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A. 4-6%' electron beam has been used to excite amplified spontaneous emission in hydrogen isotopes

(ortho and para H„HD, and D,). The laser energy has been measured with photodiodes, an ionization

chamber, and film, and these difFerent measurements are compared in detail. Analysis of the laser

energy indicates the spectral linewidth is due to Doppler broadening, and, consequently, cooling the gas

produces higher gain and power. This additional gain allows lasing to be observed at even shorter

wavelengths (1098 A as compared to 1161 A) than reported previously. Also many (stimulated

emission) spectral lines of the sterner and Lyman bands are reliably identified for the first time.

I. INTRODUCTION

Laser action in the ultraviolet' ' (uv) and the
vacuum ultraviolet' ' (vuv) spectral regions can
be produced by relativistic electron beams travel-
ing through gases. The high-energy primary,
secondary, and cascade' electrons collide in-
elastically with gas molecules and excite bound
electrons to high-energy states (see Fig. l). A

population inversion results because the upper
vibrational levels (v" &0) of the ground electronic
state are initially empty and have very low prob-
ability of being excited. References 5 and 8 de-
scribe the present experimental arrangement for
exciting gases (primarily H, at 25-Torr pressure)
by propagating gigawatt electron beams several
meters through the gases. This arrangement may
be considered as the electron beam (e beam)
equivalent to longitudinal optical pumping, as con-
trasted to transverse' electron-beam excitation,
which is the analog of the usual optical-pumping
scheme.

This paper gives details of the hydrogen laser
which were not contained in the previous brief
communications. These details involve compari-
sons of the calculated and measured output en-
ergies, the temperature dependence of the output

energy, the identification of weaker laser lines,
and the effects of isotopic substitutions for H, .
Section II describes the experimental arrangement.
Section III gives the spectral line identification
and the results of laser energy measurements. A

quantitative discussion of the present laser is
given in Sec. IV. The Appendix derives the ex-
pressions which describe the transfer of energy
from the electron beam to laser light.

The present laser operates in the amplified
spontaneous-emission (ASE) mode, just as does
the molecular-nitrogen laser, since there are no

mirrors to provide feedback. Figure 2 shows the
laser tube subdivided according to the locally

dominant amplification process. Region I acts as
the noise source, i.e., it is the region in which
the light is essentially that produced by spontane-
ous emission of radiation. Region II exhibits un-
saturated gain, i.e., the photon flux is too low to
affect significantly the inversion density. In

region III the photon flux has become sufficient to
deplete the population inversion.

By modeling and analyzing this vuv laser, we

hope to attain several goals. A primary objective
is to increase the power in the Werner-Band ra-
diation above the previously reported' 500 W/cm'
at 1161 A. Increases in power are available by in-
creasing the cross section for stimulated emission
of photons. The cross section is (presumably) in-
creased by cooling the laser gas to decrease the
Doppler linewidth.

A second goal involves substituting other gases
for H, in the present laser. One then has a choice
of a number of wavelengths from a single piece of
equipment. ' Furthermore, substitution of the
heavier isotope, deuterium, provides a decisive
check on the Doppler-broadening hypothesis. The
pulsed nature of the present e-beam excitation
makes it necessary to verify that line broadening
does not arise from other sources, such as from
the very large magnetic and electric fields pres-
ent in the laser tube.

II. EXPERIMENTAL ARRANGEMENT

The over-all layout of the present equipment
has been discussed in Ref. 5. Here we shall be
more specific and shall concentrate on the de-
tails of e-beam propagation and on recent rnodi-
fieations to cool the laser gas and to measure the
output energy W, .

A. Relativistic e-beam propagation

The source of the -1-cm', 10-kA electron beam
is a field-emission diode powered by a 600-kV
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pulser. " We are interested in the propagation of
these beams for large distances (meters} through
gases maintained at the highest pressure in which
the beam will propagate.

Normally, high-current e beams diverge due to
self electrostatic repulsion. However this effect
is negligible once ionization of the laser gas has
supplied space charge to neutralize the space
charge of the beam electrons (only -2 x10" tons/
cm' are required).

One source of beam divergence is repeated, low-
angle electron-molecular scattering. " At not
too-high gas pressures, uniform beam propaga-
tion can be maintained since these collisions are
counterbalanced by the two stabilizing magnetic
fields discussed below. Actually, the present
beam current is intermediate between the low
current which produced divergence owing to scat-
tering and the high current which produced (ra-
dial) electrical breakdown in the gas." Thus, it
is not yet possible to ascertain which effect limits
the usable gas pressure. For hydrogen the maxi-
mum laser energy is obtained with a gas pressure
of 25-30 Torr at 296'K and with 8 Torr with
liquid-nitrogen cooling; obviously these conditions
represent similar gas densities.

The magnetic field due to the e-beam current it-
-self is in the Q direction, as shown in Fig. 3. The
effect of this field is to promote the self-focusing
electron trajectories shown.

The electron beam also propagates down the
flux lines of an externally applied z-axis field. '
This field is known empirically to aid beam prop-
agation. Qualitatively, one can say that this field
bends the r, g components of electron velocity into
spirals, so the diverging electrons (both primary
and secondary) are restrained from reaching the
laser-tube walls.
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u F, 4-kV (maximum} capacitor bank. Optimum
magnetic fields are 6 and 13 kG, at 90 and 296'K,
respectively. In the laser-tube construction, care
is taken to minimize inductively induced currents,
which produce inhomogeneities in the magnetic
field.

