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Photograph recording a single 300 KW pulse from the nitrogen-ion laser.
The emission cgnsists of a single spectral line of less than 0.3 A line-
width at 4278 A in the violet. The laser cavity is contained in the
pressure vessel seen to the rear of the photograph. It is the most ef-
ficient visible, e-beam laser constructed to date, scaling at 1.6% of
the energy deposited in the gas.
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TECHNICAL REPORT SUMMARY

A year ago it was proposed by Collins, et.al.1 that resonant charge
transfer reactions might provide nearly ideal pumping mechanisms for re-
corering one photon for each ion produced by the discharge of an intense
electron beam into high pressure gases. Since the energy from an e-beam
discharge can be stored at densities of the order of kilojoules per liter
with efficiencies over 50%, such a pumping mechanism would clearly poirnt
toward the development of e-beam lasers operating at visible wavelengths
with system efficiencies between 5 and 10%. The potential of the pumping

reaction

+ + 2
He,” + N, > N)° (B°L ) + 2He

2

was reported in the same 1etterl, together with construction of a two-pass
amplifier excited by a Febetron 706 and operating at 4278, 4709 and 5228 ;.
The first nitrogen ior laser pumped by charge transfer from He2+ was subse-
quently constructed as described in a recent letterz. Intense laser emission
at 4278 X was reported with an efficiency measured to be 1.8% relative to the
energy lost by the electron beam in a relatively small radiating volume of
0.63 cm3.

Subsequent studies of the dependence on experimental parameters of the
power output have demonstrated that the nitrogen ion laser scales with pressure

and volume at a rate showing a strong non-linear dependence on total gas pres-

sure. Empirically this can be expressed as a pressure-dependent efficiency for

i
|

-]
cutput of the single laser line at 4278 A measured relative to the energy lost

by the electron beam in the total duration of the e-beam pulse. Data measured
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over a wide range of experimental parameters was found to be closely approxi-

mated by the following expression for the efficiency, €,

- 6.5% (p/100)}"2

where P is the total gas pressure in atmospheres and 6.5% is the theoretical

limit on efficiency. Validity of (2) was confirmed in working volumes of 10

to 20 cm3 over a range of efficiencies varying from 0.3% to 1.6% as a conse-

quence of changes in total pressure, fractional composition and mirror re-
flectivity. These data are summarized in Figure 1, which presents output
pulse energies measured at 4278 ; as a function of input energy cost. For
convenience this latter has been normalized so that energy deposition from
the e-beam is numerically equal to the total gas pressure in atmospheres. On
such a plot, then, lines of constant efficiency appear as diagonals and the
absolute calibration is provided on each.

Both output pulse energy and efficiency increased rapidly with pressure
and the dependence given by (2) can be clearly seen in the figure. The highest
efficiency measured was 1.6% and was found at the highest pressure which the
pressure vessel could accommodate, 28.7 atm. The corresponding energy emitted
in the pulse was 36 mJ and the peak power was 2.3 megawatt.

The laser device used in these studies, ELAC-1, has been described in previous

reports3’

Basically it consisted of a pair of plane dielectric mirrors
which were mounted to allow angular alignment, spaced with 14 cm invar rods,
and contained in a stainless steel pressure vessel with quartz windows sealed

across the optical axis external to the cavity. In operation the system was

filled to a pressure ranging from 1 to 30 atmospheres of a mixture of helium




Figvre 1
Summary plot of total laser pulse energy emitted from a 16 cm3
volume as a function of relative deposition of energy from the electron
! beam. Units have been chosen 50 that the deposition is numerically
equal to the total gas pressure in atmospheres. Variation of the

deposition was obtained by changing the total gas pressure; hence the

l stopping power. The peak e-beam current was 13 KA in each case. Lines
of constant efficiency appear as diagonals with corresponding values
{ marked. Different partial pressures of N2 are indicated by the shape

of the data point as follows:
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and nitrogen. Useful partial pressures of nitrogen ranged from 2 to 120
Torr. Excitation was provided by an electron beam entering through a sup-
ported, 0.002-in thick titanium foil window and propagating in a direction
perpendicular to the optical axis. The cross section of the beam was lcmx
10 cm with the longer transverse axis coincident with the optical axis of
the cavity. The electron beam was emitted by APEX-1, pulsed at 13 KA and
950 KV for a nominal duration of 20 nsec with rise and fall times of 7 nsec.

Spectra were recorded with a Spex 0.75 m spectrograph with 5u slits.
Resolution was limited in practice to about 0.3 Z by the resolution of the
Polaroid film used. The time dependence and power level of the light output
were measured with a calibrated ITT F-4000, S20 vacuum photodiode connected
directly to a Tektronix 519 oscilloscope. Proper attenuation of the laser
output was provided by calibrated neutral density filters.

In operation three laser lines have been excited in mixtures of helium

and nitrogen pumped by reaction (1). Each corresponds to transitions from the

. ’ 2_ + ,
same upper vibrational state, v'=0, of the B Eu electronic state to different

+
lower vibrational states of the xzzg electronic state of the N2+ molecular

jon. The three lines and their respective vibrational transitions are: the

-] ] [-]
3914 A (0,0), the 4278 A (0,1), and the 4709 A (0,2). With the proper mirror
set each has been excited individually. 1In princip’e, excitation of the (0,3)

o
at 5228 A is possible. The most work has been done on the (0,1) transition
[-]
at 4278 A, but since each has the same upper state, those same results should

be roughly characteristic of all with the exception of the (0,0) transition which

self-terminates at very early times.

o

Linewidths of each transition have been found to be less than 0.3 A. The

occasional excitation of interferometer modes within the output windows suggest

(-]

linewidths are considerably less than the instrumental limit of 0.3 A. With

M o TR (Y NI -




|

»
4
-

24

the exception of the (0,0) transition, the output pulse durations are between
10 and 15 nanoseconds for a 20 nanosecond e-beam pulse. Laser beam diverg-
ence is around 3mR.

