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SUMMARY

Flowing-gas, single-line, TEM 00 -mode CO2 lasers that can deliver

up to 50 W per meter  of discharge length are descr ibed.  Long-term

amplitude stability of less than 3% p-P is observed and operating lifetimes

approaching 1000 hr a re  possible with proper care. Frequency stability of

a few MHz has been measured, and with adequate isolation from environment

perturbat ions , the stability should be less than 2 MHz without dynamic

feedback .
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I. INTRODUCTION

The design features and pe r fo rmance characteristics of flowing-gas ,

single -mode CO 2 lasers constructed in the Electronics Research Laboratory

are discussed (Fig. 1). The specific parameters of this design are dictated

by a desired cw output power and beam quality of 50 W in a far -field Gaussian
1, 2(TEM Ø0 ) mode . For most electric-discharge CO2 lasers , a gas mixture

of CO 2 :N 2 :He (2 :3.4:10)  at a pressure  of 10 to 50 Torr is flowed longitudinally

throug h a water-cooled cylindrical precision-bore pyrex tube and excited by

a hi gh-voltage long itudinal dc discharge. This configuration is capable of

generating greater than 50 W cw (TEM 00 ) of P(Z0) 10. 6-~im laser power per

meter of discharge length at an overall efficiency of greater than 10%, or

550-W pulses of 150 -~isec (FWHM ) duration in the same mode also at an over-

all efficiency greater than 10%. If a dispersive element is included in the

laser cavity, any one of approximately 100 separate vibrational-rotational

transitions can be selected in the 9 to i1-~ m spectral region. However, for

any particular line , the power generated per unit length scales approximately

as the small signal gain of the particular line relative to the P(20) 10. 6 p.m

line ; this distribution is shown in Fig. 2.

1P. K. Cheo, “CO2 Lasers,” in Lasers, Vol. 3, eds., A. K. Levine and
A. S. DeMaria, Marcel Dekker, Inc. , New York (1971).
2D. C. Tyte , “Carbon Dioxide Lasers , ” in Advances in Quantum Electronics,
ed., D. W. Goodwin , Academic Press, New York (1970).
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Figure  1 . Typical CO Laser as Assembled in the Laboratory.  Upper
i n s e r t , the ~PZT and front  reflector mounting; lowe r insert ,
the modifit ’d rn icroscop( ’ slide stage used as a tube mount
a d j u s t e r .  The main cavity is a rig id s t ruc tu re  composed of
two end p lates and I- in.  diam . Invar rods about 50 cm
longer  than the planned py r ex di scharge tube length .

-8-

~~~~~~~~~~~ <~~~ , :. ~~~~~~~~~~~~~~~~~~~~~~~~
- ~~~~~~~~ 

~~~~~~~~~ 
~ ,~~~IDr~ ’ ~~~~~~~~~~~~



1 . 2 _ ’ I ’ I ’ 1 ’ ~~~~~’ I ’ ~~~ —

0 CO -- N -He
O 2 2

i.o~~ 
9~.,g o -

9 0

R
8

E 9
& . 0

-

S P BRANCH 7 ~ 8
0 

A BRANCH

O

.0 0 -

1)2 0 -
0

- r
o1~~~1 I l l I I l I I I I l

o 8 1~ 24 32 40 48
LOWER LEVEL J VALUE

FIgure 2. Gain Distribution for Individual Vibrational-
Rotational Transitions In P and R Br anches
of 000 i~ iO00 (9.6 p.rn) Band1

-
— 

- ~~~~~~~ 
.t ~~~~~~~~~~ -~~~



I

II. DESIGN GUIDELINES FOR SINGLE -MODE OPERATION

The in tensi ty  profi le , o r mode , of the CO 2 laser is determined by the
dimensions of the discharge tube and the optical cavity parameters .  The
t ransverse  dimensions of the laser modes are a function of wavelength , the
radii of curv.~ture  of the optical-cavity elements , and the cavity length. Since
the radial dimension of the TEM modes increases with the mode numbersmn
m and n , the proper choice of tube diameter  will  eliminate all but the lowest
order  mode TEM 0Ø . Selection of the laser cavity optics is straight forward .
If the CO2 laser is to operate on selected vibrational - rotational transitions ,
a diff ract ion grating is usually included as one of the cavity elements . In the
Littrow configurat ion , the diffract ion grating behaves as a flat mi r ro r , and
the partially t ransmi t t ing  output mi r ro r  is chosen with a spherical surface to
give a stable optical cavity with tolerance to angular misalignment.  The radius
should exceed the cavity length; radii values of 4 to 10 m are standard with CO2
laser optics supp liers. The mir ror  mounts have angular adjustment
capabili ties of several deg for  the correct ion of angular  misal ignment.

