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OPTICAL ABSORPTIOH SPECTRA OF MATRIX~- ISOLAT?D
.COPPER, SILVER AND GOLD

Baldwin A. King
inorganic'Méterials Research Division, Lawrence RadiationvLaboratory,
, and Department of Chemistry,

Unlver51ty of- Calwfornla, Berkeley, Callfornla

ABSTRACT

Copéer‘atoms afe trappea at_QOerlvin;inukrypfén ahd xenon, silver
~ atoms in argbn, kryptun,and xenon, gdldjatpms‘in krypton, xenon and
sulfur hexafluoride. ‘The trahéitionéinpleP « ns °S are studied in
'_abSOrption and are found to be blue shiftéd‘from fhelfree aﬁumubositions -
exceptvfor gold in xenon; Three strong bands'are obServeu.in all cases .
except for gold in sulfur hexafluorlde whlch glves two bands. 'Absorption:
1spectra are also recorded for silver co- condensed with sulfur hexafluoride
and n-perfluoroheptane, copper w1th sulfur hexafluorlde and gold with

-perfluoroheptane. .



I. INTRODUCTION

The generation andft}appinQVOf high teﬁperature molecﬁles in sélid
matrices is of interest fqr a number of reasons. For example thevvébor
phasé spectra of these ﬁoleculeé méy be complex and difficult to resélve.
‘This occurs partly because the Bolﬁzmann bééulation of states other thén
the ground vibronic statefis n5t ﬁegligible gt these high temperatures and
absorption spectra often consist df many’qveflapping progressions. However |
at very loﬁ'temperatures the moleéﬁlés, tfapﬁéd iﬁ_a solid medium are ex-
pected to be féund only in the v" =_O le&el»of;thé ground electronic state.
Then only transitions involving states conhécted fo the grouhd séate oceur
in absorption aﬁd in princi@le this should make fhe analysis of the spectra
of the 5peciés-a.iess ¢Qm§1iéaﬁed matter. fIt may  be that.thé’grouna staté
of the gaséous molecule is'in doubt as in the éase of Sc¢F. Then if compli-'
cations due to the soivént_are absent, it shduid be possible to decide améng
_the'different alternatives'b& trapping the species in the solvent at lQW.
temperatureé. Unfortunately thé situation is ﬁoﬁlso straight forward be-
cause the solute_oftengexperiences perturbations éf its energy levels
coincident with_the.prééénce of neighboring solvéht molecules. These matrix
effecté may include broadening of lines and shifﬁs of their mexima from
freg atom posi£ions.and‘the appeafanée of multiplef sﬁructures.

Occasioﬁéily thé eieéfronic traﬁéifion probabilities of the solute
seem to be:affected.tﬁ some;exteﬁt. ‘For examplevthe highly forbidden
'gpﬁ/é,B/Q e;hSB/g fransitiogs-in thé free b aﬁom have a half life'of abgut

20 hours. In 2 solid matrix the strongest transition 1s believed to



-2 -

*

be;of the order of 10-20 secondé; Froéch% found the lifetime of the

“Herzfeld Cet Phys. Rev. 107 1239 (1957).

Frosch, R.: Ph.D. Thesis, 1965 Univ. Microfilm, Ann Arbor, Michigan.

excited state of the M-bands of NO trapped in Né, Ar, Kr to be dependent on
the matrix type (156, 95 and 35 msec respectively) ahdvprbablyjdiffereﬁtxfromﬁthe
gas phase., These effects'are interesting in ﬁhemselves and their under-
standing may add to our knowledge of the broader topic of molecular inter-
actions in the solid state. = It would seem appropriate then to select
.somg'soluté'and see what effect the solvent haé'pn its opticai spectra

as we g§ éhﬁough the range of nonpolar'to'polar‘solventé. At§ms would be
“the éhoice as solutes becqﬁse_théir spectra are inherently simpler than’
moleéules. If we obtained a fair undefstanding of the detailed behavior

of & given atomic specieé és we go from 6ne solid environment to anothér
we could then try to predict'with reasonable confideﬁce tﬁe ?robable be-
havior of other atoms and evéntually molecules.. | |

This thesis reports the results of a‘étudy of the optical absorptionv

spectra of copper, silver and goid in a number of matrices.




IT. THECRY AND LITERATURE SURVEY

A, Line Shifts in Matrix Spectra

Studies of the perturbation ofiatomic lines due to the preéence of
foreignvgases have been going on since the 1890's and the behavior §f atoms
in these high'density.gases may be looked upon as the precursor of that
in.the solid matrix., In particular, shifté and broadening of the lines

are alrgady'apparent. For example Ch'en et al. . studied the effect of

% B
Ch'en S. Y., Bennett R. B., Jetimenko O,: JOSA 46, 182 (1956).

_;kryﬁtonvand xenon at ;.pressure.of one atmospheré on the absorptioﬁ doublets :
'vbelonging to the ﬁfincipal geries (np 2P « 5g 2S) of thekrubidiﬁm atom.
'Satellite bands were seen bofh to the red and blue of the atomic doublets,
the blue bands'appeariﬁg_only‘at relatiVely'high'Vapor,pressures.of
Rb,
An impurity atom frozen into a solid matrix experiences even_larger
p.erturbations of its energy levels by the matrix molecules. Because the
ground and excited states of thé'éolute aréraffected to a different extent,
speétralﬁ shifts result Which may be eithér to the réd or to the blue of .
thé freé ato&ipositions. Red shifts are apparently due to long-range
attractive disperéibn inﬁeractions of an induced dipole~induced dipole
nature, Physically there .seems to be a delocalization of thé electrons_
of‘the solute and solvent into thé intermolecular band. Effecti;ely the
emission electrén is then less firmly bound to the atom aha consequentiy

has its excitation energy lowered. One expression due to Longuet-Higgins
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and Pople rélates the polarisabilities to the red shift AE as follows

o = '% olv aﬁ z rgv_6 En
where & qn are the moleculér polarisabilities of the solvent and solute
rgspectively, 7z ig the density of nearest-neighbor solvent molecules, Ty
the mean infermolecular distance and En the énergy of transition of the
solute. Calculations based on this equation give the right order of mag-
nitude for'thelshifts. |

Blue shiffs seem to originate from ;hort—range repulsive exchange

interactions in systems where large solute molecules are embedded in a

lattice of small solvent molecules. The excitation of the vaience electron

of the solute out of the ground state and into Rydberg orbitals, results in

an extension of the electron cloud. Thé Bauli Exclusion Principle however
. prevents any appfeciable overlap of theRydberg: orbitals of the electron
éf‘the solute with the filled orbitals‘of the solvent molécule; The net
effect ig that the energy of the valence electron in its excited staté is
raised relative tolthe ground state, thus causing a biue sh?ff Qf the |
transition enefgy; o |

Tt has been observed:in the study of matrix-isolated a£6ms'that blue
shifts deéreasé in the order.gfgbn, krypton, xenon which is.also the érder

~ of increasing polarisability and increasing lattice parameter;

B. Multiplet Splitting Effects in Matrix Spectra

1. TF-Center Analogy.

- A pure,'ﬁransparent single crystal of alkali halide becomes deeply'

colored on being heated in the presence of alkali metal vapor. The absorp-

N
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tion spectrum of treated KCI, éooled to 90 K, exhibits a broad band with
peak intensity at 539.0 nm and a half-width of 1600 cm-l.v The occurrence
and properties of this F-band have been successfully explained on the
assumption th@t the F-center is an electron trapped at an anion vacancy in

Co%
the crystal lattice. The absorption maximum of the F-band is observed to

*
Schulman J.H., Compton W.B.:Color Centers in Solids. Pergamon 1962,

.

be strongly température dependent and to bear a fairly simple relationship
to thé interionic distance ;_-The interaction of the trapped electron with
the neighboring ions has been studied eXtensiﬁely by ESR which among other
things egtablishes the ‘high symmetry of the F-center. '

The theoretical treatment of thé F-center problém'consists essentially
of the evaluafion of the_potentialﬁthe trapped electron sees under the

influence of the lattice ions. Some approximations take aceount only of

the short-range interactions between F-center and its rearest-neighbor alkali

ions, while others éonsider long-range ihteractions, with the latfice vib-
rations. Attempts are then made to calculéte thé wavefunctions and energy
levels of the electron undergoing'transition. In the localised mode
approximation, the in-phase motion of the nearest-neighbor alkali "iong
about«%heir.équilibrium position changes the totgl energy of‘ﬁhe electfon
which is assu@ed to be localized in'thé>aﬁion”vaéapcy. A parameter Q
kngwh as théiconfigufation.coordinate measures the displacement of the.
ions from equilibriﬁm. The potential energy of the F-center electron is
then'plotted as a function of the configuration coordinate for both ground
and excited states, after the manner for diatomic molecules. .The Franck-.

Condon principle is then applied to the absorption and emission processes -

-




of the electron, as shown in Fig. 1.
The F-center model has been used to treat the imperfection consisting
of an impurity atom in a polycrystalline rare gas solid. WeYhmann and.

. * .
Pipkin have studied the resonance absorption of matrix-isolated alkali atoms.

* . . !
- Weyhmann; W.-and.Pipkin, F.Ms Phys. Rev. 137, Ak9o (1965).

~ The absorptidn”Spectrumfconsisted;Of.One'or3twb;tfiplets; with the
' second triplet shifted considerablj to.the’blue of the resonance lines of
the free atom. - |
| A configuration céordinate analysis was appiied to the impurity atom
interacting with its nearest-neighbor rare-gas atoms. Thelline width and
thé energy Shift were Writfen in terms of a'Lennard-Jones (impurity-matrix)
‘pair potential_(V) and the configuration écordinate (Q)s From the experi-
:mgntal value of the line width for sodium isolated in,argon, the equili_
Brium coordinate QO was evaluated. The éalculations indicatedvto the
authors that the sodium atom may have been trapped not in a perfecf sub-
stitutional site but in the vacéncy created by two missing nearest-neighbors.
This results in a site of ohly two~fold symmetry. The.observed triplet
isplitting was then assumed to be due té the. effect of the crystal field
- of ﬁhe rare gas onhthe excited P staté of . the alkali atom.

