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QUALITATIVE ANALYSIS OF FACTORS IMPROVING THE DISCHARGE STABILITY

OF HF "CHEMICAL LASERS - j
Chen Yuming, Xu Jie, He Guozhen* ;
3

. -l

(Shanghai Institute of Optics and Fine Mechanics, Academia Sinica) ]
]

ABSTRACT f

VaR:LE o

Several factors capable of improving the discharge
stability of HF chemical lasers were investigated. Pheno-~
mena observed in experiments were qualitatively analyzed.
Experimental results showed that the discharge characteristics
had been improved with better results.

The discharge characteristic of a HF chemical laser is very
important to its performance. Itvdirectly affects the output pow-r,
light beam quality and equipment lifetime of the laser. Because SF6
is a highly electronegative substance, it is extremely difficult to
discharge stably and homogeneously in a gas mixture containing a

high level of SF We adopted several measures to obtain better results.

6°

I. The Reaction Process

SF6 was chosen as the fluorine donor, and H2 was the hydrogen
donor in this device. Major chemical reactions induced by the
discharge are as follows:

SFy+e"—>SF,+F+e"

F+H,—™ (1)
H+HF*(v<3)-315
HF* may irradiate by either of the two reactions
(2)

HF*—>HF + hv

HF® +bv—>HF + 2 4v
(3)

*
Received on January 24, 1983
* %
Numbers in margin indicate foreign pagination
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Equation (2) is a spontaneous irradiation which can be neglected Y
in reality. In addition, the reaction from SFS to SF4 might also . ]
be present [l]. g

(SF,+e"—3SF, +F+e-
1 F+H,— HF*+H
\ HF* + bv—>HF + 2 hv (4)

II. Structure of the Device

The cross section of the laser is shown in Figure 1.  The dis-
charge chamber was made of a transparent seamless plexiglass tube,
7.6 cm in inner diameter and 100 cm in length. A pair of electrodes
were installed on the upper and lower walls of the tube. There are
16 terminal posts fastened to the holes behind the electrode. The
effective length of the electrode is approximately 75 cm, and the gap
is 2 cm. Ultraviolet preionization was used in the device. The pre-
ionization plates consisted of 3Q stainless steel plates irregularly
glued to a 84 cm long, 1.2 cm wide and 0.3 cm thick epoxy base plate.
They were placed on either side of the device. An internal mirror
type of resonance chamber was used. It was comprised of a 5 m radius
gold-plated reflective mirror and a flat CaF2 output coupling mirror.
The mirrors were secured on the two end flanges. Their parallelism
and concentricity could be adjusted by the six screws and three fine
adjustment screws on the flanges. In order to effectively introduce
electric energy to the SF6/H2 gas mixture, the fast Blumlein discharge

circuit was used.

WS xERS H

Figure 1.

l--Terminal post; 2-- Transparent plexiglass tube;
3--Electrode; 4--Preionization spark gap plate.
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III. Measures

Gas Flow: In HF chemical lasers, serious corrosion occurs at the

- electrode surface due to the presence of ionized fluorine and the
breakdown effect in the discharge process. Figure 2 clearly
showed that there were apparent corrosion spots in seriously spark-
ing areas as compared to other homogeneously discharging areas.
This type of pollution increases due to the discharge reaction

product built up near the electrode surface. It is particularly

serious in a static condition. The electrical conductivity of

this product can easily lead to serious sparking to aggravate the
corrosion on the electrode surface. It not only reduces the energy
output, but also shortens the lifetime of the laser. When the gas
mixture is flowing, the situation is better. This is because the
harmful product is removed from the discharge area before the next

pulse arrives.

Selection of the Hydrogen Donor and Addition of He: It was experi-

mentally discovered that the discharge could be strongly affected

when the H2 partial pressure exceeded 30 Torr. A lot of arc light

began to appear. The homogeneity of the discharge could be greatly
improved by the addition of a small amount of C2H6 to some hydrogen donors.
This is because the ionization potential of C,Hg is smaller than that of Hy (C2He
:12.8ev, H2=15.6ev),The addition of a small amount of low ionization potential gas could
improve the spatial hamogeneity of the discharge [1].0n the other hand, CoHg and CoHy
have larger photon ionization cross-sections than that of hydrogen 50X 10-18 2,

Hy @ 7x 10718 an?).
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It is well known that inert gases could improve the uniformity fj

of the discharge. When a laser is operating normally, the upper 3

pressure limit without He is 180 Torr. With He, however, it could

UL

reach 250 Torr. The presence of He is necessary to avoid a breakdown.
However, it was proven experimentally that the addition of He has no

apparent effect on increasing the output energy; at least at low
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(Ptotal 120 Torr; PSF6/PH2 7, V primary 30 kv) 7

Key:1--J(relative) ; 2——Vpreionization rﬂ

3

Adaptation of preionization Technique: In order to improve the -

discharge uniformity in the electronegative SF, gas mixture, the

6

ultraviolet preionization technique is effective. When Ptotal -

= = 1
120 Torr, PSF6 /PHL 7 and Vprimary 30 kv, the energy output of

the device was increased by approximately 10% when v . . . =
preionization

27.5 kV as compared to the situation without preionization. Increasing

preionization voltage could not significantly increase the energy

output (Figure 3) because preionization itself could not enlarge

the volume of discharge. It only could intensify the preionization

spark to enhance the preionization effect. However, the purity of

the gas will be reduced at excessively high voltages to shorten the

lifetime of the laser.

Electrode Material: Experimental metallic electrodes could be made

of brass, aluminum or stainless steel. From the corrosive effect
: of ionized fluorine and HF, it is least with stainless steel,
:f followed by aluminum and brass. If the brass electrode surface is

:i nickel plated, the corrosion could be significantly alleviated.

4
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Because aluminum and brass electrodes are softer, the surface of

T
E . the electrode might be polished to discharge more uniformly based

- on discharge tests. In terms of the life of the electrode material,
an uncooled brass electrode has a short lifetime of lO6 pulses. The
lifetime of a stainless steel electrode is 109 pulses under the same

i condition. If it is water cooled, it can be lengthened by another
‘ﬁ order of magnitude. For a single pulse device, there is no problem

= with any electrode material. However, for a repetitive pulsing

bt bt A gt e b rlu;uij

device such as a 100 Hz device, brass electrodes can only operate
l for 2.8 hours which is not tolerable.

In order to maintain the quality of discharge and reduce the
formation of arc light, electrodes must be cleaned after a period
¢ of time of testing. The precipitate on the electrode surface might

be removed with sandpaper and acetone.

.f Using Resistive Load Electrodes: Resistive load electrodes can

. suppress large discharge currents to consequently eliminate or reduce
! arc light. Graphite electrodes belong to this category. The
energy output versus pressure curve for a device using this type of
electrode 1is shown in Figure 4. The upper cutoff pressure is 140 Torr,
! and the lower one is 5 Torr. As compared to other metallic electrodes,
. the lower limit is very low. (The lower unit for metallic electrodes
is around 20 Torr). It was experimentally found that the laser energy
output using graphite electrodes at 90 Torr is equivalent to that with
[ aluminum electrodes at 120 Torr. Furthermore, the unifcrmity of the
- discharge and the efficiency are superior to those of metallic electrodes.
This indicates that resistive electrodes can produce a larger number

of high energy electrons to ionize SF¢ than metal electrodes. It

o should have a bright future in eliminating arc light and producing a

uniform glow discharge.
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Electrode Shape: It is very important to design an electrode with

a uniform electric field across the surface because such electrodes

are capable of producing a large volume of discharge in a transversely
excited HF chemical laser to raise the ionization efficiency of SF¢

and to improve the conversion efficiency. They will directly influence
the energy output and quality of the laser.

Figure 5

We designed four types of electrodes (see Figure 5). (I) is a
pointed electrode and Rl is a small arc in the middle. It is easy
to fabricate and discharges uniformly. However, the energy output

is small because the discharge cross section is small.
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TABLE 5. Comparison of Experimental Results with Four Types of

Electrodes
v 5% 4 4 B_9 0
-eatin ub Cadh QR RERE RS Daf AL mis:
Clydf U@ o 16 %6 s 0.477 5.185 © 6 1,683 6.80
(DER2E’ id*f 5 20x8 90 0.698 . 8.019 - 6 2,462 4.0
(l)#aﬁi& B s 08 so 0.73% 8174 T B 12505 6.13

(BIAFREH p@d 1 . 20x18 60 0.621  §.747 6 2.189 2,42

19 HF LA MEBTHKE Py =1205EPsru/Pus= /1. V2 = 30kV

Key: 1--Electrode surface shape; 2--material; 3--width of flat
region; 4--discharge cross section; 5--pulse width; 6--output
energy; 7--power; 8--directivity; 9-~-efficiency; l0--energy
density; 11--(I) pointed electrode; 12--brass; (13)--(II) Chang's
electrode; 1l4~-~brass; 15--(III) Schematic electrode; 16--Aluminum;
l7--large flat ele ctrode; 18--brass; 19--operating condition of

HF laser:- Ptotai= 120 Torr, PSF6/Ph2 = 4/1, Vprimary = 30 kV.

S~
3]
s

|

(II) is the well known Chang's electrode [2]. The electric
field between electrodes is very uniform. Its smoothness and
closeness are also superior to other types of electrodes. The gap
is a key parameter for this type of electrode. The shape varies with
the gap. (III) was designed schematically from experience. The
flat area in the middle is smoothed out from two radii of curvature R.
It is easy to design and fabricate. Experimental results showed that
the results were very good. (IV) is a large flat electrode. The
width of the flat area of the electrode is expanded to increase the
discharge volume. However, this causes a great deal ofdifficulty in
the uniformity of the discharge. From Table 1, one can see that
the schematic electrode and Chang's electrode are better than the
pointed electrode and the large flat electrode. Although it is easy
to discharge through pointed electrodes, yet the discharge cross
section is very small and the energy output is very low. The discharge
cross section of the large flat electrode is the highest. But, the
uniformity of the discharge is poor. There are more arcs and the

enerqgy density is very low. It should also be pointed out that the
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directivity and pulse width of the laser beam are not related to the iﬁ
choice of electrode. The former is determined by the cavity
shape, while the latter is determined by pressure because pressure is . '

the primary factor affecting the relaxation rate. g

IV. Experimental Results and Analysis

Using the schematic aluminum electrode as an example, the
dependence of the laser energy output on the composition of the
gas mixture is shown in Figure 6. The maximum r value is 5. The
fact that the energy output decreases at a nonoptimal r value may be L

attributed to the reason that the amount of HF produced through the

fast reaction (1) by H, is insufficient at high r values. When the j
total pressure remains unchanged, any increase in the SF6 concentra- ;;
tion corresponds to a decrease in the H2 concentration. The decom- 'j
posed F aFoms capnot react completely with Hz based on Reaction (11). .

The input energy is consumed excessively in the ionization of ]

unnecessary SF, which leads to a decrease in the energy output. At

6 ,
low r values, however, the I' atom concentration decreases with de- '

creasing decomposition of SF6. This leads to an excess of H, molecules

to complete Reaction (1). 1In th's case, not only more H2 molecules :
are ionized to consume more l.uput energy, but also H2 is a good ]
deactivating agent to lower the energy output. Excess H2 molecules 11
can deactivate HF (v) via collision HF(v) + H,> HF (v=1) + H,. The :1

maximum energy 1s attained when the maximum amount of pure HF is

roduced in the laser pulsin eriod. ]
P

oY

Y

.
PIPTASEN

|-

[ 5 10 15 220 23

PTG TR Y STt

r-PﬂPn l.
]
Figqure 6. (Ptotal = 120 Torr, Vprimary = 32 kv, )
Voo .= 27 kV) g
preionlization .
Key: 1 -- ¢ = PSF6/ Py ;
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In order to avoid the "locking" area, the laser top should operate
in the |Af|>]Af,] region. The single crystal garnet film magneto-
optic phase modulator could be used as a bias element. This type
of device creates a phase shift, A¢, between two light beams
propagating in opposite directions based on the transverse Kerr

magneto-optic effect to achieve the frequency biasing effect,

i.e., (Ad,27)C
Afu,=
L (9)
Jr
‘ 3
L 2e
-0 &
o ‘? cw
v 4,
s S.
& Ene
N cew
1RU%
b X .
y - Ratw rak xegen
=1
Figure 7. Pitch freguency Figure 8. Schematic diagram of
Lf vs. angular speed 2 the optical path of the laser top.

l--reflective mirror; 2--gain tube;
3--magnetic lens; 4--output mirror;
A single crystal S--reflecive mirror; 6--reflective

(BiPrGAYDb) (TeAl)solz thin milrror; /—-seml-transparent mirror;

3 8--opto-electric receiver

film was prepared as a mag-

neto-optic phase modulator as a magnetic mirror freguency bilasing
element. It was used in a 60 cm long, 1.15 um wavelength laser
top. Its optical path is shown in Figure 8. When an external

dc field is present, the measured beat frequency of the laser

top is > 10 Kidz. When the external field is alternating at 50 HEz,
an alternating beat frequency was ob-served (see Figure 9). The
alternating magnetic field is 0 twice in gach cycle (0.02 sec),
which corresponds to the locking area of the beat freguency.