The most important results achieved during the current reporting are
believed to be, first, that the efficiency increases, not decreases, with
increasing laser power. Empirically this is summarized by equation (2).
Secondly, the same high efficiencies originally found to characterize small
excited volumes, 0.6 cm3, adequately characterize larger volumes of 10 to
20 cm3. Finally, in the case of the (0,1) and (0,2) transitions, the lower
laser levels are found to be unblocked by some type of collisional process
which becomes increasingly more effective at higher total gas pressures.

While it should be realized that the nitrogen ion laser is only the
first example of the new class of e-beam charge-transfer lasersl, and that
other similar systems offer the possibilities of even higher efficiencies
and broader selections of output wavelengths, these three results observed
for the emission of 4278 Z laser radiation point to the nitrogen ion laser
as a device of considerable significance and clearly confirm the importance

of charge transfer reactions as laser pumping mechanisms.

o' =




II. THEORY

The deveiopment of intense pulsed electron beam sources in the 1 to 100
Gigawatt class have made feasible the deposition of energy in the form of
ionization into large volumes of plasma with system efficiencies around 50%.
Given an elementary mechanism utilizing this ionization and leading co the
inversion of population at quantum efficiencies which are typically 10 to 20%,
overall radiative efficiencies of the order of 5 to 10% can be realistically
projected, provided the plasma constituents are arranged to allow for the domi-
nation of the desired reaccion channel. The xenon excimer laser3’4 is the best
example of such a system in which the primary mechanism is the dissociative re-

combination of the Xez+ ion. Though superficially similar, the electron beam

excited pure N27 and H ) lasers do not actually utilize the primary ionizatioe of

2

the plasma; consequently, system efficiencies are reduced by orders of magnitude.
Evidently, charge transfer between the population of primary ions and a
minority constituent of lower ionization potential offers a nearly ideal mecha-
nism1 for ultimately obtaining one photon per primary ion. If the minority con-
stituent is selected to have the energy of an excited state of its ion approxi-
mately equal to that of the primary ion, in principle, one photon per ion can be

realized with a quantum efficiency, E, equal to

g o IP(1)-IP(2)
IP(1)

where IF(1) and IP(2) are the ionization potentials of the primary and secondary
constituent, respectively. Table 1 summarizes examples of possible system ef-

ficiencies characteristic of vari.us permanent gases diluted in helium.




TABLE 1

Projected system efficiencies for the emission of radiation following

charge transfer excitation from the helium moleccular ion, assuming a
50% efficiency for the production of ionization by electron beam impact.
Minor Constituent Overall Efficiency
N2 11.0%

0 12.5%

2
co 14.5%

*The resonant transition does not terminate on the ground state of the

molecular ion.

Similar possibilities occur with other primary species, but at effic-
iencies reduced by the lower ionization potential of those species.

Both the available output energy and pulse duration depend strongly on
partial pressures, and the *igh values of charge density which become feasible
with e-beam excitation are needed. The deposition of energy into a high
pressure gas by an electron beam is a very complex problem, and most characteri-
zations of the process have been made for the excitation of dense inert gases.
In such systems as xenon, beam-plasma effects rapidly dominate with the return

currents” ’

playing a large role.

However, an essential factor in understanding of the energy deposition
from the beam lies in the fact that scattering and stopping power do not have
the same dependence on atomic number, le. As a consequence, it is possible
to have a situation in which a considerable fraction of beam energy is stopped
without appreciable scattering or conversely that the scattering is so great
that the simple approximation of the product of the stopping power and

penetration depth seriously underestimates energy deposition, even for

small fractional losses of beam energy.

S PR A T e



The almost singular case of the light inert gases excited at beam
currents below 20KA falls into the first category, and simplifying assumptions
exist which render the problem tractable. Subject to limitations on the
product of gas density and beam penetration depth, discussed in previous work,3’4
the problem can be resc.ved into that of the differential energy loss in the
gas of B-particles in a beam, the morphology of which is completely determined
by the foil window through which the beam has entered. For a titanium foil,
.002" thick, the following bounds on the domain of gas transparency are

obtained,

PX (Helium) € 273 atm. cm

PX (Argon) < 4.3 atm. cm

where P is the gas pressure in atmospheres and X Is the penetration depth
of the beam into the gas.

It can be seen from these results that, whereas the simplifying assump-
tions break down for argon (Z=18) at an inch of penetration at two atmospheres,
they remain valid in helium (Z=2) over the entire span of parameters required
for practical operation of a small test laser device. For example, at 30 atmo-
spheres pressure, the simplified model is valid to at least 9.1 cm depth of
penetration which is sufficient to describe about a half liter volume excited
bv _ 1 x 10 cm el2ctron beam of divergence characteristic of transmission

through a .002" titanium foil window at 1 MeV for currents less than 20 KA. At

higher currents, the 'drag e.m.f."10 resulting from the return currents should

be considered.




