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- FAST SELF-COMPENSATING ELLIPSQMETER
H. J. Mathieu, D. E. McClure and R.'H; Muller

Inorganic Méterlals Research Division, Lawrence Bérkeley Laboratory and
Department of Chemical Englneerlng, University of California
Berkeley, Callfornia 94720

ABSTRACT
A compensafihg autdmatic'ellipsométer that employs Faréday rotatérs_
has been.constructed. Speed of response and‘resoiution superior to
that of any similar instrument now in use havé been achieved through '

novel Fafaday solenoid designs, modulation_with.high frequency

and large'amplitude,and refinements in circuitry.



-I. INTRObUCTIOﬁ

bThe use of ellipsometers for the observétion of surfaces and thin
films ha; greatly increased in'récent years. fhe priﬁcipé1 short-
qoming df g manually operated ellipsometer is its slow response, since
'sevefél minutes are reqﬁired for a high—resblutioﬁ.Compensating
measurement in one zone. The speed of responée‘één be increased by
operation‘in non-compensating modes‘l._3 or by use of a self-compensating
instrument;e' The latter choice is preferable ﬁecause such instruments
record the state of polafization without'being influenced by changes
in irradiance. | |

The'operation of a'self—compensatihg ellipséheter requires an
error signal, that ié derived from a modulation of the state of
polariZation, and is uéed'to drive a control-loop to naach‘compensafion
(éxfinctibﬁ). Designs of automatic, éompénéating ellipsométefs realized
so far employ electro-mechanical modulation and}:_ompensation,5 elgctro;
optic ﬁodulation ﬁith mechaniéal compensation;é.and magneto—opfic
CFarad§y>cell) modulation and compensation.’ The»instrumentvreported
here béléngs tobthe.la3£ category. Since Faraday rotatioﬁ over a
useful dynamic range of poiarizgr and analyzer azimuth requires the .
' ménipulation.of éizeable magnetié fields, thefinductance of Faraday
coils needs careful consideratiqn.. Both an adeqﬁafe azimuth ﬁodulation
émpiitude and a fast response of azimith fotatioh‘fbﬁ compensatioh'
are, in}practice, 1imited by coil inductances. |

Desired chafac;eristics of an_automatic ellipsometer inglude fast

»résponse,'large dynamic range and high resolution;



II. PRINCIPLES OF OPERATION

The operation of the present design is baSe&_oo suggestions by
Wint:erbot:'t.orrj.“8 and a previous construction by Laycr,7 The arrangement
of opticoi'components,'shown in Fig. 1, provides monochromatic,
ellipticaily polariéed light incident on the specimen; At cOmpensation,
vthé»reflecfedblight io linearly polarized.c Compensation
is reéChedoBy effectivciy rotating'thevﬁlanes of oolarization (azimuths)
of oolarizér.énd analyzer prisms over the dynomic'rahge by means of
:tﬁg-Faraday‘cells to,either side:of mechanically established prism
azimuths.:iCurfentomeésurement in;the Faraday coils'oerves as
(incrementai) azimuth fcadout. |

A cootrol (error)'sigoa1 is &erived f;om'acmodu1ation of the
Faraday rototion. As indicated in Fig. 2, the photodetcccor output
orovides ao:approximotely parabolic transfer curve ac a function of
polarizer’or analyzer.azimuth. Thus, phase-sensitiﬁevdetection and
jincegration of‘the fhotodetectofvsignal caosed by thc.azimuth modulatioo
results in an error signal that‘has a different-signpon oppositc sides
of the'ﬁinimum and is zero ot miniﬁuo transmitced ﬁx;diancc (compensation,
,null)f _Anaiyzer and poiarizer ozimuths arc modulated at the oame
frcquéncy; cheir sepafétion_is achieved by a diffefcnce in phase of

exactly 90° between them.
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ITI. FARADAY CELLS
The Faradéy rotation 8 [deg] of the azimuth of linearly polarized
light debeﬁds on the magnetic field strength H,‘[A/m] thé length % [m]

and the Verdet constant V [deg/A] of the cell core.
0= HW ) - (1)

The magﬁetic~fie1d strength at the axial end of the solenoid is9

2 \/22 + r2' '

where N is‘thebﬁumber of turns of the solenoid, I the current [A] and

r the mean radius of the solenoid [m]. The sledfrate S [deg/s] for the

self-nulling process, defined aslo

db Co o . ' . . ”
_S-—-&—t- ‘ | (3)

can therefore be formulated as
dr I -
S 'andt._ ’ . R v (4)

where t signifies time [s] and the constant a [deg/A] is defined as.