The optical cavity formed from a flat mirror  and spherical m i r ro r  is
referred to in the literature as a half-symmetr ic  cavity . The diffract ion
losses for  the various modes hav e been calculated by Li 3 for a wide range of
bore diameters , cavity lengths , and mir ror  radii; the pertinent curves have
been reproduced in Fig . 3. A desired maximum cw output power of approxi-
mately 50 W dictates that the discharge tube length be approximately 1.0 m
or greater and the optical cavity length to be approximately 1.5 m in orde r to
accommodate the Brewster-angle windows and an intracavit y work space. 

- 

-

After  the selection of a value for the radius of curvature of the output mi r ror
(10 m is typical), the bore diameter is established from the diffraction loss
necessary to suppress modes other than the TEM ØØ . The loss is expressed
as a function of Fresnel number N d2/4X Lc~ where d is the discharge tube

Li, “Diffraction Loss and Selection of Modes in Maser Resonators with
Circular Mirrors,” Bell Syst. Tech. S. 44, 917 (1965).
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diameter , X is the laser wavelength, and L is the optical cavity length . The
design parameters and performance characterist ics of a serie s of lasers con-
structed in accordance with the above guidelines are summarized in Table 1.
At present, there is a considerable amount of literature on CO 2 lasers, 1, 2

which includes data on the optimum operating relationship between current ,
pressure, and bore diameter. The curves given in Fig. 4 reflect the optimum
operating conditions observed for our CO 2 lasers.

The observed mode pattern from the CO 2 lasers described in Table I
confirms the fact that , for a smooth , concentric bore , most of the energy is ,
indeed , contained in a central lobe with a Gaussian distribution in the far-field .
A typical mode scan is shown in Fig. 5. Close to the output mirror (within
0.5 m),  however , there  is considerabl e structure in. the mode pattern , as
observed on a thermal image plate. (It  is surprising that the intensity profile
transforms so quickly into a single Gaussian lobe at distances greater than
0.5  m from the output mirror .  This particular feature of “single-mode ” CO 2has been noted elsewhere, but a definitive experimental study has not yet been
published.)  Imperfections and slight bends in the glass bore will tend to pro-
duc e mode distortion with increased losses at the walls, which results in a
lower power output and , possibly, a shortened tube life . Mode patterns are
also distorted by the use of ZnSe Brewste r angle ‘windows with large amounts
of optical wedge . Window s should have a maximum op tical wedge of less than
30 arc  sec for a laser I to 2 m in length to minimize thi s effect.  Window
specifications are given in Appendix B , and wedge determination methods
are described in Appendix C.

The water-cooling requirement is best satisfied with high-impedance
(750 (2-cm ) water flowing a t”~2 l i ters/mm at “- 25°C. (Any othe r cooling sys-
tern used as a substitute must be able to dissipate -‘-600 W of power. ) Low-
impedance water may be used , but is not recommended because it can dras .-
tically shorten the discharge tube life, as noted in Section IV.
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• III. LASER AMPLITUDE AND FREQUENCY STABILITY

In addition to output power and mode quality, the amplitude and frequency
stability of the laser output are of fundamental importance. The long-term

frequency stability is governed by thermal drift and distortion, which can be
reduced by the use of low expansion materials such as Invar (for spacing the
mirror mounts), the use of such low-absorption infrared materials as ZnSe
(
~ 

.
~~ 0.005 cm) for the Brewster angle windows and mirror substrates, and

regular cleaning of optics exposed to high-energy fluxes (Appendix B). Our
l~.sers , which were constructed with Burleigh end plates and mirror mounts
assembled on I -in. -diam Invar rods , operated with fluctuations of less than
3% p-p for tens of minutes without any adjustment. With periodic cavity
length tuning by a piezoelectric translation (PZT) element, thi s stability was
maintained for hours . A sample output stability recording is shown in Fig. 6.
Encouraged by the amplitude stability, two lasers were heterodyned with a
Cu:Ge photoconducto r used as a mixer. Each laser operated on a single line
[P(z0) 10. 6-sm bandi at approximately 30 W. The total frequency excursion

