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ABSTRACT

An important contribution to the space debris papiah near 900 km orbital altitude are the NaK dtp
Sixteen nuclear powered satellites of the type ROR&unched between 1980 and 1988 activated aareact
core ejection system close to this altitude. Thees @jection causes an opening of the primary coalgouit.
The liquid coolant has been released into spadegltiiese core ejections, forming droplets up thameter of
about 5.5 cm. These droplets consist of an allayvofalkali metals, sodium and potassium (NaK)this paper
the monochromatic and the total reflectivity of Na calculated using theoretical models. The réifldy
depends on the alloy composition and temperatura dfoplet. The alloy composition may change due to
evaporation, resulting in an enrichment of sodigpeeially at the droplet surface. According to literature,
there is only a limited number of available measw®st data concerning the optical properties of Ndikys.
Furthermore the published data for pure sodium pothssium are controversial. Thus it is necessary t
investigate the optical properties of alkali metatal their alloys. Mainly two types of optical akstion, the
intraband and the interband absorption, are coreidd he intraband absorption is calculated udiegQrude-
model which uses electrical properties to deriwe dptical constants of pure metals or alloys. Dragdgumes
that the valence electrons can be treated as keetrans. The electrons behave like an ideal gamoharged
particles. The theory of free electrons is a veémpte model for the description of the valence &tats in
metals. This assumption is sufficient for alkalitaie, because they show a nearly free electronvilmhd-or the
interband absorption the classical Butcher-modelsisd. Furthermore an absorption anomaly whichblegs
observed in some alkali metals is discussed. Ealhedior potassium, some measurements revealed an
unexpected absorption in the visible and the nefrared. This absorption can be determined usimgodel
according to Overhauser who assumes charge-dewsityes (CDW). But the existence of the anomalous
absorption is controversial. The influence of tiffedent models on the reflectivity is discussetieTreflectivity

is calculated depending on the alloy compositiorthat surface of a droplet. The results are comp&red
measurement data from the literature. It is shdwah NaK droplets have a very high total reflecyivit

1. INTRODUCTION
NaK droplets are massive metal objects with a spleshape and a size up to 5.67 cm diameterelthiface is
purely metallic, the droplets should have a veghhieflectivity. Values of the total reflectivityegiven in the

literature (s. Tab. 1).

Tab. 1. Measured reflectivity of orbiting NaK dretd.

Reflectivity R | Reference
0.84-0.89 | Sridharan [80]
0.85 +0.07 | Hall[31]

The alkali metals like sodium and potassium hawey simple atomic structure which makes it easier
describe their physical properties using theorktiggroaches. Havstad [35] estimated the opticaktamts of
liquid metals on the basis of the Drude-theory andfirmed the applicability of this theory for ligumetal

alloys. But a detailed literature review revealbdttfurther absorption mechanisms must be congidier¢he

visible and near infrared region. Beside the irrababsorption (Drude-absorption), there appeaistarband
absorption which means a transfer of an electrantimher band [60, 83].

To calculate the optical properties of orbital Ndtoplets, it is necessary to know the alloy comjpmsiat the
surface. Generally, sodium and potassium have h baubility in each other and should not show any
significant tendency towards segregation [14, 2t there exist several theoretical investigatiovisich



indicate that a segregation can occur [6, 7, 942344, 45, 46, 70, 71, 72, 74]. In this caseyauld be likely
that potassium is segregated to the surface dits tower surface tension, compared to sodium. (diréing
force behind surface segregation is the reductfahe surface energy.) But the vapor pressure tdgsium is
higher than that of sodium, resulting in a higheoration rate. This may cause an enrichmentdifisoin the
surface of a droplet [53, 54, 62]. Consequentlg difficult to predict the exact alloy compositian the surface
of a NaK droplet.

2. INTRABAND ABSORPTION

The literature mentions a theory for the calculatiof the optical constants of metals which is digali
especially for alkali metals [16, 25, 27, 30, 38, 64, 85]. This theory was developed about the $880 by
Paul Drude, who derived the optical constants fthenelectrical properties of metals. Drude assuthatthe
valence electrons can be treated as free electidresband structure and the periodic structurehefdrystal
potentials were neglected. The electrons behawe dik ideal gas of uncharged particles. The moddieaf
electrons is a very simple model for the descriptid the valence electrons in metals. The Drudefthés a
good approximation for metals with simple structur€éhe Drude-model is qualified for alkali metdigcause
their valence electrons show a nearly free behaVibe optical constants can be derived simply ftbenHall-
coefficient and the specific electrical resistantie Hall-coefficient is a measure for the electdemsity, and
the resistance correlates with the average timevdest collisions. Both depend on the alloy compositi
Havstad [35] showed that published values of th#-¢teefficient and the electrical resistance ofuiid) metal
alloys can provide useful estimations of the opticastants for some binary alloys.

