected the signals and dis- 

played them on the screen of an oscilloscope as a step function. The x-position 

of the first step served to record the interval following the e-beam discharge 

at which the afterglow was sampled.  Time resolution was of the order of 6 nsec, 

but jitter originally of about 100 nsec rendered the measurement tedious. 

Recent improvements have reduced jitter to 25 nsec.  Long-term stability of 

the relative intensities between paths was of the order of 6% which determined 

minimal gain or loss which could be recorded with significance. 

Figure 19 shows the topology over the space of parameters indicated of 

the map of gain resulting from the preliminary measurement reported previously 

for 3 atmospheres pressure.  Across the xz plane to the rear of the data has 

been plotted the time dependence of the spontaneous emission for scale. For 

comparison on the yz  plane to the left edge is shown the normal emission 

spectrum of the 3s Z  ->■ 2p n  transition, uncorrected fc* pressure and Stark 
u   r g 

broadening.  As can be seen, the R-branch appears absorptive whi]e highest gains 

are found in the Q-branch head and P. and P, components.  Higher members of the 
HO' 

P-bianch appear absorptive.  Units plotted are the gain coefficient per round 

trip transit of the afterglow, so that the peak gain of 0.23 measured at the 

head of the Q-branch corresponds to a value of 0.04 cm  at 6400 A. 

Through reconstruction of the N„-laser used to pump the dyes, improve- 

ment in trigger generation, and operational experience the reduction in system 

jitter mentioned above was accomplished during the current reporting period. 

This permitted the re-examination of the stimulated emission spectrum in the 

6400 A regiou with much greater detail in both time and wavelength.  Agreement 

-65- 

^ ***. - i ""^ .^ 



I 
H 

I 
I 
I 
I 

1 
i 
1 
I 

Figure 19 

Fractional gain per round trip transit as a function of wavelength 
and time for the afterglow of a 3 atmosphere helium discharge as 
dxrectly measured frL  the enhancement of a probing dye laser beam. 
Regions of stimulated emission lie above the x.y plane; absorption 
below.  Across the x.z plane to the rear of the data has been plotted 
the time dependence of the spontaneous emission for scale and on the 
plane+to the left edge is shown the normal emission spectrum of the 
JsJL  -> ^pJji transition of the He uncorrected for broadening 
mechanisms,  e z & 
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Figure 20 

Time resolved stimulated emission spectrum for the 6360-6460 A region 
of the afterglow of a 3 atmosphere helium plasma.     Data is plotted in units 
of fractional gain per round trip  transit as  directly measured  from the 
amplification or attenuation of a dye laser beam reflected through the after- 
glow.     Time  resolution was  a uniform 10 nanoseconds  and shaded data planes 
appearing anomalously  long result  from the overlap of  contiguous measurements, 
The observed gain maximum corresponds to the peak of the P-branch of the 
3s E + •* 2p3II    transition of He_. 
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Crossections  along   (X,z)  planes of Figure 20 give more precisely quanti- 

tative representations  of the time-dependence of the stimulated emission at 

I each of the wavelengths examined.      These are reproduced in Figures 21,  a 

through e, and again are plotted in units of  fractional gain per round trip transit 

i at the 0.4 megawatt/liter level of power density.     Each elementary measurement 

1 appears as a rectangle and the composite nature of the anomalously long data planes 

of    Figure 20 is  clearly seen.     Conversion of  the ordinates  to power densities 

I requires only multiplication by the peak dye laser power density of 0.4 mega- 

..atts/liter in  the sampled volume. 

! For reference  the spectrum of spontaneous emission expected from the same 

transition in  the absence of broadening mechanisms  is  reproduced in Figure  22 

together with its measured time dependence.     The peak in gain can be seen,   then 

to correspond  to  the unresolved Q-branch and  lower members  of  the P-branch of 

the transition and generally follows the time-dependence of the spontaneous 

emission.     Such observations suggest that  the  time  dependence of stimulation 

emission in this band reflects almost completely  the   time-dependent evolution 

of the general excited state population and not a significant time-dependent 

change of the pair inversion ratio of  the  two states  involved. 

A similar behavior is  found to be in the second band in which stimulated 

i emission was observed,   that of  the  3p1n    + 2s  Zu
+ transition at 5130 8. 

Topology of  the  resulting map of gain in the  5100 - 5200 R wavelength region is 

shown in Figure 23.     Orientation and scale  of  the view is  the same as in Figure  19 

but in this  case  for the blue-green region of  the spectrum.     For these measure- 

ments the power density of  the dye laser beam in  the probed volume of afterglow 

was 1.4 megawatts/liter.    Time resolution of the data was again 10 nanoseconds 

and anomalously  long data result from the overlap of  contiguous measurements. 

