As a minor note, we have considered for oxygen gas
values one-half the stopping cross section of molecular
O, gas.® This allows the possibility that it may be O,
which violates Bragg’s Rule by twice our correction
factor, and that the solids of Table I may be in accord
with oxygen stopping cross sections if it could be mea-
sured in the atomic state. This appears improbable
because of the generalized gas-solid evaluation shown in
Fig. 2.

In summary, we have found that the energy loss of
He"* in gases appears systematically higher than in
solids when the He" velocity approaches electron orbifal
velocities. We have also estimated the energy loss of
He* in oxygen in solid compounds by backscattering
yield measurements and find these oxygen values differ
from oxygen gas values in agreement with the general
solid-gas differences. We find that for one solid com-
pound, nitrogen energy-loss values differ from nitrogen
gas values also as predicted. Numerical values of the
solid-state stopping cross sections for N and O will be
published elsewhere.!?
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Mixed metal vapor phase matching for third-harmonic

generation*
D. M. Bloom, J. F. Young, and S. E. Harris

Microwave Laboratory, Stanford University, Stanford, California 94305

(Received 10 June 1975)

Phase matching for frequency tripling of 1.06 um is demonstrated in a homogeneous mixture of sodium
and magnesium vapor. The ratio of Mg to Na vapor pressures required for phase matching is 2: 1. This

ratio is about 1/75 of that required to phase match Na with Xe.

PACS numbers: 42.65.F

One of the limitations on efficient third-harmonic
generation in alkali metal vapors is the high buffer gas
pressure which is required for phase matching. ! In this
Letter, we report phase matching of an alkali metal
vapor by homogeneous mixing with Mg vapor. Since the
resonance line of Mg (2852 A) is much closer to the
visible spectrum than are those of the inert gases, the
necessary ratio of Mg vapor to alkali metal vapor is
much smaller than that for phase matching with an inert
gas. This lower phase-matching ratio may ultimately
allow higher pressures of the alkali metal vapor and
may, thus, result in higher conversion efficiencies at
a given level of input power. The absence of a high-
pressure phase-matching gas also reduces the impor-
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tance of three-body processes such as dimer and
excimer formation.

WINDOW
WATER COOLING

HEATER

FIG. 1. Schematic of two-metal heat-pipe oven.
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THIRD HARMONIC OUTPUT

NET SODIUM PRESSURE (P,5 qu)

FIG. 2. Relative output nower vs sodium pressure; magnesium
pressure, 11 Torr; laser confocal parameter, 33 cm.

To obtain a uniform mixture of Na and Mg vapor, we
constructed a two-metal heat-pipe oven of the type de-
scribed by Vidal and Hessel.? The cell was similar to
the Na-Xe concentric heat-pipe oven which we described
previously, 3 except that the wick inside the inner tube
was removed to allow a 50-cm wickless region in the
cell center. As shown in Fig. 1, the outer heat pipe
contained pure Na and functioned to provide a constant-
temperature environment for the inner pipe. Since the
Mg occupies the wickless region of the inner pipe, its
partial pressure is determined by the surrounding tem-
perature which is, in turn, determined by the He pres-
sure in the outer pipe. The Na in the end (wicked) sec-
tions of the inner pipe operates in a heat-pipe mode with
a partial pressure equal to that of the inner-pipe He
buffer gas. The partial pressure of the Na in the central
{(wickless) region of the inner pipe is such that the sum
of its partial pressure and the partial pressure of the
Mg is equal to the total pressure of the He buffer gas.
Thus, by independently varying the partial pressures
of He in the inner and outer pipes, the absolute concen-
tration of Na and the ratio of Mg to Na may be varied.

Since the vapor pressure of Mg at its melting point
is about 3 Torr, it has a tendency to condense as a solid
on the wick. This leads to quite rapid depletion of the
Mg in the central portion of the cell. At operating pres-
sures of 5—10 Torr the cell could be operated for sev-
eral hours before additional Mg need be added. However,
at total pressures above 20 Torr the Mg was depleted
even before the oven could be fully heated. In order to
overcome this problem, a loader was constructed so
that the Mg could be added to the cell after the cell was
heated. This technique allowed operation of the cell at
pressures above 20 Torr, but operating times were
limited to about } h. Furthermore, due to the rapid
loss of Mg, it was difficult to optimize the phase-match-
ing ratio.

The laser and data collection electronics were the
same as described in Ref. 3. Phase-matching data were
obtained by fixing the Mg pressure and varying the Na
pressure by adjusting the He pressure in the inner
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chamber. A typical phase-matching curve is shown in
Fig. 2. From these measurements, a phase-matching
ratio for Mg:Na of 2:1 was obtained for the 1.06 um
- 3547 A conversion process. This may be compared
with a ratio of 152:1 for Xe to Na.