- 

I of the beat was approximately 10 MHz in a 20-sec period . The distribution
of beat frequencies, however, was clearly bunched with a i~ of approximately
4 MHz (Fig. 7). By controlling each laser with the PZT , one can maintain
this beat-frequency excursion, or jitter , indefinitely. Refinements, such as
using a pump ballast on the laser tube and acoustically isolating the optical
table (by air suspension), did not appear to reduce the jitter , a result that is
somewhat surprising. The jitter can be reduced by sealing the laser cavity
to isolate it from air currents and due t in the room . Also, a dedicated ,
temperature -controlled cooling system would provide a better environment
for reduced jitter. These improvements should be incorporated in any serious
attempt to frequency stabilize in -house fabricated CO2 lasers.

- 17-
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Figure 7. Heterodyne Spectrum of Two Free-Running CO2
Lasers Operating at 30-W Level. Frequency
stability of each laser appears to have a
standard deviation of less than 5 MHz over a
one-minute period.
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IV. LIFETIME CONSIDERATIONS

The normal lifetime of the lasers depends heavily on the care and
attention they receive. With daily cleaning of the ZnSe optics and daily mir-

ror alignment, more than 100 hr of service between grating cleanings is
typical. (A grating should be removed and washed when it becomes too hot
to touch while the las er is running. ZnSe windows and reflectors should be
removed and replaced when pitted or scratched, usually evident by diffrac-
tion of the central spot.) The tube life can be jeopardized by use of low-
impedance cooling water because breakdown can occur between the gas at
high voltage and the water jacket through the glass ring seals . Also , air
cooling the electrodes will help prevent excessive thermal stress.
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APPENDIX A. ENGINEERING DRAWINGS AND PARTS LIST

Par t  Quantity Price, CO2 Parts List
No . $

I —2 00 CO Laser Tube. In-house manufactured. (Refe r
to Aerospace Drawing No. EL-0 108-022-0 . )

2 4 12/ft Invar Rod. Approx. 6 to 7-f t  length s I -in .  diam.
Allen Fry Steel Co. or Carpenter Steel

Note: The length of the rod is dependent up-
on leng th of CO2 discharge tube. Specif y
length of rod in feet. Add 1.5 ft to discharge
tub e length.

3 2 90 ea Rod Plate. Burleigh Instruments SG-309 .
4 2 2 15 ea Star Gimbal Mounts. Stainless. Burleigh

Instruments SO-ZOl.
5 2 37 ea Short Clamp Bar. Burlei gh Instruments SG-320.

6 1 42 Long Clamp Bar. Burleigh Instrument.  SG-321.
7 1 385 PZT Aligner-Translator .  Burleigh Instruments

PZ-80.

8 1 37 2-in. Mounting Adaptor for PZ.SO. Burleigh
Instruments PZ-80-1

9 2 60 ea Precision Mechanical Stage . McBain Instruments

Edmund Scientific.
Note: Specif y 27 by 30-mm travel with 30-mm
axis worm gear .

t O 2 Laser Tube Mounting Assembly. In -house manu-
- factured. (Refer  to Aernspace drawing.

EL-0t08- 109-O . EL-0l0 8-095-O , EL-0 108-053-I,
and EL .-0108-047-i .)

Part No. EL-0 108-109-0 is designed to match
- a bolt hole pattern on the precision mechanical

stage, Part No. 9 on this list. Since stage.
vary even with the same supplier, some modi-
fication of drawing EL-0108-109-0 may be
necessary between shipments of stages . -

I I  2 Brewster Angle Window Assembly . In-house manu-
factured. (Refer to Aerospace drawings
EL-0 108- 100-O, EL-0 108- t0 i -0 , and E L -0 1 08-t OZ -O .)

-23-
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I

Par t  Quantity Price , CO2 Parts List (Cant.
No. $
12 2 165 ea ZnSe Brewster Ang le Windows. Il - VI Inc. , Glenshaw , PA

1.820 by 0. 700 by 0 .080 in. with less than 12 arc Sec
mechanical wedge.

