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The release of Wigner energy from graphite irradiated by fast neutrons at a TRIGA Mark II research reac-
tor has been studied by differential scanning calorimetry and simultaneous differential scanning calorim-
etry / synchrotron powder X-ray diffraction between 25 and 725 �C at a heating rate of 10 �C min�1. The
graphite, having been subject to a fast-neutron fluence from 5.67 � 1020 to 1.13 � 1022 n m�2 at a fast-
neutron flux (E > 0.1 MeV) of 7.88 � 1016 n m�2 s�1 and at temperatures not exceeding 100 �C, exhibits
Wigner energies ranging from 1.2 to 21.8 J g�1 and a Wigner energy accumulation rate of
1.9 � 10�21 J g�1 n�1 m2. The differential–scanning–calorimeter curves exhibit, in addition to the well
known peak at �200 �C, a pronounced fine structure consisting of additional peaks at �150, �230, and
�280 �C. These peaks correspond to activation energies of 1.31, 1.47, 1.57, and 1.72 eV, respectively. Crys-
tal structure of the samples is intact. The dependence of the c lattice parameter on temperature between
25 and 725 �C as determined by Rietveld refinement leads to the expected microscopic thermal expan-
sion coefficient along the c axis of �26 � 10�6 �C�1. At 200 �C, coinciding with the maximum in the dif-
ferential–scanning–calorimeter curves, no measurable changes in the rate of thermal expansion have
been detected – unlike its decrease previously seen in more highly irradiated graphite.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Displacement of atoms from their normal lattice positions in
solids by fast particles was first predicted by Wigner [1,2]. The
resulting entrapment of these atoms at non-lattice points is
accompanied by a number of changes in physical characteristics
of the solid, including an increase in internal energy, also called
Wigner energy. These effects have most frequently been observed
and studied in graphite irradiated by fast neutrons, and are espe-
cially pronounced following graphite irradiation at low tempera-
tures, i.e., below 100 �C, where no significant in situ annealing
takes place. Upon heating, the bulk of the stored energy is typically
released at and above 200 �C. Its amount can be roughly deter-
mined by heating a sample big enough to accept a thermocouple
in a laboratory furnace to well above that temperature, e.g.,
500 �C, in two separate runs, calculating the temperature differ-
ence between the runs, and using the known heat capacity of the
sample in the requisite calculation. More sophisticated methods,
applicable to samples in the mg range, include differential thermal
analysis (a somewhat more accurate variation of the above tech-
nique), bomb calorimetry (most accurate in theory but cumber-
ll rights reserved.
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some in implementation, measures total stored energy directly),
and differential scanning calorimetry (DSC) which is the method
of choice due to its high accuracy and wide availability of commer-
cial instrumentation. In DSC, the heat flux out of the sample is
measured as it is being heated to a maximum temperature usually
determined by instrument limitations (725 �C in this study). The
stored energy is simply obtained by integration. In cases where
the energy release has not ceased upon reaching the maximum
temperature, an underestimation of the total Wigner energy will
result. While there are in fact indications of Wigner energy release
at higher temperatures (1000–1500 �C), e.g., see Rappeneau et al.
(Ref. in [12]), this phenomenon seems to be limited to very-highly
irradiated specimens and is not expected to play any role in the
present work (see Section 2).

In a previous paper [3], the thermal, structural, and radiological
properties of irradiated graphite from the ASTRA research reactor
have been studied, with a focus on implications for disposal. The
study was limited to the graphite from the inner thermal column
of the reactor, which became available as a result of the reactor’s
decommissioning. The main uncertainty was the estimated fast-
neutron fluence of between 1021 and 1024 n m�2 to which the
graphite should have been exposed over the life time of the reactor.