I A peak in gain,  broader than that in the  6400 1 band,  can be seen to 

■ occur around 5170 X and 30 nanoseconds.      A second,  earlier peak is also seen 
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Figure 21 

Graphs of the tinie resolved stimulated emission observed 
at various wavelengths in the 3s E"'' -*■  2p 11 transition of He„ 
formed in the recombination afterglow of an electron beam discharge 
into three atmospheres of helium.  Data is plotted in units of 
fractional gain per round trip transit as directly measured from 
the amplification of a dye laser beam reflected through the after- 
glow.  Each measurement appears as a rectangle of widch consistent 
with the time resolution of the measurement system. 

a) A = 6360 X 

b) X » 6380 % 

c) X = 6400 £ 

d) X = 6420 X 

e) X = 6440 X 

I 
I 
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Lower:     Comparison of  stimulated and spontaneous  emissions  as  functions of 
time at 6400  % for excitation conditions  corresponding to  those 
giving     stimulated emission;     spontaneous emission. 
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Figures 22 

3.+ 
Upper:     Typical spectrum expected for spontaneous  emission of  the  3s  Z 

2p-*n    band of He9,  uncorrected  for broadening mechanisms.     P and R 
branch members  are  indicated by  the dashed  lines  to the  right and 
left,   respectively,   and Q-branch elements  are shown by solid lines. 
Ordinates  indicate  relative intensities  generally expected in spon- 
taneous emission  and integers  give corresponding J-values  of  the 
lower state. 
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Figure 23 

Time resolved stimulated emission spectrum for the 5100 - 
5200 % wavelength region of the afterglow of a 3 atmosphere helium 
plasma.  Data is plotted in units of fractional gain per round 
trip cransit as directly measured from the amplification or 
attenuation of a dye laser beam reflected through the afterglow. 
Time resolution was a uniform 10 nanoseconds and shaded data 
planes appearing anomalously long result from the overlap of 
contiguous measurements.  The observed gain maximum corresponds 
to the peak of the P-branch of the 3p n -> 2s Z  transition of 
He2. 

8 

I 
I 

-76- 

■ ■ 

■ ,1 ^JLi ^«rfri 



^r TS 

I 

I 

I 

I 

I 

I 

I 
I- 

h * i i i i i i i | i i i i i i i i i | i i i i | i i i i 
S                  S                   0 o ro                         CM                          — o 
o                    d                     o d 

(M)   NIV9 

(:)9SU)   3WU 
-77- 

■ 

«b i   i   A 8k     in 



^s ^r 

and it appears  that  the maximum lies  at some  time  less  than  the basic 10 

nanosecond  unit of   resolution  used  in  these measurements.     As mentioned in 

Section b previously,  this  early excitation of the  3p  11     state most probably 

occurs  as  a result of  the  three-body associative  reaction of a ground state 

atom with a 3 P atom produced by  the primary electron beam, 

HeO1?)  + 2He ■* He  '"(Sp1!!   )  +He (20) 

Since the normal dissociation limit of the 3p H molecular state yields a 
8 

3 ? atom, reaction (20) would require no ad hoc potential curve crossings 

or intermediate collisional relaxation steps.  In the absence of long-range 

"potential humps", the cross section for (20) should be reasonably large; thus, 

rendering plausible this explanation for the early source of excited He, 

population. 

Four sections along (A,z) planes of Figure 23 are shown in Figures 24. 

Both in Figures 23 and 24 conversion of the ordinates to power densities of 

stimulated emission requires only multiplication by the peak dye laser power 

density of 1.4 megawatts/liter focused into the probed volume of afterglow. 

The reference spectrum of the spontaneous emission expected from the 

same transition in the absence of broadening is shown in Figure 25 together with 

its measured time-dependence.  As can be seen the peak in gain at 5170 1  cor- 

responds to the P(7) component of the spectrum and is not unreasonable in view 

of the statistical weights and spacings of the rotational levels of the upper 

3p 11 r-tptc.    As in the case of the 6400 A band, the correspondence between 

stimulated and spontaneous emission as functions of time suggests that the 

evolution of the gain parameter is primarily an effect cf the change in total 

excited state population produced by the continuing recombination and collisional 

relaxation processes. 
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Figures 24 
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[ 
[Graphs of  the  time  resolved stimulated emission observed at various 

wavelengths in  the 3p1n    + 2sIZ+    transition of He2  formed in  the  recom- 
UJ_J„~   „<:♦■„-„i«.., nf  r.Ty  Sioo<--rnnUKpam rUsrharcre into  3  atmosoheres  of 

i 

! 