L _ v ' *
Further work on this problem was done by Kupferman and Pipkin who

Kupferman, S.L., Pipkin, F.M.: Phys. Rev. 166, 207 (1968).

studied more closely the optical properties of rubidium atoms trapped in

an argon matrix. They extended their studies to include measurements of



L

the ESR specﬁrum and the differential absorption of cirqﬁlariy polarized ‘
radiation by the samples. The ESR analysis led them ﬁo deduce that Rb atoms
were trapped at three stable major sites; These sites were then aésumed to
be responsible for the diffefent sets of triplets observed in the optical
spectra. The separation between the two distinct sets of‘friplets was of
the order of 1650 cm-l;  If Pipkin's explanation of muitiple éite effectéi
is correct then the 3 major sites must be very different in their symmetry
properties to produce such large shifts relative £o one‘another.

The consistent occurrénce of‘tripiets in the specffa;bf trapped metal:
étoms having P e—S'transitions in the .gaseous state has been cited as evi-
dence‘for the rémoVal'of ﬁhe.three-fold orbital degeneracy of the atomic P

. . . *
state by the asymmetric crystal field of the solvent. Britt and Schhepp

S¢hhepp, O., J. Phys. Chem. Solids, Pergamon (1961),

Brith, M. and Schwepp, O.: J. Chem. Phys. 39, 2714 (1963).

1 .
1 - SO transition

. of magnesium trapped in argon, in an effort to throw some light on the

Have studied both éxperimentally and theoretically the ;P

possible mechanism of ﬁhis removal of l-degeneracy. The contribution to
the splitting was divided into two parts (a) the shorf—range'covalent
interactions bétween the valence electrons of the Mg atom in the ex¢ited
(3s 3P) state and the outer-shell electrons of nearest-neighbér argon atoms
"in their ground'statesr(b) the long-range dispersion interactions resulting
from the polarization of the solute by fhe'induced-dipole of the solvent.
Although the crystal structure of argon is face-centered cubic (fee) the

calculations were done first for a distorted octahedral_(Jahn-Teller)
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environment and then for a-vacancy in-an otherwise regular.octahedral”
site.. The calculations predicted the splitting of the P state into two
éomponénts instead of the observed three cémponents. However, the splittiﬁgs
.were of the right order of magnitude.

It is clear that the theoretical treatment of matrix effects is still

in the embryonic stage.

c. VépOr.Phase Spectra of the Noble Metals -
The ground state electron configuration of the atoms of the noble metals
can be written as (n-1) a0 nst (n =L, 5, 6) which gives rise to a 281/2
ground state in IS notation.> 2P5/2 1/2 excited states arise from the (n-1)
‘ B ’ . ’ .

-dlo npl configuration and their location about the grbund_stzte are shown

: : *
"in Table I, the values of which are taken from Moore. Although the atomic

* A ’ . .
"Moore, C. E.: Atomic Energy Levels NBS Circular 167 (1952).

stateS'df gold have been. designated in LS notation the Aul spectrum exhibits
jj-coupling more closely.

M .
Budick and Levin have suggésted that configuration interaction between

* ' . :
. Budick, B., Levin, L.: Collog. Int. Centre Nat. Rech. Sci. 164 , 195 (1966).

9

the 2P terms arising from the configurations dlop,and d”sp mey be occurring.

2
In copper and gold the perturbing P states arising from the configuration
a’ sp are relatively close (Aud 9sp 2P5/2 58,845 cm l)_to thevdlO p P
states.‘Budick‘et al. therefore suggest that coﬁsiderable mixing of'thév

configurations may be expecteq,tb oceur and that this mixing probably accbﬁnts

for the enhanced intensity of the gold atomic line correSponding to the
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Table T

A,  Energy levels of atoms of the noble metals.

Configurations States Cu (n B ’) bg (n i15) Au (n i16)
(cm ) Vo (em™) Vg (em™™)
o 1 e -
(n - l) d : 51/2 0 0 i 0
(n-1) & m" e, 30,535 29,552 37,359
2PB/_2 30, 783 30, 473 %1,17&‘
(n - 1) d9 ns2 2.D5/2 "11,205 50,'2_&2‘ 9,161
EDB/Q 15,245 5k, 71k 21,435

B. Dlatomlc/atomlc intensity ratios in the mass spectro-
metric studies of Cu , Ag, Au.

Element © . Temperature range K (XQ/X)X th

Cu ~ 1hho - 1560 h-10

Ag 1260 - 1360 5 -8
1500 - 1610 b

Au
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transition dlop 2P e-dg s?.'zD. In silver where the configurations are
- widely separated in energy (d9 Sp 2p 65, 986 cmhl) less mixing will undoubtedly
occur. Buditk still predicts an admixture of between L and 6 percent;

9 52 2D gtates of

The close ﬁroiimity in energy of the dlop ?P and d
Ag may result in admixture. Theory shows however that such perturbationé
can occur only between terms which have equal J and for LS coupling equal
T and~Sa‘;EXternal pertubations like electric and magnetic fields may
cause however a. breakdown in these conditions and allow considerable
admixing of the states. |

The first doublet of the principal series of the Silvervatom (5p
2P3/2,l/2 « 58.281/2) occurs at MM 538.286‘aﬁd 328,066 nm and both lines

. * ,
are quite strong. Cunningham and Link have measured the lifetimes of the

* . . v .v‘ .
Cunningham, P., Link, J.: J. Opt. Soc. Am. 57, 1000 (1967).

5 . . _
2P5/2‘1'P1/2 states by the phase-shift method and arrived at values of 6.7

ns and 7.5 ns respectively. The calculated f-values are 0.481 and 0.287

i ‘ *
for the transitions 5’2P5/2 1/2 <5 281/2. Bialas-Zabama et al have made
b4 ! - h

Bialas-Zabana et al: Acta Physica Polonica 19, 241l (1966).

“some theoretical caleulations of strength relations of doublet components.

of the principal,sharp and diffuse series of Cu I, Ag I and Au I. The

T - L 2 2
5 is the line strengt% of n 33/2 «n Sl/2

| : 2 2. g
and S, the strength of line n ?1/2+-.n Sl/e) are Cu It 1, 996. Ag T:

values of Se/Sl.(where S

1.980; Aul: 1.948,

The absorption spectrum of.silver vapor was photographed by Shin-Piaw

* ' '
" Shin-Piaw, C., Loong-Seng, W.: Nature 204, 276 (1964).
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following Vaporization of pure silver in a quartz tube containing argon

or neon as-a:fillinglgaé and heated by an.electriclfurnacentO'tem- ,

peratures below 1500 K. The_doublet A N 338.3 and 328.1 nﬁ showed up

very strongly at temperatures above 975 K; A weak doublet, assigned as the

second doublet of the principal series (6 2P5/2’1/2 «5 281/2) appeared

above 1275 K. In addition a very faint band system was seen in the region

410.0 to 460.0 nm and was attributed to Ag,. From these observations it

was concluded that the equilibrium vapor of siivér was made uﬁ almost entirely

of monomer with very small amounts of dimer appearing above 1275 K. | |
The blue band system supposedly due tQ Ag2 had been reported earlier

. * .
by Kleman and Linkvist . A King furnace was charged with silver metal

" |
‘Kleman B., Lindkvist, S.: Arkiv for Fysik 9, 385 (1955).

and heated t§ temperatureé in the range 2000-2100 K. The band spectrum

was studied in both emission and abéofption and. its assigmment to Ag2 was
confirmed by isotopic sﬁbstitution, Kleman and Lindkvist concludedlffom
the vibrational analysis of the bénd system in emission that predissociation

was probably occurring in the upper state (which they labelled A), whose

vibrational frequency was estimated as 15L.6 cm-l. The lower state was

presumed to be the ground state (X) with & vibrational frequency of 192.4 ém—l

and dissociation energy D_ of 14,520 em™t,

* o
Kleman et al. also studied the emission spectrum of copper and gold

Kleman, B., Lindkvist, S.: Arkiv For Fysik 8, 505 (1954).

8
Kleman, B., Lindkvist, S.: ibid 8, 333 (1955).
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in the King'furnace. . The copper emission consisted of an extended green
system (designated AX of Cue) from about 485.,0 - 575.0 nm and a shorter

blue system (B-X) from 450,0-470,0 nm, The dissociation energy of the ground

state was estimated as 16,420 em™t and its vibrational frequency 266.1 cm_l.

