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Effective temperature of amorphous carbon studied using nuclear-resonance photon scattering
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The effective temperature of isotopic amorphous cardd@)(was measured, at 295 K, by employing the
nuclear resonance photon scatterihiRPS technique. The photon beam was in the form of bremsstrahlung
obtained from an electron beam of the Stuttgart Dynamitron, ®withd.1 MeV, and the resonance scattering
from the 3089-keV and the 3684-keV levels’C was measured. The effective temperaturé®fwas found
to be (822-123) K, which is higher by about 13% than that calculated from the experimental vibrational
density of states of amorphous carbon. This deviation is discugS6ii63-18287)01925-5

. INTRODUCTION such as g, each molecule consists of 12 pentagons and 20
hexagons with a nearly spherical cage-shaped form. This is a
In the present work, we measure the effective temperaturmolecular solid crystal belonging to a face-centered-cubic
of the C atoms in amorphous carb@hC) by applying the phase. The covalent bond holding each C atom is nearly
nuclear resonance photon scatterii¢RPS technique in a  trigonal and close to that of graphite. .
self-absorption mod&? The effective temperatur€; is re- AC may have eithesp’- or sp’-type bonds or a combi-
lated to thetotal kinetic energy of the C atom. This, in turn, nation of b'oth_. The first is termed diamond-like and the sec-
is related to the average binding forces acting on each atonfnd graphitelike AC. Raman spectroscopy and many other
In the NRPS method, one monitors the Doppler broadeninf‘:h”'ques are used for characterizing the particular type of
of the nuclear level caused by thatal kinetic energy of the .h' | hni lied ious|
scattering C atom. It turns out that the scattered intensity i .T IS nuc;]ear tﬁc nique was applied previously to pfyro-
related to the directional binding strength of the scatteringiyt'C BN where the anisotropic resonance scattering from
atoms. The Doppler width is given by .=E(2KT./ ive nuclear levels below 9 MeV it'B was measuretl.lt
" S S

Mc?)¥2 where E is the nuclear level energl; is the \évas Iate{" %)plried LO K levels b_UZiNQ f8.r51-MKeV
nuclear mass, arid, is the effective temperature of the scat- PremMsstrahlurigwhere the anisotropic binding of the K at-

tering atom: it is related to itsotal kinetic energy in the ©MS in the graphite intercalated compourgk@as studied.

sense that it includes the part which is due to its internaLn the present work we apply the NRPS method to study the

zero-point motion. At low temperatures, the main contribu-2iNding effects of C atoms by utilizing the nuclear properties
of the two nuclear levef¢ in °C.

tion to the Doppler broadening arises mainly from the kinetic )
energy of the zero-point vibrational motion of the C atoms. 1he present work was motivated by the results of some
nvestigators™’ who used the neutron Compton scattering

In the present work we use the 4.1-MeV bremsstrahlun )
beam of the University of Stuttgart to determifigby mea- NCS method to measure the effective temperatures of

suring the resonance photon scattering of the 3089- and tHyraphite in directions parallel and perpendicular to the hex-
3684-keV levels int3C agonal layers and to test the lattice dynamical calculations of

Amorphous carborfAC) is one of several forms of el- the phonon spectrum of graphite. A large deviation between

emental carbon which also occurs in a crystalline form sucf]ihe ”!easured and calculated values was observed for the
as graphite, diamond, and fullerenes. Graphite is known tgffectlve temperature parallel to the graphlte layers. It was
be highly anisotropic and to have a hexagonal planar Struct_hus very interesting to measure the effective temperature of

ture and strong covalent trigonal bondsp?) with an inter- carbon in a related sample, namely in AC, using an entirely

atomic distance of 0.1415 nm. The fourth electron in thedifferent method to find out whether such deviation will also

outer shell(in graphitg is responsible for the weak van der occur using the present technique.