I 
I 

1 
i 
1 
I 
I 
I 

/ 

bining afterglow of an ilectron beam discharge into 3 atmospheres of 
helium.  Data is plotted in units of fractional gain per round trip transit 
as directly measured from the amplification of a dye laser beam reflected 
through the afterglow.  Probing laser power densities were calibrated to ^ 
be 1.4 megawatts/liter.  Each measurement appears as a rectangle of width 
consistent with the time resolution of the measurement system. 

a) X = 5115 X 

b) X = 5140 i 

c) X = 5170 1 

d) X - 5194 % 
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Figures 25 

Upper: Typical spectrum expected for spontaneous emission of the 3p n ->- 
2s-LZ+ band of He„, uncorrected for broadening mechanisms.  P and R 
branch members are indicated by the dashed lines to the right and 
left, respectively, and Q-branch elements are shown by solid lines. 
Ordinates are proportional to relative intensities generally ex- 
pected in spontaneous emission ana integers give corresponding J- 
values of the lower state. 

Lower:  Comparison of stimulated and spontaneous emissions at 5170 A 
as functions of time for excitation conditions corresponding to 
those giving the data of Figures 23 and 24.   stimulated 
emission;   spontaneous emission. 
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The absence of an early peak in Figures 24 a and b is not signifi- 

cant, and is only a consequence of the paucity of data at those wavelengths, 

5115 and 5140 A.  Extrapolating from the above comments it can be reasonably 

expected that such a maximum will be found when the data becomes available 

for those domains of (t,X). 

Further confirmation of the magnitude of the gain in the 6400 A 

band was obtained from quantitative observations of the axial intensity 

emitted from a resonant cavity containing the plasma as a fraction of cavity 

length.  Cavities were used in which the mean lifetime of a photon in the 

cavity considerably exceeded the lifetime of the amplifying medium.  For 

these measurements, the dye laser was  removed and a dielectric mirror of 99% 

reflectance at 6400 A was added.  Optics were used having solid angles of 

acceptance small compared to the solid angle spanned by the forward lobe of 

the radiation pattern from the cavity.  Under these conditions, there is 

no geometric effect and the axial intensity is simply a function of the number 

of transits of the plasma a photon can make before the plasma decays and the 

gain or loss occurring during each transit. 

If it is assumed that the small signal extinction coefficient, K, is 

proportional to the population of the excited states, then after n transits 

of the afterglow, it will be given approximately by 

- 2n£ 
K = Koe CT (21) 

where i  is the length of the resonant cavity and T is the recombination life- 

time.  Considering discrete intervals of time equal to the duration of a com- 

plete round trip transit the energy, E, in the cavity resulting  cm the 

spontaneous emission during the first of these, will after n transits have 

been attenuated (or amplified) to 

2n£ 
CT ,, .- TTS    „T (22) 

T  2«,  -2K I  -r- (1-e CT ) -nL 
E(n) = 1 — e   o 2Ä 

o c 

-83- 

.   ! 

1 

Uä  *-'1- — 



^r 

I 
i 

i 

l 
l 

i 

l 
I 
l 
l 

where I0 is the initial spontaneous intensity and L is the passive cavity 

loss per round trip. During the /' pass, the energy emitted axially from 

the cavity is approximately. L-E^. assuming losses are primarily due to 

transmission. Then integrating over all transits, the energy emitted from 

the cavity as a result of the first increment of spontaneous emission 

I0(2J,/C), is 

E - Jl LI/ 
o 

-2K„«-Q(l-e'n/Q)-nL dn (23) 

where now the parameters have been collected in terms of Q. the probable 

number of photon transits in a recombination lifetime, and 

21 
(24) 

Through transformation of variables,  this becomes 

< 1 
=  I   xLe^l  Z   W-V   e     dz. 

(25) 

where a = 2K0JIQ the mean fractional intensity decrease, and this is 

E = I TLe'a(QL)" M(QL.QL+l.a) 
o 

where M is the confluent hypergeometric function. 