13 t 230 ZnSe Output Coupler. 1 -VI Inc. 60% reflective at
10. 6 rim , 1.000-tn . diam by 0. 120 in. thick.

14 1 600 Master  Metal Grating PTR Optics , Inc . ML303 or
Perkin Elmer.

Note: Specify 75 Groves/MM , Blaze for peak
reflectivi ty 9. 6 to 10 . 6 ~m perpendicular polarization.

I Grating Adaptor to Burleig h Gimbal Mount . Zn-hous e
manufactured .

16 4 3 . 0 0 / 1 2  Parker 0-Ring 2 .026
17 4 3 .00/ 12 and 2-206

-24-
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Part  Price, CO2 Laser Support Equipment
No . $ (1 ea. Required)

1 1500 Laser Power Supply.  Universal Voltronics Corp.,
Model No. BAL -20- i2S A
Note: Minimum current voltage requirements
40 mA at 20 kV. Average operating requirements
30 mA at 20 kV.

2 500 Current Regulator (optional). Ballast resistor may be
substituted. Some form of regulation is required.

3 1 ,200 PZT Power Supply. Lansing Model No. 80-214 or
Burleigh, Model Pz 6o or 70
(Note: Lansing Model No. 80-2 14 is a lock-in

amplifier for dynami c stabilization of laser)

4 1. 400 Power Meter.  Coherent Radiation Labs , Model No. 201.
-

. 

-

~~~~~ 5 1, 250 Spectrum Analyzer. Optical Engineering Model
Optional No. 16-A.
Items

6 173 Image Plate Kit. Optical Engineering Model No. 22-K.

7 1, 500 Alignment Laser. Lansing Research Model No. 35-10 1.

8 Water Cooling System.
(Note: Minimum heat dissipation capacity 600 W . )

9 1300 Vacuum Pump. Welch Model No. 1397.
(Note: Pump should be able to maintain a vacuum
of I Torr with gas input closed.) .

10 300 Vacuum Gauge. Wallace & Tiernan Series 300 Model
No. TA- 160 , or equivalent.

(Note : should have dynamic range of 0 to 50 Torr.)

i i  70 Gas Regulator. Air Products Model No. 02- 1000.

12 25 Vacuum Pump Sh utoff Valve. Circle Seal Model No.
9232B-4PP .

13 27 Gas Flow Regulation Valve. Nupro Model No. SS-4M

14 37 CO2 Gas Mix . Gilmore.

Note : SpecIf y: 5 parts N, (22%) . 3 parts CO2
(13%) , and 15 parts He (6~~ o).
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- . APPENDIX B. OPTICS REQUIREMENTS

The optical components required for this laser include:

A. An output coupler (coated ZnSe , partially reflecting
in the wavelength region 9 to ii ~m),- 

B. Two Brewster-angle windows ( ZnSe). -
C. A rear reflector [a high-reflectance flat (non-

dispersive) or a grating (dispersive, for single-
line operation)]. - -

D. A precision-bore pyrex discharge tube.

A. OUTPUT COUPLERS

The outp ut coupler used in a 50-W laser 1 to 2 in in length is a ZnSe
substrate 1.0 in. diam by 0. 125 in. thick, piano-convex with the convex
radius of curvature ( R/ C )  of approximately 10 m, antireflection-coated on the
piano side , and coated for partial reflection on the 10-rn R/C side. With a
reflectivity of approximately 60%, output power greater than 50 W is obtainable.
For weaker lines a higher reflectivity output coupler is needed. P(4) is
easily obtainable wi th an 80% reflectance (R) output coupler , as is P(50)
and most R branch lines in both the 9. 6- and 10. 6-~tm CO2 bands. The
output coupler should be cleaned with methenol or acetone and air dried

every day before operation.

B. BREWSTER-ANGLE WINDOWS

Two Brewster-angle windows are required. These windows are ZnSe,
1.82 by 0.70 by 0.080 in. thick, uncoated, with an optical wedge of
less than 30 arc sec (Appendix C). This. tight requi r ement on the wedge is
necessary to prevent significant mod e distortion by the windows. The wedge
on new windows Is usually checked by an autocollimator in the Aerospace
Optic. Laboratory. Dirty windows, or windows with large wedge., will
significantly perturb the output mode , and, hence , the output power by
shifting energy in to the higher order modes or by increased diffraction loss.
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Windows should be cleaned with methanol or acetone and air dried before

operation of the laser . Window holde rs that become too hot to comfortably
touch after approximately 30 mm of laser operation indicate that the
windows should be cleaned or replaced.

WARNING : These windows float at lethal voltages during
laser operation. Ensure that high voltage is off before cleaning
or replacing.

CAUTION: Because of the toxic nature of ZnSe powder, windows
must be returned to manufacturer for repoliehing.
Note: A filter on the gas input line is recommended to prevent
foreign matter in the gas bottle from depositing onto the windows
during laser operation. Do not overti ghten window retainer plate
as ZnSe windows are fragile and will crack easily.

C. REAR REFLECTORS

The use of a high reflectance mirror in preference to a grating for the
rear reflector depends on the application of the laser. For multiline opera-
tion, a gold-coated copper or molybdenum mirror with a radius of curvature

of 10 in or greater is normally used. Silicon with a high-reflectance coating

also works well. Since the beam is only approximately 1 cm in diameter at
the mirror, only a small reflector (e. g., I in. diam) is necessary. Cleaning

- of these mirrors should be the same as for any polished optical surface.

A grating can be installed so that only one of the approximately 100
transitions in the 9- 11 ~m region can be selected. The grating is normally

an aluminum or copper substrate with 75 lines/mm (e. g., PTR series

ML 301). This grating has an angular dispersion of approximately 245 Al
mrad and is mounted in the Littrow configuration at an angle of 22 deg from
the incoming k vector. Reflection should be greate r than 92% (El) in the first
order in the 9- to ii -i~tm range. When the grating becomes so hot that it

cannot be comfortably touched, it should be cleaned or replaced, as it has

become excessively iossy, and power output will drop significantly. This
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gra ting is cleaned by rinsing it with- acetone , then swirled in warm soapy
water (a mild laboratory soap solution is used). Immediately after removal
from the soap bath, it  is rinsed with warm distilled water, then xylene,
acetone, again with distilled water, and blown dry with dry nitrogen or air.

Note: The surface of the grating should not be touched with hands
or materials such as Kimwipes or Kaydry. It is highly recom-
mended that the optical shop personnel do this cleaning.

D. PRECISION GLASS BORE TUBING

The precision glass bore tubing, usually pyr ex, in the CO2 lase r
serves to confine the plasma discharge. The diameter-to-length ratio of

the tube should be such that the Fresnel number is 1.0, or slightly less , to

ensure a TEM0Ø far-field mode. Since the tube bore is the limiting aperture,

its diameter is used as the value of d in the Fresnel expression

-
. 2

N =
~~~