Waals binding bgtween the hexagongl plgngs. The d|_am<_)nd Il. THE NRPS TECHNIQUE

crystal structure is face-centered cubic with interatomic dis-

tances of 0.154 nm and each atom is covalently bonded to This method is illustrate¢for the case of thé3C isotopé
four other carbon atomsp?, tetragonal bonds. In fullerenes, in Fig. 1 which depicts an incident bremsstrahlung beam
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intensity on effective temperatufe the special configura-

Gold . tion of Fig. 1) is expected to be quite weak. Thus the use of
Radigtor _ C-Absorber Sample 13C is preferable mainly due to the much larger widths of the
¢ -Beam strahlung| H Modified 13C nuclear levels which increases by far the scattering in-
AN A AN Q tensity and also because of the lower excitation energies of
[Cottimator its nuclear levels. In fact, the radiative widthsf the 3089-

and the 3684-keV levels if°C are around’,=0.5 eV and
are much smaller than the corresponding Doppler widths be-

Low
ﬂ Ts ing A~12 and 14 eV, respectively. The two conditions,
. E namely, a largd’y combined with the requiremert,<A
: :High make the two levels if°C an ideal choice for studying the
Ts binding properties of C-containing systems. This also en-
E, E, ~ E, E E, E
) ®) (©

sures higher sensitivity of the scattering cross section to
@ variations in the Doppler width and hence to temperature and
orientational changes of the scatterer with respect to the pho-

FIG. 1. The upper part describes the sequence of events in ¥ beam. It is also important to note that a latggfulfills
NRPS experiment while the corresponding energy spectra of ele@nother basic requirement inherent in the present technique
trons and photons are depicted in the lower part. The electron beafi@Mely a veryshort lifetimeof the nuclear level. This con-

(a) hits the gold radiator target and produces a bremsstrahlung phélition is of absolute necessity because it ensures that no
ton spectrum(b). The passage of this photon beam through theslowing down of the recoil nucleus occurs before reemitting
nuclear self-absorber generates the Doppler broadened dips in thige scattered photon and hence no attenuation of the Doppler
continuous bremsstrahlung spectrum corresponding to the excitdésroadening of the nuclear level can take place in such a
tions of the two nuclear levels if°C (c). The scattered intensities process. The level lifetime should be much shorter than the
of the modified bremsstrahlung incident on the sample depends omterval (t,=10" 13 s) a recoiling nucleugof an atom takes
the overlap integralgshown as shaded areas ()] between the  to cross one mean free path in the atomic lattice.
Doppler broadened shapes of the dips and of the nuclear levels in |t should be noted thal may also be measured using
the scatterer, and are shown in péi} for cases of low and high gnother technigue namely, the neutron Compton
Ts. scattering~’ (NCS) with neutron energies in the eV range. In
this method, neutrons from a pulsed spallation source are
obtained when 4.1 MeV electrons strike a higlgold radia- ~ scattered at backward angles and the neutron energies are
tor. This 4.1-MeV incident “white” beam is modified by measured using a resonance foil placed in front of the detec-
passing it through an absorb@ontaining*3C nucle) which ~ tor. By analyzing the energy spread of the scattered neutrons
generates narrow nuclear absorption dips caused by the eising time of flight, it is possible to determine the atomic
citation of the 3089- and the 3684-keV levels }3C. The  momentum distributions of the scattering atoms in the
particular shape and width of those dips which are Dopplesample. However, the determination ©f by this method
broadened are determined by the atomic binding propertiekglies on calculating the scattering amplitude of the neutrons
of the 1C absorber. Similarly, the levels of the scatterer areusing the impulse approximation and on estimating the final-
also Doppler broadened with widths defined above. Thétate effects. Hence this method is model dependent. Some
shapes of those lines carry the lattice dynamical informatio®f the T results obtained using this method are discussed in
of the scattering atoms, which is of our concern here. Whef®€ec. V.
this artificially modified photon beam strikes a nuclear scat- A different version of the NRPS method based on mo-
terer (containing °C nuclej, the Doppler broadened dips nhoenergetic photon beams generated hyyj reactions was
that were created by the absorber act as shape analyzersa$o used for studying effective temperatufes.The results
the broadened levels of the scatterer. The overlap of the twebtained with the 1§, y) method are quite accurate and re-
shapeddescribed by the shaded areas in Figislpropor- quired relatively shorter running times. However, its appli-
tional to the scattered intensity which, in turn, depends orgability is restricted to only few isotopes such &N,
the effective temperature of the scatterer. For th&  °°Zn, and®Ni because the nuclear levels studied were pho-
samples with different effective temperature3,;€T,)  toexcited by a chance overlap between opdine of the
which are struck by the above artificially modified beam, thephoton source and a nuclear level in the scattéfiéris fact
corresponding scattered intensitigsl, will also be differ-  reduced substantially the number of cases which could be
ent, namely,|;<l,. The overlap integrals describing the studied by this technique.
scattering process are illustrated as the shaded areas in the
drawings shown at the bottom of the right-hand corner of Ill. THEORETICAL REMARKS
Fig. 1 for the two different samples.