Using the magneto-optic modulator as a magnetic lens frequency
biasing device enables the top to stay away from the locking area.
It can operate in the linear region on the A(f-7 curve under the
frequency biasing effect. Consequently, the principle of a mag-

netic lens frequency biasing top was tested.

22
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magnetizing coil, the reversal of the magnetic strength in a
magneto-optic medium is realized by the displacement of the domain
wall. The displacement of the domain wall, however, is slow.
There is loss due to magnetic hysteresis. Therefore, this type

of magneto-optic modulation has a frequency upper limit [4].

In our experiment, the magneto-c,tic modulator described above
could operate in the 6 Hz-30 KHz range. At 1 KHz, the modulating
power is 20-200 mW.

The aforementioned magneto-optic modulator has already been

used in a Faraday rotation detector. The accuracy is +0.05°.

It can be used to measure the GF’ Tc and magnetic hysteresis

curve of a material [5]. It is also used in the model WZZ-1
polarimeter. As compared to the original ZF¢ glass modulator, the
modulating field is lower (<100 Oe), the volume is smaller
(<425x30mm), and the weight is less (<100g). Furthermore, there is
little thermal effect. The regquirements of low power consumption,

measurement accuracy and stability can be all met.

Magneto-optic phase modi ation

In a laser top, two light beams traveling in opposite
directions can be used to detect the rotation of an object. Two
light beams propagating toward opposite directions can resonate

at slightly different frequencies. This frequency difference is
1AQ

af=", (7)
where A 1s the area enclosed by the laser loop, L is the optical
pathof the laser loop, 2 1s the component of the rotation rate of
the object in the normal direction of the ring surface, and A

is the laser wavelength. However, when 0

is small, they can be
locked at the same frequency because of the weak back scattering
coupling of two light beams. Hence, the measured Af-0 curve

(see Figure 7) can be expressed as:

0 when 2-:Q¢
Af = 1A
EA\/W-QJMWnQ>Q; (8)
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meters through the magneto-optic modulator, the contents of the
broadcast could be clearly heard through the speaker; when the
modulating frecuency is 1 KHz, the modulation pattern is shown
in Figure 3. If it was modulated by the 50 Hz and 1KHz magneto-
optic modulators separately, then the pattern obtained is as the
one shown in Figure 4.

If B8 = 45°, then the modulation depth can be derived from
equation (5)

m =sin2ér
(6)

Figure 5 shows the maximum magneto-optical modulation depth and
the light absorbance of a h = 8.43 um modulator. The maximum
modulator depth is determined by the 0 wvalue of the material. /25
Furthermore, it is a function of wavelength. The thicker the
magneto-optic medium is (the same material), the larger the
modulation depth becomes. Light absorbance also varies signifi-
cantly with wavelength. The longér the wavelength is, then the
smaller the absorbance becomes. In the near infrared region

(A> 1.1 pm)a < 2 cm_l.

10

004
° b, Aq
R 430 15
L4 s
- - - 2hw Y 2lum
4 o' it
. 00} ©
. L s 1 L ! :
=11 =150 ={0) —‘wr 100 150 H,Oe
W0k <0 -
- [0p
i I I 1 0 -15
. 0 06 07 o%g wy .11 1.2 r
A, um -¢
Figure 5. Characteristic Figure 6.- Relation between
curve of the magneto-optic Faraday rotation $F and external
modulator magnetic field H

Figure 6 shows the relation between the static ¢F and the
external magnetic field H as measured on an X-Y recorder. When

a variable current at a certain frequency is sent into t =

20
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From equations (3) and (5), one can see that Im only varies
. with H. H, however, is proportional to the magnetization coil

. current i. Consequently, Im can be modulated by i.

Y.
& L

[ )

SAUNCE 3
Figure 1. Schematic diagram Figure 2. Optical path of
of a low frequency magneto- broadcasting
optic modulator l--laser; 2--polarizer; 3--
l--polarizer; 2--magneto- magnetization coil; 4--sound fre-
optic medium; 3--input quency signal; 5--analyzer;
modulating signal; 4--analyzer 6--magneto-optic medium; 7--

opto-electric converter; 8--
amplifier; 9--speaker

e L
4 .

Figure 3. 1lKH modulated Figure 4. Optical signal doubly
optical signal modulated at 1KHz and 50 Hz

Single crystal (BiTm)3(FeGa)5012 film was used as a magneto-
optic medium in fabricating a 15mm diameter aperature modulator
whose external dimensions (including magnetizing coil andé
polarizeré) are 25 cm in diameter and 30mm in length. It was
used in an optlcal path such as the one shown in Figure 2. r*‘he
output power of the laser was 2 mW and the wavelength is 6328 A.
A photomultiplier or silicon solar cell detector was used. If
the sound signal of a semi-conductor radio was used as the
modulating signal at the input of the magnetizing coil and the

optical information was allowed to be transmitted for over 20

Sl T el trl allaT et e eta .
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magneto-optic ratios are 2.90 and 4.05 deg/dB, respectively. The

major characteristics are shown in Table 1.

Magneto-optic modulation of light intensity

The light intensity can be modulated based on the principle
that the polarization plane might be rotated when a.polarized
light travels }hrough a magnetized magnetic medium. The structure
of a low frequency magneto-opEic modulator is shown in Figure 1.
The magneto-optic material was placed in a magnetization coil and

the coil was located between the polarizer and the analyzer.

If the anisotropy of the crystal is neglected, then the
saturated magnetic field required to magnetize the specimen is
Hs = N4aMs (1)
where N is thé'demagnetization factor which is determined by the
sample shape and magnetization direction. 1Its numerical value
is between 0-1. If the magneto-optic effect of the substrate is
neglected, then the Faraday rotation of magnetic saturation is
s = B¢2hcosy (2)
where v is the angle between the direction of magnetization and
the direction of light propagation, h is the thickness of a
single-sided film and 2h is a double-sided film. For unsaturated

specimens, the Faraday rotation is
__H
OF = Ngamorzheost (3)

where H is the external magnetic field. If the loss in the polar-
izer can be neglected, then according to Malus law, at the anal-
yzer the light intensity of a light beam whose initial intensity
is Io at the polarizer is

I=1,cos’8 (4)
2 is the angle between the polarization éxis of polarizer and
that of the analyzer. If a magneto-optic modulator is added
between the two polarizers, then the light intensity passing
through the analyzer is

L. = Le“*tcos¥(B + &) (5)

by neglecting the substrate loss and the reflection and inter-

ference of the magneto-optic medium.
18
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sity modulator operating in the visible region (6328 A) [3]. 1In

%’j

Since LeGraw reported a magneto-optic garnet modulator in -;

1966, Domanski [1] studied it further in 1581. However, it was '-—1

) limited to using single crystal YiG(Y3Fe5012) in bulk at a>j.15um *j
Tien, et al., [2] reported the modulation of light with a single it

crystal garnet film. We used a Bi containing single crystal :?

garnet film as a magneto-optic medium to fabricate a light inten- r‘

"

this paper, the modulatfon of laser light intensity at 6328 i
with a magneto-optic (BiTm),;(FeGa)g0,, $ingle crystal film and
the magneto-optic phase modulation at 1.15 pum with single crystal
(BiPerYb)3(FeAl)50l2 film were reported.

TABLE 1. Performance characteristics of two magneto-optic
single crystal garnet £films

h o ¢, A=6328
M g | oive | moie | see | A
% 3 T 6 ' or l atem-h) 8r/a
% . wm | (Gs) c o) | 5 B |ftEn | cdegfem | (den/dB)
N e e e - e———— am - - . »
. ! “T.
u_fgf;"())’ 7.38 150 ) M5 | mARE | 2.%0 ’ 8130 J 649 2.90
$V1s
o I I L
(BiPIGdYb), I X ! [
.06 200 185 FRE | 2.0 9320 529 4.05
(FeAD,O,, | ° | RALLS | !

l--type; 2--characteristics; 3~-film thickness h (um); 4--Curie
temperature T _ (°C); S5--magnetization direction; 6--index of
refraction n; 7--perpendicular to the film; 8--parallel to the
film

Magneto-optic single crystal garnet films

The Bi-doped magneto-optic single crystal garnet film is a

new class of optical information material. It has a high Faraday

W W W wTw e —— v —
T T T TR

rotation ratio QF’ an appropriate light absorbance o, a large

magneto-optic ratio QF/a and an adjustable saturated magnetization.

Therefore, it can be used in magneto-optic modulators, magneto-

optic insulators, laser tops, high voltage current detectors,

magneto-optic storage devices, magneto-optic wave guides, graphic

displays, magneto-optic deflectors and magneto-optic bubble

devices. We used an isothermal liquid phase epitaxy method to /24

grow (BiTm)3(FeGa)3012 and (BiPerYb)3(FeAl)5012

single crystal films on a (1ll1) Gd3Ga5012 substrate. The
17
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of different diameters as the discharge tube. The radial end of
the capillary was used as the output end. In this case, whether
the output end is spherical or flat has little effect on the
diameter of the light beam, especially in a long cavity with a

large radius of curvature.

The coherent length can be measured by the simple Michaelson
interferometry. Because of the single mode output, the coherent
length has to be long. Because we are limited in our laboratory,
it does not make any sense to perform this experiment when we can
only measure a light path difference of a few meters. This
laser was used to photograph a 1 m2 machine tool. It only took
3 seconds for exposure. The hologram was clear , which is -
evidence supporting that the coherent length was extended (see Figure
3). Usually hqlographic photography does not require an excessively
long coherent length. If a 37 mm thick etalon is used, the laser
beam includes three longitudinal modes. Its coherent length is

more than 2 meters, which is adequate 1in préctical applications.

References
£1).L.G . Desbayer Appl.Opt, 6 ,431C1967), /27
r23. M.Hercher, Appl.Opt, 8, 1103(1969)

Modulation of laser beams by magneto-optic garnet /23

single crystal films

Liu Xianglin, Ruan Yuanji, Feng Jingzhang and Wang Hangxiang
(shanghai Institute of Metallurgy, Academia Sinica)

ABSTRACT

Experimental results of laser light intensity modulation at
o
6328 A with single crystal magneto-optic (BiTm)3 (FeGa)SO12 film
modulator and magneto-optic phase modulation at 1.15 um with

single crystal (BiPerYb)B(FeAl)SOl film magnetic mirror bias

2
device were reported.
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mode output can only be obtained at a specific position. After
the laser began to lase, mode jumping occurred every dozens of
seconds initially. Then, it gradually lengthened. After

nearly 1 hour of warmup, the mode -jumping time was extended to

FE N S
et
owl e

Vv

above 5 minutes. Initially, the mode jumped sequentiallyAuntil

it was completely shifted outside the envelope of the gain curve
and the power approached zero. After warming up for a considerable
period of time, mode jumping might still occur. However, it did
not move in one direction as before. This was caused by thermal
instability. Because the mode jumping time is much longer

than the holographic exposure time, this device is suitable for
holographic applications. It is simple and economic and does not

need any additional feedback servo-system for stabilization.

a Figure 2. The Single Mode Figure 3. A Hologram Taken
. Obtained with a 51.3 mm with a Single Mode Laser.
Thick Etalon.

- Reference [2] reported that the loss could be minimized by

placing the etalon at the end where the light beam diameter was

el

larger and used it as the output lens. It is usually a spherical

i e e

end. In this case, the maximum single mode power output can be

obtained. However, we did not observe this phenomenon in our

r ‘4",",.'.-'.

L —

experiment. This might be because we used two connected capillaries

15
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SN TABLE 2. Laser Power Output and Longitudinal Modes after

N Inserting Etalons with Various Reflectivity.
P | RERMEN L BEDEaW 3 SN
o ‘ 39 roos
- 13 22 |14
17 21 .13
26 0] Coon
7] 3 A

y- 2 RPHHOEXRINERIFRA \

o Key: 1--Surface reflectivity; 2--Power output; 3--Longitudinal
»_ mode number.; 4-- Al0 mm thick glass etalon was used for all
- cases in the table.

refraction. The reflectivity of the surface is somewhat directly
related to its fineness. It is possible to reduce multi-mode
o resonance by increasing the fineness. 1In this case, the etalon
- loss is primarily due to transmission loss at the surface. It

e« wWas demonstrated experimentally that the laser beam could be

totally consumed by the insertion of a etalon into a low gain

) B He-Ne laser. Therefore, it is not advisable to obtain a single
jﬂf mode resonance by using a thin etalon with a surface reflective
coating. This mode selection is created by the coherence among all
the lenses in Figure 1. It is different from the mode selection

with an uncoated etalon as described above.

FPigure 2 shows the single longitudinal mode laser line after
.‘ . a 51.3 mm quartz etalon was inserted in the cavity. Almost

2 all the power is concentrated in the single line. The gain curve
appeared to be broadened uniformly. )

Q: When the etalon is perpendicular to the optical axis, the
) maximum power output cannot be obtained. 1In this case, two modes
may appear simultaneously. Therefore, the etalon must be tilted

slightly with respect to the optical axis. The maximum single

14
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Figure 1. Experimental Apparatus of the Selective
Mode Laser.