With gold the emission spectrum extended from 4800-6400 A withcne" = 190.5 em™t

and Do = 21,780 crn.l:°

. % , ‘
Shin-Piaw studied further the emission band systems of diatomic silver
- N / B

Shin-Piaw, C., Loong-Seng, W., Yoke-Seng: Nature 209, 1300 (1966).

ih a discharge tube. Altogether six systems were observed, including the
visible band system from 410.0-470.0 nm previoﬁsly-studied by.Kleman et al.
ShinéPiaw et al. obtained vibrational constants for the visible system which
were in good agreement with Klemén et dl. HoWever'ﬁhey questioned Kleman's
éssigﬁment of the lower state of this system}as—the ground state of Age,
Instead, their analysis of an ultraviolet syétéﬁ'iﬁ‘the region 275.0-288,0
nn led them to believe that the lower state of this system was_fhe ground
state with a fundamental vibrational freguency of 207 em™t and not 192.4 cm_l.
An interesting resﬁlt of the discharge tube experiments was.thé detec-
tion of a ﬁew systemiin the ultfa—violet fiom AN 515.0-365,0 nm. . This con-.
sisted of two strong winged bands centéred.abou£ the atomic iines 328.07 nm 55”
aﬁd 358.29vnm and flanked by patches of weak-continua. The bands were
assumed to arise from an unstable‘upper sta te and an unstable Lower state
of Ag2 resulting from Ag (2Pi/2}5/2) + Ag 281/2; The patches‘of continﬁa

probably‘ofiginated from weakly bound Ag2 or AgNé molecules.
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D. iPresSUre‘Eﬂfects on the Resonance Lines of Silver

* .
Clayton and Ch'en gtudied the shift and broadening of the

*Clayton, E.D., Ch'en, 8.Y.: Phys. Rev. 85 (1), 68 (1952).

2P5/2,l/2 < esi/2 lines of silver due to the presence of argon and helium

as & function of pressure.
‘They found that for argon both the A 338.2 mm (2P1/2) and A 328.0 nm

(2P5/2) components were shifted to the red and broadened, with the 2P1/2

experiencing.a,larger:shift (about 5 emt at 70 atm) and a larger broaden-

ing. On‘the'contrary helium caused a shift to the blue in both components
which were simultaneously broadened to about the same extent. Argon also.
produced a slight asymmetry towards the red while with helium a small

asymmetry towards the blue was observed.

‘B. Mass Spectrometry of Noble Metals

The vapor over the condensed phase of copper, silver andIQOld'at elevated

temperatures is now known-to consist predominantly of monatomic species.
The compositibn shown in Table I were obtained in the mags speetrometric

studies by Drowart and Honig . Very small amounts of the trimer and

* - . . . :
Drowart, J., Honig, R.: J. Chem. Phys. 25, 581 (1956).

tetramer probably exist at these high temperatures and their upper limits

. *
"have been estimated by Schissel.

* ’ -
Schissel, P.: J. Chem. Phys. 26, 5 (1957).
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,coil. The ESR absorptions of the trapped Aglo7, Ag’
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F. ,Low-Temperature Studies.of Silver Atoms

L : * . :
Brown and Dainton 7Y - irradiated AgQSOu - HZSOM glasses at 77 K, and

* ' . : _
Brown, D.M., Dainton, F.S.: Trans. Fara. Soc. 62, 1139 (1966).

bbserved a strong absorptién at A 350 nm. Furthermore an absorption appear-

.ing-as é'shqulder af ébdut L 315 nm at 77 K increased in intensity on warm-
ing to 146 K as~the main‘«absorption decayed. They interpreted these
';results to»mean that the‘313 ﬂm band-probably‘originated from Ag atoms
" formed by r_educt’ion_ of Aé+ ._:'L-on's 'bj e lectrons génerated by v - irradiation

. of the matrix,

; ) L ‘ : ' »
* Zhitmikov studied optically the products of the X - irradiation of

*Znitmikov, R.A.: Opt. Spekt. 2k (1), 106 (1968).

aqueous and alcoholic solutions of some silver salts at 77 X. In treated

AgF, AgNO and AgCth solutlons, a broad band centered at about A 595 nm

b

2
appeared in each case and was ass1gned to P «< 85 trans1tlons of silver

atoms. ESR spectroscopy also ¢ohfirmed the presence of silver atoms in

the X - 1rrad1ated samples.

Zhitnikov et al. had,studied‘earlervthe ESR'épectrum of silVer atoms

Zhltnlkov, R A., Kolesnlkov, N.Y., Kosyakov, V I.: d. Exptl. Theoret.

Phys. (U.S.S.R) hs 1186 (1962).

trapped in non-polar'hydrocérbons at 77 K. The sgilver atoms were pro-

duced by vaporization of the metal from an electrically heated molybdennm )

109

atoms were seen to
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be quite ci‘éé'e to those of the free atoms. Each i'sotdpé‘f.urfher gave two

ESR spectra with two different values of AV and 85 and this was cited as

~evidence for the \existe‘ijlc_e of two types of trapping sites.

SR




IIT. EXPERIMENTAL
A. Summary

- Basically, an atomic beam of noble metal is generated in a Knudsen
:cell which:is.either resistance- or electron-bombardment heated. The
inert matrix gas, introduced via a gas-handling system into the eryostaf,
is codeposited with the atomic beam on a sapphlre target which has been _
cooled to 20 K by ligquid hydrogen. The ultraviolet absorption spectrum
of the solid solufion.is then photographed wifh a Jarrell-Ash speetro-

graph. An overall View'of the equipment used is shown in Fig, 2.

B. Details
1. Cryostat |

Experiments were conducted on the conventional metal cryostat
shown in Fig. 3. The.outer shell is made of brass and the inner dewar
(A) of stainless steel. ' The pump-out port (V) for the cryostat is
connected,through a ball valve to a»metal cold trap, then to a two-inch
0il diffusion pump. The diffusion pump is backed by a three—phase motor
rotary pump. |
|  The stainless steel dewar is soldered attits base to a cyliﬁdrical
copper block (E). A sapphire plate (40 mm X 20 mm X 3 mm) is’ clamped
in a copper target holder (F) between 1nd1um gaskets to ensure proper
thermal contact. The target. temperature 1s measured by a germanium
thermistor (G) (from Texas Instruments, Iﬁc‘) screwed directly onto the
target. The thermlstor was factory;callbrated in the temperature range
20 to 40 K. Its output is coupled to a chart recorder-so that,temperature
changes can be monitored continuously. With liquid hydrogen in the '

dewar, the lowest target temperature recorded by the thermlstor is 37 K. .
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Fig. 2. Matrix isolation apparatus
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100 mm
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Fig.. % Metal cryostat
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It is possible the thermistor_was Aot fuhcﬁioning properly or was lacking
gdod thermal_contact with tﬁe sapphire plate; If this were not the case,
the large temperature gradient across the copper block could explaih the
difficulty experienced in isolating silver in argon (m pt. 84 KX).

Because of the relatively large heat of'vaporizaﬁion of liquid
hyﬁrogen (106 cal g-l)'adequate insulation was provided by wrapping thé
dewar with three iayers of aluminized mylar foil (H), 0.025 mm thick.
Typically the dewar whicﬁ had a capacity of approximately 1500 ce had to
be refilled once every four hours during an experlment. Four ports wefe
cut at right angles to each other in the outer sheli of the cryoétat. Two
collinear pérts‘carried sapphire windows (W) which served as the optical
paths in.the photographiﬁg of transmission spectras A third port admitted
the.atomic beam from a furnace observable through the fourth poft.00n~
taining a quartz disc. The thin matrix film is laid down with the sapphire
plate facing the‘beam squarely, After deposition the dewar is rotated
through 90 degrees on ball bearings (B) by means .of a ‘gear arrahgement

(D) and the spectra photographed.

W

2. High Temperature Cellsg

~

a. Carbon resistor. The resistance-heated furnace used to generate

a beam of noble metal in the single-metal experiments was of the same

_ . * . _ . :
design as that used by Brabson in his matrix studies on 02 and is shown

in Fige ba

Brabson, G. D.t Ph.D, Thesis. (1965), University of California, Berkeley,

UCRL-11976.
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Here a Knudsen cell (F) replaced his Iangmuir source. The cell was
fabricated from spectroseopic purity graphite rod 6.5 mm in diameter. A
3 mm diameter hoie wés drilled lengthwise through the center of a 12 mm
lohg segment of this rod and threaded internally ét both ends.:. Two other
pieces of.graphife rod of diametér 3 mm were threaded externally énd
screwed into the ends of the hollow tube. These sérved as the contaét‘
points\for.the coppef eledtrdaes (D) passing through‘%he brass flange (B)_.
by'means’of the Ko&ar féeqthroughs (¢)e In order to ensure good eleétri—
cal cbntégt with the jdws of the eleetrodes, the graphite end-ro@s wére-
wrapped‘with'defbrmable copper foil of 0.05 mm thiékness,) An effusion
hole (Gg) 1. m in dlameter was drilled radially.fhrough the tube and

midway along its lehgth. The earbon resistor was partially enclosed by

a set of 3 radiation shields (E) carrying a 5 mm X 3 mm aperture for colli-

mation of the beam issuing from fhe Knudsen cell to thg cold target
situated 50 mm awa&.

Thé cérbon resistor was heated by means of a transformer capéble
hbf delivering a maximum of 5vvolts and 115 amperes. A-temperaﬁure of -
1150 K was attained with 3 vﬁlts and 60 ampé.flowihg thrdughvthe cells
A disappearing filament optical pyrometer was sighfed through the opening

in the radiation shield in measuring the cell temperature.

b. Electron bombardment heated cells ' For the purpose of vaporizihg

two noble metals simultaneously and independently in order to gtudy
poSsible solute-solute interaction in the matrix, a simple, compact
furnace assembly was needed. Electron bombardment heating of gréphite

Knudsen cells prdved entirely adequate. The apparatus is shown in section
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in‘Figs. 5 and 6. Two pure tungsten ribbon ‘filaments (E) each of dimen-
eions 30 mm X 0.75 mm X 0.0é5 mm wefe spot-welded to three o |
.tungsten support rods (B) 1 mm in diameter which were first capped with
fanﬁalum foil. Two of these support rods served as eurrent leads through
which typically 7 _volts and 8 amps were passed while the third rod was
greunded. All three rods exited through the brass flange by meaﬁs of
-electriceliyeinsulated Kovar-poreelain feedthreughs. The electrons
genefated by'the heated filament were accelerated towards the graphite
?Knudsen cell by fhe application of a'large positive voltage.