For gain a = H so letting ß - -|a| and recognizing tor each time 

increment there is an additional emission of spontaneous energy, then the 

substitutions. 

o        o 

-p'Q 

(26) 

(27a) 

(27b) 

must be made in (26).    The resulting total energy emitted axially per pulse then 

becomes 
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e = I Edp = I T/Q e 0 
'o     o       j 

-p/Q 
-P /QM(QL, 

-P/Q 
QL+l,-ee   ) dp (28) 

Transforming variables, this becomes 

e = I T 
o  Ü 

-1 
M(l,QL+l,x)dx (29) 

Expanding in terms of the usual infinite series for M(a,b,z)   and factoring 

terms having useful limiting properties  gives 

e =  ^0F(e0.LQ) (30) 

v inro 

Eo = V^o^   "  (e  0 "^ 
(31) 

represents   an emitted energy,   characteristic  of  a simplified equivalent  plasma of 

constant  spontaneous  intensity  I   ,  and  gain per round trip   (ß  /Q),   (both decreasing 

discontinuously  to  zero  after a lifetime   t)   and a lossless  cavity  of   length allowing 

Q complete  transits during T.     The multiplicative  correction function 
F is given by 

F(ßo,LQ)  =   (ey&-l) 
-1 + Z J: CM nri-1 (32) 

m: =1 nri-1    (LQ+1)•••(LQ+m) 

where F is of order unity for small gains and losses. 

Data suitable for the evaluation of  eq. (30)  is shown in Figure   26.     In 
o 

this  figure are shown the intensity emitted axially at 6400 A from the cavity 

together with the spontaneous emission. 

Figure   27 shows a plot of the axial intensity from which the passive 
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Figure 26 

Time resolved enhancements of the intensity at 6400 A 
observed in the resonant cavity during single e-beam 
excitations at three atmospheres of helium.  In each photograph 
the uppermost curve is the enhanced intensity, the center 
curve is the normal afterglow emission, and the lower 
curve the background noise.  Two different cavity lengths 
are shown at 46 r.m  and 29 cm.  The horizontal time scale 
is 40 nanoseconds/diviwion in each case. 
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Figure 2 7 

Logarithmic plot as a function of txme of the intensity emitted 
axially at 6400 Ä for a cavity of 53.3 cm. length.  The straight 
line slope corresponding to a passive loss of 3.0% per round trip 
is shown. ^ 

A. rfM 
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cavity loss can be determined. Correlation for various cavity lengths 

of the exponential decay times for the loss of intensity from the cavity 

following termination of the discharge afterglow gave a passive cavity loss of 

3% per round trip.  With this calibration equations (30) through (32) can be 

evaluated. 

Figure 28 summarizes the resulting energy per pulse emitted axlally at 

6400 A and normalized to the Isotropie incoherent emission from the afterglow 

for cavities of four different lengths.  Shown for comparison are curves 

modeling the expected growth of pulsed energy from the particular cavity 

according to (30) when containing an amplifying medium of 0.104, 0.124 and 

0.144 (round trip)- peak gain and corrected according to (32) for a time- 

dependence of the gain proportional to that observed for the spontaneous emission. 

The best value at this pressure of 3 atmospheres appears to be 0.124 and 

o o 
corresponds to an average over the 45 A FWHM bandpass of the 6413 A inter- 

ference filter used in the measurement.  Comparison with Figure 20 identifies 

this as the average gain over the Q-branch and lower P-components and provides 

the agreement with the higher peak values resolved for certain or those 

components. 

It appears the close correlation in the 6400 %  band between the different 

measurement approaches confirms the existance of significant gain in the He2 

system.  Research in progress now is expected to extend this type of direct 

measurement to the other bands of He2 at 4400 %  and 4000 1  for other values 

of pressure. 

e ) stimulated Output Efficiencles-The measurements of the previous part d) 

serve to give the first rough estimates of the efficiency of the stimulated emis- 

sion observed.  At the present time, characterization of the dye laser is incomplete, 

but the importance of even crude approximations to the output efficiency warrants 

-90- 



^•N 
^ 

Figure 28 

\ 

\ 

Functional dependence on the number of round-trip transits 
of the cavity made by a photon during the lifetime, T, of 
the plasma, of the energy emitted axially per pulse from a 
resonant cavity enclosing the plasma and normalized to the 
energy of the spontaneous incoherent radiation. Wavelength 
was selected by an interference filter centered at 6A13 A 
with a FWHM of 45 A and passive cavity losses were 0.03 per 
round trip.  X - experimental date; solid curves—theoretical 
models given by equations(31) and(32) for values of fractional 
gain per round trip cl 0.104, 0.124, and 0.144 as marked. 
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their tentative use.  Collecting the peak fractional gains from Figures 19, 21, 

and 24, and the probing dye laser power densities (dye laser power/illuminated 

volume per round trip transit) the data of Table VII was compiled.  The theo- 

retical limit shown was obtainea from (15b) and the assumption of one photon 

per ion originally produced by the electron beam.  For comparison the energy 

per pulse emitted spontaneously at 6400 X is found in Table V to be .052 mj/liter. 