The gases used are Research-Grade. Impurities,
including outgasing, are estimated to have a maxi-
mum partial pressure of 10 mTorr in the laser
tube, Assuming typical continuum optical-ab-
sorption cross sections of 3 @10 "cm' for these
impurities gives an absorption coefficient of 0.01
cm '. Although this absorption is significantly
smaller than the largest gains calculated in Sec.
IV, impurities may possibly have some effect up-
on the lines with low gain.

The uv light from the laser tube is filtered or at-
tenuated by two techniques. Short-wavelength cut-
off occurs by means of the exit window, which is
either LiF or A1,0,. These limit the short wave-
lengths to about 1050 and 1420 A, respectively.
It is possible to operate the laser in a windowless

8. Lair tube

The stainless-steel laser tube fulfills a number
of functions in addition to simply containing the
laser gas. These functions are to provide a re-
turn-current path for the e-beam pulse, to physi-
cally support the external magnetic-field sole-
noid, and to guide the e beam down the same axis
as the light, The walls of the laser tube are cooled
to cool the laser gas to -90' so as to narrow the
(Doppler -broadened) spectroscopic lines. The
above functions are fulfilled by the design shown
in Fig. 4. The effects of tube radius have not been
fully explored. Early experiments' ' indicated
that a 2-cm inner diameter produced less laser
energy, however, the study has not been extended
beyond this one comparison.

The external magnetic field is powered by a 400-

I IG. 1. Potential-energy curve for the X'Z~, 8 ~Z'„,
and C Il„states of H2. Only the {v"=0) X Z~ state is
occupied before electron-beam excitation. Note that
lasing must occur in a time comparable to the B-Xor
C —X spontaneous-fluorescence time, otherwise the
upper vibrational states of the X'Z~ manifold will be
occupied and the gas will act as an absorber. The ro-
tational substates possess too small energy spacings to
appear on the present figure. The Ql rotational line of
the {v' =1) {v"=4) transition is the strongest line in the
present sterner-band emission; this transition will be
identified as the {1-4)Ql sterner line.
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FIG. 2. Different parts of the laser tube as delineated by the predominant amplification process in each part. Since
the amplification depends upon which spectral line one is discussing, the different areas will occupy different fractions
of the laser tube for different spectral lines. The radiation linewidth is indicated near the bottom of the figure and
makes several transitions. In region I, the linewidth has the ordinary Doppler breadth; near zo the linewidth is gain-
narrowed to EP/Pfozo)», and at z»zo hole burning combined with saturated-gain behavior increases the linewidth
back to -AA, . The quantity N is the net inversion density as defined by Eq. (A3) and a is the cross section for stimulated
emission.

mode by filling the spectrograph" with the same
gas as the laser tube. This was done in the (un-
successful) searches for lasing transitions at
x & 1050 A.

Gas cells, either 12 or 1.32 cm long, may be
inserted between the laser and the optical detectors
discussed belo~. The gas filter attenuates the
laser output by known amounts, so that the de-
tectors operate in their linear ranges. Typical
filling gases are triethylamine (TEA}, methane,
and oxygen. "

C. Optical detectors and power measurements

Three optical detectors have been used, namely,
photographic film, photodiodes, and'an ionization
chamber. These detectors measure slightly dif-
ferent quantities: film measures energy per cm'
at each wavelength, the photodiodes measure pow-
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er (which integrates to give energy), and the ion-
ization chamber measures energy. With all these
techniques, the energy per cm', 8'„is best ex-
pressed as photons per cm, since this basically
is the quantity measured and the dependence of
photon energy upon A. is removed. It does not ap-
pear practical to say that any one power-measure-
ment technique is better than another. For future
applications, each technique is noted to have ad-
vantages and disadvantages.

Either short wavelength radiation (SWR} or
SCV film" was used in a Mc Phearson model 225

FIG. 3. H& magnetic field generated by the e-beam
itself. Note that this field bends the individual electrons
into a pinched beam. The interaction of H@ with the
conducting tube walls is repulsive; hence this force
tends to center the entire beam on the r =0 axis.

'—STAINLESS%TEEL TUBING

FIG. 4. Cross-sectional view of the laser tube; note
the annular space through which liquid nitrogen flows.
The diameters of the tube are inner stainless-steel
tube, 0.384-in. inner diameter, 0.500-in. outex diameter;
outer stainless-steel tube 0.634-in. inner diameter,
0.750-in. outer diameter; and Armoflex (Ref. TM) foam
tubing, 0.875-in. inner diameter and 1.875-in. outer
diameter. The thermal jacketing is sufficient for liquid
nitrogen to flow the 2.3-m length with a consumption of
only - 3 liter/h.
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spectrograph. The former is finer grained,
-1 g, however, there is some question" as to
its aging and reproducibility. The calibration
of SC7 is available, "but one must contend with

a grain size and fog level several times larger
than with SVR film. A few test exposures with
nanosecond pulses from a conventional nitrogen-
gas laser gave no indication of reciprocity fail-
ure with SC7 film. Also, as will be seen later
in Fig. 6, the y of the film is the same for nano-
second exposures as for conventional exposures.
This film is consequently utilized for quantitative
measurements.

'While the sensitivity of the film is reasonably
(within" a factor of 2) well established, it is use-
ful to check the energy output by other techniques
also. One of the reasons for this cross checking
is that the film is utilized in a 1-m spectrograph
where the grating efficiency is estimated" to be
60/( at 1600 A and 4(Pjq at 1200 A.