We used quartz and glass etalons with various thicknesses
and surface reflectivity to stgdy‘theeffect on the power
output and the mode. Table 1 shows the experimental results in
terms of etalon thickness versus power and longitudinal mode
number. One can see that a 64 mW single mode output was ob-
tained from a 80 mW multiple mode laser when a quartz etalon was
used. The power loss is only 20%. If a glass etalon is used, .
the loss is 80%. The single pass gain of the He-Ne laser is
low. It falls on the transmission peak of the F-P loss peak.
This is primarily attributed to scattering. Therefore, it is
necessary to choose quartz as the etalon material because its
;cattering loss is low. In addition, when the parallelism of the
etalon is increased from 1" to 2", the output power will be
reduced by another 13%.

.

TABLE 1. Laser Power Output and Longitudinal Modes /26
after Inserting Etalons of Various Thickness

| FARNEan | HE SEHEaW oSk

R 2 g 80 1 e
51.3 FE% 64 1
49.5 TEm| 18 o
37.0 pEAA ] 16 s
. 2¢.0 axE! 18 oo
10.0 lgm| W

Key: 1-~Etalon thickness mm;
4--longitudinal mode number;
10--glass.

8--glass; 9--glass;

2--material;
5--~ none;

3--power output mW;

6--quartz; 7--glass;

Table 2 shows the power output and longifudinal modes

obtained with the glass etalons of the same thickness (10 mm).

The surface was ccated with a thin film of different index of
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SINGLE MODE HIGH POWER He-Ne LASER

~
N
Ut

Wang Chunyao, Xin Zhenhua and Lin Tao

(Shanghai Institute of Laser Technology)

ABSTRACT

A single logitudinal mode He-Ne was developed
by using a tilted etalon inside the resonator, result-
ing in 64 mW of single mode power output from a 80 mW
B Model 2000 A laser.

As a He-Ne laser for holographic applications, it is
desirable to have a high power output and long coherent length.
However, these two requirements are contradictory. Due to the
interference of axial modes in the laser beam, the effective
coherent length of a high power commercial laser is very short.

It is less than 20 cm for a 2 m long cavity laser. 1In the past,
there were many attempts to reduce or limit the modes [l1]. Although
they are effective in reducing multi-mode operation, however, the
power output is very low. To insert an F-P etalon into the

cavity is a simple and effective method to limit multiple modes

and to lengthen the coherent length [2]. The relation between

its periodic bandpass and the gain of the laser medium only allows

one or several resonance modeswith reasonably high power output.

This experiment was performed using a Model 2000 A laser

as shown in Figure 1. 1In order to install a fine angular adjust-
X ment device for the etalon, the discharge tube was shortened by
%E 20 cm. The actual discharge length is 1.8 m. The laser beam, after

passing through a scanning interferometer at better than 250 in
fine constant, was absorbed by a photodiode. The signal was
amplified and transmitted to a Model PM 3310 oscilloscope and
plotted by a Model 601 X-Y recorder. The laser power was measured

by a Model JK-1 power meter.
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be maintained at more than 90% of the initial wvalue.
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Figure 8 shows the dependence of energy output on the main dis-

charge voltage. -One can see that the laser energy is linear with
respect to the input voltage. At a fixed pressure, an increase in
discharge voltage can in fact propoftionally increase the number

of high energy electrons to dissociate SFg. Furthermore, it was

also experimentally proven that the increase in the energy output with
the input voltage is more gradual at a lower pressure (sﬁch as

60 Torr) as compared to a higher pressure (such as 120 Torr). This
relative insensitivity at low total pressures is because the number

of high energy electrons capable of dissociating Spg increases for
less at low pressures as compared to that at high pressures with
increasing input voltage. Again, it was proven that the laser out-
put depends on the number of SF6 molecules to be dissociated into F
atoms and the number of electrons with sufficiently high ionization
energies. However, the discharge voltage cannot be raised unlimitedly.

Otherwise, it may lead to a capacitive breakdown.

Figure 9.

The discharge characteristics of HF chemical lasers have an
important effect on the energy output, quality and stability of the
device. Figure 9 shows the superposition of 5 laser waveforms. This
indicates that the laser beam is relatively uniform. The stability

ﬁ?[- and reproducibility of the device have reached a certain standard.

Eﬁ% When the total pressure is 120 Torr, r = 7 and primary discharge

2}? voltage is 34 kV, the maximum energy of the pulse can reach above 1
5;" joule. The efficiency is 3.2%. The device can operate once every

o 2 minutes under static conditions. The energy of the 100th pulse can
b
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Figure 8. (Ptotal = 120 Torr,

27 kv, r = 5)

v . . .
prelonization

At the optimal composition ratio r = 5, the relation between
the laser energy output and the total pressure is shown in Figure 7.
Corresponding to a primary discharge voltage, there is an optimal
total pressure. For aluminum electrodes, V/P was estimated to be
270 V/Torr. Therefore, at the optimal ratio (r=5) and a fixed
voltage (37.5 kV) the laser energy increases with increasing pressure
to finally reach saturation. Because there are not enough SF6 molecules
to be dissociated and not enough electrons with sufficient energy to
dissociate SF¢, the gas density (although very low) has some effect
on the collision probability at the optimal total pressure of 120 Torr.
Since the free path of electrons is long, there are more electrons
with high ionization energies. Conversely, the output energy decreases
with increésing pressure at one optimum pressure. This is because the
molecular density is increased at high pressures. The probability
of collision increases and the free path of electron is reduced. When
the main discharge voltage remains unchanged, the number of high /s
energy electrons capable of dissociating Srg is decreased, leading
to the further decrease of the energy output.
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Figure 9. Beat frequency *

signal under alternating
magnetic field
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Kinetic studies of Ar,F in fast transverse discharge /27
excited Ite-Ar-F, mixtures

Gu ‘zZhiyu and Wang Shaoying
(Anhui Institute of Optics and Fine Mechanics, Academia Sinica)

D. Proch, F. Rebentrost, H. Webe and K. L. Kompa

(Max—°lanck Institut fuer Quantenoptik, D-8046 Garchlng, 9
Fed. Rep. Germany)

ABSTRACT «

* *
Various fluorescence observations on ArF and ArzF were made

1 gy

through the fast transverse discharge excited He-Ar-F, gas mix- p
ture. Time-resolved and time-integrated spectra were obtained.

*
The spontaneous radiation lifetime of Ar,F and the quenching

Y ok T

5 with respect to ArzF* were measured.
*

Finally, the formation kinetics of Ar,F by electric discharge

rate constant of F

was suggested and analyzed.

LR

Velazco and Selsz=r first observed the radiation of excited
rare gas-halogen quasi-molecules from the strongly bound
excited state to the repulsive ground state. Soon afterward,
they reported the detail spectra, structure analysis and potential ‘
curve calculation. 1In investigating thir type of diatonic
quasi-molecules, a new type of rare gas-halogen excited quasi-
molecules, the triatomic molecules, was discovered. The conti-
nuous radiation band of this triatomic quasi-molecule is consi- )
dered to be transition between the ionically bound excited state n
to the covalently repulsive state. 1In the latter case, it o

dissociates into ground state atoms.

The triatomic quasi-molecule ArzF* @as a continuously ‘ -
radiating band centered at around 290 nm. Hence, it may be
developed into a tunable ultraviolet laser. The kinetics of =
ArzF* in gas mixtures of Ar-F2 and Ar—NF3 was studied by Nakano ' )
Lorents, Marowsky, et al., using electron excitation, and by
Chen using proton excitation. To date, there is no correspond-

ing data obtained directly by electric discharge.

- ’- - .'. .‘. ... -'l ." -. 1
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There are two areas worthwhile for our attention in dis-
charge excitation. (1) Low energy electrons have a larger
exgitation cross-section. The pumping efficiency is high.

(2) The pulse repetition rate is high which makes high mean
laser power possible. It is very important to the feasibility
of a direct charge pumped ArzF*laser that the kinetics of the

discharge process is understood.

Our work on kinetics of the He]ArlF2 mixture in TEA discharge
is reported in this paper. The partial pressures of these three
gases were varied. Because the electron temperature is lower /28
at discharge as compared to electron beam excitation, a different
reaction kinetics was expected. On the basis of experimental
observations, various routes for ArzF* formation were suggested.
In addition, the radiation lifetime of this compound and its F2

guenching raté.constant were also reported.

Experimental apparatus

The experimental apparatus is shown in Figure 1. The TEA
fast discharge device was referred in a separate paper. The
primary capacitor (200 nF) was charged to 36 kV. It charged a
series of 40 nF pre-ionization capacitors by resonance to produce
the fast discharge. The pumping power density was estimated to
be 30 Mw/cm3. The gas mixture was premixed in the circulating
system before entering the discharge chamber. Partial pressures

and total pressure were measured by pressure gauges.

= .

C;) The ranges of pressure are:

TERTEY F,: 0.05-6 mPa, He: 50-3800 mPa
and Ar: '50-2500 mPa. The par-

tial pressure ratio, He to Ar,

{,-;-.:u l-— \;:2 ranged from 60: 1 to 1l:2. The

total pressure was € 1000 mPa.

Figure 1. Experimental

apparatus. , L
l-—filter--2--filter; An ultraviolet sensitive
3-~discharge device; 4-- OMA system (B+M Spektronik,

spectrophotometer 25
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* *
spectra for ArF and ArzF were measured with a fast photodiode

(Hamamatsu R617 S-5) connected to a dual beam oscilloscope.

* %*
Thus, two filters could separate ArF (193 nm) from Ar,F (290 nm).

*
Formation of Arzg

Before giving the results of this work, it seems to be
necessary to list all the major possible processes to form
excited materials in the HelAr[F2 mixture to build up a basis

for explaining these results.

Excited or ionized Ar atoms are created by direct electron
* *
collision or through collision with He or He, :

He® + Ar-»Ar® + He (1)
He,® + Ar—+Ar? + 2He (2)
He* + Ar—+He + Ar> + ¢ (3)
He,* + Ar—=2He + Ar* + e (4)

As compared to (2), (3) and (4), reaction (1) is a slow

process.

Through the following ternary reactions, excited and
innized Ar atoms can form dimers:
At* + Ar + He—=Ar,” + He
Ar® +2Ar  -+Ar," + Ar (5)
Ar® + Ar + He—Ar,® + He
Ar*+2Ar —Arn*+Ar

*
The formation of ArF 1is considered to be an ion-ion

recombination (M is any collision subject):

Ar,* +F- —-ArF* + Ar
Ar +F  + (M)-=ArF* 4 (M)

(6)
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model OSA500 with scintillators) was connected to a spectrophoto- !
meter to record the time-integrated spectra. The time-resolved b
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Or, it can be formed through the following reaction:

Ar* +F, —~ArF* + F (7)

Finally, these excited or ionized dJdimers are participating
in the following reactions toformthe triatomic quasi-molecule

N .ms A A a -

*
Ar2F
k
ArF® + Ar+ Ar<Ar,F® + Ar (8)
k :
AtF® + Ar + He—~Ar,F* + He (9) )
k !
Ar,* +F, —ArF*+F (10) j
k 1
Ar* +F- + (M)—=ArF* + (M) (11) !
A
4

Figure 2 intuitively expresses the formation mechanisms of

* *
ArF and Ar2F through reactions (5)-(8). ’

*
The rate equation for the kinetic formation of Ar,F is /29

PO S U

—d‘%—[mf'] = k,[ATF*J[Ar]® + k,[ATF*] ‘
[Ar](He] +k,[Ar,*1[F,]
+k (F"I[Ar,*J{M] (12)

[ArF*]
- T

"y

“
1
o
<
<
4

*
T is the effective attenuation coefficient of Ar2F
-t =133, + k[F;] +k,[Ar] +k,[He]
+k,[Ar]? + k,[He]® + k [Ar](He] (13)

*
Tho0 is the radiation lifetime of ArzF and Ki is the gquenching

*
rate constant of ArZF by the particle in the parenthesis.