The corresponding value from Table VII of 35 mJ/liter for stimulated emission 

clearly indicates that the energy normally lost during the recombinition to non- 

radiative channels of stabilization can be returned to an induced channel as 

stimulated emission.  Whether values of stimulated emission can be finally 

raised to the theoretical limit of one photon per ion shown in Table VII will 

be determined by probing at higher power densities.  Although this has not 

been done yet, recent comparative measurements at lower powers are encouraging 

as they indicate no evidence of saturation of the transition at the higher 

powers.  Figures 29 illustrate this point for the 5170 %  band.  Two graphs 

of gain are shown as functions of time for probing powers differing by a 

factor of 100.  This data was obtained by repeating the measurements shown in 

Figure 24 c with a calibrated neutral density filter in the probing beam.  To 

within statistical error no difference is seen in the fractional gains.  The 

situation is summarized in Figure 30 where the energy of stimulated emission 

is shown as a function of probing power density together with the horizontal 

line indicating the maximum energy theoretically available.  The dashed line 

connects the measurements with mit slope and fe-emphasizes the absence of 

any evidence uf saturation of th^ transition at these power levels. 

Ccnsidering finally the indicated system eff iciencit-". from Table VI, 

it can be seen the incrsased energy of stimulates emission raises those 

efficiencies to 

e(6400 X) > 0.6Z (33) 
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Figures 29 

Graphs of time-resolved stimulated emission at 5170 A from a 3 atmo- 
sphere helium afterglow.  Data is plotted in units of fractional gain per 
round trip transit as directly measured from the amplification of a dye 
las» r beam reflected through the afterglow at two different probing power 
densities. 

Upper Curve:  Probing power density ■ l.A megawatts/liter 

Lower Curv»:  Probing power density ■ 0.014 megawatts/liter 
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Figure 30 

Logarithmic graph of the energy per pulse extracted from the 3 atmo- 
sphere helium afterglow at 5170 X as a function of power density focused 
into the plasma by the probing laser beam.  The horizontal line at the 
top indicates the maximum energy theoretically available to the transition 

sJope ofT eXperiraental editions.  The dashed line provides a reference 

'^ 

' -97- 

i A a *-  ■ 



^\ wm ■ W 

£ 

UJ 

o 
UJ 

< 

3 

1- 
(0 

.01 .1 I 10 100 

LASER  POWER DENSITY ( Megawatts/Mter) 
1000 

-98- 

•■'■*-  ■ 



f* —T^- 

for the best overall value of efficiency of stimulated eiu^ssion at 6400 A 

obtained to date. As in the case of the data of Figure 30 for 5170 A, the 

real limit to efficiency will only be determined when data is available 

at high enough power to show a bending of curve from which an asymptote can 

be estimated. As there is no evidence saturation is occurring yet, it can 

be expected that a further reduction in the cross-section of the probing 

beam will raise efficiencies close to the theoretical values of Table I.  The 

implications of these results are discussed in the following section. 
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V.  IMPLICATIONS 

The most evident implication of the technical results presented in the 

previous section is that since stimulated emission has been observed with a 

significant extraction of energy, the feasibility of a recombination laser 

has been demonstrated.  Had a longer gain-path length been available for the 

duration of the afterglow lifetime, a laser would have been realized for each 

of the two wavelengths examined, 6400 and 5170 X.  The more subtle implications 

are, perhaps, even more important.  In particular: 

(1) The results summarized in Table IV suggest that in helium collisional 

recombination does in fact offer a mechanism for optically recovering 

the majority of the excitation energy lost to ionization and wasted in 

analogous N„ and H„ e-beam laser systems. 

(2) The relatively short lifetimes summarized for the He- system in Table III 

indicate that these are in fact recombination lifetimes, and the possi- 

bility of unrealized higher order terms slowing the recombination has 

not yet become a problem at 7 atmospheres.  This is of considerable sig- 

nificance, as is indicated in Figure 6 , because now the range of param- 

eters span.ied by extrapolations to the objective lifetime of a nanosecond 

is small compared to the range over which measurements sre available. 

Neither the reheating of the electrons by the stabilizing processes 

nor an unexpected saturation of the sequence has become a problem.  As 

can be seen, the experimental points on the x to 7 atmosphere interval 

are consistent with theoretical calculations at an electron temperature 

of 1000OK.  This temperature is in turn consistent with the extrapolations 

14,15 
of the thermal economy calculations     which predict the degree of temp- 

erature rise produced by the superelastic stabilizing collisions. 
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Clearly there is a much stronger basis for extrapolating the results 

of both experiments at 0.1 atmosphere and 3.0 atmospheres to a lifetime 

of a few nanoseconds at 20 atmospheres than there was initially on the 

basis of the first measurement alone.  In fact, the recombination rate 

coefficient corresponding to the 75 nanosecond lifetime and electron density 

[e] = 5 x 1014 cm"3 

a = 2.7 x 10  cm sec" 

(36) 

I 
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I 
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and represents one of the largest values measured for collisional recombi- 

nation in the absence of dissociative recombination.  It is confirming 

evidence that the parametric forms such as (4) can indeed be considered 

valid to such large values. 