Two photodiodes have been utilized with the
present spectrometer. A planar diode, identified
as No. 1, with I iF window and molybdenum photo-
cathode detects the power for A. &1050 A. The re-
sponse is less than 0.3 nsec when driving a No.
519 Tektronix oscilloscope. %hile this photodiode
has short-wavelength and response-speed capa-
bility, it also has some rather significant disad-
vantages. There are uncertainties in the sensi-
tivity of the photocathode since we are operating
near the long-wavelength threshold" for molyb-
denum. Even though this photocathode is sup-
posedly insensitive at A &1400 A, attenuation of
the light beam with methane, which cuts off wave-
lengths less than 1400 A, still gives a significant
signal. This implies some sensitivity remains,
possibly either due to an intense line at 1402.65 A
or the very intense Lyman-band lines near 1600 A.
This spurious signal indicates that a spectrometer
must be utilized even with this photodiode if only
a narrow spectral region is to be measured. This
inclusion of a spectrometer means that when
photodiode No. 1 is utilized for Werner-Band mea-
surements, the grating efficiency had to be esti-
mated at 40% near 1200 A. Also, the LiF photo-
diode-window transmission is only 55'po at 1161 A.
Care must be exercised to avoid fast electrons
hitting the LiF window, otherwise the transmis-
sion is decreased rapidly. "

The 1600-A photodiode, No. 2, also has a planar
configuration, but with a sapphire window and an
S20 photocathode. " The response time is 1.2
nsec in the present holder with the No. 519 oscil-
loscope. The sapphire-windom transmission is
estimated" to be 40%%uq near 1600 A. This factor
is combined with the manufacturer's uv calibra-
tion to give a calibration for the vuv region. The

sapphire-window limits" the sensitivity to A.

&1420 A.
An ionization chamber sums the laser energy

over a given spectral region, see Fig. 7.48 of Ref.
16. The ionization chamber has a conventional
coaxial geometry, 13 cm long with a LiF end
window. In order to collect all the ions, one must
operate at filling pressures less than 1 Torr. At
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FIG. 5. Composite of densitometer traces of H2, para-
H2, D2, and HD spectra. Each spectrum is recorded in
two shots, one for each -400-A. spectral region covering
the Lyman bands (1300-1700 A) and the %erner bands
(1100-1500 A). The line intensities in the overlap re-
gion are measured for each isotope and used to estimate
the difference in power between the two shots. These
differences are recorded at the break between each two
spectra. (a) H2 spectrum: T =90 K, 8-Torr H2 pres-
sure. The insert is a densitometer tracing of a shot
attenuated = 10 times with molecular oxygen. (b) P-H2
sterner-band spectrum taken with the para H2 cooled
with liquid helium. Pressure is - 2 Torr. Lyman band
recorded using Kodak SAR film with room-temperature
gas and 25-Torr pressure. (c) and (d) D2 and HD spectra
recorded with gas at = 90 'K and at 8-Torr pressure.
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TABLE I. Wave number and identification of observed stimulated-emission lines' for hy-
drogen isotopes I. logarithms of (photon density}/em2 given in parentheses] .

V -V
P-H)

RO

(A)

H& Werner bands (O'II„-X'Z~+)

H)
P3

0-2
0-3
1-3
1-4
1-5
2-5
2-6
3-6
3-7
3-8
4-8
5-9
6-10

91 061(9)
87 365(9.8)
89 674(10.3)
86 205{11.1)
82 963(9.3)
85 138(11.1)
82 124(11.6}

81 384 (11.6)
78 840(9.7}
80 V54(11,2)
80 244 (10.4}
79 871(9.3)

90 740 (9.5)
87 061(9.2)
89 370 (10.4)
85 918(11.7)
82 693(9.2)
84 868(11.4)
81 871(11)

81 149(11)

80 53v {9.v)

86109(11.3)
82 8V3(9.3)
S5 048(10.V)

82 039(10,6)
84 082(9.1}
81 305 (10.8)

80 681(10.5}

85 V4V {10)

S4 707 (10.7)
81 727 (9.7) 82 150{9.3)

H2 Lyman bands (8 ~ Z „'-X'Z&) "'

VI Vlf RO P3
H~

P2 P1

0-3
0-4
0-5
0-6
1-6
1-7
1-8
2-8
2-9
3-7
3-10
4-6
4-9
4-11
5-10
5-12
6-7
6-9
6-13
7-9
7-13
8-14

71 059 (10.4}
68 101

60 752

61 925

62 127

63 839

VS 158(9.6)
74 707 (10.7)
V1 482 (10.3}
68 485 (9.4)
69 802 (9.3)
67 037
64 512
65 792
63 519
69 562 {10)
62 759
V3 53S{9.5)
65 976
60 869
65 149
62 048
73 100(9.6)
6S 301(10.3)
62 178
69 415(9.7)
63 292
63 795

67 271
64 728

62 933

60 993

62 172

62 269

63 384
63 845

74 501(11.2)
71 294 (10.9)
68 314(10.5}
69 627 (10.3)
66 880 (10.7)
64 373(10}

65 847 (9)
60 813(13.8) 60 869(12.3)

61 989 (14) 62 048 {12.9)

68 168{9.8)
62 149(13.5} 62 178"

63 261 (12.g) 63 292 (11)
63 806(10.8)

63 396(1O.S)
69 39e(9.4}
62 654 (12.9} 62 758(10.3) 62 841(11.3)

60 919(12.7)

62 Og9 {13)

62 208(13.1)

63 324 (11)

(B)
HD Werner bands (C ~II„-X'g'&}

V -V RO P2

1-4
1-5
2-5
2-6
3-7
4-8
6-10

87 824(10)
84 885 {9.9)
86 807(S.S)
84 037(10.3)
83 262 (9.3}
82 559(e.v)
81 409(9.7)