2 22 + r2

Since changes in solenoid current, resulting from a compliance voltage

" E [v] of the bowéf@supply, are hindered by the self-inductance L [H]
TR | ©
© Eq. (4) becomes

s=-28 | e SR ¢)



The inductﬁnce L of the Faraday solenoid is : S

':,Hi'
)

.2 o : .
L = puo  Wr . _ P ) (8)

where U is the permeability of the Faraday cell core [H/m] and uo-is the

magnetic field constant (1..256’410._6

Vs/Am). The amplitude 60 [deg] of
. the azimuth_modulation_of angular frequency w_[rad/é] is given by Eq. (9).

Primed quantities refer to the modulation coil -
s S : M )
=== =5 - €))

With a cdre'of.ménégeable'length (chosen to be 152 mm), fairly high
magnetic fields have to be generated (2.9'103Aﬁn_1d¢gf1 average over the
length of the solenoid) in order to produce.tH¢ ﬁe£éssary azimith |
,rptétiéns béth,-for'modulétibn and compensétiéﬁ. In addition, fast. -
_fesponse_capabilities of the instrument requirexléw'inductanée of:Faraday
_ solenoids, even with the use of Qpeiational amplifier feedback‘techniqqes.
fAlso; temperaturé rise due to power dissipatibn‘aticoﬁtinuous éervicé
1'Sh0ﬁ1d be kept.to a minimum because changés in Vérdét‘cOnstant and
bireffingenée’of the core are deleterious. |

Thé éresént Faraday éeli design is illustrated in Fig. 3. It differs
ffom-the.breviouSly—used deéigﬁ7'because a single, air-cooled solenoid
cannot ﬁrovidé the’desired cémbinafion,of propertiés.lolIﬁstead, sepafate

R . g :
solenoids, as proposed earlier by Winterbottom- have been employed to

generate modulating and compensating fields. 1In the present construction,

" these solehoids are concentric and'magnetically isolated.

. -.An inner coil (F) of very low inductance (O;Ol mH) carries the high

_ freduenéy‘(lo kHz)  signal that results in a £0.9° azimuth modulation.

.



This amplitude of modulationm, rather than the 0,15° employed preﬁibusly,
has.been found necessary for fast response and high resolution in

agreement with other authors.l’11

Also, since thé controlvsignai must
be derived from an average of at least 5-10 cycleé of the azimuth modu-
lation, the previously—-used modulation frequency of 500 Hz cannot prqvide
' responsé'timeé in the range of milliseconds. | |
A watgr—cooled outer coil (D) of somewhat highér‘inductance (1.1 mH)
carries the,compensationAcurrent and provides for a large dynamic range
(¥27°) with fast response. Ihis solenoid can carry'iiQSA continuously
with a temperature rise of less than 2°C.‘ Temperaturevéensofs, connected
to interlocks, monitor the outlet temperature of the‘cooling water. The
two coils afe magnetically separated by a counter;woqnd'third coil‘(E);
that is connected in series with the médulétion coil. 'Solenoid characteristics
" are summarized in Table i;
_6oméuted magnetic field distributions in the Fafaday cell core
afe shown in Fig. 4. Although the axial magnetic fiéld strehgth
varies by about 40% from the center of the coil to‘its flanges, the
radial variation over the central 1.27 cm diamete::of'the cofe thaf
detefminésthe’uniformity of extinction is at most‘0.17Z.
»Anjoptical glass (Table II) of low absorbancé;‘sﬁall residual
vbirefringence and fairly high Verdet constant was:chosen fof the cell
;céreﬁlz The end faces of 152 mm long rods of 19 mm diameter were
polished parallel to each ozher within 1 min and coated with anti-

reflecting layers of MgF The rods were also carefully annealed.-

9°



IV. CONTROL CIRCULT :_

fThe‘control circuit is based on simiiar 'prinéiples used
previously by»Layer,7 but it eméloys_a much higher modulating frequency '
and makeslextéﬁsive use of integrated circuit~eléments. A_bloék
diagram is given in Fig. 5. The azimuth modulation ofiginates from
ale kHz ozillator 140 that drives the modulation”amplifiers15 M1
and M2 for analyzer and pqlarizer; separated by a 90° difference in phase;
The gain of these amplifiers canlbe adjusted manually. A 10A peak-to-peak
signal-reéults in a i0.9§-azimuth modulation. |