(3)  The implication of the rather low efficiencies for the incoherent emission 

of radiation from the recombination as shown in Table VI is that much of the 

stabilization is carried by non-radiative collisional channels.  However, 

in this case, the prospect for reducing the importance of such channels by 

the competition from a lasing channel is good in view of the high prelimi- 

nary values of gain and the much higher efficiency, 0.6%, for the extraction 

of stimulated emission.  Figure 31 presents the comparison of experiment 

and theory as a guide to potential extrapolation of energy available in the 

6400 X band.  In the present experiment spontaneous emission is about three 

orders of magnitude below the energy corresponding to the quantum efficiency 

of the transition.  The improvement introduced by stimulating the transition 

is sean to be substantial and in the rough approximations of Section IV e) 

appear to bring the energy extracted to within 20% of that theoretically 

-101- 
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Figure 31 

Energy/liter per pulse as a function of gas pressure 
calculated to be available to the 6400 8 transition in 
Ke2 in the afterglow of the recombining e-beam discharge. 
The experimental points reported in this paper for spon- 
taneous emission are shown by the open circles.  The 
plus mark records the comparable value for the stimulated 
emission. 
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available.  The further confirmation of these indications carries the highest 

priority as does their extension to shorter wavelength regions. 

In summary it appears that the stimulated emission observed in this 

work confirms the importance of the collisionally stabilized mechanism as a 

source of population inversion of significance to the development of new 

types of high energy lasers depending upon electron beam excitation at high 

gas densities. 
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table I 

60 80 100 

TIME Inonoticondt) 

I i«. 2. lime evolution of selected atomic and molecular emis- 
sions illustrating the three basic excitation mechanisms observ- 
ed: 1) 5015 A atomic transition, direct excitation by primary 
electrons; 2) 7065 A atomic transition, excitation energetic 
secondary electrons and 3) 6400 A molecular transition, ex- 
citation via recombination of llej ions and cool secondary 
electrons. 

paramctrization (4| (or the effective recombination 
rate coefficient, Q, 

«■jrwrn/Mor*0 
(i) 

where \e\ is the free electron concentration, re the 
electron temperature, and n an exponent between 0.0 
and 1.0 which reflects the two or three body character 
of the recombination, respectively. This yives the inten- 
sity model 

H' 11. 
2+",. (l+n) ['- m 

Lifetimes (nanoseconds', against recombination of the principal 
spectral features of tho ilgh pressure helium afterglow. 

Waveleni !th Pressure ( atm.) 

1 3 4.2 7 

6400 A He2 160 82 59 26 
4650 A Hej 130 82 53 34 
7065 A He - 267 350 43 
6678 A lie 208 100 45 29 
5875 A He liarly 880 490 425 300 

Late 2800 3800 2700 2320 

(2) 

where / is the time-varying intensity with initial value 
/„ and T"1 is the inverse of the effective lifetime against 
recombination at the time corresponding to/ . Effec- 
tive lifetimes are then determined from the linear por- 
tion of graphs of the inverse intensity to a single power 
as a function of decay time and are shown in table 1. 

These results demonstrate the importance of the 
afterglow period to the radiative economy of suchhig'r 
density, electron beam discharges. They also confirm 
the significance of the recombination mechanism as a 
source of excited state population, leading to the po- 
tential of much high system efficiencies for high ener- 
gy gas lasers. 
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Stimulated emission from the recombining afterglow of an 
electron-beam discharge in several atmospheres of helium* 

C. B. Collins. A. J. Cunningham, S. M. Curry. B. W. Johnson, and M. Stockton 
The University of Texas at Dallas. Dallas, Texas 75230 
(Received 9 November 1973) 

Stimulated emission from excited stales of He, has been observed as a consequence of the 
collisionally stabilized recombination of He;  ions with electrons in the afterglow of a pulsed gigawatt 
electron-beam discharge into 3 atm of helium. Peak gains of the order of 0.04 cm     wfre found in 
components of the 3s X'  -Zp'n,  transition of He, in the 6400-A region by directly mea unng the 
time-resolved gain spectra usinp a tunable dye laser. 

i 

I 

! 