8V 601(9.V)

83 S36(10.1}
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TAQ J„EI (Continued)

Ul ~It
HD Lyman bands {I3 ~Z'„-X~Z&)

P3 P2 Pl

0-3
0-4
0-5
0-6
1-8
2-9
2-10
3-11
4-12
5-11
5-13
6-5
6-14
7-15
8-15
9-16

62 409 (10,3)

62 238
62 319"
63 28s(s. v)

63 63S{9.5)

63 169(10.7)
62 601 (10,5)

62 237

62 100(10.7)
62 223
63 190(10.7)
63 586

79 824(9.9)
76 V26(1O)
v3 vev (1o,3)
71 038(9.6)
67 185(9.4)
66 068(9.6)
64 020(10.5)
63 25v(1o)
62 677(10.7)
65 364(9.3)
62 2es (11.3)
80 278 (10.2)
62 146(10.S)
62 248
63 217(10.7)
63 591

62 744(9.8)

62 35V (10.4)

62 192(10.7)

D& %'erner bands (C H„-XZ~)"
P2

1-4
1-5
2-6
2-7
3-8
3-9
4-9
4-10
5-11
6-12
7-13

87 141(9.5)
86 326(9.8)
s4 o3o {10.3)
83 375 (10.7)

82 v6v{e.v)

80 378 (9.5)
80 002 (9.3)

se s1s {10.3)
Sv 897 (10.9)
S6468 {11.1)
8416V (11.2)
83 505{11.3)
81 433 (10)
s2 se1(11.2)
so 935(11.3)
80 490 (10.7)
80 108(10.7)
79 790 (10.3)

D2 Lyman bands (& 'Z'„-X' Ze)'
P2 P1 Ro

0-5
0-6
0-7
0-8
3-13
4-14
5-15
6-16
7-16
7-17
8-17
8-18
9-19
9-20
10-19

62 418 (10)
62 129(10)

61 987
62 804(9.5}
62 013

76 709(9.3)
74 300(9.7}
v2 oo5(9.8)
6e s24(e)
63 458 (10.2)
62 900{10.3)
62 466(10.3)
62 168{10.4)
63 004(10.6)
62 019
62 839(10.3)
62O34b
62235b
61 859(10.1)
63 023

62 201(10.1)
63 038b
62 046

62 055
62 247b

62 083

"Gas temperature and pressure are the same as in Fig. 5, namely, T=eo "K, except for
p -H2 for which T«90 'K.

Energy values greater than 10 photons/cm are determined from the attenuated spectrum,
cf. Figs. 5(a) and 6.

'H2 Lyman-band wave numbers are by G. Herzberg and L.L. Howe, Can. J. Phys. 37, 636
(1959).

D& wave number values of H. Bredohl and G. Herzberg, Can. J. Phys. 51, 867 (1973).
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higher filling pressures, ion-electron attraction
forms uncharged complexes. This problem is
serious only at high ion-electron concentrations,
e.g., in the case of pulsed-laser power measure-
ment. Complexes represent the first step in re-
combination, but form much more rapidly than
the complete recombination products. The less
than 1-Torr gas pressure means that only
(30-50)/p of the laser light is absorbed.

The filling gas is nitric oxide (NO) for detection
of A. & 1342 A and TEA for A. & 1653 A. The ioniza-
tion probability is accurately known" for NO; un-
fortunately this is not the case with TEA and it
had to be estimated at 10%, from work on similar
compounds. " This percentage may be in error by
as much as a factor of 3.

III. EXPERIMENTAL RESULTS

The general objective of the present work is to
understand the output energy and emission wave-
lengths of this longitudinally pumped, e-beam
laser. The requisite information is primarily ob-
tained from spectrographic film. This technique
not only provides the wavelength, but also pro-
vides quantitative information about the laser en-
ergy when suitable attenuation is inserted in the
optical path.

Microdensitometer tracings of the highest-in-
tensity stimulated-emission spectra of the H,
isotopes are reproduced in Fig. 5. Each spectrum
is taken in two shots and recorded in two parts,
usually 1100-1500 and 1300-1 t00 A. The line in-
tensities in the overlap region are measured for
each isotope and used to estimate difference in
total power on the two shots. These differences
are recorded in Fig. 5 at the break between each
two shots.

For comparison, the spectrum of para hydrogen,
p-H, {1300-1650A}, recorded on Kodak SWR film
is shown. The ordinates in this case refer only to
the Kodak Pathd SCV-film spectrum shown from
-1100-1300A. Note that the background (baseline)
density is nearly flat for the 8KB film when com-
pared to the SC7 film. Also, the very intense
lines still remain isolated from each other, be-
cause the smaller 8%R-film grain size avoids
some of the filling in between intense lines. The
(0-2) RO line is observed at 1096 A; this repre-
sents the shortest-wavelength stimulated-emis-
sion line to date.

The wavelengths of the H, -isotope stimulated-
emission spectra are determined to an accuracy
of 0.1 A by comparison with H, Lyman-band and
Werner-band spontaneous-emission spectra. The
present Lyman-band emissions extend from about
1620 to 12'75 A, and the presently observed
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FIG. 6. Points give measured optical density vs oxy-
gen attenuation for the (5-12) I'3 Lyman line. The film
exposure is calculated from Ref. 2Q (with the attenuation
factor calculated from the data compiled in Ref. 17).