Subject to the following iestrictions,

E< 1 Mev (5a;
I = 20 KA (5b)

PX < 280 atm. cm . (5¢)

the energy deposition in helium has been calculated3’4 to be

Io (t) [1-Att (Eo)]

de (X’E ) = . 2 -
e 10 + [11 tan y (E ) + 4/3 tan” § (E))]x

dE L
{- E (£ ) (cosu(r,)) }dt ’ 6)

where de(X,Eo) is tne energy deposition per unit volume in the gas, Io and

Eo are the e-beam current and energy incident upon the foil window, dE/dx is
the differential stopping powerll, Att (Eo) is the attenuation coefficient

of the foil at the beam energy, Eo, and @(Eo) is angle of the mean electron
path deflection caused by the foil window at the same beam energy. Though
seemingly complex, equation (6) can be integrated over the time-dependent beam
energy and expressed in a convenient form by additionally assuming that the

beam current and energy are related through an effective system impedence,{l,
I (t) =% E (t) )
o 7o

Then for a linearized dependence of Eo on time given by

-10~
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for 1_<t <T
r

(l-((t-T)/Tf)) MeV for T <t <T + Te

the total energy per unit volume deposited by th> beam can be expresseda as

£ = 8.651r/9 + 18.05 (T-rr)/n + 8.65 Tf/Q (Joules/liter/atm)

For example, computing for the nominal APEX-1 output used in these

experiments T = T, = 6.6 nsec., T = 20 nsec, E = 1MeV and

e = 0.356 Joules/liter/atm/KA

This value is presented for illustrative purposes only, and actual
values usad in calibrating the efficiency data were obtained from Faraday
cup data as discussed in the next section. The values of deposition obtained

can be related to the ionization produced by recognizing that the energy




12
cost per ion in helium is 42.3 eV and that 1 Joule/4& will produce 1.478 x

1014 ions/cmB. The energy stored as ionization is 24.5 eV per ion so that

the efficiency of energy storage is

Eff = 57.9%

Table 2 summarizes the energy storage which can be achieved in helium excited

by APEX-1, nominally a 100 KA, 1MeV, e-beam device pulsed typically for 20

nsec FWHM with 6.6 nanosecond rise and fall times.

TABLE 2
Summary of the energy density stored as ionization in high pressure
helium following discharge of APF¥-1. The efficiency of the

storage relative to the total energy deposited by the beam is 57.9%.

Energy Density
(Joules/Liter)

Beam Current 100 KA

Pressure
3 atm 62

30 atm

The ionization produced can be obtained from Table 2 by noting that
1 Joule/% stored as He+ represents 2.55 x 1014 ions/cm_B. According to (12)
an elementary mechanism utilizing this ionization and leading to the inver-
sion of population would make possible overall radiative efficiencies about
half of the absolute quantum efficiency of the transition. In the visible

wavelength region, this would mean efficiencies between 5 and 10%, provided




the plasma constituents could be arranged to allow for the domination of
the desired reaction channel.

Fvidently, a resonant charge transfer reaction between the population
of primary ions in the plasma and a minority constituent of lower ionization
potential offers a nearly ideal mechanism for ultimately obtaining one photon
per primary ion. Figure 2 presents the energy level diagrams of the ions of
helium and nitrogen. Studies13 on low pressure charge transfer mixtures have
shown the strong development of spectra from molecular ion levels in near
resonance with the primary helium ions. One such selectively excited transi-
tion is indicated by the arrow in Figure 2. Particular charge transfer reactions

are of the form

*
He+ + XY > (XY+) + He (13a)
‘ > XN 4 Y + He (13b)
i and
*
He2+ + XY > v + 2He (14)

where the asterisk indicates additional electronic excitation. Although

A el e

quantum efficiencies are more favorable for reactions excited by He+, in
practice the importance of channel (13b) in the case of N2 minimizes the

g | importance of the He+ ion.

y ‘ At sufficiently high pressure, the He+ is rapidly converted to Hez+ by

) the termolecular reaction

He+ + 2He - Hez+ + He (15)

with a characteristic lifetime of

21 3=
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Figure 2

Energy level diagrams for the ionic states of helium and molecular nitrogen.
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T =.§% nsec 14 (16)

P
where p is in atmospheres. Provided the partial pressure of minority con-
stituent is not too great for reaction (15) to go to completion, the ioniza-
tion will convert from He+ to He2+, thus making available the charge transfer
rzaction

*

+ +
+ N, > (N,) + 2He . (17)

He2

3

This reaction.l5 has a rate coefficient of about 10_9 cm sec_1 as does the

16 +

analogous reaction with He .
Requiring, then, a low enough partial pressure of minority gas so that
reaction (15) can reach an (l-e~l) end-point yield irn competition with the

competing channel for the loss of He't through unwanted charge transfer sets

the upper limits on the partial pressures shown in Table 3.

TABLE 3
Partial pressures of He and diatomic admixtures to allow for a
conversion of a fraction of (l—e‘l) of He+ to He?_+ in competition

with charge transfer of He' and the resulting charge transfer lifetimes.

Max Charge Transfer
He Admixture Lifetimes
3 atm 5.9 Torr 5.3 nsec
30 atm 590 Torr 0.05 nsex

Assuming that the lifetime of the source term for the minority excited states
limits the rate at which energy can be extracted from the plasma through a
stimulated transition, the minimum pulse widths can be computed from the

partial pressures and these are shown in Table 3 above.

-16-
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Referring back to Fig, 2, the probable wavelength and, hence, overall
efficiency can be estimated. Both from a resonance argument and from prior
observations13 on lower pressure mixtures, the probable reaction products
from (17) can be identified as N2+(B22u+). The most probable transition is
the (0,1) vibrational component of the B-+X transition at 4278 A. This
corresponds to a 2.90 eV photon or an equivalent absolute quantum efficiency
relative to the He' ion at 24.5 eV of 11.8%. This value together with
expression (12) for the efficiency for the production of Het gives an overall
efficiency Eff(}) of

Eff. (4278 A) = 6.8% : (18)
assuming reaction (15) goes to completion so that one photon per ion is realized,

From the above considerations, it appears peak power densities of the
order of a Gigawatt per liter should be available to potential laser transi-
tions for reasonable values of experimental parameters, provided the requisite
population inversions occur. Considering only the better known N2+ system,
the Einstein B-coefficient for absorption and stimulated emission can be