" The graphite cell (F) was screwed onto the threaded enquf_G mﬁ v
diameter tantalum rod. Because of the difficultj of hard~soldering theVl
tantalum réd to the Kovar lead through, the tantalum rod was fused to a
short pieee of niékel tubing of the same diameter and this was in turn
.herd~soldered to the Kovar lead through. A positive potential was applied '
to this nieke1~tantalum;graphite combination‘(A) from a regulated DC
‘power supﬁly capable of delivering lOOOHVOlts:andv56O milliamps. ‘The:
Knudsen cell and tungéfen filaments were enclosed by three concentric
'jcyi;ndrical tantalum }adiation_shields (D) with dimples to'feduce con-
ductive heaf losses, The ende of this composite radiation shield were
elosed with 1.5 mm thick tantalum dises. Its base was pinned fo three
_tantalum supportfrods‘(c) lemm in diameter which-were screwed into the
brase flange. A 6;h>mm-diameter aperture in the radiation shield served
to coilimate fhe atomic beaﬁ from the Knudsen cell to the cold target.

_ Before operation the fiiements and radiation shields were grounded.
Then typicelly 7'vol£s‘and 8vamps were sent through the filaments.. The -

‘maximum steady state temperature attained by radiation heating alone was
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XBL 6810-6062

Fig. 5 Double beam arrangement of electron bombardment
heated cells
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XBL 6810-6067

Fig. 6 Electron bombardment heated graphite cell
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about 1100 K.. For higher temperatures an acgeleratiné voltage in the
range 500 to 800 V was applied. The (bombardment) current flowing'
‘through the graphite cell was sfrongly controlled by the filamenf current
'and less so by the applied voltage;' A steady-state temperatqré of about.
1350 K was obtaihed with a positive potential of abbut 700 volts and a
bombardment current of 150 mA. With care, femperatufes éould be mainf
tained to within %10 C, without any special_cbntréls on the filament

current.

Ca Estimation of metal concentration, The mass rate of efflux of the metal
vapor through the orifice of the high temperéture cell is estimated'by

applying the ideal Knudsen equationg

v‘im_'_P —
dt "_ 2nRT -

where m is the mass in grams of vapor issuing ffom the orifiée in'time
t seconds, EAis the'equilibrium vapor pressure in atmoépheres inside the
‘eell, M is the gram-molecular weight of the spe;ies,band.T the absoiute_
tempefature in degrees Kelvin.

By integrating over'a_tiﬁe t, the number of‘g-méles R issuing from

R - 2 . .
an orifice of area a mm~ is given by

R = (b13 x 100) 22t
‘ MT

The usual simplifying assumptlons implicit in the use of:Knudsen's
equation, for example the existence of thermodynamic equilibrium and the
absence :of hydrodynamic streaming through the orifice, are adopted here.

No attempt has been made to assess the degree to which our experimental
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conditions deviate from ideality. Fufthermore these values of R obtained
by the Knudsen equation are not corrected for the fraction f of the
atomic beam intercepteq by the cold target and the condensation coefficient‘,
¢. O is probably clgsé to unity. With the dimensions existing in our
system a rough caleulation using the cosine law of evaporation shows that

probably less than 10 percent of the effusate is collected by the target.
-3

3

,' Metal vapor pressures varied usually'between 5 x 10 b and l X 10

torr » .

e GasvHahdling System

. ' *
A dual channel system similar to the one used by Brabson handled

*;.Brabson; G. Dot Ph.Ds Thesis (1965) University of California, Berkeley,

UCRL-11976.

the mhtrix gases entering the cryostat. Leak rates were regulated by
precision Nupro needle valves and monitored by calibrated Fischer~Porter
flow meters equipped with sapphire floats. Tube sizes were either

3.2 mm or 1.6 mm depending on the quantity of gas‘to be delivered. Typical

-leak rates were of the order of 0.5 millimoles per hour.

‘Gas mixtures were prepared by sucecessive condensation of the com-

' ponents 1nto a 200 ml bulb immersed in liquid nitrogen. The mixture was

warmed slowly tO'room temperature and allowed to equilibrate fof at
least 18 hours before use. | |

- The number of moles (M) of gas used in a particulaf experiment
was estimated b& means of the ideal gas eqﬁation

M=n =Rl/p'v
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The pressure in the bulb of known volume V (usually 1 lifer) was measured
by a mercury manometer at the beginning and end of deposition., The
difference p' was inserted in the ideal equation., In the case of matrix
materials which were liquid at room temperature the vapor pressure was

used in the equation,

L. Heat Transfer'Analysis
The rate of heat removal from the target is an important factor
controlllng the efflciency'w1th which the atoms are trapped. The relatively

-} =1 .
high thermal condiictivity of the sdpphire. plate (0,85 ¢al mm lsec»lK ) is-an

asset. in this respect‘andrsdfis-thetlarge refrigeration capacity of the liquid

hydrogen dewar. A feW'simple‘calculations have been made to determine -
the heat input td the target that must be accommodated. Let us conéider
-for example an actual experiment in which 1.4 x lO_T moles of gold vapor
at 1336 K and 7 x 10" moles of krypton at 293 K were codeposited on a
;sapphire plate at 20 X during 115 minutes. | |

The heat 1nput to the target is assumed to come from two 1mportant
sourcesa First there is heat (q ) released by a change in the .enthalpy
of both the matrix gas QAEM) and the impurity atom (AH?).in being cooled
from thelr initial to their final temperatures. _Secondlj'there_is the
contribution q, due to radiative transfer from the hot Knudeen‘eell.

For Krypton if we approximate the heat of sublimation at 20 K to_‘

that at 1ts melting point’ then

Sy = [on Oy (8) AT + (A,

~ (4.97)(273) + 2,570 = 3,926 cal mole ™

Brewer, L: High Strength Materials, V. F. Zackay, ed, (John Wiley and
Sons, Inc, New York, 1965) .
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or the'heaﬁ q, réleased by the krypton = (3,926)(7 X lO'h).= 2.75 cal, .

In estiméting Aﬁh, we wiiliassume that the heat of condensation.of gold
iﬁ krypton has as its upper limit the heat of sublimation of pure gold
{at the same temperaturé. The degree to which thié is a'yalid approxi-
ﬁation will depend on the tightness of the binding between gold and
krypton moleculeé in the solid. Assuming also that the vapor over iiquid
gold is all atoms we have

20
0
A Hy _f c, (g) ar + (aHg),,
1336
gw(h.97)(1316) + (87,300) = 93,840 cal mole ™t
and the heat released by . the gold vapor on condensation = (93,8L0)
V -7 — : ."2 : '.x .
.(1.4 X 10 ') = 1.31 X 10" cal. so that (qc)Kr >> (qc)Au. It is seen
then that, because the amount of matrix gas is large compared to gold
(M/R =~ 5 x 103) the solvent dominates the heat input due to condensation.
.Even at M/R = 50, it is more than twice as large. Krypton has been cited
in this example. However, when polyatomics like SF6 and fluorocarbons
are employed as matrices the'heat‘released is even greater due to rota-
tiona; and vibrational-contributions to the heat capacity. In such cases
it is probably expedient to precool the gas.
The tptai radiant energy 4, emitted by a non~black body is given by

#

. N

the equation DI
: SRR Lo
q.=o0cce AT N

* . ' : ‘ : : ' ‘
Bird, R. B., Stewart, We E. and Lightfoot, E. N.$ Transport Phenomena,.

(John Wiley and Sons, Inc., New York, 1960).
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where e is the emiSsivity of the surface, A i1s the area in mme, and T is.
the absolute temperature in degrees Kelvin., o is the Stefan~Boltzmann
constant = 1.355 X 10—14 cal sec™t m™ K.he If we put e ='1 for the
graphite and sapphlire surfaces, then the radiant energy impinging on unit
area of the sapphire plate in unit time is‘calculéked to be of the order

- ' - - : Y *
of & x 10 b cal sec 1 mm_2 at the center of the plate. This can be com-

" .
See Appendix, this thesis

pared with the'rate of heat input due to condensation which is about 5 X 10'8

"cal see”t m™> {f we assume that about 10% of the matrix gas entering the
cryostat ig collected by the cold target.
.Becéuse the thermal conductivity of the éapphire at 20 K (0.85 cal

mm L sec"l K~l) is so much larger than that of copper at 20 K (0.31 cal —

eqfl K-l) the heat admitted to the target is probably conducted away
. : .

. 1engthwise from boﬁﬁom to4top._ The temperature gfadient;across this 1éngth
is calgulated to be of the order qf.bqifo whieh is quife small, Other
gradients probably involve the thermal fesistances due to ‘the copper holder,
the indium gaskets, the'solder'connection‘betwéén the copper block and ﬁhe ‘
séeel dewar, the dewarvwall,_the heat transfer coeffielent inside the dewar.
The last_mentioned contribution has been rougﬁly estimated tobbe about 3K
for the heét flux caleulated above. It is interesting to note that thé
germaﬁium thermistor located near the center of:the plate reglstered a
temperature fise of 3.2 K on raising the fUrnace temperature from room to
1336 K. |

5«. Optical Systems

Spectra were photographed with a Jarrell-Ash spectrograph having an
effective focal length of 750 mm and an exit aperture ratio f/6 3. The

plane grating (G) in the Czerny-Turner mounting scheme was blazed for




S

LI L2 0 P
T . - MI
F://
~N
N M2
~
~N
~
. ~o
I — —— — —
P

XBL 6810-6064

Fig. 7 Optical arrangement for absorption.spectra
in transmission
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300 nm and had 216071iﬁés per mm, This gives a_dispefsion in the first
order of 0.5 nm per mm.