%erner-band transitions occupy the range from
1275 to 1098 A. Specific line assignments given in
Table l are derived from the theoretical energy-
level calculations of Kolos and %olniewicz. ""

The H, spectrum contains an insert of a shot at-
tenuated =10 ' times with an 0, filter. The (5-12)
P, -line data (at 1613 A) from such attenuated spec-
tra are plotted in Fig. 6. A line corresponding to
W, = 1.3 x 10' photons/cm' fits the data reasonably
well; this illustrates the technique used to deter-
mine the energy in the more intense (&10"photons/
cm') spectral lines.

Three sources of uncertainty predominate when
the laser energy is determined with this film-at-
tenuator combination. First, there is a +50@
shot-to-shot variation in laser energy, a variation
which will be more apparent later. The uncertain-
ty in the SC"t-film calibration has already been
noted. A third uncertainty is the precise deter-
mination of the attenuation factor: the cross sec-
tion for 0, absorption is known' to about +5%,
which gives an uncertainty in W, of 10"o'/104
=50k. Combining the three uncertainties means
that this technique of laser-energy measurement
is accurate only to within a factor of =3. (The
film calibration and attenuation factor represent
systematic errors and hence cannot be reduced by
a large number of readings. ) The strong 1613-A
Lyman line represents the worst case, as the
%erner-band lines or weaker Lyman-band lines
are subject to significantly less attenuation and
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associated uncertainty.
In Table I, the intensities of the lines and their

order of appearance as the H, -gas temperature is
decreased are not surprising. To use H, as an ex-
ample, the lines originating from (U'=4, 6, 6)
B'Z„'states and the (v' =1, 2) C'H„states are the
strongest in the Lyman and Werner bands, respec-
tively. (The downward transitions from these
states appear primarily in the regions near 1600 and

1200 A. ) The above states have the largest Franck-
Condon (FC) factors for excitation from the
(v" =0) X'Z,' ground state. " All excited states have
highest gain on transitions with the largest FC
factors, and these lines are correspondingly in-
tense. In some cases, more than one line arises
from a particular excited state. It appears prob-
able that the downward transition with largest FC
factor is saturated, and that the gain on another,
unsaturated transition can be large enough to give
significant amplification.

Figure 7 shows the ionization chamber (IC)
signal versus the gas pressure in the attenuator.
(The extrapolation to zero pressure gives the un-
attenuated signal, of course. ) Several features
are evident from the data in Fig. 7. First, the
scatter of points around the straight lines indicate
a +50/() shot-to-shot energy variation. Second, the
increase in energy with cooling D, to 90'K is also
evident. The ionization chamber gave the best
comparison of output energy, since these measure-
ments were taken contiguously. The above increase
at low temperature is particularly impressive in
the case of D„since increased gain results from
both the narrower lines and from only the lowest
two rotational states being populated. (In H„even
at 296'K, =801 of the molecules are in the lowest
two states, hence this second benefit is minor. )
Third, TEA is a satisfactory attenuator; the at-
tenuation per Torr calculated from Fig. '7 agrees
within 5% with previous published results. " The
last experimental feature is that the ionization
chamber does not saturate at present energy levels
when low filling pressures are utilized.

The values displayed in Fig. 7 are primarily due
to Lyman-band radiation around 1600 A; these
values must be multiplied by a number of factors
in order to estimate the actual laser energy. A-
mong these factors are that only 50% of the photons
are absorbed in the TEA in the IC; the ionization
probability is estimated at 101, the active laser
area" is taken to be 0.2 em'; and there are re-
flection losses in the LiF windows. The average
of several plots like Fig. 7 plus the above cor-
rections give the energies listed in Table II(A).

When the ionization chamber is filled with nitric
oxide, presumably one obtains laser energies cor-
responding only to photons with A. ~ 1342 A [see

296'K 9Q'K
—.—~— D p—+— H 2
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FIG. 7. Number of ions collected in the ionization
chamber vs the gas-attenuator pressure. The attenuator
is triethylamine (TEA). The ionization chamber is filled
with TEA also, so that it is sensitive to A, & 1653 I,. A

large increase in number of ions, and evidently laser
energy, are observed when 02 is cooled to = 90 'K.

Table II(B)J. Very little attenuation is required
because of the much lower intensity of the Werner-
band lines as compared to the Lyman-band lines.
Radiation around 1600 A still contributes a small
background signal, perhaps due to an impurity
present in the NO. One separates the desired and
spurious signal by using methane as an attenuator,
this gas is transparent near 1600 A, but opaque
for A. ~ 1342 A.

Integration of the photodiode signals forms the
third basis for determining 5', as given in Table
II(A) and (B). Representative oscilloscope traces
appeared in Ref. 6.

Table II summarizes the laser energy measure-
ments for extended spectral regions and the two
gas temperatures. Besides the shot-to-shot vari-
ation, the different detectors give values which
range over nearly an order of magnitude. This is
not surprising since the sensitivity of each de-
tector is known only within a factor of -3. While
continuing effort should be made to minimize the
uncertainties, this range is not prohibitive with
respect to present purposes. The 5', values are
used to evaluate the net inversion density and
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cross section for stimulated emission in Eq. (1)
where these quantities appear as exponentials.
An order-of-magnitude variation in 5', then causes
only about a +10% uncertainty in the measured
gain coefficient 0.. The conclusion is that the
present energy measurements are sufficient for
testing the model proposed in the Appendix.

IV. DISCUSSION

Since the number of observed laser transitions
is so large, we shall consider the gain and output
energy in two exemplary cases only, i.e., unsat-
urated gain and then saturated gain. The Appendix
provides the mathematical expressions for analyz-
ing the present laser under both cases.