It should be stressed that, in principle, it is possible to get
the same information by scattering from the 4439-keV level In the present technique, one creates a dependence of the
in 12C which is the abundant isotope of carb(88.89%. scattered intensity on the effective temperatiiceof the
This level is, however, not suitable for this application first scatterer by using a nuclear self-absorber. This dependence is
because its energy is higher than accessible at the Stuttgasventually used for the determination ©f. In calculating
Dynamitron and because its radiative witliis small [,  the scattered intensity we have to account for the thicknesses
=0.011 eV) and the resulting dependence of the scatteringf the nuclear absorber and the scatterer, their isotopic abun-

(a

A. Scattered intensities and self-absorption ratios
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FIG. 2. Calculated relative scattered intensitipermalized to
295 K) from the 3089-keV levels in°C as a function ofT, the

represent the calculated results obtained with and witA&Dtand
13C absorbers, respectively. The absorber thicknesses were taken
be 3.28 g/crh (Y2C0O) and 3.39 g/ch (°CO) with T,=346 K.
Note that the strong dependence of the scattered intensitidg on
occurs only when &3C absorber is used.

The 13C scatterer thickness was taken to be 0.429 §/with a
3%3-g/cn-thick liquid 1*CO absorber. The upper curve represents
the results obtained with no comparative absorber while the lower
curve represents the results obtained using a compar&B@ ab-
sorber, 3.38 g/chthick.

dances, their effective temperatures and hence the Doppler ) o )
widths, and for the parameters of the nuclear level. The scat- EXxperimentally, it is much easier to measure the self-
tered intensity is related to the parameters of the nuclea®bsorption ratiR from any resonance scattering level. This
level through the factogI'3/T", wherel'o,I" are the ground ratio is defined a®=(No—Nn)/No with Ny and Ny, the
state and the total level widths, ager (2J+1)/(2J,+1) is scattered intensities from the sample obtained by passing the
a statistical factor withl andJ, the spins of the excited and incident photons through a resonant and a nonresonant ab-
the ground states 0fC. The method of calculating the scat- Sorber, containing'®C and *°C, respectively before hitting
tered intensity follows the procedure described in detaithe sample. In such measurements, the thicknesses of the
elsewher& 13 for a white spectrum passing through a self-resonant and nonresonant absorbers are usually chosen to
absorber and hitting a scatterer. Both the self-absorber arthve the same atomic attenuation. Such ratios are calculated
scatterer are thick and the calculation requires numerical inby utilizing the results of the lower curve of Fig. 2 and the
tegration procedures. values ofR versusT, are plotted in Fig. 3 for the 3089-keV
To get an idea about the sensitivity of the present techscattering level. Figure 3 shows thRtincreases with de-
nique for the determination of, we show as an example creasingTs. This means that a higher experimental self-
the calculated scattering intensity from the 3089-keV level asibsorption ratioR is obtained if one uses a nuclear self-
a function of the effective temperatufg. The resultgnor-  absorber with a lowT,. This also means that a better
malized to unity aff ;= 1200 K) are plotted in Fig. 2 for two  sensitivity to changes ifs may be achieved if one uses a
casesia) in which the bremsstrahlung beam passes throughuclear absorber with low effective temperature such as lig-
a 3.390 g/crA 13CO nuclear absorbeassumed to be in a uid 13CO, as will be discussed in detail below.
liquid form at 78 K and whose effective temperatureTis
=346 K) before hitting the target, an®) the beam passes
through a pure nonresonadtCO absorber(of equivalent _ _
atomic thickness to that of th®CO absorberbefore strik- The effective temperature of the C atoms which is of our
ing the sample. The nuclear absorption of the 3089-keV liné°ncern here is related to thetal kinetic energy of the at-
caused by a 1.50 g/éhof 13C absorber contained in liquid °™MS: In cases where the phonor_1 spectrum of the scatterer is
1300 is 37.4%. experlment_ally known, the effe_ctlve temperature may be; cal-
In Fig. 2, the thickness of the AC sample is 0.429 gicm culated. This may be done by integration over the vibrational