where

N = Fresnel number -

X wavelength of interest

I = length of the cavity

d = limiting aperture diameter

For a Fresnel number of 1.0, X of 10 ~tm, and I of 1.3 m,

d = (4X!N) t”2  = 7. 2 mm -
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In this design, 8-mm tubes were used with success because of the self- - -
conve rging effect of the energy in the far-field; 9-mm tubes produced
a pronounced TEM01 mode and lost power in the far-field as a result
of divergence.

It is essential that the tube be straight. When viewing a light source
down the axi s of the bore , concentric rings should appear. If these rings
are not concentric, the tube wiU not produce the desired power distribution
(TEM ØØ ), and hence, less energy . Straightening of the tube may be attempted
by a glass blower if the tube is not warped significantly. Otherwise, the tube
should not be used. When ordering precision bore tubes, the order should
specify that the tubing is to be used for laser applications and that it be as
straight as possible.
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APPENDIX C. METHODS OF MEASURING MECHANICAL

AND OPTICAL WEDGE

Because significant diffraction losses may be introduced into a cavity
by Brewster-angle windows with measurable wedge, the specifications for

these windows are important. Two methods are introduced here by which the

actual optical wedge4 may be determined in ei ther  t ransparent  or opaque

window substrates. Both use a small visible laser (e. g., He-Ne) incident

on the sample at a near normal angle of incidence. As shown below in

Method 1 , the wedge is computed from the reflection of the beam from the
window sur face .  In Method 2 , the wedge angle is computed from the

duration of the transmitted beam .