First the (1-4) Ql Werner line (at 1161 A) typi-
fies laser operation in the unsaturated gain region,
II. Equation (A6) of the Appendix, expresses the
laser power p in terms of measurable quantities.
The laser energy is derived by integrating p over
the time span of the population inversion:

r A 5 '(N =0) Na@'
0 12 dt'

4 gejf 2) 2~1/2 ~1/2

The output energy W, for unsaturated gain is ob-
tained by considering the entire laser tube, i.e.,
z = l, substituting the cross section for stimulated
emission (o) from Eq. (A10) and using Eq. (A14),
to give the net inversion density N(f'). The most
important factor in (1) is e"", which shows the
amplification, ¹per centimeter as the photons
travel down the laser tube. The variable which is
used to compare experiment and theory is the rate
of excitation as given in (A14) by an effective cross
section for excitation, a, . Note that N~cr, . The
remaining symbols in (1) are t', the retarded time
(t' = f —Zc ', where c is the velocity of light), r„
the radial dimension of active laser medium, and

A», the transition moment (sec ') between states
1 and 2.

%e are now in a position to compare the theo-
retical value' of v, (U'=1) =1.28x 10 "cm' to the
experimental value. The experimental value of
cr, is determined by fitting Eqs. {A14) and (1) to
the experimentally measured energies which range
from W, =9 x 10' photons/cm' down to less than
10"photons/cm' in the (1-4) Ql Werner-band line
at 296'K [see Ref. 4 and Table II{C)t. This fitting
indicates o, = (4.0+ 0.8) x 10 ' cm'; thus the ex-
perimental value is approximately three times

TABLE II. Laser energy.

Gas
Temperature

296 'K 90 'K Detector

(A) Lyman and Werner bands (in units of 10 ~ photons/cm2)

H2

H2

H2

para H2

para H2

HD

D2

D2

D2

39
4
2.3
2.1

&0.5
&0.09
&0,26

0.9
0.8

7

9
9

»0.7
& 0.33
»0.4

9
8

Fil.m, oxygen attenuator
Photodiode, No. 2
Ionization chamber, TEA filled
Ionization chamber, TEA filled
Film
Film
Film
Ionization chamber, TEA fill.ed
Photodiode, No. 2

(B) A, &1340 A, primarily Werner band (in units of 10"photons/crn )

H2

H2

para H2

D2

D2

1.4
1.5

14
~0

17
33

Ionization chamber, NO filled
Photodiode, No. 1
Ionization chamber, NO fill.ed
Ionization chamber, NO filled
Photodiode, No. 1

(C) %'erner band (in units of 10~~ photons jcm2)

H2

para H2
HD

D2

0.57, 5.7~

&0.1
&0.1
&0.1

7
27

40

Film, methane attenuator
Film, methane attenuator
Film, methane attenuator
Film, methane attenuator

Atypically large value obtained with a 2-in. entrance inner diameter, 20, conical section
to compress the electron beam. For the concepts related to beam compression, see C. L.
Olson, Phys. Fluids 16, 529 (1973); 16, 539 (1973).
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larger than the theoretical value. To visualize the
amount of optical gain note that the maximum gain
at 296'K, exp(N o'I), is 10" ' with the experi-
mentally determined value of v, .

Equation (A6) indicates that saturated gain appears
when W& 6.4 x 10"photons/cm', where W is the
laser energy as a function of z with z & /. Thus
the experimentally observed value of 8", «gx 10"
photons/cm' has approached but not exceeded the
density which ~arks the onset of saturated gain be-
havior. As a next step, it is interesting to apply
the criterion for saturated gain behavior to this
same Werner line at 90'K.

Equation (A6} indicates saturated gain commences
at W=3.3 x 10"photons/cm' when operating at
90 K. Line 4 of Table I(A) and line 1 of Table II(C)
show that this energy (for the single strongest
line} reasonably well approximates the observed
(2-5) x 10" photons/cm'. Furthermore, if sat-
urated gain behavior were not present, then Eq.
(1) indicates 8; would have increased by a factor
of 1.1 x 10~ due to the exponential dependence on
a(M). The conclusion is that the onset of saturated
gain satisfactorily explains why cooling the laser
increases the Werner-band output one, but only
one order of magnitude. Weaker lines are not
limited by saturated gain behavior; hence on this
simple basis one anticipates that they increase
proportionately more in energy.

The energy emitted in the strong H, Lyman-band
lines is only moderately increased by cooling to
90'K, see Table II(A}. This is attributed to the
laser operating in the saturated gain region with
respect to the stronger Lyman lines and the de-
pendence of 8', on a is very slow for saturated
gain:

The above expression is derived as Eq. (A9) in the
Appendix where g, /g, is a degeneracy factor. The
right-hand terms have the following meanings:
I/2o is the total photon density due to unsaturated
gain in the region z (z, and (I —z, )X is the saturated
(photon) gain for z, (z (I. The transition from un-
saturated to saturated gain, at z =~„is given by Eq.
(A6}:

(3)

Take the (5-12) P3 Lyman line (at 1613 A) as an

example; saturated gain occurs for 5 &3.8 x 10"
photons/cm', two orders of magnitude less than
the experimentally measured energy. The experi-
mentally measured W, =4x 10"" ' photons/cm' is
then substituted into Eqs. (2) and (3) in order to
find N, which is translated into an excitation cross
section o,' =5&: 10 ""'cm' by Eq. (A14}, and

ELECTRON- IMFACT CROSS SECTIONS
I ! I I 1 I

I.OI—

o.ar-

0.2—

IO 50 IOO

ELECTRON ENERGY (eV}
200 400

I'IG. 8. Relative cross sections for an electron of
various energies to produce the designated excitation
or ionization. The ionization cross section is from
Ref. 30. The excitation cross sections are from Ref.
29.

simultaneously, Eq. (3) indicates z, =90 cm. The
prime on e,' is used to differentiate the present
Lyman-band excitation (into the v' =5 state) from
the previous Werner-band excitation cross section
0e

Proceeding to the question of the increase in W,
with 90'K operation, one notes that Eqs. (1) and (3)
combine to predict that z, decreases to -45 cm
(using the value of v,' =5x 10 "cm'). In which
case, Eq. (2) shows 8', increases only by the ratio
-165 cm/140 em=1. 32, i.e., 32/q. Such an increase
is in general agreement with the increases reflected
in Table II(A) for 90 'K temperatures.