The optical properties are expressed as compldgatlie constant'. The parameters and the used notation i
given in the following [19, 33, 37].
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The following parameters are used: elementary charffe6e10-19 C], extinction coefficierk, mass of an
electronm [kg], index of refractiom, permittivity of free space, [8.85e-12 F/m], real paey and imaginary
part of the complex dielectric function, and angular frequeney [1/s]. The Drude-model can be applied by
computing the number densit [1/m’] and the average time between collisietis] from measurements of the
Hall coefficient Ry [m*(As)] and the direct current resistanse[Qm]. Ry andp depend on the alloy
composition.

Ne =1/(Ry€) , T=m, /(Nce”p) (4)

The monochromatic (wavelength depending) reflessti®;, can be calculated from the optical constants.
(Sometimes the absorption indeinstead of the extinction coefficient is used.)
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The total reflectivityR can be derived by weightirlgy with the solar spectrum or the black body tempeeatind
integration over all wavelengths.



3. INTERBAND ABSORPTION
The interband absorption appears in the visiblethadJV region in addition to the Drude-absorptibrierband
absorption means the transfer of electrons fromctiveduction band into energetic higher, unoccupadds.
The imaginary part of the complex dielectric funati, is a measure for the absorption. The overall gitsor
is calculated by adding the interband absorptignto the Drude-absorptian p.
£y = &yp T &g = 20k (8)

The absorption is mostly expressed as optical oty o, wherev is the frequency in [1/s].

1
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There exists a standard theory of interband abisorpgby Butcher [10] and Meessen [52]. The optical
conductivity of the interband absorption is calculated with Eq. (10-12) [10, 66, 73, 76].
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The following parameters are used: Fourier compboéthe pseudopotentidl;;o [J], reciprocal lattice vector
G110 [1/m], threshold and cutoff frequencies andw, [1/s], Planck's constaht[6.6262e-34 Js], lattice constant

a [m], and Fermi-radiu&: [1/m]. The optical conductivity in Eq. (8) uses CGS esu units and is expressed in
[1/s], while the optical conductivity of the intenbd absorptiom;, in Eq. (10) uses Sl units [{Q(n)]. Both units

can be converted using ©tf) = 1e-1t%s, wherec is the speed of light expressed in [cm/s] [61]t Bhis
theoretical model leaves one parameter open wkicteiermined by fitting to experimental results [Bhis is

the Fourier component of the pseudopotentigh The values o#/;;, which were found in the literature are
summarized in Tab. 2.

Tab. 2. Summarized values of the Fourier compooktite pseudopotential 1 given in the literature.

[\/110| of sodium Reference [\/110| of potassium Reference
[eV] [eV]
0.11 Ham [32] 0.08 Gibbons [28]
0.18 Ashcroft [5] 0.158 Harms [33]
0.225 Overhauser [66] 0.163 Dresselhaus [1b]
0.23 Gibbons [28] 0.195 Overhauser [66]
0.323 Butcher [10] 0.23 Ashcroft [5]
0.44 Phillips [69] 0.24 Ham [32]
0.475 Miskovsky [57] 0.305 Butcher [10]

Values forVi;o were chosen which show the best fitting of thewated interband absorption to measured data,
especially in the visible region, where the sofactrum has its maximum intensity. For sodium aothgsium
values 0fVijona = 0.32 eV and/y0x = 0.23 eV according to Butcher [10] and Ashcréit \vere selected. The
results are shown in Fig. 1 and 2. There was norétieal approach for the treatment of alloys foumdhe
literature. Thus the interband absorption was apprated by interpolatingv;;o depending on the alloy
composition. The number denshty was approximated by using the Hall coefficiBpt from Eq. (4).



4. ABSORPTION ANOMALY

The discussion about an unexpected absorptiorkali ahetals began in 1962 with a work of El Nab@]jiwho
investigated the optical properties of potassiumvben wavelengths froth= 0.365 um to 2.0 um. The results
were also published in [18, 47, 48] and were lawiewed by Harms [33] with new experiments. The
unexpected result of EI Naby was the detection stir@eng maximum in the absorptionjat 1,6 um. A similar
behavior was measured by Hietel [37] for sodiuml®65. This unexpected absorption peak was latéeccal
"absorption anomaly" [33]. (Harms could not reproglthe absorption peak measured by El Naby.)