and is equal to that used in the present work. It may be Seeq]ensity of stategy(») with a maximum frequencyr, using

that while the upper curve of Fig. 2 has only a slight depenh€ relation obtained by Lamt:

dence onTg, the lower curve increases strongly wilh.

B. Effective temperatures

This dependence may be qualitatively understood by consid- (1/k)f mg(v)ah vdv

ering Fig. 1. Here, the shaded areas under the overlapping T.— 0 1)
lines represent the scattering cross section, from which it is s Vm '

easy to see that when the Doppler broadening of the scatter- fo g(v)dv

ing line is small, the overlap integrdtepresented by the

shaded area in Fig.) becomes smaller leading to a strong where a=[(e"/*T—1)"1+0.5] and k is the Boltzmann
dependence omg. The slight variation withrl'¢ of the upper  constant.

curve is caused by the nuclear self-absorption in tf@ In the literature, the only calculation of the vibra-
sample itself which has a finite thickness and acts as #ional density of states of amorphous carbon which we
nuclear absorber. know about is that by Kamitakahdrawho measured the
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inelastic scattering of a sputtered amorphous carbon samp

and also of glassy carbon. It turned out, however, as will be
seen in Sec. V, that the effective temperatures of the C atorr
in graphite is close to within 5% to that of the other types of
carbon, namely, AC and glassy carbon which is widely re-
garded as nanocrystalline graphitic material.

As noted earlier, it is very difficult to measure with good
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accuracy theabsolute scattered photon intensities which
could yield the effective temperatures. Rather, it is preferabl
to measure the ratios of the scattered intensities, such as t
self-absorption ratidR, which involve a much smaller ex-
perimental error leading to higher precision in the determi-
nation of the effective temperature. The calculatiorRaih-
volves a knowledge of the nuclear paramefés T,, ',
and I'. Hence by measuring?, one can determind if
T,, I' andI"y are known. Alternatively,T, may be deter-
mined if T, T" andT"y are known. We thus determined the
effective temperaturd of AC by two separate measure-
ments ofR. In the first, we used AC both as scatterer and
absorber; thus deducin,= T, by an iterative procedure. In
the second, a liquid3CO absorber was employed in con-
junction with an AC scalttere_r ant, C‘Jlu'd be deduced be- [\ 4. sketch of the bremsstrahlung facility installed at the
cause the value oF, of *C (in liquid **CO) could be cal-  sytgart Dynamitron acceleratdRef. 19. The bremsstrahlung
culated. This was done by following the procedure used itheam, produced by the bombardment of the radiator target by the
calculating the effective temperature of the N-atdfhin high-intensity electron beam of the Dynamitron, is collimated and
15N, where an excellent agreement was obtained betweegassed through an absorber before hitting the scattering sample in
the calculated and measured valueTgf the experimental area. The photon beam intensity is monitored dur-

To calculate the effective temperatufg of °C in a solid  ing the measurement by an ionization chamber.
13CO, we note thadf

T4 f/TX3
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1 1
exp(x)—1+§ dx @

(3/2kT,=(3/2)SkT;+SkT,+(1/2S,hvag, (2 T,
whereS;, S;, andS, are the kinetic-energy fractions of the o
translational, rotational, and the internal vibrational motionsWith x=(hv/kT). At T=78 K (which is the assumed tem-
shared by the C atom in the CO molecule.andT, are the  Perature of liquid N used for cooling the CO absorbewe
effective temperatures of the translational and rotational moget Tt=84.6 K and using Eq(3), we getT,=345.9 K. The
tions. Thus,S,=(13/29), andS,=S,=(16/29). The factor increment oﬂ'a_ above 78 K expresses the to_tal c_ontrlbutlo_ns
(3/2) on the right-hand side of E) is contributed by the of the zero-point energies of the internal vibrations, the in-
three kinetic degrees of freedom of the C atom in the Cdramoleculgr vibrati_ons and the librational motion of the CO
molecule, where each degree of freedom is assigned a kinetigolecules in thesolid phase. In the present work, we apply
energyk T,/2 while the factor (1/2) in the last term of E®) the_ same effectlve temperature for a mpleculgr liquid; the
arises from the fact that only the kinetic part of the internalvalidity of this last assumption was established in the case of
vibrational energyliv,) contributes to the Doppler broaden- N>.
ing of the nuclear level and henceTq. The internal vibra-
tional frequency of the'3CO moleculeﬁvO=2092.3 cm?
was taken from infrared measuremetitsSubstituting the .
above values in Eq2) and using the same effective tem- The bremsstrahlung is generated when a 4.1-MeV beam