Results and analysis

From the fluorescence time resolution measurements of ArF

*
and Ar2F , one can see that (from Figure 3):

*
(1) After the ArF radiation peaked and declined to a
*
smaller value, the Ar2F radiation rose to its maximum. This
* *
supports the concept that ArF is the precursor of ArZF which

is in agreement with- the viewpoint of Marowsky, e+ al.
27
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Figure 2. Formation mech- Figure 3. Time-resolved spectra
anisms of ArF* and Ar:F* in of ArF* and Ar,F*
electrically discharged gas l--fluorescence intensity |Ar,F*
mixture of He-Ar-F; relative scale);

. 2-~fluorescence intensity |ArF*
(relative scale); 3--time t (ns)

W T T (2) The ArzF* waveform is the super -
I ’ position of two processes whose
2k Par 22000 mbar i
i Pue #2500 mbar peaks appeared at different times.
is- Pro®  Gmoer Its attenuation is also not a
} X simple exponential decay process.
E J One can deduce that this triatomic
: [ )} quasi-molecule has more than one
000 Teoo 1200 1600 2000 precursor. The fast and slow
O . wut {ns]

decay rates reflect two formation
Figure 4. Time-resolved siagnal
measured with varying gas para-
meters: growth of second Ar,I'’* scale. From the waveform, one
component is the major component
of the entire waveform. *
1--fluorescence intensity !Ar,F* process is related to ArzF . The slow
relative scale); 2--time t (ns)

mechanisms of different time

knows that the fast formation

process must be slower thanthe radiation
lifetime of Arp F*. Otherwise, the second peak would not be separated. There

!L; must be a slow energy transfer process and ion-ion recambination.

v

e

If the Ar pressure rises from 800 mPa (Figure 3) to 2000 mPa

.l
o' -

(Figure 4), its contribution to the formation process may vary
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significantly. The second component of ArzF* radiation began to
appear at 800 mPa of Ar pressure. It grew and became the major
portion of the entire waveform. In the meantime, the second

- peak was further lagging behind the first peak. From Figure 4, /29

the exponential decay coefficient of the second peak is 500 ns.

In the two above figures, the effect of the pressure on the
fluorescent signal is secondary. This is because such changes

are not important for reactions (1)-(4).

Increasing the density of Ar atoms favors the binary reaction
(5). In view of the fact that the electron temperature is lower,
ionic reactions are not important. Increasing Arz*, however, can
significantly increase the contribution of reaction (10). BRased
on the above reason, the effect of reaction (11) is not important.
Compared to thé data obtained by electron excitation (transverse
and longitudinal), the second peak did not appear in the fluores-
cence intensity measurement. Because of the high electron energy,
ionic reactions (E) and (6) are primary. The formation of ArzF*
will take the ArF route (equations (8) and (9)).

A second peak was observed by coaxial electron excitation
at higher Ar pressures than those used in this experiment
because electrons were entering an oscillating potential field
in the tubular anode filled with the lasing gas. The electron
energy was rapidly lost through multiple collisions. Consequently,
the coaxial electron temperature is much lower than that in the
transverse direction. This explains the comparison between

coaxial excitation and TEA discharge.

5 The ArzF* radiation showed an apparent peak when the F,

: pressure varied. Then, it began to decay (see Figure 5). From
; the decay rates of Ar F* at various F2 pressures, the gquenching
[ rate constant of Ar,F by F, could be derived to be k5 = 1.83 x
p lO-10 cm3 sec-'l (equation (13)). These data were measured under

sufficient Ar pressures so that the second decay component could

be suppressed. We assumed that the slow reaction produced very

29
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little product and could be neglected under experimental condi-
*

tions. The guenching rates of the binary collision of two Ar,F

molecules by Ar and He are k, = 2.2 x 107 en? sec”! ana ko =

0.5 x 10'-14 cm3 sec_l, respectively. The spontaneous radiation
*
lifetime of Ar2F is Togg = 236 ns from the Stern-Volmer plot

based on these data.

The quenching of Ar by collision is a secondary loss mechan-
ism considering the wvalue of k6. In view of reacEions (8) and (9),
increasing Ar pressure could attain*a higher ArzF radiation
intensity by not decreasing the ArF output. This concept coulf

. *
be proved by comparing the intensity variation of ArF and Ar,F

30— ) —
251[‘- /.\. P, = 100 mbar
-

|

Pue: 2500mbar |
\. 19) . - v - —

e
.
- [’\. Pe,: 05 mbar
\'

\\ P t 2500mbar ]

10? S~ 4

~N
o

wn
i

2aup IA”F' taxen)
o
L 4
l. exon [KETTTES
S
3 »
4
k)
o
L "

wn
T

\. ! o
/ ]
I 1 1 L of . — ! A i N
0 1 2 3 4 o <00 800 1200 1600
Pg. {mbar) P, tmbar)
Figure 5. Ar:F* fluorescence Figure 6. Radiation intensities
radiation vs. F, pressure. of ArF* and Ar,F* with Ar
l--fluorescence intensity |Ar,F* pressure.
(relative unit) 1--fluorescence intensity|
(relative unit)

Conclusions

Excited quasi-molecules such as ArFﬁ and ArzF* were formed
in He-Ar-Fe mixtures by TEA discharge. The formation of ArzF
is primarily through two kinetic mechanisms which are quite
different in speed. The fast formation process is from the
ternary reactions (8) and (9) involving ArF*. The slow process
includes the ternary reaction (5) involving Ar and the binary
reaction (10) involving Arz*, as well as other intermediate
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steps. The relative contribution of these two sources can be
controlled by the pressure ratios of the rare gases. These gas
parameters can control the relative intensity at 193 nm and 290
nm. Information on the slow reaction should be obtained from
timi—resolved measurement of the vacuum ultraviolet radiation of
Ar2 . '

In this work, we attempted to estimate the prospect of
electrically pumped ArzF* lasers. The optimal parameters for
this triatomic quasi-molecular fluorescent radiation can be
measured. However, the loss process hindering the establishment
of lasing is not yet clexr to us. Because the formation mech-
anism is extremely complex, the absorption characteristics of
many transient species are not yet known. For this reason, we
hope to measure the transient absorption at 290 nm. The gquench-

- * -
ing of Ar,F by electrons should also be taken into account.

Experimental study on mixing GLCL with a screen nozzle

Yu Gang, Zhao Jianrong, Fang Zhijia and Wu Chengkang
(Institute of Mechanics, Academia Sinica)

ABSTRACT

A small electric arc heater was used to study a CO,-N,
supersonic GDL with a screen nozzle. A 3 mt signal gain was
obtained. Static and vibrational temperatures, as well as the
maximum available energy, were determined. The specific power

measured was 11 joules/g.

The study of modern high energy lasérs is always closely
related to non-equilibrium flow and fast mixing. In the devel-
opment of aerodynamic lasers, a mixing gas dynamic laser not
only has an efficiency much higher than that of a conventional

gas dynamic laser, but also is a goodexperimentéldevice to

/31

study various types of flow lasers. In a mixing gas dynamic laser,
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with highly excited N, molecules. Thus, the limit that the N, -

N2 is heated alone. C02 and H20 are injected into the stream

from the low temperature, low pressure area downstream and mixed

2
CO, gas mixture cannot exceed at the dissociation temperature of

co, (2300°X) in a conventional gas dynamic laser can be overcomne.
The useful vibrational energy ratio is significantly improved.

In addition, the expansion of pure N, can attain a higher freeze

2
effect to fully utilize the potential of a gas dynamic laser.

We built a 10 kg/sec flow rate, 33 kW power output combustion
CO2 laser. A screen nozzle mixing gas dynamic laser has already
been put in operation. This paper describes its small signal
gain, infrared radiation and power output of this device as well
as static temperature, vibration temperature and maximum avail-

able energy calculated from the spectral distribution.

Experimental apparatus

Figure 1 is a sketch of the experimental apparatus. It was
composed of an electric arc heater, mixing chamber, screen
nozzle, optical cavity, pressure expander, heat exchanger,

vacuum system and control systemn.

N, was heated by the electric arc heater. It was then
expanded in the supersonic nozzle and mixed with C02/H20. The
vibrational energy of N, molecules is transferred to CO2 mole-

cules, creating a population inversion in the laser cavity.

The electric arc heater was fabricated with a cerium-
tungsten cathode and a copper ring anode. The power supply was
a 200 kW adjustable silicon rectifier, providing power in the
range of V = 300-400 V and I = 100-400 A. It met the temperature
stagnation requirement. The screen nozzle was made of a block
of zirconium. The nozzle area was 132 x 20 mmz. The block was
filled with gas and cooling water channels (see Figure 2).

There are 114 N, injection holes and 57 CO,-HZO injection holes.
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Figure 2. Photograph of the
SCreen nozzle

Figure 1. Experimental The N2 throat diameter is 0.5 mm

apparatus and the angle is 10.5°. The outlet
l--power supply; 2--cooling
water; 3--electric arc
heater; 4--insulator; 5-- ary correction). The corresponding
mixing chamber; 6--cooling . .
water; 7--(illegible); 8-- Mach number is 6. The throat height
scattering; 9--(illegible}; of the C02/H20 injection hole is
10--coo0li .g water; 1l-- .
nozzle; 12--infrared imaging 0.5 mm and the Mach number is 4.
device; 13--CO, laser; 1l4--
attenuator; l5=-expander

diameter is 4.5 mm (including bound-

The cross-section area of the
optical cavity is 132 x 20 mm2 and
the length is 300 mm. Boundary corrections were made at the top
and bottom wall. At 30, 90, 144, 96 and 350 mm away from the
nozzle outlet, small signal gains were measured. The flow field
was obkserved through a 30 x 70 mm2 window. Another set of
cavity heads was used for power output measurements. In order
to operate for a long period of time, all hot components are

actively water cooled.

Gain measurements

As shown in Figure 1, the monitoring light beam was provided
by a CO2

intensity to 400 mW. The window material was potassium chloride.

laser. An attenuator was used to lower the output

A thermister was used to measure the variation of the light
intensity in the optical cavity to determine the gain coefficient.
Figure 3 shows the distribution of small signal gain as a func-

tion of the distance from the nozzle outlet. A normalized

33
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Figure 3. Distribution of Figure 4. Comparison oi small :
small signal gain along the signal gains in this work to K
axis of the nozzle. those in reference [8]. ;
m--mass flow raté, X--gram l1--this work; 2--reference [8]

moleculgr number, TcN--

stagnation temperature.

Subscr%pts N, H and C distance x/h was used as the horizon-
represent NZ’ H20 and COZ' tal coordinate where x is the distance
away from the outlet of the nozzle and h is 4 mm. The data shown
in the figure is the average of several measurements. One can

see that the small signal gain increases with increasing CO2

flow rate and increasing distance from the nozzle outlet. The

peak began to appear at a far away position (approximately 20

cm from the nozzle outlet). When the gram molecule of CO2

reaches 0.40, the maximum 3/m was found. When the C02 gram mole- 2
cule number reached 0.46, the gain peak shifted towards the nozzle
outlet. The higher the CO2 flow rate is, the faster the gain

drops off from its peak. The reason probably is that the super-
sonic CO2 molecule travels so fast that it collides with enough
number of N2 molecules only after traveling through a relatively
long path. Consequently, it has the most vibrational energy
possible. In addition, mixing excites CO2 molecules. However,

it also causes losses. When the CO2 flow is relatively small

with respect to that of N2, the flow pattern of N2 will not be
perturbed. Hence, the flow field in the cavity is basically
controlled by the flow of Nz. However, as the flow of CO2 reaches
the same order of magnitude as that of N2 or higher, this per-

turbation is considerable. But, co, anc N, can be thoroughly

mixed more rapidly. The peak will shift toward upstream.
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Moreover, the final measurement was made at 50 mm away from the :J
pressure expander. As the total mixture flow increases, plugging =
may occur. Therefore, the shock wave from the inlet of the

pressure expander may re-enter the optical cavity, leading to

rising static temperature and decreasing gain.

Figure 4 compares the experimental results of sonic injection
in reference [l1] to those in this work. Besides different C02
and catalyst injection speeds, other conditions are basically the
same. The gain drops rapidly at sonic injection when He is
absent. Supersonic injection was able to maintain a high gain
over a considerably long range of distance. This is probably /33

because of the high CO, nozzleoutlet pressure which induces a strong

included shock wave. ﬁoreover, it creates a relatively larger
momentum loss. These effects will deteriorate the flow character-
istics; leadihg to rising static temperature and cdecreasing gain.
However, comparing to experimental data with He, the two are in
gool agreement. One can see that supersonic injection can lower
the static temperature, at least to some extent. Figure 5 is a
comparison of our data to that in reference [2]. The experimental
conditions in both cases are almost identical. At the nozzle
outlet, our data is lower. Considering the fact that the pressure
used in reference [2] is slightly higher, it seems that higher
mixture pressure may be favorable for improving the mixing

process at the same flow rate.

N, [0, [H,0

0.89/0.10/0.01
Toem = 2000K I

1
s oizne
' ts)
°
25 LA 50 75
Figure 5. Comparison of Figure 6. Radiation of
small signal gains in this excited CO, molecules in the
work to those in reference optical cavity
(3]
l--this work; 2--ret. [2]
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Display of the radiation field

~ An infrared imaging device (developed by the Huazhong E
Institute of Engineering) was used to observe the radiation field j
of excited CO, molecules. Infrared radiation in the range of ]
8-14 um could be displayed in different colors on the screen on -#
a real-time, real-site basis. Furthermore, it can be recorded

on magnetic tape. However, only gualitative results were obtained

due to limitations in experimental conditions.

Figure 6 is a photograph of the radiation field of excited
co, molecules in the optical cavity (originally in color). The
gas flows from left to right. The radiation intensity also
becomes higher along this direction at 40 to 110 mm from the
nozzle outlet. In the 80 to 110 mm range, the radiation was
clearly more intense, which is in agreement with the gain measure-

ments.