\ 

1 
I 

I 

Because of the possibility1 of obtaining population in- 
version as a consequence of the collisionally stabilized 
recombination of hydrogenic ions with electrons, a con- 
siderable importance has been attached to the basic 
study of this recombination process in very dense high- 
pressure afterglows. A preliminary characterization 
of the time-dependence spectra emitted from an elec- 
t-on be?.in-t;cited helium afterglow at atmospheric 
pressures has been reported.2 Observations of the in- 
coherent spontaneous emission showed general agree- 
ment with an extrapolated Lollisional radiative recom- 
bination model which had been found adequate to de- 
scribe5"5 the recombination of HeJ ions with electrons 
in the afterglows of conventional low-pressure helium 
discharges. 

Recomb1  ation lifetimes leading to the production of 
excited st .es of He2 ,vere determined to be 160,  80, 
and 26 ne c at 1,  3,  and 7 atm.2 At 3 atm for an elec- 
tron density of 5xl0H cm"3 and an electron temperature 
of 1000  K the effectiv? two-body rate coefficient was 
2.7x10'' cm'3sec"1. Under these conditions the result- 
ing populations of several pairs of levels of Hez are 
found to be inverted and stimulated emission is ob- 
served. Gains of the order of 0 04 cm"1 for the unre- 
solved head of the Q branch and the Pt and Pe compo- 
nents of the 3s3ru

4    2/)3nf transition of He2 are reported 
here. 

In this experiment the primary ionization of the high- 
pressure helium wap produced by a 3-nsec electron 
beam of 8-kA peak current at öOO kV. It was discharged 
by a Febetron 706 into a stainless steel cell through a 

<*OU * N0O* 
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FLANGE fQH MIRROR 
SftPPMiBE WINOnAfLANCt 

BE. «SPLITTER 

OPTICAL   DELAY   LINE   MOOftlfcI 

FIG. 1.  Experimental system tor the direct measurement of 
gain spectra. . ,f\ 

titanium foil windeiv of 0.001-in. thickness welded to 
one end face of tlv ei 11. The experimental cell was of 
standard UHV construction and could be evacuated to 
10"u Torr and baited to 400 C. It was fitted with sap- 
phire windows on opposite faces, with the optical axis 
perpendicular to the e-beam. This geometry allowed for 
the probing of a lamina of plasma excited by p-imary 
electrons which have penetrated equal distances into the 
cell. The optical axis was terminated on one side of the 
plasma with a dielectric mirror fixed immediately in- 
side the cell from the sapphire wirdow to provide for 
the return of a probing laser beam. 

Since the lifetimes for the source of molecular emis- 
sions ranged from 160 nsec at 1 atm to 26 nsec at 7 atm, 
it was necessary to use a rapidly pulsed light source for 
the measurement of small-signal gain or absorp-ion in a 
particular transition during the afterglow period. A 
nitrogen-laser-pumped tunable dye laser with a FWHM 
of a few angstroms was used in the differential path 
arrangement shown in Fie.  1 to measure the attenuation 
or amplification of the beam reflected through the plas- 
ma by the internal dielectric mirror. Use of the optical 
delay line in tl.e reference path allowed for the detection 
of both beams w;th a single photomultiplier and elec- 
tronics system, tuus minimizing the drift of the balance 
of sensitivity between the paths. The resulting system 
stability was of the order of 6% with timing jitter be- 
tween the e-beam and the dye .aser being of the order of 
a recombination lifetime. However, as the accuracy of 
the timing measurement was around 4 nsec. adequate 
resolution of the particular phase of the afterglow sam- 
pled by the dye laser beam could be established. 

Figure 2 shows the topology of the map of gain result- 
ing from measurement at 3 atm pressure over the 
space of parameters indicated. Across the xz plane to 
the rear of the data has been plotted the time dependence 
of the spontaneous emission for scale. For comparison 
on the yz plane to the left eoge is shown the normal 
emission spectrum of the Ss'llJ- 2/)5nf transition, un- 
corrected for pressure and Stark broadening. As can be 
seen the R branch is absorptive while highest gains are 
found in the Q-branch head and Pt and Pt components. 
Higher members of the P bra »ch appear absorptive. 
Units plotted are the gain co   ficient per round-trip 
transit of the a.cerglow. so that the peak gain of 0.23 
measured at the head of the Q branch corresponds to a 
value of 0.04 cm'1 at 6400 Ä. 