perature for the translational and rotational motion, namelyf‘nc <_a|ectrons strikes a 4-mm-th|ck.water-cooled gold radiator
T=T,, we get which ensures a complete stopping of the electron beam. A

schematic diagram of the experimental setup is shown in Fig.
4. The electron beam is obtained from the 100% duty cycle
Dynamitron accelerator of the University of Stuttdart
where the 276.8 K in Eq3) is contributed by the zero-point whose current varied between 150 and 260 0n the radia-
energy of the internal vibrational motion of the CO mol- tor. The electron beam is first passed through a 120° bending
ecule. It should be noted that is related to the distribution magnet and focused on the Au radiator. The produced
of frequenciesg(v), of the translational and rotational mo- bremsstrahlung beam is then passed through a 3-mm lead
tions of the entire CO molecule in the solid or liquid phase.hardener, to a 1-m-long lead collimator containing a 1.0 cm
For a Debye-type Solid‘;j(v)=3v2/Vﬁq (with v, the cutoff  through holgwhich leads to the experimental ayeand then
frequency related to the Debye temperat@g=hv,/k, of  to a nuclear absorber before hitting the sample. For detecting
the molecular CO solid lattice, knowhto be ®=103 K.  the scattered radiation, two hyperpure germani®Ge

T, may be expressed by the Lamb relaffbdeduced under detectors were used, at scattering angles of 115° and 125°
the harmonic approximation (with efficiencies of 99% and 31)@&nd were placed at dis-

IV. EXPERIMENTAL DETAILS

T,=0.816T,+276.8, 3)
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tances of 22 and 19 cm from the geometrical center of the 2500 v . : ,

target. Photon hardeners consisting of ldddb cm were 3089 keV

placed in front of the 115° detector. Around the 125° detec- 2000 ;

tor, the hardener thicknesses were |€aé cm). These hard-

eners attenuated markedly the low-energy scattered radia- w1500 3

tion. The gamma-ray energy resolution of the detectors was §

4.2 keV at 3864 keV. Other details of the experimental sys- S 10001 3684 keV/

tem, the electronics and data acquisition method, were de-

scribed elsewher¥. 5001 ]
The 3C AC sample was in a powder form encapsulated fe (3684)

inside a thin-walled plastic container and packed to form a O'M“J , , .

cylindrical sample with its axis in the scattering plane and 3000 3200 3400 3600 3800

having an effective thickness of 0.43 g/em Energy (keV)