Determination of static and mean dynamic temperatures

Figure 7 shows the P branch small signal gain cross-section
at 90 and 196 mm away from the nozzle outlet. The N2 flow rate
was 20 g/sec, the stagnation temperature was 2000 °X at 10 atm.
Because the static pressure was around 10 torr, the line sha, :
was corrected for Doppler effect. The line shape factor at the

center of the gain curve is [3]

v
g(vy) = 2 (}n2> e[ —erf(x)] (1)

Jvn h

where }'ICP X = Avey ’iné/A\'n.Crf(X) = \/2* Lc"dx, (A)
. :

Ave and Avo are collision broadening and Doppler broadening,
respectively. After neglecting the second order terms, the gain
coefficient expression becomes:

2 A M2i+ Dexpl - ji+ DB/T] (2)

G" TJ[:
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TABLE 1. Photoluminescent peaks of undoped and Zn-doped
quarternary materials from the same liquid phase composition
Xle= (x}=0.0069,
0.0550, XkLa=0.0174)

] BE YRt ask TG

®S (um) (um)

“\. X% Zn UDS-07 1.51

¢ (ARERFRIE~ - <

2)‘10,,/&":) LMS-91 1.50
LMS-02 1,51 1,51

LMS-09

LMS-10 1,50

3, % 2Zn LQ-27 1.54
(p~3x10¥/c,c) LQ-2% 1.51 1.54

DS-14 1.53

l--undoped (background electron concentration —2xlOl7/c.c.);
2--Zn-doped (p-5x10'7/c.c.); 3--sample number; 4--photo-
luminescence peak wavelength (um); 5--mean value (um)

TABLE 2. Electroluminescence and lasing wavelengths of a
typical 1.55 um laser at room temperature.

laz v I FArINE S S HE N P
U0 um © (um) e
Lii-&ao © 154 1,56 5 Akrbh&y
LQ-035 1.54 1.56 ¢ &y
LQ-047 1.56 1.56 7 BeX§
LQ-o048 1.55 1,55 3 €8 2N

l--number; 2--electroluminescence peak wavelength; 3--lasing
wavelength; 4--remarks; 5--pulse laser; G-~-pulse laser;
7--pulse laser; 8--room temperature continuous working laser

the quarternary layer with respect to the InP layer. Figures
3 and 4 respectively show the lattice mismatch of the active

layer and the re-dissolution resistant layer as a function of

the number of As atoms. From these curves, the "zero mismatch"

active layer composition was determined to be X!,=0.0174, and

X1, =0.0330s The liquid composition of the re-dissolution resistant

layer is X{,=0.0072, and X}s=0.0406. | Table 3 1jgtg the
experimental data points of lattice mismatch with As atom

numbers. From this table, we know that the absolute lattice

mismatch value is within 0.032 when a "zero mismatch" composition
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3. Several problems in liquid phase g
A 1%T/% — , :
A&F N /8 epitaxy of double heterojunction 4
OZSC/h InGaAsP/InP ]
670 °c_{660°C _ 1
{ 2
\Yo.c l. Selection of the liquid phase R
S { composition of the active layer ]
% - :
= ' In the preparation of the epi- ]
- (10— —=15p~ "ggc. taxial InGaAsP/InP film, the diffu- ]
sl s.
J sion of Zn in the p type Zn-doped
0 20 60 80 136 144 . InP limiting layer has to be taken
2. wWEE) into account. The emitting wavelength
Figure 2. The epitaxial of the laser corresponds to the trans-

temperature program.
l--temperature; 2--cool- _
ing layer; 3--time (min.) the active material and the acceptor

ition between the conduction band of

i N energy level. 1In addition, data in
reference [3] was also referred to in our work. It was experi-
mentally determined that the liquid composition of the 1.55 um
active layer grown at 631°C should be X! =0.0069, Xk =0.0550, XL =0.0174.
Table 1 shows the fluorescent characteristics of undoped and Zn-
doped materials. It was estimated that the 2Zn acceptor level is
approximately 16 MeV from the top of the valence band of the 1.55
um active layer. This value is essentially in agreement with
that in reference [4]. Table 2 shows the typical electrolumin-
escence wavelength and lasing wavelength of a laser thus fabri-
cated. From Table 2, we know that the composition for the active

region chosen was appropriate.

2. Adjustment of the lattice compatibility of the
heterogeneous InGaAsP/InP structure

In the experiment, "zero mismatch" af the quarternary liquid
phase composition was realized by fixing the Ga atom number and
adjusting the As atom number. Diffraction of CuKa, X-ray on
the (400) crystal surface of the epitaxial layer was used to
simultaneously measure the diffraction oscillation curves of
the quarternary and the InP layer. The difference of their peak

diffraction angles was used to determine the incompatibility of
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In this paper, some experimental results in the development -
of a 1.55 um InGaAsP/InP proton-bombarded stripe laser were
introduced, including the liquid phase composition of the
active layer, the adjustment of the matching of the epitaxial
lattice, the control of dopants, the fabrication of the proton-

bombarded stripe laser and the laser characteristics.

s Lol I

Experimental

We used a two phase solution technique to grow a five layer -
expitaxial film with a redissolution resistant layer in a sliding
graphite boat. The schematic diagram and the parameters of
each layer are shown in Figure 1. The typical liquid phase

growth temperature program is shown in Figure 2.
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Ve e, il Baind
n~7£8710"HL" HB%
©. 1% Te (100) lnP &

n—~2x10" X"
InGaAsP/InP
Figure 1. Schematic diagram of the five layer InGaAsP/InP

film.

1--InP buffer layer doped with Te, n-7 to 8x10!'®cm °, 8 um in
thickness; _
2--undoped active layer (A=1.55 um), background n-2x10'7cm ?,
0.4 pynr thick; : _

3-=7n Aoned AMB layer (A=1.25 um), P-1.2x10'7ecm ¥, 0.1 um thick;
4--Zn doped InP layer, P-1x10'%cm *, 1.5 um_thick;

5--Zn doped top layer (A=1.3um), P-1x10'7cm_®, 0.4 um thick;
6--Te doped (100) InP substrate, n-2x10'°cm 3

. N L : T T . ' Lo N . o ’ - - o . N . - . P
L e SRR SRR R S S S SES BN LT S T R PRV LU - VY SV S N PN ST SUUIN S Sl




Bahe A Aa R st sl o iibe e e Vikiia S S B Al et ik Sast i dadl e S vl it N S M pa i Ml ek el il v I M v e e e el e M Sl

CW operated 1.55 um proton-bombarded stripe InGaAsP/ /38
InP HD laser at room temperature

Wang Wei, Zhang Jingyuan, Tian Huiliang and Sun Furong
(Institute of Semiconductors, Academia Sinica)

ABSTRACT

A room temperature CW 1.55 um proton-bombarded InGaAsP/InP
double heterojunction (DH) laser was prepared. The minimum
threshold current density was 2000 A/cm2 at room temperature.
The mean normalized threshold current density was 5000 A/cmz'um.
The threshold characteristic temperature near room temperature

- was 48 °K. It operated in a single longitudinal mode at 1.3
times the dc threshold.

It is well known that the transmission loss of a quartz based
optical fiber is lowest in the 1.0-1.7 um range. In this wave-
length range, the most promising light source is the 1.55 pm
InGaAsP/InP DH laser because the transmission loss of a single
mode optical fiber has already been reduced to 0.2 dB/KM at 1.55
and that of a multi-mode optical fiber is as low as 0.29 d4dB/KM.
It was also proven experimentally that the dispersion in the low
loss wavelength range, 1.5 uym-1.6 pm, can be eliminated by
appropriately reducing the core diameter of the quartz fiber
and by increasing the difference in fractivity between the core
and the envelope. It is useful in developing long range, high
capacity optical communication systems. For this reason,
although the difficulty exists in the preparation of the 1.55 um
InGaAsP/InP DH laser, people are still very interested in this
wavelength device. In the preparation of 1.55 um InGaAsP/InP
by liquid phase epitaxy, the active InGaAsP/InP layer might be
dissolved by the solution to grow the limiting InP layer. This
is especially true when a low temperature and supercooling
method was used to grow a redissolution resistant structure.

In recent years, in order to lower the threshold current and to
achieve stable single mode or multi-mode operation, several

1.5 uym-1.6 um stripe InGaAsP/InP DH lasers were developed [1-2].
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Figure 8. Relationship between XeBr laser
energy and number of pulses.

l--laser energy (arbitrary unit); 2--pulse number; 3--EBr:
Ne = 2.34 torr = 34.7 torr; 4--Ar pressure

Our laser was pumped uniformly by an intense electron
beam. It operated far above the threshold value. When

operating at high pressures, the following reactions might

take place: Xej +e,—+Xe® + Xe,Xe® + Br,—XeBr® + Br t0 enhance the formation
of XeBr* at a specific Xe pressure. It also reduced the
absorption loss due to Xe;. High pressure XeBr lasers can

be realized by choosing an appropriate HBr concentration
(1.4-2.4 torr) to minimize the absorption loss by HBr.

Homogeneous intense pumping, constant Xe pressure, and

a suitable HBr concentration are the conditions for high pressure

XeBr lasers to come true.

References:

{1} J. J. Ewing et al., A.P.L., 28, 656 (1976).
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High pressure XeBr laser

tllx’

High pressure XeBr laser oscillation at 282 nm was realized ﬁ
when the gas ratios were HBr:Xe:Ar'= 2.3 torr:34.7 torr:2-5 atm. ;
The energy output was close to 1.7 mJ. Figure 7 shows the i
dependence of the laser energy output in Ar pressure at fixed 3
HBr:Xe = 1.15 pressure ratio under constant excitation. The 2
optimal Ar pressure range is 3.5~4 atm. Figure 8 shows the %
relation between laser energy output and pulse number at various :
Ar pressures. The optimal Ar pressure for slow output energy ;
attenuation is 3.5 atm. ﬁ

Hhrs Ne=1:15 The laser spectrum obtained by ]
o the spectrophotometer indicates that ?
g&” 4 the center frequency is 2?20.69 A. i
g' The half width AX = 4.29 A.
ﬁmu XeBr is formed according to the =
=" following reactions: -
e e;” + Xe=Xe® +e”
a0 U S N 1 o Ar,%+ Xe-+Xe* + 2Ar
: 4 2 IArlL-'.ﬁ ":) Br, ~ Xe*—~XeBr® + Br

Figure 7. XeBr laser Because there are many absorp-

energy vs. Ar pressure. tion losses in the XeBr system, high
l--laser energy (arbi-
trary unit); 2--Ar

pressure (torr) For example, there are (1) the absorp-

tion loss of the XeBr photon (35460

pressure operation is affected.

cm 1) due to the continuous absorption band of A - x by H4Br,
which limits the concentration of HBr, (2) the resonance absorp-
tion loss of the XeBr photon by the energy level of XeBr* dis~
sociation, and (3) the absorption loss by‘Xe; and Xe; as pro-
duced by the electron beam excitation. The absorption loss of
Xe; and Xe; increases proportionally with the quare of Eressure.
At high pressures, the absorption loss due to Xe2 and Xe2 is
further increased. The XeBr laser beam operating near the

threshold was terminated.
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(2) Molecular reactions
Ar® + Br,—»Ar + Br + Br*

or -ArBr* +Br
. *
fast pre-dissociation| - Ar + Br + Br

Br? + Br,—~Br,* + Br
Or -Br*Br~ + Br

* .
collision relaxation > Br2 + Br '

(3) Atomic reactions: at high pressures
Ar® +Br—Br®+ Ar, Br* +Br + Br—Br,* +Br

The major conduits are ion recombination and molecular reactions
Discussion

(1) It was discovered experiment-
ally that the efficiency and operat-
ing lifetime of the laser could be

- improved by increasing the HBr con-

centration: This is because an

)

AT DIG 0 A A increase in HBr concentration: (1) could

effectively quench the B state particles
*
Figure 6. Br, laser weakly bound at the laser energy level to
spectrum. .
alleviate the bottleneck effect.
(2) The Br density was increased to enhance the reactions for
Br; formation. (3) The optimal gas composition was maintained

by compensating the contamination of the cavity wall by HBr.

In order to minimize HBr consumption, the suitable pressure

of HBr is 7-8 torr.

(2) It was also discovered in our experiment that in a
HBr-Ar system the first operation requiréd the excitation of an
electron beam in order to produce an intense laser beam in
subsequent excitations. The pre-excitation is primarily to
dissociate HBr into Br and Br2 to induce various reactions in
the gas mixture. It promotes the mixing of gases to lower the

threshold of excitation.
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Figure 2 shows the dependence of laser energy on Ar pressure
at constant excitation. The cptimal Ar pressure is 3 atm.
Figure 3 shows that the optimal HBr pressure rangeis 5.6-8 torr
at constant Ar pressure and excitation. Figure 4 shows that the
energy decays rapidly and the operating lifetime is shortened
when HBr < 5 torr. When HBr > 5.6 torr, the energy output is
high. The decay is slow and the operating lifetime is long (see

Figure 5).

The relative darkness curve of the Br2 molecular laser
spectrum as measured by a 2 m spectrophotometer is shown in
Figure 6. We obtained four intense lasing lines : 2914.47 g,
2916.16 A, 2920.21 A and 2924.50 A. 2916.16 A was not reported

in reference [1].