17
written as

1 €n 1
T

B = Bmhevd gy (19)

where it is assumed the upper state is n and the lower, m; v is in em~1l and
e g' +,2. 4+, 2, +
t'e g's are degeneracies, and for the N, ( Zu -+ Zg ) the lifetime for
spontaneous emission, 1518
T = 66 nsec . (20)
The expression for the amplification or absorption of radiation for an optical

path length Ax in these units 1517

N
al=1, .ax By fm w0 - 3nm
Av gn gm Nn

4
and leads firally to




N, (1- En 3
8n N,

This expression must be corrected to reflect the molecular structure
of the transition by replacing 1 with the inverse of the A-coefficient times
the Franck - Condon factor, £t (v',v") and by replacing the population of the
upper state with the fraction of population in the most populated rotational

component

2J +1
Nn(Jmax) - N N
yA

r

n

where Zr is the rotational partition function19

kT
hCBv

T is the average rotational energy and Bv is the spacing parameter for

rotational levels. For the B-X band J ~ 8 and from tabulatedzo’21 spectro-
scopic constants (2Jm+l)/Zr = ,134, and £t (0,0)A = 1.24 x 107, f+(0,l)A = 2,20
x 106, £+ (0,2)A = 5.01 x 105, and £+(0,3)A = 1.05 x 105 sec™!.

To evaluate expression (22) for the various experimental conditions

requires an assumption about the branching ratio for the yield of reaction

(17). A lower limit can be obtained for the gain by ignoring the resonant

nature of the excitation which favors the upper 322u+ state and assuming equal

partition into the upper B and lower X228+ states with the distribution among

vibrational levels proportional to the Franck-Condon factors from the ground

-18~




state of Ny to the B and X states of the ion.

Collecting terms (22) becomes

A2 + -1
' "y _ - L] s
K, max ', V" 8ﬂcAvo Af" (v',Vv") (1-e™) X
i
+1 i
% _@:Z‘__m L N 0 -t fx_BS_»_\" 0 (25)
i r Em £5(v',0)
. where Ne is the initial charge density. Values for fB and fx are given by

* 21 ‘
Nicholls.

Then’provided the lifetime for charge transfer into the states as shown in
Table 3 1s significantly less than the natural radiative lifetime of 66 nsec.,
the information from Table 2 can be used with expregsion (25) to give the
expected small signal gain per ecm. In this evaluation, the linewidth (A)\o)'1

has been set to 1 cm'1

to facilitate scaling by the unknown pressure-broadened

linewidth, and resulting entries in Table 4 should be reduced by the actual

s et v—

linewidth in cm~l. Values resulting from (25) have been halved to account for
the nearly equal division of line strength between P and R branches of the
spectrum,
; TABLE 4
b | Expected gain coefficients for the He:N, plasmas parameterized in
. ] Table 2 for 20 KA excitation. Gains should be scaled by the inverse

pressure--broadened linewidth (AAo)~l in cm-l.

. Wavelength 3914 A 4278 A 4709 A 5228 A
(v',v") (0, 0) (uy 1) (0,2) (0,3)

| Helium Pressure

; & (Atm)

] 2 -.0038 .057 .018 .0045
v

R

4 3 30 -0038 o57 018 o045




Even in the low pressure case, the gains are high enough aftcr the reduction
in the tabulated values because of the pressure broadening tc permit the ex-
traction of stimulated emission from the plasma. Thus, the elements of the
theory are sufficient to show that charge transfer reactions should provile
useful laser »umping mechanisms.

Evidently this model is overly conservative in its estimate of equal
branching between the upper and lower electronic states. Recent experiments,
to be discussed in the next section,have shown strong laser emission from
the (0,0) transition in disagreement with the above model. This implies that
the resonant behavior of reaction (17) is a dominant factor and equation (25)
needs to be adjusted upward.

Nevertheless, the results of Table 4 indicate that, at some time after
the onset of the growth of ionization in the electron beam produced plasuna,
the threshold for lasing can be satisfied for a cavity of practical chara:ter-
istics. At that point, it can be expected the cavity will oscillate, and the

resulting stimulated emission will dump as laser radiation the stored energy

corresponding to the fraction of He+ converted to N2+ B state wnolecules by that

time. From Table 2 it can be seen that this ovtput energy could be as large

as 73 Joules/liter at 100 KA and 30 atm and could represent 6.8% of the energy
lost by the beam in the radiating volume. However, this assumes the gas mix-
ture can be perfectly optimized. In practice, the filling of the lower X22 i
states by spontaneous emission, unfavorable branching and chemical and electrical
quenching of the B state will determine a maximum effective time, Ty over which
the charging function can be integrated to yield stored energy that can be
recovered with the modelled efficiency. Because of the importance attached

to describing these limiting effects, further refinement of the model to derive

Ty is being undertaken at this time.




However, it is important to recognize that the potentially limiting
mechanisms are minimized in the charge transfer scheme described here. In

this fact lies the primary advantage in this mechanism. It results largely

from the large cross section%? 10_14 cm2, characteristic of such processes.

This is to be compared with the value of 0.05 x 10—14 cm2 characteristic of

2
the argon-nitvogen reaction recently reported? to lead to laser emission in

argon-nitrogen mixtures. These values for the charge transfer process are at
least an order of magnitude larger than those characteristic of most excitation
transfer reactions involving neutral atomic and molecular species. This means
much smaller concentrations of the gas to be excited can be used which, in turn,
means that chemical quenching of the final excited state population should be
virtually negligible, as seems to be the case in the nitrogen ion laser finally

realized.
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ITII. THE NITROGEN ION LASER, PHENOMENOLOGY

As mentioned in the introductory section, it was first demonstrated

about a year agol that resonant charge transfer held considerable promise

as a potential laser pumping mechanism. Direct measurements of gain ob-
tained with a tunable dye laser were reported at that time. Lasing was

2,3

reported a few months later. Outputs were small, 9 KW, but efficiencies
were around 1.8%. However, excited volumes were quite small, 0.63 cm3, and
the first concern upon receipt of the electron beam source at our facility
was to determine the scalability of this result to larger volumes more nearly
corresponding to the use of the entire e-beam cross section.