The results of these measurements motivated setveratetical and experimental studies. The litemagives
only a limited sets of data concerning the optpraperties of massive alkali metal samples. Mogkeé&rents
were made with thin alkali films. The experimentsHietel and El Naby belong to the very few whicleres
made for bulk materials. To follow the discussirigh® results of theses studies and to find morasmement
data, a detailed literature review was performekis ibliographical study comes to the result, tiptical

constants of the alkali metals are still controlrdvost work was done in the fields of the monmchatic

optical properties of pure sodium or potassiumthin literature several theoretical and experimemgsiilts are
given for sodium [2, 4, 11, 21, 22, 26, 34, 36,4&%,53, 66, 75, 82]. Other studies give resultpfatassium [1,
3, 8, 10, 17, 20, 24, 38, 49, 52, 58, 68, 73, B{,81, 85, 86, 88]. Only one reference was fourtierer NaK-
alloys were investigated [59]. Unfortunately thessults refer to only one selected wavelength.

In the literature it is discussed whether the mesbswptical properties are dominated by volume wfase
effects [50, 55, 78, 84]. The optical propertiegyvavith the film thickness [8, 40, 51, 63, 82]. Ehu
measurements which have been made with bulk misteata more suitable for the estimation of the agti
properties of NaK droplets. There are fundameriffdrénces between films and bulk materials. Fimey have
a reduced electrical conductivity [79]. Surfaceseet§ may occur for rough surfaces [82]. This metuis,films
consisting of solid metal may have grain boundacedattice defects which influence the surfaceperties
[40]. Differences in the surface roughness may peeddifferent experimental results [8]. The surfatdéiquid
metals is smooth [82]. Therefore it is not expectieat surface effects have an influence on the ratisa
behavior of liquid metals. If the NaK droplets diguid at the surface and no impurities are segezhto the
surface, then the optical properties are definegidiyme effects and should comply with the progsrof bulk
materials.

The absorption anomaly measured by El Naby [19)eiy high. The additional absorption occurs belbe t
interband threshold. This anomalous peak cannetxpkined by the classical theory [88]. The peghkealps at
wavelengths where the theoretical absorption shbeltbw. The additional absorption was observetthénsolid
as well as in the liquid state. Such a behavior wag detected for the alkali metals [12]. In titerature it is
discussed, whether the classical model of intertelgbrption may be too simple [66]. Overhauser B4,
postulated a new interband transfer mechanismedahyg spin-density waves (SDW) or charge-densityesa
(CDW). The experimental data of El Naby are in rewhble good agreement with this theory. Althougé th
CDW:-theory provides a good approximation of theoapion anomaly, the existence of these wave habeen
verified [33].

Other experiments do not show anomalous effectscanfirm the classical theory. Generally there #&hdae
simply intra- and interband absorption and no adousapeaks. Experiments by Smith [76, 77, 78], maitle
sodium, showed no effects which disagree with te®ity. According to Bennett [8] the experiment#liaion
was cleared by the measurements of Smith, andr#iditional view was reestablished. However, alses¢h
measurement results are not unambiguous. Indeeith'Snesults revealed no unexpected peaks, bubthde-
absorption is higher than predicted by the theB8}.[The absorption is only qualitatively but naiagtitatively

in good agreement with the theory. Smith workedhviitms of sodium. In contrast, the measurements fo
sodium and potassium by Hietel [37] and El Naby][¥#&re made with bulk materials. But also the
measurement results for potassium are doubtfulmkldB3] reviewed the results of EI Naby and coutd n
reproduce the anomalous peak. According to Harims, nheasured optical constants of El Naby must be
attributed to a contaminated or eventually rougtagsium surface.

5. OPTICAL CONSTANTS

The most important published measurement datadifisoand potassium are shown in Fig. 1 and 2. Tdte d
are compared with the Drude- and interband theofibe data of potassium are also compared to th&/<CD
theory given by Overhauser. Both diagrams showathsorption expressed as optical conductivigepending
on the frequency (photon enerigy) using Eq. (9). The optical conductivity is tydigan use in such diagrams
all-over the physical literature, because it poiotd the interband absorption in a pronounced marfiee
boundaries of the visible region are shown. Thetiggnwavelength of = 546.1 nm is presented, where Morgan



made his measurements with NaK, varying the altoypmosition. For the calculation of the optical coctivity,
electrical quantities from [23] were used.

Optical Conductivity of Sodium
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Fig. 1. Optical conductivity of sodium at room teangture. Comparison of the Drude- and interbanjl (1B
models with measured data from Hietel [37], Palf@8f, Duncan [17], Smith [78] and Monin [58]. The
wavelengthl = 546.1 nm is pointed out, where Morgan [59] gistaga for varying alloy compositions.