As pbinted out in Section III, the slew rate Slis mainly determined -
by the-geometry of the Fara&ay COil; However, appli@ation of operational
amplifier fegdback techniquev(ﬁoltage—to—current convéftér).improves
the slew-rate-that can be achieved experimenfally; 'Téblé Ivshows, that
- the experiméﬁtally determined slew rate S is incréaéed from a theoretically
_eXpecﬁed valué of_1240 deg/s to 1660 deg/s.lG»
The reference signais’for the phase—sensifive.detectors are
_derive& from the osciliator_signals in the followinngay:v A pair of -
-serieSvconneéted-integrated circuit monostable multiéyibrators (TD1, TD2)
are used to generate the reference signal in.each‘éhaﬁnei, the first
of which is adjustablé.and is used for'phase adjﬁstment. The adjustment
:fange is almost 360° for a 10 kHz signal. The sééond monostable circuit
‘iin each:chahnel is adjusted to form a symmetrical éqﬁare wave at the
réference frequency (SWG1, SWGZ).. The ﬁonostable.multivibfator oupputs

vare.then buffered through a TTL inverter circuit and

fed to the phase syﬁchrbnous detector inputs (Ll,fLZ)}




iﬁe“modulatioh;in transmitted ifradiance is,detected by photo-
multiplier PM.17 The signal channel followef.(F).is a‘le preamplifier
connecting an operational‘amplifier in the "folloﬁer—with—gain" position.
_Thé tuned amplifier (TA) is aﬁ operational ampiifier with a bénd reject
feedback network. The circuit is a bandpass amplifier wiéh a bandwidth
of about ACOsz and center frequency 10 kHz. The gain of this
stage is.approximafely 75.

| The tuned amplifierrfeeds~the two quadrature detection channels,
The first circuit in each channel is a variable gaih_stage (A1, A2)
. (adjusted externally). The gain stagé is followed by a simﬁle inverting
operatiopai'amplifier (11, 1I2) to provide full waﬁe-?hase synchronous
’detection ﬂy the fuli—wave demodulator (L1, L2). ’This detector ié an
' iﬁtegrated gircuit FET switch with a normally open contact,‘a normally
closed contact and a switch driver circuit within fﬁe same package.
One éide_of each contéct is connected to become thé>output of the
detectbrf The detected signél is av#ilable'pn thelcéntroller fronf
panel ("Det. Out") fof adjusting ﬁhasg relationszlgiﬁ'the system.in order
to avoid}cfoés—modulation between channéis (Fig.lﬁj."VAlso, the switch drive
signai is available on the controller front panel ("Ref; Out").

The detector output‘signai is fed into an aﬁélog integrator
(Intl,‘IntZ) with a variablé time constant (rangé O,bOl sec to 0.5 Séé)
to reduce noise if necessary. The amplifier usea in this integrator_is
a high géin, ;Qw dr}ft, léw input current.offset) iéw voltage fosetv: )
unit. ‘The,iﬁﬁegrétpr @u;put signal is displayed in a panel meter'(observed'
' for manual nulling) and used to drive the Faraday cell compen~

sation-current power supplies (PS1l, PS2). The integrator output can be
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diséonneétéd from the'ébwér'supplies (by meansGof:manuéI:SWitches) dﬁring
setup or pfepération péfiods'and for manual (meéﬁan;cal) nulling. Under
open-loop cbﬁditions,'the'cbmpeASatibn éu;rent céﬁ be édjustedvmangally.
- The compensation power sﬁpplies (PS)'are bippiar, Operétidnal,
current-regulated amplifiéfs with a current rating of'il25 A |
(corrésponding to t2‘/6 rotation bf'thé‘plane of inariZation with the
',present'Faréday cells) with a compliance vbltagevof.i12 V. The maximum
\slewihg rate of the suppiiés'ﬁith'the Faraday cell solenoids is
»apérdximatély 9 A/msec corresponding to‘if8° aéiﬁﬁth‘rotation/msec;
.Operatidﬁélly'(small sigpal) the pover supply and magnet have an
approximafé bandwidth of 400 Hz. | |
Each poﬁer supply uses a complimentéry output stage consisting of
banks of Water—cooleduparallel high power transiStéfS'adjusted to zér§
quiescent current. Current sampling is done with_four 26 A;SO nv
méter.shuﬁtS'édnnected in series. Indium foil is,ﬁséd on the,shunt
iﬁterfacesito'minimize contacf resistance between-Shﬁnﬁs;_.Extreme
care.in layout ié necessary in-tﬁié unit to miniﬁize ripple dué to