The experimental value of 0,' =5 x 10 ""~ cm'
can now be compared to the theoretical value. Refer-
ence 26 shows that theoretically, 0,' =0.5g, =0.64
&& 10 ' cm'. Thus we again observe that the ex-
perimental value is several times larger than the
theoretical value; to be specific the ratio is 7.8
x10* '

One of the previous approximations appears to
contribute about half of the discrepancy. The de-
duced, in Ref. 6, 3.9/~ relative cross sections for
excitation to ionization holds only for incident (in-
cluding cascade) electrons of greater than 100-eV
energy. ~' For electrons of -20-eV energy, the
relative cross-section ratio is several times
larger than anticipated from the Born approxima-
tion; see Fig. 8, where the shaded region shows
the area neglected in the present calculation of
0, and rr,

' . Consequently, the calculation under-
estimates the number of excitations produced by
cascade electrons with near-threshold energies.

Three features indicate that v(M) is indeed due
to Doppler broadening. First, in evaluating the
unsaturated gain in the (1-4) Ql Werner line, one
is basically checking on the product o(M)N(c, ) in

the exponential term, and ¹r has been noted to be
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greater than the theoretical product. Thus any in-
crease in ~x to values larger than the Doppler-broad-
ened values would decrease g and increase the dis-
parity in 0, values. The second feature which sup-
ports Doppler broadening is the fact that cooling the
laser produces the predicted increase in W, and
evidently a decrease in M. The temperature de-
pendence is in the correct direction; however, the
onset of saturated gain behavior inhibits establish-
ing the temperature dependence of a as precisely
T ' ~. At SD'K, the increased energy available
from D, as compared to H, is the third fact which
supports a Doppler-broadening model. The
heavier mass of D, decreases bA from Eq. (All),
and hence increases o in Eq. (A10).

In conclusion, and despite the exploratory nature
of the present work, a number of fundamental facts
about this vuv laser are well established. Among
these facts are that the excitation involves primary,
secondary, and cascade electrons (with comparable
importance); the linewidth is due to Doppler
broadening and a simple model only moderately
underestimates the inversion density. Using these
facts, it has been possible to demonstrate lasing
at shorter wavelengths than the previous work, '
and to increase the Werner-band laser energy
over an order of magnitude. Also in demonstrat-
ing lasing in HD, D„andpara H„many of the 8-
and C-state energies have been observed experi-
mentally.
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nsec, propagation effects are important, and it is
useful to introduce a retarded time,

I '=t -z/c. (A1)

N =N, -N, (g,/g, }.
E, and N, are the populations of the upper and
lower energy levels, respectively. The relation-
ship for a dz,

a dz = vs', dz 5A»!4wI2 =y2OA»5dz/4P,

combines the following factors: 7jr', dz is the active
volume, (4mI2) ' converts the emitted power into a
power/cm' at a distance I, A» is the spontaneous-
emission coefficient (sec '), and 5 is the fraction
of (spontaneously emitted) photons with wavelength
near line center so that they undergo significant
amplification. Reference 29 shows 5 equals (Noz) "',
in the present case 0.2 & 5 & 1. As justified in Sec.
4c of Ref. 31, the slight dependence of the flux/cm'
on z is dropped in (A4).

Integration of (A2) plus the appropriate constant
of integration yields

The electron velocity is -O.S5c and hence, the
electron pulse and uv photons remain in near coin-
cidence as they travel down the tube, since the
latter is about 2 m long.

The papers cited in Ref. 29 provide much of the
theory necessary to describe laser action consist-
ing of short pulses of ASE. The differential
equations describing the buildup of the laser
photon-flux p are, in general, dependent on the
region of the tube one is describing. However,
one equation gives the laser power due to both re-
gions I and II. The unit of power is photons/cm'
sec and the unit of laser energy is photons/cm'.
The differential power gain combines the spon-
taneous-emission power a with the I.inear-gain co-
efficient n = vN,

dp =Nadz + pndz,

where N is the net inversion density,

APPENDIX

The analysis of amplified spontaneous emission
has been previously published, "however, the re-
sults are expressed below in a form particularly
suited to the present pulse excitation. Also, to
better visualize the amplification process, explicit
assumptions simplify the present equations to
analytical expressions.

Because both the electron pulse and fluores-
cence decay time" of H, are of the order of 1 to
2 nsec, whereas the time required for light to
travel the length of the tube is greater than 6

+2A (+Has 1)
4~/a~2~1l2 ala

The transition from (the above) unsaturated gain
to saturated gain, region III of Fig. 2, occurs when
8' is so great that one-half of the net inversion
density is swept out by the passage of the light
pulse. This occurs when

,N = A N = n. N, (I + g,/g, ) . -

Also note
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g~V, = dX, = — NoPdt= -X oW,

where for purposes of saturated-gain calculations,
N is taken equal to its maximum value N,„.Com-
bining the above relationships,

W v = z 5 (1 + g,/g, } '

=[2(1 + g,/g, )(Nvz, )'"J ' . (A 6)

The 5[= (&Vvz, ) '"J factor arises from the fact that

only the fraction of N2 near line center is being
depleted by the photon pulse. That is, saturated
gain results in "hole burning" in an inhomogene-
ously broadened transition, cf. Sec's. 15.1, 16.4,
and 1.6.5 of Ref. 32. The half-width at half-maxi-
mum (H%HM) width of the present hole is 5gX.