During the photon-scattering measurements, the AC
sample was kept inside an evacuated tube to reduce the back-FIG. 5. Typical scattered radiation spectrum from a
ground radiation arising from scattering by air molecules.®*C-enriched AC sample as obtained using a 99% hyperpure Ge
The ends of the tube were provided with thin Mylar windows (HPGe detector placed at an angle of 115° with respect to the
which were not “seen” by the detectors. incident bremsstrahlung beam. A hardener consisting of 2.5-cm
For measuring the nuclear self-absorption effect, it wadead and placed in front of the detector was used for filtering out the
necessary to detect the scattered radiation from‘#geAC ~ OW-€nergy photons.
sample, first with an isotopically enriched liquidCO ab-
sorber and then using a natural CO absortmmtaining
98.89%%C and 1.11%C), and having the same effective
weight as that of the resonaffC absorber. A short back-
ground measurement was also carried out using a natural AC
sample containing an equivalent amount of natural carbon. A typical scattered radiation spectrum fromaC AC
All sets of measurements were taken with the AC samples alample placed in a plastic cylinder as measured using a 99%
room temperature and with the liquid CO absorbers at liquidhyperpure germanium detectdtPGe is given in Fig. 5 and
nitrogen temperaturé€/8 K). The electron beam, the brems- shows they lines corresponding to nuclear resonance scat-
strahlung, the collimators, and the absorbers were very car¢ering from the two levels if*C. The self-absorption ratio is
fully aligned so that the bremsstrahlung beam could pass ideduced as mentioned in Sec. Ill A by measuring the scat-
its entirety through the absorber before striking the sampletered intensities after passing the bremsstrahlung beam
This was necessary because any fraction of the primary beathrough a resonant and a nonresonant absorber before hitting
which could reach the sample without passing through théhe sample. The intensities of the scattered lines were nor-
absorber, may severely distort the self-absorption measurgnalized to the measuring time and controlled by the accu-
ment. mulated total charge of the ionization chamber, then cor-
The liquid *3CO absorber was inserted inside a cylindricalrected for counting losses. The scattering cross-section ratios
stainless-steel container forming a thickness of 3.43 §/cm were extracted for each level by utilizing the intensities of
The absorbers were prepared by passing the gas usingtlze full energy peak and first-escape peaks of the experimen-
transfer system, and liquefying it inside the stainless-stedil spectra.
container15 mm diameter, 42 mm long, 1 mm thjglaced For the case where the absorber was amorphous carbon
at the bottom of a tall Dewar(60 cm filled with liquid  (2.424 g/cmd) with a scatterer of (0.369 g/dn the mea-
nitrogen. This arrangement allowed us to make 8-h runs besured self-absorption was found to be
fore refilling with liquid nitrogen. The geometry of the sys-
tem was such that the amount of liquid nitrogen in the path R=0.546-0.010 (for the 3089-keV level
of the bremsstrahlung beam was negligible compared to the
amount of the absorber. Care was taken to assure that no ~ R=0.511+0.012 (for the 3684-keV level
bubbles of gas are left inside the liquid CO absorber. Al his means that by using a 2.424-gfethick 3C AC

on—:lne ?ﬁs handk:'n%géswtmh watts clogsotrucl:)ted bWh'Ch coul uclear absorber, the intensity of the 3684-keV scattered line
repoace feihenrlc € Wi r]:a ural Lo a hsor er. is 49% of that obtained with a nonresonant absorber. It may
ne of the main sources of error in suc measuremenftﬁe seen that the corresponding atomic attenuation is 8.9%.

arises from small elec.tronic drifts in the enq-point energy o Combining these data with the calculated valueR aff Fig.
the electron beam. This could cause a relatively large chanq?

) . , . oY . the effective temperatures 6fC in AC, atT=295K, is

in the resulting bremsstrahlung intensity. To minimize SUChextracted yielding

effects, great care was taken to stabilize the energy of thé

electron beam. In addition, the measurements of the scattered T,=(814+36) K.

intensities were repeated several times while interchanging

the absorbers. Moreover, the bremsstrahlung beam intensitjhe corresponding measured self-absorption using the same
was monitored using a standard ionization chamber. The toAC scatterer and a 3.4-g/&thick liquid *CO absorber at

tal running time for such a measurement in which different78 K was found to be

absorber and scatterer combinations were used is of the order
of 14 days.

V. RESULTS AND DISCUSSION
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R=0.408t0.004 (for the 3089-keV level In the literature, some measurements of the effective tem-
peratures ofyraphite were reported at room temperature by
R=0.370+0.005 (for the 3684-keV level Rauh and WatanabePaoli and Holf and by Mayerst al’

using the neutron Compton scattering method; the results
9vereTS=(883i 63) K, (834=63) K, and (83&23) K, re-
spectively, which are also higher than the calculated ones. In

The corresponding measured self-absorption ratios with n
atomic absorber were

R=0.483+-0.006 (for the 3089-keV level fact, our measured value for AC is close to the average ob-
tained using the NCS method.
R=0.450+0.008 (for the 3684-keV level Another remark concerning the width of tHéC levels is
yielding another value of ; at T=295 K, in order. In a recent scattering measurement, the width of the
two levels was determined using as a reference the known
To=(906+ 22) K. widths of some?’Al levels® whose energies are close to