stray fields.
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V. READOUT SYSTEM
The féadout signals ére:derivgdAfrom the cuf:eﬁtAsampling shunts in the

compensation power supplies. These éignals'ére a ﬁéasure of‘the electrical
azimuth rofation, to be added to the\mechanically éétgblished azimuths

of polarizer and analyzer prisms. The electrical ;zimdth-rotations are
displayed by ﬁeans:of two digital voltmeters that have been calibrated

to éhow the ;otatién in aegrees with a resolutionfof 0.001°. . For
vcontinuous recordihg,vpar;icu;aylytof fast chaﬁges,‘fﬁe signals;are
.also displayed by a multiple channel light-beam oscill’ograph"19 with a
resolutionrof>0.0005°. For highést resolutiop, thg output signals caﬁ
be exfernally filtered witﬁ variable time.constants,before display.

Other experimental pafameters are recorded simultanebuSly on other

channels of the oscillograph.
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‘VI. MECHANICAL -CONSTRUCTION

: : ' . A . 20
Telescopes and azimuth circles of a commercial manual ellipsometer

have beeﬁ-USed in the present cénstruction. Thesé ¢omponents have
bheen equipped with facilities for élignment»aﬁd éi;mu£h édjustment.
Together»wittharaday cells and light soﬁrce,ZIItﬁéwcbmﬁonents héve
been méunted'in two sub-assemblies to either side:pffthe spe;imen;
The sub—assemblies, in turn, rest on a.rigidly-bﬁilt'table (103%219 cm)
with a surface flat to #25 Mm, and allow one to vary the angle_of
incidence (preéentiy 75°)'without re-a;igning individﬁalvoptical

components. Figure 6 illustrates the physical arrangement of optical

: . : : _ " o 22
components. Further details of mechanical design can be found elsewhere.
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VII. vPERFORMANCE

vTests”to characfeéiée the performance of‘automatic eilipsometers.héve
been develdpéd'and will be deséribed_in detail elseﬁhere.lé' The téstsv
are bésed.On‘the use of fotatiﬁg mirrors fdf”the.genefétioﬁ of fast,
well-defined changes in tHe thica1 properties of ajfeflecting'sﬁrface.

Performanée'characteristics thus obtained are:summarized in Table III.
The range of values given forvslew rate and resolution results from the
capability to increase resolution at ﬁhe expense pf-speed by increasing
the integration time from‘its normal value of aboﬁt 1 ms. Changes in
azimuth sﬁallér than 0.01°,‘thé'mechanigal resolution of.thé present azimuth
circleé,jéan.oply_be interpreted as Eglégigg_meaé@réments. The difference
-in dynamic range of polarizer and analyzer is dué tb'a slight difference
in the maximum current output of the two compensation power suppliés;,

The cfoSs;modulation was de#ermined with a-ti@e-invariant féflectingv
sﬁrface by observing the outpdt ofvone channel While;the output»ofithe
other channel was varied oVer:thé entire.dyﬂamic range by mechénically
vrdtating‘tHe §or?eéponding polariziﬁg‘prism, Thié ﬁést is.represenfative
of the condi;ion of compensation, i.e., minimum éufput of the photodetector,
that is continususiy‘maintéined during dynamic measufeﬁents within the
fange of operating capabilities.