Energy conversion efficiency versus incident power
density is shown in Fig. 3. The highest conversion ef~
ficiency which we could obtain in these experiments was
3.75%. This occurred at a Na density of 1.3x10"
atoms/cm®. Attempts to further increase the Na pres-
sure resulted in broader phase-matching curves, indi-
cating poor homogeneity. As indicated above, we be-
lieve that this is due to the rapid depletion of Mg from
the cell center.

Though the maximum conversion efficiency which we
obtained in this experiment (3.75%) is not as great as
that which we have obtained by phase matching of Rb
with Xe (10%), ? we believe that metal -metal matching of
the type described here has great promise. If the metal
mixing and homogeneity problems can be solved, this
technique may allow tripling cells to be operated at a
much higher density of the nonlinear specie. At a given
power density, and cell length, conversion efficiency
increases as the square of this density. One possible
solution to the mixing and homogeneity problems en-
countered here is the rotating heat pipe described by
Hessel and Lucatorto.*?

The authors gratefully acknowledge helpful discus-
sions with M. M. Hessel and T.B. Lucatorto.

09—

ENERGY CONVERSION EFFICIENCY (PERCENT)
*

o7

06 | | 1 I | ] ]
3 4 5 6 7 8 9 10
2

POWER DENSITY (10'°wW/cni)

FIG. 3. Conversion efficiency vs 1. 06-pm power density.
Sodium atom density, 1.3x10!7 em?; laser confocal parameter,
33 cm; zone length, 50 em,
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A new luminescence line due to nitrogen implanted into

AlL.Ga, ,As (x=0.37)

Shun-ichi Gonda and Yunosuke Makita

Electrotechnical Laboratory, Tanashi, Tokyo, Japan
(Received 25 April 1975; in final form 10 July 1975)

Optical behavior of isoelectronic impurities in Al,Ga,_ As (x =0.37) is investigated. Photoluminescence of
the samples implanted with N was measured at 2°K. A new luminescence line is observed at an energy
which is 90 meV below the edge emission peak. The integrated intensity of the N-implanted sample is
about five times larger than that of an unimplanted and annealed sample. This is thought to be due to the
bound states produced by the N atoms which replace the As atoms.

PACS numbers: 78.60.D

Isoelectronic impurities such as N atoms are known
to be efficient radiation recombination centers in GaP,
GaAs,_,P,, and In,Ga,_ P ! and are often used in LED
and optically pumped lasers.? As far as we know, no
report has been presented concerning the formation of
isoelectronic traps in AlAs-GaAs mixed crystals. In the
case of AlAs, Lorenz et al. suggested the presence
of isoelectronic traps from absorption measurements.?
Nitrogen in GaAs does not form isoelectronic traps.
How do isoelectronic impurities behave optical in AlAs-
GaAs mixed crystals? This letter presents an experi-
mental investigation of the photoluminescence of iso-
electronic impurities in Al,Ga,_.As (x=0.37). There
are several prospective atoms which are isoelectronic
in Al,Ga,_ As. As a first step, nitrogen atoms in di-
rect-gap Al,Ga,_ As (x=0.37) were examined. As a
method of doping, ion implantation was used in order
to obtain a uniform and spatially well-controlled dis-
tribution of impurity atoms. The results of photolumi-
nescence (PL) measurements for Al,Ga,. ,As implanted
with N will be given and discussed.

The Al,Ga,_As (x=0.37) layers, typically 10 um
thick, were grown by LPE on the (100) surface of Si-
doped n-GaAs. LPE layers were not intentionally doped.
The x value is determined from the PL spectra using
the empirical formula of Onton et al.* Prior to implan-
tation, no special treatment was given to the wafer
surface. Ion implantation was performed at 350 °C, at
energies between 50 and 220 keV, using a mass-separat-
ed beam of N” or Ne* ions. Neon ions, which were sur-
mised to be nonluminescent centers in the material,
were introduced in order to investigate the effect of
radiation damages. In this situation a theoretical cal-
culation predicts that the concentration profile of im-
planted atoms has a plateau of about 1x10'*® cm™® in the
range between 0.1 and 0.45 um below the surface. The
wafers were covered with SiO, by Ar* sputtering and
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annealed in vacuum up to 825 °C for 30 min. Photolumi-
nescence studies were made at 2°K. The photolumines-
cence was excited with the 514.5-nm line from a cw
Ar’ laser or the 585.0-nm line from a pulsed dye laser.
The spectra were measured with a Spex model 1704
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FIG. 1. Photoluminescence spectra at 2°K for ALGa;_As un-
implanted and not annealed, unimplanted and annealed at 825°C
for 30 min, implanted with N and annealed (N), and implanted
with Ne and annealed (Ne).
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