The subsequent series of experiments reported in the previous report4
served to raise outputs to 325 KW and lower efficiencies. Complicated effects
resulting from the non-linearity of the reaction sequence tended to confuse
the early phenomenology.

This report concerns the resolution of many of these effects. As will
be discussed, output variation with mirror reflectivity, gas composition,
and problems of energy deposition from the beam will be considered. As will
be shown, the resolution of these effects allows all data acquired to date to
be reconciled with the pressure-dependent efficiency modeled empirically by

expression (2).

A. Energy Deposition - Excitation of the charge transfer plasmas used

throughout this phase of the research was produced by the APEX-1 electron
beam device acquired under this contract.
The APEX-1, electron beam gun was constructed by Systems, Science and

Software of Hayward, California. It is a fast pulse, sheet beam gun emitting




100 KA pulses of 1 MeV with a 1 x 10 cm transverse cross section. Pulse
durations are typically 20 nanosecond FWHM with a 6.6 nanosecond rise time
and a fall time controlled by a shorting electrode. By proper adjustment,
the fall time can be reduced to less than 7 nsec. During the experimental
series reported here, the anode-cathode spacing in the output diode was
increased to give a larger diode impedance and consequent peak current around
13 KA. Larger currents were not attempted as the operation under those
conditions is rendered difficult by problems of foil survivability.

The afterglow chamber used in these experiments was the ELAC-1 device

described previouslya. It consisted of a laser cavity mounted to a foil sup-

port assembly and contained in a cylindrical high pressure vessel with axis

of symmetry clong the axis of beam propagation as shown in Figure 3. The
assembly was constructed of UHV-grade stainless steel with windows and gas
handling connections made with Varian-type copper shear seals. The laser
cavity consisted of a pair of dielectric mirrors which were mounted to allow
angular alignment, spaced with 14 cm invar rods, and contained in the pressure
vessel with sapphire or quartz windows sealed across the optical axis external
to the cavity as shown in Figure 3.

In operation the system was pressurized with 1 to 30 atmospheres of a
mixture of helium and nitrogen. Useful partial pressures of nitrogen ranged
from 2 to 120 Torr. Excitation was provided by the electron beam from APEX
entering through a supported, 0.002-in thick titanium foil window and propagating
in a direction perpendicular to the optical axis.

Current density in the electron beam was measured with a calibrated Faraday
cup replacing the pressure vessel and laser cavity. Particular attention was

paid to relative timing and cable lengths so that the temporal relation between

=93~
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Figure 3

Exploded view of the e-beam laser afterglow chamber (ELAC-~1)

supporting the nitrogen ion laser work described here.
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beam currenft and laser output could be determined subsequently. Output from the
Faraday cup was directly recorded with the 519 oscilloscope. Figure 4 shows a

record of the "standard" e-beam pulse used during the parameterizations of the

laser output. Reproduceability was good and Figure 4 shows three possible

linear "fits" to the same trace which facilitate the use of equation (9) for
the calculation of energy deposition. Each possible fit yields a different
set of @ and t parameters. However, the resulting deposition values, shown

to the right of each trace, yield only small dependence of deposition on the
particular fit. The value of 4.8 J/liter/atm was accepted for the subse-
quent calibrations of output efficiency. During these measurements the
outputs were not artificially shortened through the use of the clipping option

available on APEX-1.

B. Effects of Mirror Geometry - Initial examination of the raw data

relating laser pulse energy to e-beam depusition does not reveal a trend
suggesting the nature of the dependence of output on the various diverse
experimental parameters. Figure 5 illustrates this point, presenting results
obtained with a variety of gas compositions and mirror reflectivities. Each
datum has three common features, a staidard excitation pulse, a plane-parallel
optical cavity, and the emission of the single laser line at 4278 ;.

Although the plane-parallel optical cavity appears, a priori, the most
attractive in terms of aralysis, in fact this is only the case for CW oscillation
after stable cavity modes have developed. The transient response of such cavities
to self-excitation is complex. Consider, for example, that the cavity is
initially excited by spontaneous emission at a point on the axis near one of the

mirrors. Then, after three transits of the cavity, for example, the situation

is represented schematically in Figure 6.




}
!
]

Figure 4
| Recording from a 519 oscilloscope of the time-dependence of the electron
beam current for the "standard pulse'" used in the efficiency measurements.

Also shown are three possible linear approximations to the same data,
! normalized in area. To the right of each trace is given the resulting

energy deposition together with the value appropriate for the 16.2 cm
"standard volume.”" Zero time for this illustration is arbitrary.
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Figure 5

Summary plot of total pulse energy emitted from a 16 cm3 volume as a function
of relative deposition of energy from the electron beam. Variation of the
deposition is obrained by changing the total gas pressure; hence the stopping

power. The peak e-beam current is 13KA in each case. Lines of constant ef-
ficiency appear as diagonals. The partial pressure of nitrogen in Torr used
in each series is shown and the difference between open and filled symbols is
made by a difference in mirror characteristics.
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Figure 6

Sketch of the geometry of a plane-parallel , self-excited leser
cavity showing the growth of modes.