- .. *
Formation mechanism of Br2 molecules

*
Excited Br2 molecules are created through energy transfer

* *
from highly excited Ar and Ar2 molecules. In analogy to I
*

and noble gas halides, Br2 molecules may be formed by three

2

primary reactions:

The formation of Br and Ar in various states (ef is a

high energy fast electron and es— is a secondary electron):

e~ + H3r—=H +Br+e”
Ar® + HBr—H + Br + Ar /36

Br+ Br+ Ar—Br, + Ar /37
e~ + Ar—+Ar* +¢” +¢°
* *
Art » Ar and Ar, are formed by collision at high pressures.

(1) Ion recombination

e, +PRr,—=Br~ +Br, ¢ +HBr—Br-+H -
Ar® +Br—=Br* + Ar, Ar; + Br—+Br* + 2Ar
Ar® +Br—+Br* +Ar+e,

Br- +Br* + Ar—»Br,* + Ar, ’
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Figure 2. Br: laser
energy vs. Ar pressure.
l--laser energy (arbi-
trary unit); 2--Ar
pressure; 3--(5.3 torr);
4-~(4.6 torr)
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Figure 4. Br, laser energy
vs. number of pulses (HBr
pressure < 5 torr).

l--laser energy (arbi-

trary unit); 2~--Ar pressure:
3 atm; 3--(4 torr); 4--

(5 torr); 5--(3.1 torr);
6~-number of pulses
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Figure 3. Br, laser energy
vs. HB pressure.

l--laser .nergy (arbitrary
unit); 2--Ar pressure:
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Figure 5. Br, laser energy
vs. number of pulses (HBr
pressure > 5 torr).

l--laser energy (arbitrary
unit); 2--Ar pressure:

3 atm; 3--number of laser
pulses; 4--(7.1 torr);
5--(5.6 torr); 6--(9.1 torr)
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Furthermore, the operating

lifetime and efficiency of the

o

laser was improved by raising ram

the HBr concentration. (2)

In a HBr-Xe-Ar mixture, the

high pressure operation of ‘
v farnn] [£2na]

XeBr at 282 nm in the 2-5 atm

pressure range was realized for Figure 1. Schematic diagram

of the apparatus.

l--Marx generator; 2--diode;
the high pressure operating 3--gas mixing system; 4--
vacuum system; 5--cathode;
6--anode; 7--laser cavity;
8--alkaline funnel; 9--flow
detector; l0--spectrophotometer

the first time. Furthermore,
mechanism was discussed.

The experimental apparatus
is shown in Figure 1. The relativistic electron beam was
generated by a Marx high voltage generator and a field emission
diode. The cathode was made of three 0.12 mm thick knife
shaped titanium foils spaced at 1 mm apart. The anode is a
0.015 mm thick titanium foil window. The electron beam energy
was measured to be 1.12 MeV. The electron beam current was 6 KH.
The pulse width (full width at half weight) is 25 ns. The
rising leading edge is < 8 ns. This electron beam was injected
transversely into a (1Qx70) mm2 window of the stainless steel
laser box. The laser cavify was 15 cm long and 16 mm in dia-
meter. A quartz plate coated with a dielectric film and a plane-
plane cavity structure were used. At 282 nm and 292 nm, the
reflectivity of the mirror R = 99%. The transmittance of the
output coupling lens T = 6%. A carbon funnel was used to
measure the laser energy output. The Fe spectrum was used to
determine the laser wavelength by use of a 2m grating spectro-

photometer 3 meters away from the output end of the laser.

*
§£2 molecular laser

*
Laser oscillation of Br, molecules at 292 nm due to E > B
transition was realized in a HBr-Ar gas mixture when the gas

ratio is HBr:Ar = 5 atm: 3 atm. The energy output was measured

to be 1.12 mJ and the operating pressure range was 2-5 atm.
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unit mass of medium based on the Eax calculated from the gain

measurement.
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*
1 MeV REB pumped Br2 molecular laser and high pressure ]
XeBr laser

Wang Chanshan, Chen Yongrong, Xu Zhihai
(Anhui Institute of Optics and Fine Mechanics, Academia Sinica)

ABSTRACT
A 1 MeV relativistic electron beam (REB) was used trans-

versely to pump a HBr-Ar mixture to realize for the first time

four intense laser lines of Br2 molecules near 292 nm. In the

ittt e Sakockede e kot . &

2-5 atm pressure range, XeBr oscillation at 282 nm was material-~

ized. The laser characteristics were discussed.

*
Until now, a Br2 molecular laser was realized in a Brz-Ar

Az A & 4 o . o

system and XeBr lasers were operating at below 2 atm.

We used a 1 MeV REB transversely to pump the laser. Hbr

o was used as the bromine donor. (1) A lasing oscillation

i;: (operating in the 2-5 atm range) was realized for the first Eime
X in a HBr-Ar mixture. It is the E > B band transition of Br2

s molecules at 292 nm. It was proven to be effective to realize
:f: the Brz* molecular laser transition in the HBr-Ar system.
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Figure 8. Structure of the Figure 9. Variation of power ;i
cavity. output with coupling. o
l--spherical integrator l--round lens; 2--rectangular lens if
The coupling was 8%. The f%
. . PR L

reason for this discrepancy ol 4 Ty
is that the area of the rec- Lﬁ
tangular lens used in multi- &or i !1
hole coupling is larger than ol 4 2
that of the round mirror x g
c s 1— Pv,

used in single hole coupling 1033 2033 o o
(by approximately 60%). Figure 10. Variation of power !“

output with stagnation
temperature.
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When the stagnation tem-

'

v e a e e e
PR DL e
o e, T
R s

perature of N2 increased from 1500 °K to 2000 °K, the power output

rose from 160 watts to 220 watts correspondingly (see Figure 10).
It was also discovered in the experiment that the catalyst-water

2

was not effective. Some Ar was used to replace N2 in order to /42

lower the static temperature in the cavity to improve the power

‘2 e

P
)
A

output. However, the effect was insignificant. This might be

.. 5 e
.-r

e
o :
o e i !
TR

because the stagnation temperature of N, was not high enough.

2

Lo

7

In our small scale experimental device, the advantages of a

the gas mixing characteristic can be further improved and a

9 mixing gas dynamic laser are fully demonst;ated. The specific ;f
- power reached 1l joule/g with relatively la- mirror losses and o
; less than optimal coupling. This is already much higher than that Eﬁ
; of our previous pre-mixed gas dynamic laser (3.3 joule/g. If fl

suitable resonance cavity and high mass reflective mirror are

chosen, it is hopeful to obtain 20-25 joule/g of energy from a
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The maximum effective laser energy can be calculated from
the vibrational temperature and mean dynamic temperature accord-

ing to:
RO
E-nl = n—M’_(xC + xN)(?TI_T-l’—: - ?'_ﬁlitl—)

where n = 0.409 which is the gquantum yield of the 10.6 micron

CO2 laser transition. Xc and XN are the gram molecules of CO

and N,, respectively. M is the average gram molecules of the

2

laser medium. The maximum energy attainable from a good optical
cavity is approximately 70% of Emax' Therefore, it was estimated
that the maximum energy of the device should be about 30 joule/g

at its maximum gain.

Measurement of power output

A-stable ‘cavity structure such as the one shown in Figure 8
was used. Its optical axis is located in the region between 11
to 19.5 cm from the nozzle outlet. The resonance cavity was made
of convex copper-beryllium reflective mirrors and a planar output
mirror with holes. The mirror may have a single hole or many
holes. In order to avoid the sputtering particles of the electric
arc heater carried in the N, gas from damaging the mirrors, the
mirror surface was recessed from the wall surface by about 5 cm.
Even so, the reflectivity was reduced from 96% before the
experiment to 92% after the experiment. The window material is

Kcl. Its transmittance is 94%.

The laser output was measured by a spherical integrator.
It was calibrated against burning plexiglass. The latter can
only provide the average power. The peak power is approximately
1.5-2.0 times the average power. Figure 9 shows the measured
results. The data was obtained when the N, stagnation tempera-
ture was 2000 °K and tl.e gram molecules of the gas mixture were
0.4 C02/O.6 N2.

single hole coupling. The corresponding coupling is 3.6%.

The maximum power output was 150 watts with

The maximum power output is 220 watts with multi-hole coupling.
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Here, A. is the radiation wave-
x:= 196am J

A
' >
i A "

No/€0, 1,0 length, j is the quantum number

L ©2.73/0.26/0.01 ; .,
4 0.59/0 27001 1 of the laser energy transition, B

| ®0.53/0.46/0.C . .
k is the rotational constant, and T

i

is the rotational temperature.

61, 62, 63 and Tl, T2' T3 represent

the characteristic vibration temp-

J

Figure 7. Distribution of
P branch small signal gain
with j eratures and energies (expressed
as temperatures) of the Vis Yy
and v

vibrational modes of CO respectively. T is the radiation

'
lifetime and R is the gas consiant. Mo, and Nco, are the gram
molecular number and particle density of COZ' respectively.
Because of the fast relaxation between energy levels, T = Tl =

T, = constant. After we rendered equation (2) dimensionless and
took the logarithm on both sides, it became a linear equation:

3 SN B ¥ fad BE SRRV (4)
where Xo was introduced by the dimensionless treatment. Ao might

be chosen to be 10.6 micron. Equation (4) is a straight line if /34

A‘G, . .
b{ gq2;+yy] and j(J + 1) are used as the vertical and longitu-

dinal coordinates. Its slope and intercept are T and T3, res-
pectively. The results are listed in Table 1.
TABLE 1. Static temperature, vibrational temperature and
maximum effective laser energy
o | 3. R - C BwesEx -
. S.
RaTR T(.K) T,("K) Emax&.g/ﬁ): TCK) - T,(°K) Emax($B/%®)
. I o _ [ LR e e
0.26 VY 1158 19,5 L s 1638 50.4
0.40 P 336 1220 21,1 | 361 1570 42,0
0.46 b 3s4 1232 20.7 [ 382 1512 36.5

l--gram molecules; 2--90 mm; 3--196 mm; 4——Em (joule/gram) ;

5—-Emax (joule/gram) ax
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is selected. The table also lists the lattice mismatch data at ‘
the top of the InGaAsP layer. Considering the trend that the i

. . . . . 4
lattice constant increases when the liguid phase composition /40
remains unchanged and the growth temperature decreases, the
composition of the "zero mismatch" top layer was experimentally
determined by interpolation to be xL =0.0072, and X.s=0.0398, l
using the composition of the re-dissolution resistant layer as .
the basis. Figure 5 shows the diffraction oscillation curve of
the quintuple structure when the three quarternary layers were
grown using the "zero mismatch" composition. The overall abso- i
lute lattice mismatch is less than 0.04%. _
TABLE 3. Experimental data on lattice compatability ) i

— —_ !

;=-"~"u 32, A CH? ansET Y

= omz XL XA sayal

e LMS-09  1L74 545 -s.5x107 .

1FE LMS-12 1,74 5,50  +2,7x10°¢ - .
LMS-02 1,74 5.53 +9,2x10"¢ '

LMS-10 1,74 5.65  +2,0x10°} :

LMS-07  0.72 3.91  -3,2+107 R

0. LMS-03 o072 320  -16x. ¥ :
AMBZ LMS-04 0,72 4,01  -1.,6x10"} I
LMS-11  0.72 4.06  *2x10-* .

LMS-06 0,72 4,11  +9x10°* -

5 LMS-13 0,72 3,95  -8x10-* :

WE LMS-11 o0.72 3,08  +3.,3x10°¢ .
LMS-16 0,72 4,01 +8,8x10"¢ !
l--layer; 2--sample number; 3--liquid phase composition (%); {
4--lattice incompatibility; 5--active layer; 6--AME layer; B
7--top layer Ny
' )

)
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mismatch in the active
layer vs. As atom number.
l--active InGaAsP layer

X4 (a/0)

Figure 4. Lattice mismatch in
the re-dissolution resistant
layer vs. As atom number.

= Q/1:P/Q/Q/InP 1--AMB layer

5 dL : _ 3. Doping the epitaxial layer

=°

& .

= 3 1%10-4 We chose Te as the donor in the

fEEw InP buffer layer. Zn was selected

~ - -

z LQ=0s2 as the acceptor impurity in the re-

.o d =4x%10"* . . .