Backgrouﬁd continue for'tﬁe ultraviolet were provided by a 150 watt
xenon;mercuiy“arc lamp-operating at 8 amp. A3l—kiiowatt hydrégen'discharge-
- lamp was aléo;used).mainly in the sﬁud& of gold beIOW'QSOinm, A mediﬁmﬂ
pressure méreury diséhargq lamp served as the;referenee»séuree. The optical
"arrangement fbx'photbgrépﬁingabsorptionisbectra is shown in Fig. 7.

" Radiation from the continuum éourﬁei(S) reached the targéﬁ (T) as parallel '
rays after passing through the positive quaftz lens (Ll); The radi&tibq
'leaving the target was collected by a secondzquartz lens (LE)_and foéused
,§nto the spectrogfaph slit QQ)._ Spectral images Qere-recorded on' Kodak
lQBaO or SWR plates (P) following reflections by the concave miifo:s (Mi)
_.aﬁd (M2)'of'thergpectrograph. Slit-widths normally employed were ‘about
v60p, with:éxposure_times.ranging from l/iO second to 5 minutes depending

on suéh facfors as the transmission charéctéristics,of the matrix and the
concentration of absqrbing épecies, ‘ |

Kodak 10540 platés were .useful down to about 245,0 nm‘after;which
their sensitivity fell off rapidly. This accoﬁnts for the steepnessg of
the background in,many:of the densitometer traces shown. BelbW'QhS.O'nm |
Kodak Shortwave Radiation (SWR) plates were superior in sensitivity.
However extreme care had:tbibé exercised in handling these plates because
_the emﬁlsion w;uld hof_withstand evén mild fingerprinting or pressure.

Specular Refiecténce Spectra ﬁere recorded in a few1experiments on
‘silver atoms. In this'césé‘the light SOQrce wés focuséd_through‘the ‘
windOW'épPOSite the ﬁeam generator onto & highly polished aluminum target
whose ﬁiane surface made an angler;f hs* wi£h fhe ihcidéhf beam. The

speculariy reflected beam was collected by lens L2 and focused onto the

slit of the spectrograph.
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Unsuccessful attempts were made to measure the resonance fluorescence

‘spectrum of silver atoms trappéd in krypton.' The éonfiguration adopted
was close:to that used in the specular reflectance experiments except
that a transpareht sapphire target replaced the‘aluminﬁm target and was
rotated 90°. In this way the reflected exciting light passed out of the
syétem through one window while the 'fluoresced' light was colled£ed

from the oppdsite window and focused onto the spectrograph slit. The
exciting radiation was sé&egted from the output of an AH 6 high preséure
mercury lamp by either a Bausch and Lomb monochromator or Jena pG 11
filter. Both photographic plate and photomultiplier (using RCA 1P28
Tube)_detections were tried. In either case the scattered light problem

made meaningful measurements impoésible.
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IV. RESULTS AND DISCUSSION

A. Silver

The trapping of silver species byiargon was rather iheffieient at
20 X, possibly'becausevof the relatively low meélting point (84 X) of
argon. As a result, thick cbnceﬁtrated deposits were necessary in order
to observé'moderately strbng absorptions. . Th;eé maximé are élearly
discernible, however. The long wavelengfh c;mponent (vl);at.315.0.nm
has a'hélf-width at 20 K ofrthe order of 350 cm_l which becgmes still
greater as the temperature of the mﬁtrix is increased. Qne is tempted
to correlate this transition to the 2P1/2 e-ESl/2 transition in the gas
phase and this represents a considerable blue shift of 2195 cm_l. This'-
behavior is not unusual for argon which among the rare gases always seems
to produce the largestlbluevshifts. -The'other two absqrption maxima
(VE) and (VB) located at 30k.1 and 298.6 nm, respectively{ give the
appearance of a doublet.structure. The upper‘states of-theée two'frap*
sitions could well have originated from the 2P5/2bst;ate of thé.free étom.
Again the“blue shift§ are seen to be considerable (thoiaﬁdijOlﬁ bm?lf
respectivély). The half-widths §f Vs and v5 are aifficﬁlt to assess since
. they arevnbt completely resolved but they are probably of the Qrder of
400-500 em L. These features also broaden and shift as the target
temperature is raised. A fourth eXtremely”weak absorption bh occurs at

about 331 nm and can only be observed after long deposition times. This

feature remains essentlally unidentified although one may speculate that

it is probably due to silver dimer or to an impurity. We may note however

that this band has no cbunterpart in the gaseous Ag2 spectrum. Conversely




Table II. Absorption spectra of matrix-isolated silver
o at 20 K - '
Matrix A(nm) ylem™) Assignment v—vo(cm_l)
CArgon  330.9 % 1.0 30,221 (w) T
(M/R =’4°°) 315.0 = 0,5 31,746 (s) 2Pl/2 «°s + 2,194
304.1 * 0.5 32,884 (m) o 5 +2,h1
298.6 + 0.5 33,490 (m) Pspo = 8 + 3,017
Krypton 322,7 £ 0.5 30,989 (s) 2Pl/é <2 4+ 1,437
(M/R = 150) - .
: 313.6 * 0.5 31,888 (s) 5 o + 1,5 .
309.4 £ 0.5 32,321 (s) Psjp < B +1,848
Xenon . 3346 % 0.5 29,886 (s) - 'gpi/g 23 +33h
(M/R =200). . = . 5 =
ST U327.3 1 043 30,553 (s) Py p < 8 + 80
ool ) 3/2 :
325.7 % 043 30,703 (m) '2D3/2 25 - 4,011
322.6 £ 0,5 30,998 (s) P o8 r 525
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the systems in the gas around M\ 44O and 280 nm which were assumed to

involve the ground state were not observed in the matrix spectrum,

2. Krypton

The spectrum of silver trapped in krypton Shbwed three very strong
absorptions %ith comparable half—widths of the order of 250 em™ at 20 K.
The structural pattern bears a close reéemblance to that of a?gon éxcep£

that in this case the doublet v, and v

3
. shifted, relative to the gas phase 2P5/2 e—esl/z transition (1415, 1848
cm_l; respectively). The singlet v, also experiences a smaller shift

, -1 . 2, 2., e, » , '
of +1437 em from the Pl/2 «— 81/2 transition of the free atom. All

three bands show temperature effects‘of*broadening=andgshifting; A-fOufth
band, reported in an earlier paper (to be published) was absent in sub-
sequent.exﬁériments and could have beén.due to.iﬁpurity. It will not be
reported here asfpart of the krypton matrix gpectrum.

| The above mentioned frequencies pertain to the absorption spectrum
taken in trénsmission through a sapphire fa}gét. _waéfer,fidenﬁical
results are obtained fromrthé specuiar refléctahce épectrum of a thin
film deposited on a highiy polished aluminum target. The fefiection
technique would be particglarly‘useful for matrix.films_like Xe, éF6
which have poor transmission characteristics beyond a ceftain thickness.

A detailed study'wés made of the efféct of the M/R ratio on the
spectral:pattern of silver isolated in krypton; Ratios wére vériéd from
about 100 to 4,000 by keeping ﬁhe temperature of the sil%er in the'Knudsen
éell constant and changing the flow rate of the matrix gas. Also, a
. number of experiments of the saﬁe M/R were run by varying the‘déposition

times and pfoportionately changing both»the silver temperature and the -

is better resoived and not as blue-
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krypton flow réte. In all cases the threeibands had roughly the same
shape and same half-width. The occasiohal slight variation in the haif
width depen&ed more on the optiecal thickness of the samples than on the
M/R ratio. 'BecaﬁSe of the abseﬁce of any effeét of M/R, in subsequent
experiments a- certain temperaturé_(and hence vapor pressure) of the solute :
was selected and then the near-minimum amount of rare gas used. 1In this
way.the heat input to the target by condensation was minimized and so was
the opacity of thin films like Xe and SF.

Detailled studies of the effect of annealing the matrix to different
tempergturesabout 20 K were also done on the Ag-Kr system. The procedure
‘ 'invoived tﬂe rémoval of the liquid hydrogen from the dewar and allowing
| the target to'wafm upgspontéheouSlyito a .certdin temperature (as monitored
by the“germanium thermiétor) then quickly'recooling to 20 K by reintroduction
. gf'liquid_hydrégen; “The spectrum was then photographed gnd the annealing
proceés fepeéted but to a higher temperature. This was continued gntil
a temperatﬁre was found where the absoiption spectrum was no- longer present.
The purpose of this sort of experimentwvwas two-féld, first to see whether
.polymers of silver could be fofmedvby diffusion in the solid and secondly
to examine the possible contribution of multiple sites in the.original
b'spectrum‘at 20 K. On warming.to'higher temperatures thevpeak_absérptions
shifted positions;;nminiyfto the red and the half-widths inéreaséd
maxkedly. However no neW'features‘appeared_as thé‘original spectrgm
decayed ah& this suggests that dimer.fbrmation and stabilizafion was not
ocecurring. Thié is in contrast to the behavior of Li atoms in a rare

gas matrix as reported by Andrews and Pimentel. In their studies of

* '
Andrews, L.and’'Pimentel, G. C.: J. Chem. Phys. 47, 2905 (1967).
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lithium isolated in krétton at 4 K, warming produced a new band whikhtwas
aseigned to an L12 transition. We can reconcile the two sets of observations
~i1f we postulate that the éilver atom-rare gas interaction is quite strong
compared to the Li~rare gas and rare gas-rare gas‘interactione, The fact
that the Ag'atom spectrum was still reaSOnably strong even when a fair
portion of the matrix,éas had‘been lost by evaporation et temperatures
above 20 X, probably lends some vaiidity to this interpretation. Eventually
a temperature is reached where even these Ag-rare gas bonds are broken
and rapid nucieation follows (in which case the dimer or trimer spectrum
would not be observed). The strong interaction of the noble metal atoms
with the rare gas is probably elso refleeted in the very large blue shifts
observed for the system. | |