. . . those of 13C. An agreement was obtained with the width of
The quoted errors i arise only from the statistics of the o 3684-keV level. However. the width of the 3089-keV
measurement, and the effect of other factors such as the dgse| was lower by about 12% than that quoted above. Tak-
pendence off ; on the level widthl" is not included. It turns ing the average of the level widths of the two independent

out that an 8% error il introduces a 16% error in the measurements yieldd',(3089 ke\j~0.50 eV. Using this
deduced value of ;. The large difference between the above g,y |evel width for analyzing the data of the present work
two measured values @f; is not understood. The possibility brings down our average measured value to

that the liquid CO absorber contained some bubbhgsich
tend to increase the resulting value Bf) was checked by T.=(822+123 K,
carrying out an independent measurement of its atomic ab-

sorption using a radioactive source. We found that this factofaking it closer to those measured by the NCS method but
cannot explain such a large deviation between the two vasstill higher by about 13% than the predicted values. It would

ues. Since there was no reason to prefer any of the aboJBUS be important to make a very accurate measurement of

results, we adopt their average, namely, the widths of the nuclear levels #¥C and refine the error in
the deduced value of.
Ts=(859=38) K. The deviation between the measured and calculated

could be due, at least partly, to anharmonic contributions to
the vibrational energiegeglected in Eq(1)]; however, the

fact thatT depends primarily on the zero-point energy of the

T.=(859+ 129)K. high-energy phonons which are not. exgited aft 295 K Woulld

tend to make the anharmonic contribution quite small. This

This is because the values Bf, used for deducing s aré point may be illustrated by noting that a change of the ther-
modynamic temperature of AC between 298 &K reduces

Including the uncertainty i’y increases the error ifig by
about 15%. Thus,

I'9(3089 keV}=(0.537+0.042 eV the predicted value oF; only by 4.7%, namely from 717 K
and at 295 K, toT,=685 K at 0 K, hence the anharmonic effects
cannot explain a deviation of the order of 13%.
I'x(3684 keVj=(0.4030.030 eV. It may also be argued that the deviation is caused by some

unknown high-frequency modes in graphite which are not
observed yet. This is not very likely, however, because no
such modes were observed in graphite when infrared and
Raman scattering measurements were used. In the case of the
NCS data, the deviation was partly attributed to final-state
T.=(894x134) K. effects; an estimate of those effects however could not yield
any agreement with the predicted values. Thus, this large

The huge difference between, and 295 K is due solely to  deviation between the calculated and measured effective
the effect of the zero-point vibrations of the C atoms. Thistemperatures in AC remains an open question.

measured value may be compared with=720 K and
T,=743 K calculated from Eq(1) at 295 K by using the
vibrational density of state®/DOS) of the C atoms in sput-
tered AC and glassy carbdwhich is a form ofnanocrystal- We have shown that the NRPS technique using 4.1-MeV
line graphitic carbonreported by Kamatikahar.lt is inter-  bremsstrahlung can be used to measure the effective tem-
esting to note that the above valuesigfare close to those of perature of amorphous carbon by photoexciting the two
graphite where the VDOS were reported by Young andhuclear levels at 3089 and 3684 keV C. The result is,
Koppel?® Nicklow et al,? and Al-Jishi and Dresselhads. however, strongly dependent on the radiative width of the
The corresponding values obtained at 295 K, using(Eg. nuclear levels and a high accuracy in the level width is re-
areTs=717, 773, and 725 K. Our measured value seems toguired to achieve good accuracyTy. The measured value

be much higher than the calculated ones. However, by inis close to those measured using the NCS method. It is not
cluding the uncertainty in the level widths, the measuredctlear however, why the effective temperatures obtained by
value of T4 enters within a little more than one standardthe present and the NCS methods yield much higher values
deviation of the calculated values. than those calculated using the VDOS. Thus, the deviation

The present result was obtainedTat 295 K, using isotopic
(*3C) AC:; the corresponding value for a natural AC sample
containing 98.9%'°C is deduced by multiplying by the in-
verse square root of the mass ratio, yielding

VI. CONCLUSIONS
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