A. METHOD 1: REFLECTION

-

~~~ _

0 sin 
~~~ 

sin ( C-I )

- (C -Z )

¶ 1. W. Erler , Private Communication
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I

( C - 3 )

and

1
y = sin ~— sin ~ (C-4)

where

= mechanical wedge

Combine Eqs . (C -4) . ( C - I ) ,  and (C -3).

1 111
y = sin ~— sin siri -~—- sin 9 + 2~ (C-5)

Since all angles are  small  (8 <- -~ 5 deg and ~ << I deg) ,  -
‘

Ti
(C-6 )

‘1

• deviation between the two reflected beams = - 8 (C-7)

11
(C-8)

I

lii

Mechanical Wedge = = 2 
- (C-9)

Optical Wedge = = (
~ 

g) -

See Method 2 for derivation.
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B. METHOD 2: TRANSMISSION

(direct measurement of
~ optical wedge)

I
Ti 

/It%

~

b 8j f l
1

. Sifl C

1 9= ~~~ ~~— sin c - c OP

Again since 
~ 

is a small ang le, j .~ ....4
I 4’ 1

112 I=) O
op çC~~~C

8
- 

op=) c _ liz —

e must be in radians .op
Overall the direct measurement of 8 will give C also. Reflection

measurement of ~ will give ~~~ and ~. op
With an auto col limator ,

x 4~-~ 
= (fo r ZnSe 

:12 

= Z. s. 
~~~~~~ 

= 0.60)
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THE IVAN A. GETTING L.ASORATORIE S

The Laboratory Operations of The Aerospace Corporation is conducting

experimental and theoretical invest igations nece s sary f o r  the evaluation and
application of .cientific advance, to now military concepts and systems. Ver-
utility and flexibility have been developed to a high degree by the laboratory
personnel in dealing with the many problems encounte red in th. nation ’ s rapidly
developing s pace and missile system s . Experti se in the latest sci ent ific deve l-
o pments is vital to the accomplishment of tasks related to these problems . The
laboratorie, that co ntribute to thi , research are:

Ae rop hysic s Laboratory : Launch and reentry aerod ynam ics , heat trans-
fer , reentry physics , chemical kinetics , structural mechanics , flight dynamic s.
atmosp heric pollution , and hi gh- power gas lasers.

Chemistry and Physics Laborator y : Atmosp heric reactions and atmos-
pheri c optics , chem ical reactions in polluted atmosp heres , c hemical reactions
of excited spec ies in rocket plumes , chemical thermodynamics, plasma and
laser-induced reactions, laser chemi s try, propulsion chemistry, space vacuum
and radiation effects on materials , lubrication and s urf ace phenomena, photo-
sensitive materials and s ensors, hi g h precision laser rang ing, and t he appli-
cation of physics and chem ist ry to problems of law enforcement and biomedicine.

Electronics Research Laboratory : Electromagnet ic theory, dev ices , and
propag ation phenomena , inc luding pl~ .ma electromagnetic .; quantum electronic.,
lasers , and electro -opt ics ; communication sc iences , app lied electyoni c., semi -
conducting, supercon ducting, and crystal device physics, optical and acoustical
ima ging; atmospheric pollution; millimeter wave and far-infrared technology.

Materia l. Sciences Laboratory : Development of new materia ls; metal
matrix compo s ites and new forms of carbon; test and evaluation of graphite
and ceramics in reentry: spacecraft material , and electroni c components In
nuclear weapon s environment; applicat ion of f racture mechan ics to stre ss Cor-
rosion and fatigue- Induced fr actur e. in structural metals . -

Space Sc iences Laboratp~y: At mospheric and ionospher ic physics , ra dia-
tion from the atmosphere, dens ity and compos ition of the atmosphe re, aurorae
and airg iow ; magneto s phe ric physics , cosmi c rays , generation and propagation
of plasma ws ves in the magnetosphere: solar phys ics , stu dies of solar magnetic
f ield.; space ast ronomy, x-ray astronomy : the effects of nuclear explosio n.,
magnetic storms , and so lar activity on the earth’ , atmosphere . ionosp here, and
magnetos phere; the effects of optical, electrom agnetic , and particu lat. radia-
tio n. in spac. on space systems.
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