For z beyond the point (defined as z, ) where
saturated gain commences, the energy is calcu-
lated from ~IV =-dz~N2 and ~N=-N:

1+ (g,/g, } ' 1+g,/g

This gain is less than the unsaturated gain, Eq.
(A2). In addition, since (A7} does not describe an
exponential dependence of 8' or p on z, the photon
flux increases only very slowly with increasing z.

Integration of (A7), from z =z, to z = I gives

(1+g,/g, )W, ——,
' (&v', )-'" + (I —,)(iV/v, )"'.

An upper limit on 8', is obtained from the case of
homogeneous broadening, i.e., no hole burning.
Actually, a modified form of (A8),

(1 + g,/g, )W, ( —,
' v ' + (1 —z o)N (A9}

gives the best estimate for 8', once the photon
pulse has progressed significantly past z0, be-
cause the linewidth will increase rapidly from
5AX =O.h((Nvz, )'" to -ZA. (see Fig. 2). The reason
is that the unsaturated gain away from line center
is greater than the {saturated) gain at line center;
consequently the linewidth will increase back to
-~A, in a few e-folding distances, i.e., hole burn-
ing disappears. '-'

The above equations provide values of W, (V, v).
The next step is to calculate N and o as functions
of the electron-beam current and electron-excita-
tion cross sections.

The value of a (on line center) is determined
from Eq. (3.2) of Ref. 31:

dX, jG~, N,2 8 2 PgNdt, e
(A12)

where j is the e-beam current density, Q is the
gas density, and e is the electron's charge. The
quantity a, {v') is the effective cross section for a
400-ke7 primary electron to excite a gas molecule
into the v' vibrational state, and has been esti-
mated ' to be 1.28 & 10 ' cm' for the upper state of
the 1161-ja. transition. The fraction N, /r gives
the loss of N, due to spontaneous emission, and

poN is the loss of N, due to stimulated emission.
The jGv, /e term contains one of the most impor-
tant assumptions, and that is the excitation in-
volves primary electrons in single collisions.
This contrasts with other possible models which
involve excitations due to collective excitation
such as (magnetically) induced currents or insta-

bilities�

.
The time-dependent beam current density is

j (I') =1,85x 10' —e ' "(inA/cm'),

with 7 =0.6 nsec. This j (t ') is equivalent to a total
e-beam flux of 1.39x 10"electrons/cm' and a
maximum current density, j, of 10'A/cm'.
Note that there is noj dependence on z; the e beam
is considered to propagate without attenuation.

Taking g,/g, =1 (for the Q1 branch of the Werner
band) and neglecting poN in region II, allows Eq.
(A12) to be written as

Thus

2

0

' ——(1+A)N, dt.
„t'jgg

e
0

mum) ga is determined by Doppler broadening":

~g/g —(Itf c2/yT . In2)-~~2 —3 6x 10-~(7'/pf)'

(A I 1 )

where Af is the molecular weight (in amu) and T is
the absolute temperature. At 296'K, the Doppler
width is 0.005 L or 0.38 cm ' for A =1161 A. This
width is beyond our spectrographic resolution, so
that tests of linewidth must be based upon Eq. {1)
via the v terms. The value of v(1161 A) is 1.07
x10 " cm' and v(1613 A) is 1.97x10 "cm'.

The time dependence of N2 is expressed by

v = a/A' = (w/In2) '"A„X'/Becca, (A10)

where A is the wavelength and the line shape is
Gaussian. The linewidth {half -width at half-maxi-

+B —+8 -8 (A14)
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The factor 8 is a sum over Franck-Condon factors
and rotational moments which relate the rate of
spontaneous emission from state 2 to the rate of
filling of state 1, and ranges from -1 down to -0.1
for cases of present interest. Taking 8 =1, one
calculates that X =0.398Gcr, 7 j /e and occurs
at t/v =2. Without spontaneous emission increas-
ing X, at the expense of N, , then N, „

is nearly
ten times larger, 3.740, v j /'e, and this shows
the detrimental effect of spontaneous emission in

region II.
At this point, the goal of increasing the laser

power can be formulated in terms of the above
analytical expressions. Conceptually, laser power
can be increased by increasing z (~l), N or o in
the exponential term of Eq. (A5). To a major de-
gree, N is determined by the products (x, jc. The
first factor is essentially constant for a particular
electron energy and j is limited by the e-beam

generator. The magnitude of G is difficult to in-
crease because the e-beam ceases to propagate
for large 5, see Sec. IIA. The effective value of
/ is limited to -2 m because otherwise the elec-
tron pulse and light pulse may not remain in
synchronism. The reason is that in -2 m the
{0.85c) electron pulse mill lag the light pulse by
-1 nsec."

The other means of increasing p is to increase
o, the stimulated-emission cross section. While

A» and X are constants for a given transition, Eq.
{A10)and {A11}show how o can be increased by
decreasing gA. , this Doppler-determined linemidth
is proportional to {T/M)"-. T is obviously de-
creased by cooling the laser gas; the equipment
for doing this is described in Sec. IIB. Also, M

can be increased {while still working mith the
same spectroscopic system) by going from hydro-
gen to deuterium.
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