Several points are to be observed. First, of the energy, E3, circu-

lating within the cavity at the end of the third pass, a fraction T x E3

will be emitted into the output beam with divergence Wqs and the remainder

(1-T) x E, will be reflected to begin a fourth pass. Of that part reflected,

3

a fraction, W,, will miss the opposite mirror and contribute to the walk-off

3
loss. To the remainder, (1—W3) x (1-T) x E3, which will successfully complete

a fourth pass, an increment, AE_, will be added by stimulated emission, provided

3
the population inversion exists at that time.

Working backward, then, the energy, E3, circulating at the end of the
third pass and leading to the energy detected in the beam at that time is the
sum of three increments, AEi, extracted from various volumes of the plasma
and surviving losses (i.e. neither walking-off nor being emitted) incurred
during the previous two passes. For example, whatever part of AEl which sur-
vived three passes must have been extracted from the cross-hatched volume
shown in Figure 6. That volume might be reasonably denoted VNn’ the volume
from which the nth increment surviving walk-off to circulate oun the Nth pass

was extracted. The corresponding energy increments, AENn, then represent that

part of the nth increment surviving to contribute to the total, EN’ circulating

at the end of the Nth pass. Since the energy increments, AENn’ represent

directly the useful laser energy extracted from the plasma, a reasonable expression

for *he average volume from which the energy emitted into the beam on the Nth

pass was extracted is

N

Vg, BEy / i AE (26)

Notice that for the special case of a constant rate of energy extraction

VN becomes equal to the volume of plasma lying within a cone having one mirror




for a base and its apex touching the surface of the other mirror. For the
1 inch optics used in these experiments this would correspond to a 16.9 cm3
average volume, if the mirrors were placed precisely at the edges of the 10 cm
width of the e-beam. The fact that the mirrors are mounted 2 cm back from
the edges of the path of the e-beam tends to ruduce this number somewhat.

The converse case of CW operation is a special case which deserves
mention in passing. As N increases, Wy decreases until it approaches Wys
‘ the angular resolution of a diffraction limited system. At that point
interference effects must be considered and the ray tracing approach ro
longer suffices. In this case the volume of the last pass approaches Vo’
the mode volume appropriate to the particular mirror configuration. At

the same time the circulating energy reaches a constant value so that the

- energy increments simply equal the enevgy emitted on the previous pass, i.e.,

lim AENn -+ AEo dNn

B —

(27)

N > o
where 8 is the usual delta function. However, the number of passes, N,

required for W= W, approaches a thousand for the geometries of interest in

P these experiments. As a consequence, the 40 - 60 passes observed in the
. transient system can be accurately trea*tesd by the ray-tracing model.

1 Finally, the average volume for the Nth pass given by (26) must be
averaged agaii, weighted by the time - (hence, pass -) dependent intensity
observed in the emitted beam. Actual compitation of the average volume
characterizing a particular measurement requires knowledge of the AENn incre-
ments and the VNn volumes. In practice these can be obtained form a tedious
: but straightforward unfolding process applied to the time-dependent intensity

data and normalized by the observed average divergence, W, A ray tracing
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program has been written during the current reporting period to perform this
unfolding. Necessary input parameters are I(t), the time dependent Juscr
intensity, w and T, and from these the average volume is calculated from (26)
together with the total energy walked-off the mirror and, separately, that
re-absorbed when AEn < 0. Generally, this latter consideration is unimportant
with re-absorption representing less than 107 of the total extracted energy at
4278 Z. Consequently, this term has been ignored throughout the subsequent
analysis. Figure 7 shows the application of the resulting unfolding processes to
data typical of that plot*ed in Figure 5. Quite a variation of functional forms
have been measured for I(t), but all lead to average volumes between i: and
22 cm3. That this unfolding process is meaningful is based on pragmatism.
As will be shown below, it reduces the multivariate dependence of all the
data obtained to datc to form dependent upon a single parameter, the pressure.
For the data at the lower end of Figure 5, to exceed threshold, highly
reflective mirrors must be used which greatly raises the ratio of circulating
power to emitted power on any particular pass. As a result, walk-off losses
are very large and in some cases (P.08) more energy walks—-off the mirrors than
is emitted. Figure € illustrates the effect of considering the total energy
extracted from the plasma (i.e., emission + walk-off). The data of the first
two cases shown in Figure 7 are presented. Since average volumes are the
same in both cases, the effect of walk-off is isolated. As can he seen, the
pronounced differences in emitted energy are not found in a comparison of
extracted energies.
The same agreement is found in all data taken to date with plane mirror
sets, except those oscillating very near threshold (3-4 atm.). This strongly
indicates that all of the available energy is being extracted from the plasma

by the fields and that the only effect of the varying mirror coefficients is

=34~
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A Figure 7

|
Summary of various time-dependent, I(t) functions representing the develop-
ment of the laser output intensity. To the right of each example are

shown the characteristic experimental parameters in the order: mnitrogen
partial pressure in Torr, cavity type (P, plane; H, hemispheric), mirror
loss per round trip, and on the subsequent line the corresponding average
iaser volume calculated by the unfolding program.
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Figure 8

Plots of laser pulse energy as a function of total gas pressure for the
data of the first two cases shown in Figure 7. Energy extracted from

the plasma is assumed to be emitted energy plus energy walking-off the
mirrors. Cavity nomenclature is P.(T) where T is the mirror transparency
per round trip.

Emitted energy, P.08 cavity

Emitted energy, P.16 cavity

(&
a
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to determine the rate at which that energy is extracted and whether it is
routed into the transmitted beam or walks off the mirrors. This is a very
important conclusion because it implies competing losses are negligible and
that the energy is stored without appreciable degradation in the excited state

population until stimulated to emit.