Optical Conductivity of Potassium
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Fig. 1. Optical conductivity of potassium at rocemperature. Comparison of the Drude- and interljeB)das

well as CDW-models with measured data from El N9y, Palmer [68], Duncan [17], Smith [78], Harn33]

and Whang [86]. The wavelengtl+ 546.1 nm is pointed out, where Morgan [59] gigdata for varying alloy
compositions.

Fig. 1 and 2 show that in the visible region maxyegimental data deviate from the Drude-model. Mogterts
attribute this to the interband absorption. Initifeared region the Drude-model is an approprigigreximation.
In Fig. 2 the remarkable absorption anomaly meakshyeEl Naby is compared to the CDW-model according



Overhauser. Whether the absorption anomaly idated to charge-density waves or to surface contion is
discussed controversially in the literature. Dughe fact that most experimental studies did natfiom the
existence of an anomalous peak, the CDW-modehetibe used in the following.

Pure sodium or potassium are solid at room temperatvhile the eutectic alloy NaK-78 (77.8 weightcfo
potassium) remains liquid. In the liquid state ampwration of an orbiting droplet is possible [8The alloy
component potassium would evaporate faster, dits tigh vapor pressure compared to sodium. Sait be
possible that the alloy composition at the surfata droplet is enriched with sodium. If the sudfalidifies,
for example when all potassium has evaporated ftarouter layers of a droplet, the evaporation @seanay
be interrupted. If the surface composition of aptiEb can vary, then it is necessary to estimateoibtécal
properties of NaK depending on the alloy compositibhe calculation of the optical constants is Hase the
following simplifying assumptions. The Hall-coeffint R, and the direct current resistaneere calculated
depending on the alloy composition. Furthermésg is linearly interpolated between the values ofmodium
and potassium. Some material values are also degstnby extrapolation or interpolation, for examplewo
phase regions. These approximations result inagively smooth variation of the optical constanithwhe alloy
composition. This result is justified by investigais of Kent [43] who found that the optical comitaof solid
or liquid metallic alloys with varying alloy compitisn can be approximated with smooth, non-linearves.
The optical constants of NaK are calculated andpeoed to measurement data of Morgan [59]. Thesewatte
exclusively measured at one selected wavelength=0646.1 nm and are the only data for NaK alloyscivhi
were found in the literature. The result is showirig. 3.
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Fig. 3. Imaginary part of the complex dielectriadtiones, as measure for the absorption behavior of NaK at

room temperature depending on the alloy compositmmparison of the model for intraband (Drude)splu

interband absorption with measurement data fromgslio{59] at a wavelength éf= 546.1 nm. The vertical
line marks the eutectic point.

In Fig. 3 the measurement data of Morgan [59] ampared to the sum of intraband and interband pbear
for NaK alloys. The comparison shows that the cwovéhe model is qualitatively in good agreementhwhe
data. Quantitatively the model predicts a lowerogpigon as given by the data. A possible explamatimy be
an imperfectness of the surface [18] used by Margan

The total reflectivityR can is calculated by weightirfg, from Eq. (7) with the solar spectrum and integnati
over all wavelengths. The results is shown in Eig.
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Fig. 4. Total reflectivityR of of NaK at room temperature depending on theyatbmposition, calculated with
the model for intraband (Drude) plus interband ghtson. The vertical line marks the eutectic point.

Fig. 4. Shows that the reflectivify varies between 92 % and 98 % depending on thg ablmposition. This
more than the value of roughly 85 % given by Sridhaand Hall for orbital NaK droplets (s. Tab. 1).

6. CONCLUSION

In this work the optical constants of sodium andapsium are calculated using theoretical modelstter
intraband and interband absorption given by Drutk Butcher. The optical constants of NaK are apprated

on the basis of these models depending on the alimyposition. The results are in qualitatively g@geement
with measurement data. But most data show a qatimtily deviation from the theory, especially ire thisible

region. If this deviation is explained by surfa@m@mination or roughness, then the model givesri&mum

possible reflectivity for a clean and smooth swefalt may be possible that the effective refletyivaf orbital

NaK droplets is lower than the calculated value9246 to 98 % due to surface contamination, segjcrgaf

impurities to the surface, or surface roughness. TBW-theory given by Overhauser is not considelbedause
of the controversial views in the literature comieg the existence of charge-density waves. Furthes the
this theory is only for potassium in good agreenvdtit the measurement data, not for sodium.
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