_ Td out kuowlédgeg'the present combinét;on of'pe;forﬁance character-
.’istics has notvbeen.previdusly oﬁtained with an adtoﬁétic'ellipsometér
_tﬁat empioys Faraday celi rotators. -The most déSirablg future‘impfovemeht
of'the.insffument appears to be an extension of the d;namic range, that
 cou1d weil‘ﬁe triplea.by an increasé in current capacity of the power

supplies and a variation in the solenoid design. .-



-12-

 ACKNOWLEDGEMENTS
Thisiwork was‘cohducted under the auspices_of the U. S. Atomic
Energy Commissioﬁ. One of tﬂé apthors (H{ J. Mathiéu) wishes'to thank
the ﬁeutsche Forscﬁungsgemeinschaft for ité finaﬁcial support. We

thank Mr. W, T, Gibaffor mechanical design and,constructidn.




-13-

LIST OF SYMBOLS

coﬁstént for DC-solenoid (Qﬁg) (Eq.'(S))': f:
constant for AC-solenoid (g§g>"(Eq. (5)).t
voltége applied_to‘DC—solenoid ) -
volfage applied to AC-solenoid (V)

-magnetic field s;rength (ﬁ) |

curfent (A) k

length éfvsoienoid Qm)

self-inductance of DC~solenoid (H)
selféinductance of AC-solenoid (H)

numbér of turns of DC-solenoid

nu@ber of turns of AC-solenoid

mean fadius of DC-solenoid (ﬁ)

radius of AC-solenoid (m)

slew rate of DC~coil (deg/s)
" slew-rate of AC-coil (deg/s)

timé (S)

Verdéf constant of Faraday cell core (Qﬁ&)  _
perméability'of Faraday cell core (g) |
hagnetic fie1d constant (= 1.256'10-6»§§9
azimuﬁh rbtation due to DC current (deg)"

ampiitude of azimuthvmodulationbdue to ACAéﬁfpent (deg)

' angular frequency'of AC modulation.'(rad/s)
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Table I.- Charécteristics'of FaradayvCell Sqlendidé

~Compensation Modulation - ‘Separation Coil

Coil Coil
Number of turns 131 518 5.5
Numﬂer'ofbléyers _ 7 5 o
Conductor diam. [em] 0.6x0.6 0.3  0.2x1.2
Conductor iengthvhn] 15-1072 15-1072 15.1072
Mean solenoid radius [m] 5-10-2 " 1-2'10—2, ' '_3.8-.1(.')-2
Applied'voitagé vy 12 | '12'. ’;‘,: 12
Charac;Zfiﬁgifiszgjz?“t 9.27.107 8_92-1oféf' 9.04-107%
Specific azimuth 0.2 0.2 | —
rotation [deg/A] '
:Frequency ‘[kHz]_ o -—- 10 :_" 10
Self4induqtance [mH] | 7_ 1.13‘  ' 0.01 (célc) 0.001 (calé)
Resistancé_tOhm] ' 0.3 ' 0.01 "._ "; 0.9-10—3>
Slew-rate fdeg/é] 12401(éa1c) 555’9991(cai¢)> —
o : : 1600 (meas) P .
‘Max. azimuth rotation +27 : i0.96 B —

[deg]:Q
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. Table 1T. Properties of Glass for Faradéy Cell Core
' ' : (Schott SF-6)

. Refraqtive index at 546 nm _v o -:. v 1.81357
'7 Trénsmission SR - : - ,_a' 0.996
25 mm, 546 nm ' T
Verdet constant [deg/A] ' ‘ " 2.0*16_3
.  Density [g/ém3] : ' o ©'5.18
. e 6

Expansion coefficient [degnl] S 8.1%x10°
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Table IIi. Performance Characteristics'of.Adtomatic Ellipsometer

Slew rate for polarizer and .. - '1.6°/ﬁs to d.33°/s

'analyzer azimuth ' L
Dynaﬁié rangé for analyzer azimuth <  ‘ . - 51°
:Dyﬁamic:range forvpolarizer azimuth | _ o 55°
Resolution | . | 7%10;4'to 8102 deg
Cross-modulation for 5° azimuth change in éné channel <t0;002°
50° azimuth change.in'oneuchannelvf - <%0.02°

&

L 3
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Fig. 1.  B1ock diagram of self—nﬁlling ellipsometer.
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FICURE>CAPTIONS

Analyzer o
Analyzer Faraday cell

Collimator

Contfoller

Digitél voltmeter indicating pﬁlarizér rotation
Digital ﬁoltmeter indicétiﬁg anélyzer fotation
Filter (X = 546.1 nm)

Galﬁanometerfoscillograph for polérizér'fétation‘
Galvanometer—oséiiloérgph fof analyzef rotation
High:pressﬁré mercury arc lamp

Polatizér modulation péwer supply

Analyzerf médulétion‘power‘supplyH ::
Osciilator ;

Polérizer

Polarizer Faraday cell

- Photomultiplier

Polarizer compensation power supply -

Analyzer compensation power supply -

- Quarter-wave plate

Sample

Telescope



=20~

Fig. 2. Effect of azimuth modulation near extinction on output of

Fig. 4.