To confirm further the concept that the total energy extracted is
independent of mirror parameters, an effort was made to obtain a cavity
geometry with low walk-off. Though at this time the unfolding program
is only valid for plane parallel cavities, it can be reasonably assumed
that for hemispheric cavities with large angular aperture compared to the
output beam divergence, ray stability exists for an appreciable region
around the cavity axis. For such cavities walk-off could be expected to
be negligible in comparison with plane-parallel cavities. For the same
plasma conditions, then it could be expected that the energy emitted from
a hemispheric cavity would roughly equal the total extracted in either
case. Figure 9 presents the data testing this hypothesis. Mirror nomen-
clature is as before with H denoting hemispheric cavities. For the plane
cavities the total of emitted energy and walk-off is plotted and for the
hemispheric only emitted energy. Data is plotted in terms of the average
mirror loss (not transmission) per round trip transit. Agreement is believed

to lie within experimental error and reproducibility of individual measurements.

[«
C. Laser Output and Efficiency at 4278 A - Data has been collected over

a broad span of experimental parameters. Total pressures have ranged from
1 to 30 atmospheres with partial pressures of nitrogen varying from 2 to 120
Torr. As discussed in the previous section, variation of cavity constants

affects the rate of energy extraction from the e-beam plasma, but has little
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Figure 9

Total energy extracted from the plasma is plotted as a function of round

trip mirror loss for the two total pressures shown. Nomenclature beneath
each arrow identifies the particular cavity type as H or P, for hemispheric
or plane, and the fractional transmission per round trip transit of the
cavity. Average cavity loss is larger because of the average walk-off loss
per round trip. For P-cavities ordinates correspond to emitted energy plus
walk-off while for H-cavities walk-off is assumed negligible and only emitted
energy is plotted.
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effect on its total. To within rather unrestrictive limits the corrections
of the previous section can be employed to reduce the parameterization of
the laser performance to depend upon a single variable, total pressure.

The limits bounding this parameterization are primarily a consequence of
two effects.

1) If the ratio of nitrogen to helium exceeds the limits inferred
in Table 3, laser output will be drastically reduced or prevented altogether.

2) If the combination of mirror loss and gas composition is such as to
delay the onset of lasing until beam current is beginning to decrease at
the end of the e-beam pulse, outputs will again be reduced or terminated.
Evidently, in this case. the excited state chemistry is altered by the
termination of the beam and competing processes such as recombination with
the cooling electrons become important.

Except for data obtained under those conditions, most of the data can
be reconciled with a very simple parameterization of the total energy extracted
from some standard plasma volume.

The largest laser outputs found in the raw data were from the H.27 cavity
and the average volume appropriate to that data was 16.2 cm3. This was chosen
as the "standard volume.'" Since walk-off is assumed zero for the hemispheric
cavities, the largest laser outputs (from the 20 - 30 atm. data) simply cor-
respond to unscaled measurements of the total energy emitted into the laser
output beam. For the purposes of parameterization, other measurements were
scaled to obtain the total energy extracted from a 16.2 cm3 volume of the

plasma, so that

E,= (1+W) x (16.2/V) x E , (28)

&2~

= e PR = e - o i - e e T




where Ee is the energy emitted by the cavity into the laser beam, Ex is the
total energy extracted from the plasma by the fields, V is the average volume
| from which it was extracted, and ﬁ; the average ratio of energy walking-off
the mirrors to that emitted into the beam. As mentioned above, for H-cavities,
W was assumed to be zero.
The resulting summary of measurements to datc is presented in Figurz 10.
The total energy extracted from the 16.2 cm3 of the charge transfer plasma
is plotted as a function of total gas pressure. Data all corresponds to ex-

citation at the level of 78.2 mJ/atm by the discharge pulse shown in Figure 4.

The partial pressures of nitrogen varies from 8 to 120 Torr and are indicated
] by the type of symbol plotted. As can be seen, data groups around a line
of slope 2.2. Since the energy input deposited by the beam varies linearly
with pressure, the consequent efficiency of energy extraction can be modelled
to vary with the ..2 power of the pressure. An extrapolation of the fit to
the data appears to intersect the theoretical limit around 100 atm. so that

the efficiency can be conveniently expressed as

E = 6.5% (p/100)}"2 . (29)

The best output to date can be seen to be 36 mJ at 28.7 atm which cor-

4
]

responds to an efficiency of 1.6%.

o o
D. Other Transitions, 3914 A and 4709 A - As mentioned in Section II,

the Franck-Condon factors for the (0,0) and (0,2) transitions are cufficiently
favorable that the threshold should be attained with the proper mirror sets.
This was observed to be the case and each transition could be isolated.

Figure 11 shows typical outputs in comparison with the (0,1) transition at
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Figure 10
Summary plot of total laser pulse energy emitted from a 16 cm3
volume as a function of relative deposition of energy from the electron

beam. Units have been chosen so that the deposition is numerically

equal to the total gas pressure in atmospheres. Variation of the

deposition was obtained by changing the total gas pressure; hence the
stopping power. The peak e-beam current was 13 KA in each case. Lines
of constant efficiency arpear as diagonals with corresponding values
marked. Different partial pressures of N2 are indicated by the shape

of the data point as follows:
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Figure 11

Time-vresolved power measurements c¢f the nitrogen ion laser outputs for
three different mirror sets individually optimjzing the (0,0), (0,1),
and (0,2) transitions at 3914, 4278, and 4709 A, respectively. Corres-

ponding total pressure are, from top to bottom, 10.8, 14.9, and 16.3
atm. The time scale is as indicated and has been shifted so that the
zero corresponds to the beginning of the e-beam current ovtput.
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4278 Z. As would be expected, a priuri from the 25:4.4:1 ratio for the Franck-
Condon factors from the upper v'=0 state to the lower v'=0,1, and 2 levels,
respectiveiy, the onset of threshold was proportionally delayed.