~ 10p ‘J’J ‘ a/a=4 dissolution resistant layer, the top
- limiting layer and the top quarter-

O RAitfoe

nary layer. As described before,

Figure 5. X-ray diffractionalthough the active layer was not
oscillation curve of the
quintuple epitaxial film.
l--relative diffraction

intensity (arbitrary unit); into the active layer from the re-
2--reflection angle ©

intentionally doped, yet the fast

diffusing impurity Zn would diffuse

dissolution resistant layer in the
liguid phase epitaxy process. It was even diffused into the InP
buffer layer. Therefore, it is very important to control the
doping of Zn. The amount of Zn chosen for doping the re-dissolu-

tion layer is considered as follows:

(1) Usually, undoped guarternary layers are n~type due to

Si contamination.
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- (2) In order to avoid the formation of a far junction, the /41
;f ) Te doping level in the InP buffer layer should be sufficiently E
= ) high (n—7x1018/c.c. was chosen by us) to ensure the position of ﬁ

. the p-n junction is terminated at the heterojunction between the :ﬁ
-l active layer and the InP buffer layer. ]

0

I
P
teetncie ta o antiar

. -

: (3) Since the doping of the n-type InP buffer layer is
. sufficiently high, this layer is already degenerated. 1If the
p-type active layer ‘is highly doped and degenerated, a tunneling

; effect will appear. This does not favor radiation recombination. ;
: Therefore, the active layer must be suitably doped. ﬁ
. ) J

(4) Assuming that the diffusion of Zn from the re-dissolu- 8

tion layer to the active layer satisfies the semi-infinite diffu- i

sion model so that the Zn concentration at the interface between %

the re-dissolution resistant layer and the active layer is always :

maintained at 1/2 of that in the re-dissolution resistant layer, f

the Zn concentration in the active region becomes closer to that i

near the interface as the diffusion time gets longer.

Based on the above and assuming all the Zn dopant is glec-
troactive, then the net hole concentration in the active region
Na is: o

:Na=N,/2~-Nd (1)

N, represents the amount of Zn doped into the re-dissolution
- resistant layer. Nd represents the background electron con-
. centration of the active layer. The value of Nd in the 1.55 um :
- active region was measured to be 2x1017/cm3. By choosing NA = -
® 1.2 x lols/cm3, then Na was estimated to be Ax1017/cm3,based
. on equation (1). 1In order to verify this result, we carried out

o C-V measurements with a 1.55 um proton-bombarded stripe laser

v o1y 1 -

(see Figure 6). The strict linear relation between l/C2 and V

LI

i show that the p-n junction is an abrupt junction. The inter-
cept on the bias axis is VD = 0.79 VvV, which corresponds to the
band gap width of the 1.55 um quarternary material. This indi-

. cates that the experimental data is convincing. The relation -




between the junction capacitance and the low concentration carrier

concentration Na of an abrupt heterojunction is:

ne 2V mW(T) (2)

where Vb is the added bias, €, is the dielectric constant of the
active region and A is the area of the p-n junction. From the
slope in Figure 6, Na was calculated to be 5xlol7/cm3 based on

) equation (2), which is essentially in agreement with the pre-

dicted value based on equation (1).

Fabrication and characteristics of the 1.55 um
proton-bombarded stripe laser

The five layer epitaxial film described above was reduced
to 100 pym thickness. The p and n surfaces were evépbrated with
Au/Zn/Au and Au-Ge-N, respectively, as electrodes. A 15 um
diameter tungsten wire was used as the shield for proton-bombard-
ment to become a proton-bombarded stripe: The bombarding energy
was 200 KeV and the dose was 3x1015/cm3. It was cleavaged into
a 250 um long and 300 um wide chip. The p-type surface was
facing down and in contact with a In coated copper heat sink.

The optoelectric characteristics of this device are as follows:

1Gnw)

ety

33°C

-8 20 L
15°C
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5
da 10t
26°C
¢ 43
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Figure 6. Capacitance-voltage Figure 7. Light intensity-current
characteristic of a typical relation of the proton-bombarded
proton-bombarded stripe laser. stripe laser at various heat
l--capacitance temperatures
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1. Under pulsing conditions (pulse width 1 us, repetition
. frequency 10 KC), the room temperature threshold temperature ;i
N density is usually 3-4 KA/cmz. The lowest was 2000 A/sz, .}i
A

corresponding to a normalized threshold current density of
5-6 KA/CmZ-um.

2. Figure 7 shows the relation between the single face
power output and dc injection current of a typical proton-
bombarded stripe laser at various heat sinking temperatures. At
20°C, the threshold current is 200 mA.

10-¢ S
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1.5%um iw"

LQ-48-206 =7
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. L 240mA K %1

= e
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° =_ 320mA y
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7070 1..38 1.812 T(K) 2

Figure 8. Room temperature Figure 9. Threshold current X

laser spectrum of a typical vs. temperature for a 1.55 um .
proton-bombarded stripe proton-bombarded stripe laser

laser.

l--relative light intensity

3. Figure 8 shows the laser spectrum continuously operat-

ing at room temperature. When the current is increased to 1.3
times the threshold value, the gpectrum is in a single longi-

tudinal mode. The laser wavelength is 1.539 um.

4, The threshold current-temperature relationship of a
typical device was measured in low repetition frequency, narrow

pulse width conditions. From Figure 9, we know that this
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relation obeys the | (T)ocexp(T/T.) law_, Experimentally, it was
determined that the deflection temperature TB = 279°K. The
characteristic temperature To of the threshold current below T

is 70°K.
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Investigatior on frequency stability of dye lasers /43

Yan Bingyu
(Beijing Institute of Opto-electronics, Beijing)

ABSTRACT

The variation of dye laser beam direction was studied using
a specially designed interferometer and a servo system. It was
compensated to improve the fregquency stability of stable fre-

gquency dye lasers.

In order to attain a higher resolution spectrum, the fre-
quency of a dye laser is usually stabilized at one of the
resonance frequency of an optical resonance cavity. The dye
laser frequency is usually fixed at the half width point S of
the transmission curve of the reference cavity, as shown in
Figure 1. 4% of the laser beam is fed into the reference cavity

through mirrors and a telescope. The attenuator is so adjusted
56
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that IRef is one half of the transmitted peak value Ires' It

. means that Ires(f) - IRef = 0 or IRef(f) = Ires max/z’ If the
B frequency of the dye laser changes so that this signal differ-
ence is not equal to zero, it will be amplified and fed back to
the ADP (opto-electronic modulator) in the cavity, or to the PZT

(piezo electric ceramic) on the mirror in the cavity, to change

the length of the resonance cavity. Consequently, the output
frequency is changed. However, if the beam direction of the dye
laser changes, then the mode varies in the reference cavity. The
operating point is shifted from S to S' to cause a frequency
change Af. This frequency change cannot be controlled by the
frequency stabilizing system. Conseguently, an additional fre-

guency noise is introduced to the dye laser.

In this paper, the effect of the directivity of the laser
beam on frequéhcy stability was calculated first. Next, a
specially designed interferometer was used to measure the
variation of laser beam direction. BAn electronic servo system
was used to stabilize the output direction to improve the fre-
qguency stability of the laser.

oAl weaR.

Figure 1. Principle of frequéncy stabilization
of dye lasers (writing inside figure illegible)

> Theory

- -

l. Computation of reference cavity mode and matching
beam parameters

[
In order to calculate the mode change in the reference
tt cavity due to changes in the laser beam direction, it was

A 57
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necessary to calculate the optical parameters matching the
reference cavity mode. If the reference cavity parameters are
that: the radius of curvature of the concave mirror ry = 300 mm,
the distance between the concave mirror and the plane mirror 4

= 230 mm (see Figure 2) and the reflectivity of the mirrors R =
0.99, then

Z,= {d(r,-d}!* = 126.9mm

A

Wi=_-Z,=0.0265mm’

W,=0.1629mm with respect to  *fA=657nm
The divergent angle y =W,/Z,=1.28x10"

2. Coupling parameter of an oblique incident
reference cavity

An incident Gaussian light beam may be expanded as the char-
acteristic function of the resonance chamber:

VXY 2)= D KaaWu-o(X.Y.2)

ase=8

when ka.. is the excitation or coupling coefficient of the char-
acteristic function W%... . Because of the high reflectivity of
the mirror in the reference cavity and the appropriately chosen
distance between the mirrors, only the sharp transmission maximum
was observed in tuning the reference cavity. Therefore, only the
coupling coefficient of the basic wave koo is needed. In the
case of oblique incidence, the coupling coefficient of the basic
characteristic wave in the resonance chamber is given by the

following formula (see Figure 3). lhd’=fﬂ{- J;(xﬁ"’ ,yﬁn’

-2x%,MZ,siny + (Z:+2)) sin’y)]

i N 00NN

]

i
|

o= Z0mm
Z=0

Figure 2. Reference resonance cavity parameters and profile
of mode matching light beam
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Figure 3. Definition of parameters of an obliquelv
incident laser reference cavity at an angle Yy

X
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Figure 4. Relation between reference cavity. Telescope and
dye laser beam at an angle y (P: point of inclination on the
dye film, S: effective point of inclination of the incident

reference cavity and the angle of inclination y)

The optical axis in the reference cavity coincides with the Z
axis in the x,y,z coordinate. The coordinate is rotated by an
angle vy to form a new coordinate system ; x®,y® 200 x, y @
represent the distance of the oblique incident beam in the
coordinate system. Assuming that the direction of the dye |
laser only changes on a certain plane, a' is the distance
between the dye film to the rear mirror of the reference cavity,
and vy is the angle between the dye laser beam on the X,z plane
and the optical axis, then Y:=p . There is a matching beam
expanding mirror between the dye laser and the reference cavity
(see Figure 4). With respect to lens L, whose focal length is
f, the object distance is a, and the image distance is a,- With
respect to lens L2 whose focal length is-fz, the object distance
is £, + £, - a, and the image distance is -ag. The following ‘
equations can be obtained from the lens maker's equation:

I, 1 _1 af

a.|+3:=f,; .‘=n,-f‘
1 _1

f,—+f1—a;- a:= f,

f.rt.
a, = f.lf; Il—(fl‘l'f!)]
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aj indicates the position of the intersect between the beam from
the expander and the optical axis. The angle between them is ¥y .
(y .and v'«1)
v = -v/B, B=1/f,
The light entering the reference cavity is equivalent to an
incident beam at an angle y' from the point S to the mirror in
the reference cavity at a distance a: '
> a=a.+a,=a,+a,-B-(f, +1,)B /45
Here, the distance a, and a,, as well as the focal length fl and
f2' are determined by the structure. By substituting y with v',
we get X! =a-sinyandy," =0 '

Ikul’=ﬂp(-‘v:,,((a ~Z,) 4+ 2% -sin’y’)
In the example chosen above,i,:o,ﬁnf=¥YWlWl«-D . We get

[koo]t = (exp=Y'/Y1)

where N
r - wa
‘T Via,+a,pt - (f, +1,)B] + 2.} .
The structure used is: f, = 120mm,f, =50mm, B8 =0.42,

a, = 160ymm.2; = 330mm,

From these wvalues, we get Yo = 1.13 x 10_4.

In case the laser beam is shifted parallelly, ,x,=0,y,'" =0.

and vy = 0.
IKgo)? = exp[ = (x,/W,)?]
An image is formed through the beam expander X:" =8V, and V is the
displacement of the dye laser. We get
[kool? =expl = V3/V3],V, = W,/B
In the above case, VO = 0.391 mm..

3. Transmittance and line width of the reference cavity

The formula for the transmittance of the resonance cavity

T is:
4R h‘b
T(8) =T 1 +T1—R)zsl 2
’
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where 0 =y1d/A . d is the distance of the reflective mirror
(including the phase change caused by the reflecting surface),

’ A is the wavelength, and f is the incident light frequency. When
8=2aN or the path difference 2d = NA when N is an integer, the

max’ The half width is  20n,

& = 2arcsin[ (1 - R)/Z\/ R]

transmittance has a maximum T

The corresponding freguency is fH (see Figure 5)
fu=(0n/27)(c/2d)
In this example, R = 0.99 and fH = 1.043 MHz.
The frequency corresponding to the half width 26H is 2fLI =
2.086 MHz.

4. Effect of light beam direction change on
frequency stability

When the dye laser and the reference cavity are on the same
incident axis, the transmission curve is IOT(f), where Io is the
incident light intensity. The laser frequency is stabilized at
the half value point S, i.e., IRes ax/z' When the dye laser
enters at an inclined angle, the transmission curve is |k,|*-I,T(f)

=1
m,

However, the frequency is still controlled at a fixed intensity

I . Therefore, the operating point will shift from S toward

Res
S'. The dye laser frequency change Af is
ad ¢
Bf= o7 24

From Figure 5, one can write the following formula:

Taw = lk.,}’l,T(Nzchf,;iAf)
Hence, we get

[Af] = tu(1=v T 1kel*= 1
The wvalues of Af/fH were calculated for various laser beam
directions in the reference cavity. They were shown in Figures
6 and 7. From these figures one can see that the frequency
variation has a square relationship with the change in direction.
A small change in the laser direction can cause a relatively
large frequency variation.
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Figure 5. Effect of dye laser beam direction change
on frequency stability
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Figure 6. Dependence of ratio of frequency change to
half width of resonance cavity upon direction of dye
laser Y

N

v u10ﬁ men ll'.l
.
Figure 7. Dependence of ratio of frequency change to
half width of resonance cavity upon displacement of

dye laser beam V
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Experimental /46 ¢

' . . 4
l.. Interferometer for measuring beam direction change :

An interferometer was designed for the sensitive measurement :

d

of the change of laser beam direction relative to the optical
axis (see Figure 8). This is a modified Michelson interfero—
meter. One of the mirrors was replaced by a symmetric reflector
K (e.g., cat's eye"). An incident beam entering the interfero-

meter at an angle y was reflected by the reflective mirror and

Nl S T TON TGN S W .

the "cat's eye". The angle between the two reflected light
beams is 2y (see Figure 9). The path difference between the two
beams is (N+1/4)X, which means the effective phase difference

v.=2.4-107"*. The interference pattern thus obtained varies symmetri-

W o A S

cally with the angle of inclination relative to the optical axis
in the opposite direction (see Figure 9). The interference

pattern was received by a quadrant photomultiplier. The normal-

ized measurement signals in both directions are:

_ (Ur+Up) = (Up + Ug)
YT (Uy+Up) + (Ug+Ue)

(Ua +Uy) - )Uc + Up)

Ur = (Ur+Us) % (Uc + Up)

In order to obtain the optimal sensitivity for the interferometer,

two conditions must be satisfied.