~core due to the compensation soienoid, carrying 125A. (a)‘Variation

photodetector with transfer characteristiC'T; (a) Azimuth

‘modulation, (b) resulting modulation in phd;édetector output,

(c) output aftér phase-sensitive detectibn,'td) output after

integ;ation (control signal). ”

1;- Médulétidn around azimuth below compehs&tion, fesdlting
in”a negative control signél.

2. . Modulation around azimuth at compensatibn, resulting in a
zérdlcontrol signal.

3. VModulatidn around azimuth above compensation, resulting in.
poéitiﬁe control signal.

‘Faraday cell solenoids (cross—section).

A cooling water connections fqr compensation coil

B electrical ébnnections for. CQmpensatibn-coil

C tempéfatu?e.sensor on.water exit—side:of‘compensation coil

D coﬁbeﬁsation coil,‘with glass tape—epo%y.insulationv

E"Separation éoil on 76 mm 0.D. core-

F mbdulation coil on 25 mm b.D. core

G leads for modulation coil

H :solenqid flange, attached to core of geparation coil ' @

Axial cbmpongnt'of magnetic field strength iﬁ the Faraday cell

‘with diSfance Z along the axis (R=0) of the solenoid,

(b) variation with radial distance R from the solenoid axis

for_different positions Z along the axis.
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Fig. 5. Block diagram of controller circuit.

A1, A2 Amplifiers (gain 1-100X)
AC. Analyzer Faradéy cémpeﬁsétion solénoid
AN,. o ‘ Aﬁélyzer Faraday _modulatioh solenoid
_ F : ‘ Follower’(géih ldx) |
iﬁt.l,Int-z Integrators (O;OOI—O.SS)Ij“
Il,vIZ : Ihverting operational amplifiers
L1, L2 - Phase sensitive detectors
LD - Level Detector
ML, M2 Modulation amplifi;rs
o Oscillator
Pc'_ ' Polarizgf Faraday .compénsation solenoid
" PM ' "~ Polarizer Faraday modulation solenoid
PM | Photomultiplier
PS1, PS2 _ Combensation power supplieéi(with manual current
o controls) . o
QC Quadrature circuit
' SWG1, SWG2 ' Square wave generators'
TA | Tuned amplifier

)
fbl, TD2 . Multivibrators (with phasé.édjustments)
Fig. 6. _Coﬁéonents of self—nuiling'elliééometer.  f'
A énalyzér prism with‘azimufh.circlevaﬁd telescope, on
" base with alignment faciiities _
AF analyzer Faraday cell;‘oﬁ-base_with-éiignment facilities.

‘F° monochromatic filter



-22-
L . light source, on base with alignmént‘facilities
P polarizer prism with azimuth cirtléland_COllimator, on

base with alignment facilities

PF polarizer Faraday cell, on base with alignment facilities
“PM -photomultiplier housing - . ‘,__- s
Q. quartef wave plate compensator, with azimuth circle on

base with alignment facilities

S specimen surface (in flow channel)

SI Basé blate of incident—light‘suba§sembly

SR base piate of reflected-light subaésémblyv

.Electronic rack at left (top to bottom): high'voltage power
‘supply for:photomultiplier; cbntrol Of §ca1e illumination;
toutroller with pagel meters for erfor siénal; digital_voltméﬁers
 f6r azimuth readout;‘cdmpensation péwer supply for ﬁolarizer
Faréday cell with current metef; saﬁe er;analyzer; cooling -
waﬁer valves. = Electronic rack at right.(foﬁ to bottoﬁ): mercury
laﬁp.power supply; modulation amplifiers‘fbr polarizer and aﬁalyzer
-Faraday cells; galvanometer drivef Amplifiers; gaivanometer
.éfeamplifiers and filtérs; galvanometer 1ight~beam oscillograpﬁ;

power supplies for electrochemical experiments.

T e
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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