Further confirmatir n of the magnitude of the gain was 
obtained from observation of the axial intensity emitted 
from a resonant cavity containing the plasma as a func- 
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FIG. 2.  Fractional gain per 
round-trip transit of the plas- 
ma as a function of wav- 
lenRth and time for the after- 
glow of a 3-atm helium dis- 
charge. Regions of stimulated 
emission lie above the xy 
plane; absorption, below. 
Across the xz plane to the 
rear of the data has been plot- 
ted the time dependence of the 
spontaneous emission for 
scale and on the plane to the 
left edge is shown the normal 
emission spectrum of the 
.Is'I,,*—2/i:,Ilf transition, ui- 
correc'.ed for broadening 
nechanlsms. 

tion of cavity length. Cavities were used in which the 
mean lifetime of a photon in the cavity considerably 
exceeded the lifetime of the amplifying medium. For 
these measurements the dye laser was removed and a 
dielectric mirror of 99% reflectance at 6400 Ä was 
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J                10             20              30              40               5 
CAVITY   TRANSITS 

FIG. 3.  Funcii-^al dependence on fie number of round-trip 
transits of the ca-, .ty made "c; a puoton during the lifetime T of 
the plasma, of the energy emitted axially per pulse from a 
resonant cavity enclosing the plasma and normalized to the en- 
ergy of the spontaneous incoherent radiation. Wavelength was 
selected by an interference filter centered at 6413 Ä with a 
FWHM of 45 Ä and passive cavity losses were v. 03 per round 
trip,  x—experimental data; solid curves—theoi-eclcal models 
given by Eqs.  (1) and (2) for values oi fractional gain per round 
trip of 0.104, 0.124, and 0.144 as marked. 

added. Optics were used having solid angles of accept- 
ance small compared to the solid angle spanned by the 
forward lobe of the radiation pattern from the cavity. 
Under these conditions .here is no geometric effect and 
the axial intensity is simply a function of the number 
of transits of the plasma a photon can make before the 
plasma decays and the gain or loss occurring during 
each transit. 

Figure 3 summarizes the resulting energy per pulse 
emitted axially at 6400 Ä and normalized to the Isotropie 
incoherent emission from t!.e afterglow for cavities 
of four differeit lengths. The passive loss of the cavity 
was determined to be 2% per round trip from the ex- 
ponential decay oi the axial intensity following the ter- 
mination of the Afterglow. Shown for comparison are 
curves modeling the expected growth of puls«"* energy 
from the particular cavity when containing an amplify- 
ing medium of 0. 104,  0.124,  and 0.144 (round-trip)"1 

pt.'.k gain and corrected" for a time dependence of the 
gain proportional to that observed for the spontaneous 
emission. The best value appears to be 0.124 and cor- 
responds to an average over the 45-Ä FWHM bandpass 
of the 6413-Ä interference filter used in the measure- 
ment. Comparison with Fig. 2 identifies this as the 
average gain over the Q branch and lower P components 
and provides agreement with the higher peak values re- 
solved for certain of those components. 

It appears that the stimulated emission observed in 
this work confirms the importarce of the collisionally 
stabilized recombination mcchai ism as a source of 
population inversion of significance to the development 
of new types of high-energy lasers depending upon elec- 
tron-beam excitation at high gas densities. 

Ill 

'Research supported by the U.S. Advanced Research Projects 
Agency of the Department of Defense and monitored by ONR 
under Contract No. N00014-67-A-0310-0007. 

J^. 



N, 

I 
i 
I 
I 

^ 

I 

I 

I 

I 

i 

I 
1 
' 

•C.B. Collins, A.J. Cunningham, and B.W. Johnsoi, Ab- chararterlstlc of a simplified equivalent plasma of constant 
stracts of the 25th Gaseous Eljctronlcs Conference, London, spontaneous intensity /0, and gain per round trip, G, both de- 
Ontario, Canada, 1972, p. 153 (unpublished). creasing discontlnuously to zero after a lifetime T, and a 

2A.J. Cunningham, B.W. Johnson, and C.B. Coll ,J, Phys. lossless cavity of a length allowing W complete transits during 
Lett. A 46, 473 (1973). the plasma lifetime. The consideration of a time dependence 

SE. Hinnov and J.G. Hirachberg, Phys. Rev. i2&, V95 (1962). of exp(-t/T) for botn /„ and C, and a passive loss L p->r round 
4J. Berlande, M. Cheret, R. Deloche, A. Gonfalone, and trip Introduces a multiplicative correction function 
C. Manus, Phys. Rev. A 1, 837 (1970). 

^imr8' HS- H,ck8, andWE- Wen8• Phy8- Rev- A"' FicN,m-uo..uJGN+1   i        (pM-;1     \ t 797 U970J. 1 „.,  m + l   {LN + \r• • {LN*m))   ' 
'This correction modifies the formula for the total emitted 
energy f0 from the value 

tt
al'''~M'x<iG''-1) , (1) where F Is of order unity for small gains and losses. 

(2) 

I fa 

_*-». i  i  *1LI ^MMM J 