As can be seen, the 3914 R component self-terminates in about 2 nano-
seconds and gives a measure of the time required for the lower laser state

o

to "fill". Since the lower state of the 4278 A differs only in vibrational

quantum number, it has the same degeneracy and should "fill" to terminate
the 4278 R transition in a comparable time. That it does not, as seen in
the figure, is strong evidence for the existence of an unblocking process
tending to quench the vibrational excitation of the lower, v'=1, state of
4278 R transition. Furcher study is needed to characterize and optimize
this process to extend the duration of the laser output.

The problem c¢ Jetermining the absolute energy deposition from the
electron beam in the radiating volume are particularly zcute in the case
of the 3914 ; emission. Since the laser output in this case occurs so early
in the course of the e-beam pulse, it is misleading to correlate the laser
pulse energy with the entire e-beam input energy. Clearly it is only the
e-beam energy which is deposited before the termination >f the laser pulse
that can contribute to the laser excitation. In the case of the 3914 R output,
the procedure was adopted for the purpose of calibrating efficiency of only
considering that fraction of the e-beam energy input prior to the termination
of the laser output pulse. This is in contrast to the procedure used for
the 4278 R output. As mentioned in Section III A, for determination of those
efficiencies the entire e-beam pulse energy was considered input.

Application of the unfolding program to the 3914 Z data gave an average

volume of 16.8 cm3 so that the calibration constant for the input energy

-]
became 11.0 mJ/atm into this slightly larger "standard volume' for the 3914 A
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data. Because of the drastic difference in the pulse shape of the 3914 A

1
[

output two expressions for the energy extracted should be considered. First is
the net energy extracted from the plasma, which is the measured output emitted
| into the beam corrected for walk-off losses accord 'ng to equation (28). For
this case these losses are comparable to those observed for the 4278 ; data

at comparably low pressures. Second, however, is the gross energy extracted.
This is the net energy plus the energy extracted and subsequently re-absorbed

at the end of the laser pulse. This re-absorption loss is also calculated

_
i e g —————— T W T T

by the unfolding program and in the case of the data of Figure 11, is quite
significant. This is again in contrast to the 4278 ; data for which re-ab-
sorption was of the order of 7% of the output and, hence., was neglected.
Figure 12 shows a comparison of both net and gross energy extracted

from the plasma at 3914 ; as a function of pressure. Lines of constant
efficiency are shown and the best efficiency for the gross energy extracted
can be seen to have reached 1.57% at 7 atm. of helium an-. 4.2 Torr NZ' Since
it is possible that a more transparent mirror set might allow more of the
circulating energy to be switched out into the beam and less to be re-absorbed,
it is not unreasonable to conclude that the gross extraction shown in Figure 12
is a scalable measure of performance for the laser at 3914 R.

' Unfortunately, a lack of variability in available mirror coefficients

o ]
prevented an extensive examination of either the 3914 A or 4709 A output

-~

characteristics during the current reporting period. Procurement of a more
4 extensive mirror set is planned and it is intended to characterize the (0,0)

and (0,2) transitions more adequately.
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Figure 12

Summary plot of total laser pulse energy extracted from a 16.8 cm3 volume
at 3914 A as a function of total pressure. Lines of constant efficiency
appear as diagonals as marked.

0 Net energy extracted
+ Gross energy extracted and corrected
for the re-absorption of the energy

circulating in the cavity at the end
of the pulse
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- IV. IMPLICATIONS

The high efficiency already observed in the emission of the single line
at 4278 R from the first nitrogen ion laser confirms the importance of
the charge transfer pumping mechanisms proposed by the Principal Investigator
and co-workers.1 Moreover, it points toward the development, in the visible
wavelength region, of new types of high energy lasers depending upon charge
transfer from electron beam excitation of analogous high pressure gas mixtures.
It should be emphasized that it is reasonable to expect that this will ulit-
mately lead to the construction of lasers operating with efficiencies between
5 and 10% at a variety of wavelengths in the visible region.

More immediate implications concern the further scaling of the current

nitrngen charge-transfer laser. It now appears that the theoretical efficiency
! of 6.5% for the 4278 Z transition will be attained at operating pressures
around 100 atm. Even at the relatively low operating current of 13 KA cur-
rently used, this will yield a deposition of 483 J/liter and an output of
31 J/1liter. The larger ELAC-2 laser device under construction will test
these projections.

Since the APEX-1 e-beam gun is nominally a 109 device, it should be
capable of discharging 100 KA into a beam 4 cm x 20 cm. In that case, an
afterglow chamber having 40 cm optics would support the extraction of energy
from a 3.2 liter volume. Then the principal problem to excitation would be

simply a mechanical one of containing the pressure across a large output

aperture. The primary implication of the work reported here is that if these < -,
mechanical problems could be satisfactorily resolved, a 100 Joules output at .i{'
1 4278 Z could be realized from current electron beam technology. 5 'Tgﬁ
_ 3




It is further reasonable to expect that this energy can be switched
into other radiative channels from the same upper state through the use of
mirror sets of appropriate reflectivity at the desired wavelength and
suitably transparent at the others. Since the three potentially useful
wavelengths lie at 427, 471 and 523 nm, they are sufficiently separated
that fabricatiecn of such mirror sets should present no technological
problem.

Finally, it appears that, if development along those lines appeared
warranted, a visible laser of exceptionally high average power could be
pumped by charge transfer. Assuming, again, that the test laser system
proves scalable, it can be expected that some type of sustainer excitation
could be arranged to pump of the order of 5 liters at the 1.3 KA/cm2 current

density with a repetition rate of 100 pps. Then, at 30 atmospheres pressure

o
a laser with 1 KW average power at 4278 A could be realized with currently

demonstrated levels of efficiency.
While such projections are, of course, speculative, these are the
implications of the recent successes with the scaling of the first nitrogen

ion laser discussed in this report.
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