On werming to a ‘temperature Just below the poiht of disappearance of
the originel spectrum, the spectra taken on recooling showed no detectable
change inrthe half widths of the three bands. One might argue that if
atoms are deposited originally in two or more sites which have different
thermodynamic stabilities, the anneaiing process should favor conversion
to the most stable configoretion. This apparently was-obserred to have

B . F'2 : .
been the case in the trapping of sodium by Meyer. = There, two sets of
Meyer, Ci B.3  J -Chem. Phys. 43, 2986 (1965).

tripletstoccurred end'one disappeared on anﬁealing. However, if annealing
has no visible effect, as inpour case, it does not necessariljifoilOW'that
we are not dealing with a ecase of multiple sites.. It could be that-the.
two sités occur at thermodynemiec equilibrium and even if AF < O for'the
process the kinetics may be such that it does not take place ih_the

reldtively short duration of‘annealing. In view of these possibilities
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no definitive statements canlbe made on the contribution of multiple
sites‘in the spectrum of silver in krypton.
3. Xemon

The isolatidn of silver atoms in xenon is extremely efficienf; a
Knudsen ceil temperature of about 1140 K and a deposition time of 30
minutes being sufficient to gi§e an intense absorption spectrum. Three
.strong transitions oceur; the long A cémponent (vl) 1s blue~shifted with
respect to the free afom 2Pl/2 state by 33h4 cm"l whilke the 327.3 (V2)
and 52276 nm ka) comébnenés are blue-shifted 80 and 525'cm'l from the
gaseous atom 2P /2 term.‘ The separation between v

3 2
is comparable to that for krypton (433 cm~l) but considerably less than

~and v, (hh5'cm’l)

‘that for argon &606 cm-l); A1l three.components in xenon have half-widths
of about 200 cm-l which are strongly temperatufe dependent, A fourth |
component (vu), though weaker than the other thrée, 1s present at all

‘ cqpcentratiops of silver studied (which is in contrast to the argon and
krypton caseé). This is éléarly not due to impurity. - Its correlation

" to a free atom term is not reédily apparent unless one assumes the 2D5/2
étate situated at 5&,71h‘pm—l in the gaseoug‘atom is mixed in with EP.
terms due to the preséﬁéé:of'the poiéfi;éd xenon mélecﬁles. The transition

probability of this forbidden (2D3/2*‘231/2) transition has not been

measured in the gas_phaée but is expected to Be:very'small. This fact,
together with the large energy discrepanc& (4,000 cm'l)vbetween the gas
and matrix values makes such an assignment rather tenuous. It may be

" noted however that the copper atom in which the 2D state is low-lying aﬁd
not likely to mix with the 2P state to any:extent, shows only three

absorptidns in xenon in this spectral region.
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4, Sulfur Hexafluoride

The absorpt;on spectrum of silver coecondensed with SF6 at 20 X has a
diffuse, élmost néndescript appearance. At low concentrations of silver
two broa@, weak contiguous bands with mexima at 33%3.0 and 329.0 nm are
the onlykaiscernible features. As the concentration of silver builds up,
these two bands become gpill broader while a pabeh of weak continuum joins
onto thé-shdrt ﬁaVelength end. (Prblonged deposition does not affect
gréatly the-individﬁai.}ntehsities<alth§uéh the integratedvintensity is
clearly incréésing.) ﬁgen the temperature'of'the matrix is raised, the
‘short wavelength continuum region reduces in intensity but so does the

| long wavelength region,V_Recooling does not produce aﬁy noticeable en~
hancement of the intensifies¢ In addition to the above mentioned‘féatures
a broad but strong absorption band centered at about 214.5 mm occurs in
the. absorption speetrum of the film originally present at 20 K. It mus£
aiso bé remarkedvthat no Spectra'are obkained when large amounts of
SFg (M/R > 200) are uséd in the cocdndensation process.

| The interpretation of the absorptibn spectrum:is:not simple in the .
abgénce of more definitive studies like fluorescence. it seems however
.éhatbthe.transition at 214.5 mm correlates fairly well with thg free /
atom 6p QEB/Q’ l/éve- esl/g'transitith<§t AN 207¢O and 206,2 nﬁ. (Iﬁ
may be remarkgd at thié pOiht thaf g gsearch was made for these transitions
in Ag'atbms_isélated in krypton‘and'xenon. Nb\bands ﬁere seen iﬁ the régidh'
bordering én the'vacﬁum_ulfra;&iolet. Because these'transitions,seem to |

g ﬁave féirly large f-values in the gaseous atOm,.the situation in the matrix

fis praﬁably such_that theée ére shifted into vacuum UV where they are not

:Fdetectable.wiﬁh our.séé&trograph.) This sgggests that at least some portion

‘VA'of thé-;ontinuuﬂ.absorptiqn around 33040 nﬁvmay be dﬁe_to atoms“ Alter-

nati#ely, all or pait of this continuum may be due to some molecular species,
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. Fig. 9 ‘Absorption spectra of silver coeohde_nséd with
' fluoro eompounds at 20 K.
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like'AgF formed by reaction either in the gas phase or on cocondensation.
Agle) + sF6(g) o AgF(g) + 1/2 SeFlo(g) AH ~ -2k keal
The absorption'spectrum of AgF vapor has been measured recently by

Clements and Barrow. They report that the strongest feature is a continuum
x Cleménys;(kand Barrow, Ret Chem. Commun. 1, 27 (1968).

centered at about A 303.0 mm withhﬁhe BeXand A X sysfems oécurring at
longer wavelengths. At X < 260.0 nm a third system C eUX occurss It is
tempting to correlate the Ag-SF6 matrix absorptions to the AgF(g5 systems
but Age(g) aiso has absorptions in this‘region ag do Ag atoms. However,
it,should be possible to trap AgF vapor (in equilibrium with AgF solid)
in a matrix of krypton or xenon, fhen compare its‘spectfum with that ob- _
taiheq by cocondensiné'silver and SF6.
5. 0-C.F ¢  ; B o o

.The spgctfuﬁ bf silve; cocondensed with n-C%F16'vapor shoﬁs a weak
continuum céhtered at about'x'Bl0.0 nm, Five weak but discrete bands
also oceur at A\ 268.7, 258.8, 252.7, 246.9, and 256;8 ym.  This spectrum
remaihs unidentified. Comparison with Ag-SF6 suggests thevpossibility of
a common absofbing speecies such as AgF.

| B. Copper | _ E'

‘la Krypton . |

The absorptigngséécﬁruﬁkof copper in a kryﬁton matrix shqwséthree
.main bands of coméargble,peak intensities.  At 20 K the bands are quite
broad with half-widths of the order of 450 cm_?." This broadness probably
aécounts‘for the weak overall appearancé of the spectrum'éven after pro-
longed deposition at temperatﬁres as high as 1350 K. The half—widths

do not change when the matrix is warmed and recooled to 20 K. The
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separatisns between stuccessive maxima are equal (375 ém-l) within ex-
perimental error. A qorrelatioﬁ with the free atom spectrum on the
same 5asis'as fhat:fbr silver. shows that thg.?Pl/é « 2S1/2 transitioﬁ
is blue-shifted by 1230 em™ T while the 2?%/5 éompénents are shifted_
| 1360 cmf':'l and 1736 em™’ to the blue. These shifts are ofxthé same‘order 
of magnifude as those oceurring in‘silver. At higﬁer éonqentrations of
copper, an additionél weak bana‘occurs ét about 325,5 nm and.is probébiy.
due to Cug,vélthoggh no sﬁch band has been reported for gaseous Cug;
Furthermore the Cu2 (g)'viSible systems were not obser&ed in the matrix
spectrum of coppers ,
2. Xenon n . | N g

Three vér&vintéhse absorptions are the main featufes of the spectrum
of copper isolated in g.%énon matrix. The-wéﬁeleng{hs‘listed in the
table were obtainedwinvan_experimént in which the M/R ratio was about
50. Mercury atoms were also aceidentally preéent as a;contéminant; |
The general aﬁpearanee of the triplet is similaf to that for krypton,
but all the-components Suffef smaller blue shifts with reépect to the
.gas values.s Half-widths are bf the brder of 500 cm-l.  The higher
eneréy‘trénsitions listed may be due to Cu:polymers'in view of the low