(i) The phase difference between the two reflected beams
from the arms of the interferometer is 4e=xn/2, . This condition
can be met by using a A¢ controller to stabilize the path

difference of the interferometer to (N + 1/4)A

(ii}) The wavefront of the reflected beams from the two
arms of the interferometer should have the same radius of
curvature at the quadrant photomultiplier. This can be designed

by the Gaussian light transmission matrix method.
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2. Sensitivity and resolution of the interferometer

After a Gaussian light beam enters the interferometer, the
field intensities of the two exit beams are:
E, = Eexpl - (x! + y?)/W,*
+ilot-kyx +9)]
E, = E;exp[ - (x* + y?)/w!
+i(ut-kyx +p-Agp)]

where E and E are the incident field intensities, and vy is

10 20
the incident angle. The total light intensity

B,y =8lE, +E|*
g = (1/2)(eg,/uuy)' "

5 ’ ’ T —_

o .

U V20 ARS

(. e
‘ |

: L,

A

Figure 8. Interferometer Figure 9. Formation of

for measuring dye laser interference pattern at
direction changes. incident angle Y.

S: reflecting mirror, W: wave front; G: view field

T: beam splitter, A: guasi-straight optical axis.
K: cat's eye and Lower portion: 1light intensity
Q: guadrant receiver distribution

The flux difference on the gquadrant photomultiplier is:
AP, = (P4 +Pp) - (Pa +P¢)
=j-dx j- B(x, y)dy

-I‘ dxr B(x,y)dy

=xW ! E E, gsinAg

x llu :w [\/-27/(w0/z°)]}
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where the error function is /47
WwW(z) =e*(1 +\‘5_l—’-£ eidt)

The sum of the flux on the gquadrant photomultiplier is:

' Po=P,+Ps+Pc+Pp '
=gwi(n/2)(E}, +E},)

The normalized optical signal of the interferometer is
AP, /P, =1, W(V/ 2YZ,/W,)

As shown in Figure 10, the curve is applicable to all Gaussian

light beams.

The resolution of the interferometer is, in principle,
determined by the noise of the quadrant receiver. The angular
resolution Yq is defined as the equivalent angle at which the
signal current Ai of the interferometer equals the noise
current iS of the receiver. o
- -- i, = (2qbig)'

where g is the basic charge, b is the bandwidth of the receiver,

and iO is the sum of photocurrent of the quadrant receiver.
0.6 A

t
0.5 4 H
I
0.4 4 1
{
aP:\* ] !
Po ]02-1 \
01 4 '
1

0 — —

o 03 s 1

Y

Wo/Zo
Figure 10. Dependence of the ratio of the output
signal to the total power of the quadrant receiver
(APx/PO) upon the parameter Y/(WO/ZO).

WO/ZO: divergence angle of dye laser
WO : waste radius of the dye laser on the receiver
Zo : T x Wo?/\

Ai= t;:??..y[. [W\/ 2 vZ,/W, ]

where n is the quantum efficiency, By substituting Ai = is’

we get

e L [y
' 4w, L P,
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According to the parameters in this example, Y+=2.4-10"" raajan.
From the above formula, one can see that Yg is inversely pro-
portional to W,. W, is determinedAby the laser, which can be
enlarged by a telescope. However, the angle Yy was simultan-
eously reduced. Therefore, Yg was not improved. In order to
calculate the sensitivity of the interferometer, it is necessary
to calculate the voltage and voltage difference of the quadrant
receiver, i.e.

U,=I,Ri=U, +Ug+Uc+Up

AU = AiRi = (U, + Up) - (Uc+ Up)

The normalized single voltage of the interferometer is
U, = AU _(Ux+Us) = (UcsUp)
= 0, T (Ua +Us) + (Uc+ Upy
=101, [W (V 2Y/(W,/Z,) 1V

V2 Y
U, =104 v W,/Z) )«
. ‘ ‘ 101..(3/2) W./Z. (Y'/( ./ .) l)
The sensitivity Ty of the interferometer is not related to the
intensity of the laser beam because the electronic system employs
a normalized signal, i.e., the signal was obtained by dividing

the voltage difference of the quadrant receiver to the voltage.

In the above example, the sensitivity of the interferometer
is 0.86"/volt.

Measurzment and stability of the change in dye laser
beam direction

The principle of the measuring device is shown in Figure 1.
The path difference at the arms of the interferometer has stabi-
lized at (N + 1/4)X by the sum of the voltage on the guadrant
receiver, the phase controller and the piezoelectric ceramic on
the "cat's eye" reflective mirror. The adjustable mirror Sv may
be adjusted by PZT in two directions. The PZT was calibrated
by a photoelectric autocollimeter. When the dye laser was

incident perpendicular to the reference cavity through mirrors

SV and 82 and telescope L, a portion of the dye laser would

enter the interferometer through S1 and Ts. The interference

signal was received by the quadrant receiver. The interferometer
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was adjusted so that the output signal Yy and Yy are zero.

When the dye laser beam direction changes, the output signals,
Yx
or read by a digital meter.. Yx and Yy are used as error

Lot

~and Yy' are not zero. They are recorded by an x-y recorder

signals to adjust the piezoelectric ceramic on the adjustable

vt Keleww e aull

mirror SV to make Yy = Yy = 0. The direction of the dye laser

thus remains unchanged. Consequently, the effect on frequency

is eliminated.

ettt
LA.A.I Y

The testing results are shown in Figure 12. From the figure,

S

one can see that the designed interferometer and servo system

a7
A

can stabilize the direction of the laser beam very effectively.
The bandwidth of the system is 50 Hz. From Figure 1l2a and c,
one can read the effective angular changes in the X and Y
direct?ons ar?_Yxeff=:0'l3“ ancil\(yeff = 0.18". The overall
effective change is Yer = (Y. + v,ur®)' 2 = 0,227 . Considering the
imaging effect of the telescope in front of the interferometer

RN Rl MR

l" ." .

(magnifying by 14 times), off = 3". The effect of this angular

variation on the stability of the frequency was calculated
from the formula in the previous section was calculated to be

Afgr = 17KHz,

In addition, the dependence of the dye laser direction

change on other parameters was measured. The relation between
the dye laser beam direction in the horizontal direction with
various dye injection pressure (or flow rate) is that the angular
variation is less at high pressures (8.25 Pa) than that at low
pressures (6 Pa). At a high pumping power (e.g. 6W), the

angular variation is less than that at a low pumping power (4W).

In the dye laser optical path, air fluctuation has a large
effect on the direction of the beam. The position of the pump-
ing light waste on the dye flow must also be adjusted. -

The flow of dye has a great effect on the stability of the

dye laser. This setup can be used to test various nozzle
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Figure 11. Stability principle of the interferometer and
principle of the auto-stabilizing of dye laser beam direction.

l--dye laser; 2--reference resonance cavity; 3--PZT-driver;
4--photoelectric receiver; 5--integrator; 6--XY-recorder;
7--digital voltmeter; 8--interferometer; 9--guadrant receiver;
10--PZT driver; ll--A¢-controller

Figure 12. Dye laser direction variation in
horizontal and vertical directions with time (curves
a and ¢) and curves after using the directivity
stabilizing system (b and 4).

designs and the effect of other flow related parameters in order
to find the optimal resolution.
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Monitoring atmosphere pollution by lasershas advantages

such as high sensitivity, fast speed and convenience. Therefore,

NG 4

it attracts more and more attention. The tunable CO2 laser has
more than 40 lines in the 9.2-10.8 umyavelength range. In this band,

atmospheric pollutants, such as benzene, ammonia, butadiene,

AR ATRENE
YLt et et s
A AL

trychloroethylene and methanol, absorb strongly. Therefore,

It

A

their concentrations can be measured. Here, we want primarily

to introduce a simple, accurate and fast method to demark the

j:

wavelength of the tunable Co, laser.

A‘tunable-CO2 laser usually uses a grating as the frequency
selecting element. The laser wavelength is selected by turning

the grating.

We determined the source of each spectral line based on the
law governing the tunable CO2 laser in order to demark the
wavelength. The grating diffraction formula is *.=2dsin8, where d
is the grating constant and 6 is the angle between the normal
direction of the grating and the light beam.

We installed an odd calliper on one side of the grating.
It was placed against the grating link. The angle 8 is read by
the calliper. Assuming that the distance from the rotating axis
of the grating to the contact between the calliper and the 1link
is b, then the change in the calliper reading AS is bAO when the
variation of 8 is very small (the relation between AS, b and

A8 is shown in Figure 1).

‘ In addition AA, =2dcos0Ag , We get
= _ bAA.  _ AW (3)
L 85 = 2dcos0 = 24¥,cos0
o where v is the wave number. From this,one can see that the

reading of the calliper varies almost linearly with wavelength
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Figure 1. 1l--grating; Figure 2.
2--grating axis; 3--contact
between calliper and grat-
ing support; 4--normal (or wave number) for several

direction of direction;

5--laser beam neighboring wavelengths. The

approximate formula for the wave

number of the CO, laser spectrum is:

2 § G o
vs= (\"%:1— I-’;_:,;,) +B'I(J + 1)
-B*J"(J" + 1)
J-J"= 4+

l--vib;ation

In the P branch, J'-J“=)-J=-1 | 1In spectroscopy, it is
customary to replace J" by J:
V()= v, + B (- DI -BJJ+ 1)
= Ve~ (B +DB7)J + (B’ = B*)JF
where BxB’xB*. When J is very small, (B'-B°)J! may be omitted.
T.(J)yx=Vv,-2B)

Hence, ]
In the case of the transmition of CO2 molecules in the }:
range from 10.4 ym to 9.4 pym, J = 2, 4, 6... i?
o

In the R branch,¥ -J*=J-J=],. Then jﬁ
V(D) =V, +B' I+ 1T +2) -8 +1) /37 o)
=7V, + (3B’ -B")] +(B’'-B")J)} +2B' 5
=v,+2BJ+2B
where J = 0, 2, 4, 6... Therefore, the transition spectrum near

v, is shown in Figure 2.

v in the figure is not allowed because the even transition
from J' = 0 to J" = 0 is forbidden. From Figure 2 one can see
that the spacing between P(2) and R(0) is 1.5 times that
between two neighboring lines. The spacing between P(2) and
R(2) is 2.5 times. That between P(6) and R(6) is 6.5 times.

70
b
e 4
A J' J'-rf ._ CRNCAERE S N e e e ) ; TN
? :’5:’1:{?;: 11‘:!!'}1_’;} L(:&:_{:“: ":_‘\ - "- s Q-t :_\n{.:tL.A':'\ ""." P i A_A.A e _h'L- N l"_h S _Lr. Y ':\1&- ")\k;'hL& b




Sl L

LW A AR N

.
-

3 __ A9
L 4

Vi aipmy 3 R 4 7 % ¥

Because the gain of R(4) is higher than that of P(4), the P(6)

line may appear next to the R(4) line. In this case, the

spacing is 5.5 times. Therefore, it is easy to identify the
spectral transition. Once we determined a spectral line,

dozens of lines of the CO. laser could be demarked in the 10.4

2
um to 9.4 pm range based on the linearity between the calliper
reading and the wavelength (or wave number). It is also possible

to resolve the spectral transition.

The results of the measurements are shown in Table 1.
One can see that the laser wavelength is approximately linear
with the calliper reading. This indicates that this demarcation
method for CO, laser is simple and easy and accurate. It ig

2
undoubtedly a powerful tool for monitoring atmospheric pollution.

TABLE 1. Calibration of wavelength

i 2 oy ¢ _‘f’ ;
Wil sk F’f i 'T'gf

mEe () ,,.zi (um) (mm)

(mm)
P(§) © 10,458 | 22,49 P(ls) 10,5711 23.63
P(8) ; 10,476 22,70 P<20) 10,591 ; 23,83

P(10) | 10,494 | 22,88 "Pe2)! 10,611 0 24,04

P12y 10,5131 23,07 Pe21) 10,632 2424

P 10,332 23,25 Pe26) 10,633 24,45
551 2

P16 - 10,55 3,44 i}’('.’8): 10,675 ; 24,66

—

l--transition line; 2--wavelength; 3--calliper reading;
4--transition line; 5--wavelength; 6--calliper reading
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