M/R used. They may also be correlated to 'forbidden' transitions in-

 volving hP and AD terms of the atom.
3. SFg

At fairly high concentrations of copper in sulfur hexafluoride, the
absorption spectrum consisfs of a strong continuum centered at'approxi~

mately 315.0 rm and extending over a 17 hm-Wide region, When the matrix
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Table IIT. Ab.sorption spectra of métrix—iéoiated- copper at 20 K
%
Matrix A(nm) v(cm_l) Assignment v'-vo(_t:m—l)
, . |
\ 4 !
Krypton .= - 325.5 £0.5 30,722 (w) F e
(M/R = 250) 3148 * 0.5 31,766 () Pl/gie-gS + 1231
' ©311.1 % 0.5 32,144 (m) o 5. + 1360
: ; ; ' P «— S
307.5 = 0,5 32,520 (m) 5/2] + 1736
Xenon 526.—3 * 0.5 30,647 (s) P, = S £ 112
(/R = 50) ST T - TR
: 323.7 * 0.5 30,803 (s) 5 + 109
S P « S :
320.1 % 0.5 31,240 (s) 5/2 + Ls6
283.1 * 1.5 35,323 (w) q
275.5 % 1.5 36,565 (w) 2
266, 4 £ 0.5 37,538 (w) 2
248,5 £ 0.5 . 40,241 (w) ?
247.0 £ 0.5 40,486 (w) 7
. ‘ ' i
SF¢ 319.0 * 1.0 31,348 (s) ?
(M/R = 100) 312.5 £ 1,0 32,000 (s) 7.
B 2h2,5 + 0,5 141,237 (m) 4
237.4 + 0,5 L2,123 (m) ?
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TFig. 10 Absorption spectra of matrix-isolated copper .
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was warmed then recooled to 20 K, the overali intensi%y diminished and

the broad continuum split into two portions;-the stronger had a maximum

at 318.5 nm and the weaker appeared as & shoulder at 310.6 nm. At lower

| initial coﬁcentrations ﬁwo poorly resolved, broad components were apparent,
whose maxima occurred at about 319.0 aﬁd 312,5 nm. ﬁhe interpretatibn

of this spectrum is difficult in the absence of other studies like

fluorescence.
 C. Gold
1. SF6

The spectrum.Qf gold-SF6 solid solutions is rglatively simple.
Two shafb, strong lines appear at 261.0 mm and'257.8jnm representing
v'blue shiffs of 955 and 878 cmF1 from~the‘2IB/2,l/2.e-esl/g tragsitions
of the free atom respectively. The half-widths of these lines are of
the order of 75 cm-l at 20 K and increases as the temperature is raised.
Both lines also have their maxima shifted towards lower energies when
the temperature is increased. At large gold concentrations, an addif
tional band of small intensity shows up at 298,1 nm, The large spin-
orbit_splitting of the °P térm in the free atom apparently remains
intagt in thﬁ SF6-isoiated atom And cléérly eannot be résponsib;e for
the width of the matrix 1iﬁes, an ides invoked by Schnepp in his inter-
~prefation of the spectrum of matrix~isolated ﬁagnesium‘
2. .Krzgton'
’So efficient is the'isolétioﬁ of gold atoms in a krypton matrix

that optieally thick films can be grown with a gold_temperature of IMQO‘K

and a deposition time of 30 minutes. In a few experiments mercury was



Table IV. Absorption frequeneies of matrix—isoiated gold ét 20 K

Matrix x(hﬁ)' v(cmnl)‘ -vZ"ASSignmenb v-vo(cm-l)
SFg 298.1 % 0.5 33,546 (w) - . ,. ?
(M/R = ;50) 261,002 38,13 (s) - gpl/é 23 + 955
| 23748 * 0.2 k2,052 (s) erg/é 25 + 878 -
Krypton 335.6 + 0.5 29,797 (w) o2
(M/R = 350)
2711 * 0.5 36,887 (w) 2 |
261.1 £ 0,2 38,300 (s) gfi/e e.gs -+ 9k
239.9 * 0.2 41,684 (sh) ? |
235.3 £ 0.b 42,499 (s) o g +1325
' _ i : P5/2 « 8
232.5 £ 0s4 13,011 (s) A : +1837
I | R A ’
Xenon 271.3 = L,O . 36,860 (w) Pl/2 « 8 - 499
(M/R = 300) - . ,
247.8 £ 1.0 40,355 (sh) ) P - 819
} ) P5/2 «— S ’

2Wl1 #1,0 40,969 (m)

.= 205

[ 6
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Fig. 11. Absorption spectrum of gold atoms
isolated in SF6.
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Fig. 12 Absorption spectra of matrix-isolated goid.
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inadvertently presenf but seemed to have had go effect on the gold
band-positions or widths. .The spectrum consists of a strong singlet
absbrption (vl) at 261.1 nm and an equally strong doublet (ve, vj) at
| 235.% and 232.5 nm [the values quoted for Vos Vs (236.0.and 23%,3 nm)
in an eajlier paper (to be published) were in error]. ﬁalfwidths arév

and 250 em™t for v. and Ve At fairly

of the order of 100 em ™t for v 5

1
high gold concentrations two additional bands appear - one at A 239.9 nm

as a weak shoulder on the v, band and the other as a weak but fairly narrow

» 2
line at 271.1 nm.
Correlation of the étrong absorptions.to.the 2P e-es transitions
of the free atom again show the blue shifts to be large and of the same
order of magnitude as those observed for copper and silver trapped in

krypton. The weak bands may be due to molecular gold, although these

have not been reported for the gaseous dimer,

3. Xenon
Xenon doés'nct appear to isolate gold atoms very well. Relatively
high gold temperatures and long déposition times are required to obtain

~an absorption spectrum of even moderate intensity. Furthermore, the

bands are extremely broad with half-widths of the order of 45O‘cm—1. A

single broad band occurs at 271.3 nm which may be correlated to the

2 2

at 247.8 and 2441.1 mm corresponding to the 2?3/2 level in the gaseous

transition of the free atom and a poorly resolved doublet

atom. In contrast to the behavior in SF6 and Kr, all three bands are

shifted to the red with respect to the free atom transitions.



‘Table V. Absorption frequencies of gold cocondensed with

-

perfluoro-n-heptane at 20 X

1

» (nm) v (em A (cm‘-_'l).
268.7 * 0.2 37,211 (w) |
‘ , ' - 366
266.1 * 0,5 57,577 (w)
. o 525
262.4 + 0.2 38,102 (m) o
_ ' , 496
259.1 # 0.2 38,598 (s)
| R B 481
255.9 * 0.2 39,079 (s) |
| | _ | 487
250.7 * 0.2 39,566 (s)
' . 506
2L9,6 % 0.2 40,072 (s) '
' | 196
2h6.5 + 0.2 40,568 (vs) }
| : \ ko1
243.6 + 0.2 41,059 (s)
| ™ o
2L40.6 * 0.2 41,570 (s) '
| | P 500
237.7 * 0.2 k2,070 (s) .
- . 489
1235,0 £ 0.5 k2,559 (w) '
| - 48%
232,3 * 0.5 -

h3,0k2 (w)
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4. Perfluoro n-Heptane

gold vapor at 1350 X was cocondensedfwith thefvdpor from n~C7Fi6
liquid contained in a glass tube held at room temperature.f The absorption
spectrum of the film wasvsurprisingly complex and of a mblecular nature”

as shown in Fig. 13. -No attempt was made to elucidate this spectrum. T

D. Ag, Au Codeposited in‘Krybton

The assuﬁption has been rade up‘to this point that all the strong
bands'observed in the -absorption spectra of the noble metals in rare gas
matrices are atpmic in origin. One may éhooée_to question the vélidity
of this assumption. We may reasonab1y expeét to find at least one tran-
sition due to atomsvih view of the facﬁ_that thé vapor in equilibrium with
the condenscd phase is overwhelmingly.monomerié,iwith‘the proviso that
surface polymerization is neéligible, Cogld*ﬁhe.pthef features then be
due to long-range noh-neérést neighbor éolugé;éoiute interaétion? In___3
fact this'suggéstion has been prdffered.ﬁo explain some features in the
" spectrum of lithium trapped.in kryptoh.*:-in‘order to testA6ut this_hypofhesis

* ' . B '
Andrews, L. S.and Pimentel, G. C.: J. Chem. Pnys. 47, 2905 (1967).

silver and gold were vaporized simultaneously in-eiectron bombardment
heated Kﬁudsen cells and codeposited with krypton at 20 K. M/Rtotal
ratios of 150, 300 and 500 were used. To obtain comparable intensities,
RAg/RAu = 2 yas used. The spectra of the pure getals (a,b) and the’mixed

metael (a',b') in krypton‘are compared in Fig. 14 and the:wavelengths

listed in Table VI for M/R,
. [

otal = 190 The figure compares the shapes

-ig
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Table VI. Absorption spectra for silver and gold codeposited
in krypton at 20 X '

b

A (rm) ‘ v (em Assignment
32,8 * 0.5 .' 30,979 | Ag
: -2 2
313.8 £ 0.5 31,867 Pyjo 1fp © 8
309.5 £ 0.5 32,310 '
261.1 £ 0,2 - 38,300
239.5 £ 0.2 » 41,754 : : ' Au
, . , 2 ' 2
235.3 £ 0.4 . - k2,99 | Py/n,1/p < S

232.7+ 0.h 2,97k
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and positibns only of thevbéndﬁ. The relative intensities have no sig-
nificance since the:photographic.platés were not previously calibrated
and different densitometer settings were used for tracing different
sections of the spectrum. It is seen thét within experimental error

the 'pure' metal bands experience'no shift in the presence of the other

" metal and that no new features appear, at least for the M/R ratios

stﬁdied. This is conclusive evidence that none of the three strong bands
are due to solute-solute interaction. If they wefe, we should have
observed an isofopie-substifution type effect, but much larger, due to

Ag Aﬁ. Let.us examine the statlstics of a silver-kryptoﬁ system in which
M/R = SOQ. For simplicity'é'metal atom islassumed to be present in a
éubstitutional site‘having 10 nearest ﬁéighbdrs and 20 next-nearest neigh-
bors. We désignate an isolated silver atog as AgKr, a silver atom having
another silver atom'as.nearestqneighbor as}Ag Ag, and one having a silver
atom as next nearest neighbor as Ag Xr Ag. The rafios’of the probability
of a solute atom entering thesé groups‘ié 501l 12, in other words for

56 atoms arriving in the lattice, 50 will be presént as AgKr, 2 as Aglg
and 4 as AgKrAg or in termé éf'percentaées189o5, 3.5 and 7, respectively.
Of course similér vﬁlues are obtained for gold;krypﬁon. If we now co-

deposit silver and gold in krypton so that Ag/Au = 1 and M/R 500,

total

similar argumén@s suggest that again 89.5% of the total number of atoms
will'be_isolated.as Ag Kr and Au Kr in equal amounts, 34 5% will be present
as. AuAg, AuAﬁ, AgAg pairs, the nuﬁber of each-pair being equal; and %

as AuKr Au, AuKr Ag, AgKr Ag again evenly distributed. Therefbre from the
point of view of optical absorption measuréménts, if the f-values for,the
transitions involving the three species Aulu, Aulg, AgAg are comparable,

any effects due to nearest neighbor or next-nearesb:neighbdr‘solute-solute
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interaction in the pure metal experiménts and which are still present in
the mixedvmetal circumstance should be iarge enough to be manifested as
AgAu interactions. The fact that these effects were not observed for
Ag/Au =2, 1, 1/2 and M/R = 150, 500 demonstrates that none of the three
main'bands in the pure metal matrix spectrum are due to solu%e—solute

interaetions - It appears then that under:the conditions investigated, each

trapped solute atom in the pure or mixed situation is efficiently'shiéldéd'

from the effects of other solute atoms by the étoms of rare gas in both
the flrst and second coordination shells.

It may be noted.aISO that the concentrations of atoms in the mixed
metal experiments were such that the weak ﬁands of the: pure metal épectra
were hot in evidence. As'a result it was_pqt‘possible to apply the above
argument to determine whether these weak b%n@s were due to dimer. However
further experiments. in which these bands wéuld be the point of emphasis

should be instruetive. The electronicjspectra investigation should be

supplemented by infrared methods of detection of the asymmetrilc diatomies.

E. Copper-Gold Alloy ip Krypton

The trapping of the vapor species from an Au~Cu alloy was intended
tovstudy further the possibility of solute-solute interaction,in the |
matrix, An>aliOy‘having a mole fraction of cbpper (Xdu) of 0.28 was |
seiécted in order to obtain comparable vapor pressures (P = AX10'5 tofr)v
of copper and gold at 1350 K. The results_éf such an experiment using
krypton as the matrix matefiél are shown in Table VII;~ Actually mercury
atoms were alsobpresent as a contaminant. The gold ébsorptidns were
muchvmoré intense and nafréwef than those of copper, as was the case for

the pure metals. More impbrtantly there were no shifts of the bands from

the positions in the pure metals and no appearance of new bands, again
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justifying the conelusion that the three prominent bands in the spectrum

of each metal are due to atoms, The absence of any Au-Cu interactionvis

. possibly due to a concentration effect -.not enough diatomic molecules are

present to be seen in absorption. The same recommendations are made here

as for the Ag-Au/Kr system.

'F. Gold in SFg - Kr Mixtures

.The,large shifts and multiplet structures seen in the absorption
spectra of trapped noble-metal atoms seem to indicate thaf the matrix
environment posseééés a certain degree of asymmetry. In an effort to
examine ﬁore closelj fhis effect of the asymmetry of the enviromment

on the absorption spectra of the atoms, gold was trapped'at-zo X in

- various mixtures of krypton and sulfur hexafluoride. The mixtures were

equilibrated.for at feasﬁ 18 hburs; gold temperatures of 1350~1375 K
were used and the M/ﬁ ratios varied between 700 and 400. The results
of_these.expefiments are summarized in Tabie VIIT and represehtative
spectra are shown in Fige 15 |

A nOticeéble difference lies in the width of the lines. The long

wavelength component v, which was so narroﬁ'in'the pure matrices has

1
its half-width almost doubled. In addition the position of its maximum
seems to be dependent on the composition of the matrix mixture, being

shifted if at all, to lowér;energies with respect to either pure SF6 or

puré Kr. The central ban_d?ﬂv2 also has . an increased half-width and the

'largest shift of its maximum 1s only 1 nm to the red of 2 in pure SF6.

With respect to v, for pure Kr, Vo for all the mixtures are shifted to

2
the red by & fair amount. The short wavelength component V3 which has
no counterpart in pure SF6 is muech broader than'v5 for puré Kr. The

position of its maximum is difficult to locate precisely secause of its
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Table VIII. Absorption frequencies of _ig'b'ld isolated
in Kr-SF, mixtures at'20 ¥ '

Mole-% Kr x (am) v (™) Alem™) A(em™ )
' " ef. SFg ef. Kr =~
7 o 261.1 = - 38,298 -16 0
| 233,17 'h2,79oi N - =221
17 , 261.1 38,298 16 0
- (M/R = 450). 237.2 42,160 . 4108 -339
- 28 ke, 9% - | - 59
50 262.5 38,095 . 219 -20%
(M/R = 600) 238.,2 h1,982 - - 70 ;517 :
230.8%0.5 h5;528: : _ +317
75 . 262,838,052 - b2 - 2ls
(M/R = 350) 238.8 41,876, 176 625
taid | -
2305 . bzz8k T
83 - 262,8 o 38,052 v_ -262 26
(M/R = ko0) 238.5 41,929 | -123 - =570

231.0 43 290 : - +180
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Fig. 15 Absorption spectra of gold trapped in .
solid SF,~Kr mixtures (a) 17 mole-% Xr,
(b) 50 mole~% Kr, (c) 8% mole-% Kr
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relatively low intensity even when ﬁhotographed on SWR plates. However
it shows & rather erratic behavior, being red-shifted at some composifions
and-biue-shifted-fof compositions larger than 50 mole~percemt of Kr.

In the light of our previous correlation of v, and vs with the

P5/2 state of the free atom, it is seen that the doublet separation

(v, - v,), while not showing a clear trend, seems to depend on the type
3 277 e ‘ ’

2

of environment in which the atom is embedded. This brief study in

SF6—Kr mixtures is insufficient to enable us to assess the details_of

this environment in terms of symmetry. It is questionable that the atoms

are located in sites which experience an average behavior of Kr and SF6

nearest neighbors: Rather there seems to be a segregation of pre-

- dominantly SF6 and predominantly Kr sites in the solid mixtures, the

composife-speétrum then being akin to a near-superposition of perturbed

SF6'and perturbed Kr épectra,
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V. CONCLUDING REMARKS

This wbrk cén only'be regarded as a small effort towards improving
our understanding of the behavior of atoms embedded in a low temperature.
matrix‘ It has been shownvthat

(a) the matrix-isolatéd atoms of:the noble metals show shifts from
the ffee atom transitions which increase from.xenonvto krypton to argon.
This 1is ihpcohformity'with the general trend observed for a number of
other atoms.

(v) Nﬁn-nearesﬁ neighbor solute-solute interactions do not acecount
for any of the major absorptions in the spectra of ecopper,. silver and |
gold which aré.already'predominantly mohomericjinithe vapor phase.'n

We are led to the conelusion tﬁat the matrix molecular presehce
is solely fesponsible for the multiplet sfructure of these atomic
spectra. It is stlll not clear'by'what mechanism this is accomplished.
The transitioné studied in the.noble metai atoms.égain involve excited
P states, which has almost always been the case for the atoms previously
studied. The theory that the obsérved triplet structure mayjbe due to
the removal of fhe:three-fold degeneracy of the excited P state by an
asymmetric environment remains a plausible one. It must be borne in
miﬁd however that interatomic.electricAfields can be gquite large aﬁd
probably capable of producing a Sfark-iiké efféct on the atomic terms.
Figure 16 illustrates the Stark éffect on °p tefms. It is seen that
irrespective of the sfrength of the field, three sub-stateé result from
the 1ifting of-some'J-degenéracies. It maj‘be_very ihstructive to pursue
the étndy_of the role-of these long-rangeAeléctrostatic interactions by

isolating atoms in chemically inert matrices with permanent dipole
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mombnts. A start has been made in this direction by looking beyond the

rare gases to inert fluorinated compounds like sulfur hexafluoride and
n-p%rfluoroheptane whose use -has beén,reported in this study. These

preiiminary results‘however-give a preview of the sort of difficulties

that may be encountered in the use of so-called chemically inert materials.
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APPENDIX
Estimation of Radiant Heat Flux and Temperature Gradients at Target
Let us consider the radiant heat transfer between two black surfaces
1 (graphite cell) and 2 (sapphire plate). If 6 is the angle measured from
the_normalvto the surface, then the energy A emitted per unit area per

Ja

uhit time per uhit solid angle in a direction & is given by Lambert's law

oT b

aQ = ‘ﬂl cos O

The radiant energy emitted by Al and intercepted by dA2 per unit time is

then

Q= f—r————A cos 0 * cos 6-75
r
. : L ' 2 2 2
where r is the distance between the two surface elements and r =x + y
+ 22.

If Zq is -the perpendicular distance between the two surfaces and

X, ¥ define'the sapphife surface then cos 6 = zo/r and the radiant energy

transferred to unit area of sapphire plate per unit time is

S I 2 42
0. = (»dTl A1) (Zo ) ) of; 42
12 T2 2 n(re AR

This equétion shows that the radiant flux is a maximum at thé‘center of

the plate (x,y = 0,0) andfequai to
b , .

| _ U',Tl Al . .
lmax'_ 2
‘ HZO

. 5 _
’In.our'system Zy = 50 mm, Al = T5 mm and

L (1.355%10™ ) (1.336x102) 4 (75)
(3.142)(507)

Tmax



-68-

or . q, =40x107" cal sec”t mm . -

" We can now estlmate the temperature gradlent across the thlckness_

or length of the plate w1th the assumptlon that all the radlatlon 1mp1ng1ng"”

on»the surface is absorbed by the plate and that steady state heat -

conduction obtalns. Integratlon of Fourler S. law of heat conductlon :‘*‘ft;

N aT
qZ =_—kg—

'giyes for_eenstant'qz;andhk'_‘“
g vz kT e

in which c:is'the'integiatieh*donstant;_ If T T at z = o, q is

negativeand ¢ = KT them ~~;-l'.l;zr IR

O

AR

0_ 
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This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or repreéentation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-.
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in- .
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
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such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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