To verify our results pertaining to the Wigner energy accumula-
tion and the structural changes as a function of fast-neutron flu-
ence, this study has been initiated. DSC and simultaneous DSC /
X-ray diffraction (DSC/XRD) have been employed again. The main
improvement compared to [3] has been the irradiation of graphite
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samples in a controlled fashion resulting in significantly more
accurate fast-neutron fluence data. Additionally, the range of
fluences has been extended to lower values to explore the funda-
mentally more interesting ‘linear response region’ – a range of
fast-neutron fluences from zero up to a certain limiting value,
where the accumulated Wigner energy is directly proportional to
the fluence. Last but not least, a larger number of samples have
been measured, and the temperature resolution of the DSC/XRD
measurements has been dramatically improved by the use of a no-
vel detector. The inclusion of a more extensive literature review
was deemed necessary by the authors attempting a thorough com-
parison with data accumulated on the subject over more than 60
years since Wigner’s original conjecture.
Table 1
Graphite specificationsa.

Types Artificial graphite baked at not less than
4500 �F

Thermal neutron cross section 4.8 millibarns/atom
Average diffusion length Not less than 48 cm
Total ash content 700 ppm
Boron 0.8 max. ppm
Porosity 24–25%
Specific resistance (ohm in) Longitudinal: 0.00030/transverse:

0.00040
Tensile strength (psi) 1400
Flexural strength (psi) 2100
Compressive strength (psi) 6000
Modulus of elasticity � 106 (psi) Longitudinal: 1.5/transverse: 1.1
Thermal conductivity (Btu/h/ft2/F/ft) Longitudinal: 90–100/transverse: 65–75
Coefficient of thermal

expansion � 10�7 per F
Longitudinal: 8/transverse: 15

Apparent density (g/cm3) 1.68–1.70

a The graphite has originally been manufactured by the American Machine and
Foundry Company in 1958. These specifications are a verbatim transcription,
including the original units, of a data sheet provided by the manufacturer at that
time.

Table 2
Sample characteristics, measured and derived quantities.

Sample t (h) Uf (n m�2) m (g) Dm (mg) dpa (Eq. (1

ATI-1x18-001a 40 1.13 � 1022 0.08469 0.13 1.3 � 10�3

ATI-1x18-002a 0.08392 0.12
ATI-1x18-003a 0.08457 0.05
ATI-1x18-004a 0.08385 0.17
ATI-1x18-005b 0.08180 –
ATI-1x18-006b 0.08337 –
ATI-5x17-007a 20 5.67 � 1021 0.08339 0.09 6.5 � 10�4

ATI-5x17-008a 0.08456 0.08
ATI-5x17-009a 0.08437 0.08
ATI-5x17-010b 0.08380 –
ATI-5x17-011b 0.08425 –
ATI-1x17-018a 4 1.13 � 1021 0.08474 0.12 1.3 � 10�4

ATI-1x17-019a 0.08422 0.13
ATI-1x17-020a 0.08401 0.02
ATI-1x17-021c 0.08396 0.80
ATI-1x17-022b 0.08442 –
ATI-1x17-023b 0.08493 –
ATI-1x17-024c 0.08421 1.00
ATI-1x17-025c 0.08464 0.90
ATI-5x16-012a 2 5.67 � 1020 0.08696 0.11 6.5 � 10�5

ATI-5x16-013a 0.08468 0.07
ATI-5x16-014a 0.08455 0.07
ATI-5x16-015c 0.08444 0.60
ATI-5x16-016b 0.08347 –
ATI-5x16-017b 0.08432 –

a DSC, Pyris Diamond.
b DSC/XRD.
c DSC, DSC-7.
2. Experimental

Twenty five samples were machined from a block of ‘unirradi-
ated’ graphite originally used in the outermost section of the outer
thermal column of the ASTRA research reactor [3]. The graphite
specifications are summarized in Table 1. The maximum possible
pre-irradiation fluence is estimated at �109 n m�2 (fluence correc-
tion applied, see Section 4.1). The disks were 8.0 mm in diameter
and 1.0 mm thick, weighing �80 mg. Machining of the samples
on a lathe was done at reduced rpm with alcohol cooling so that
the temperature is not expected to have exceeded 25 �C. (However,
this precaution designed to prevent Wigner energy release during
machining of irradiated graphite samples has no importance here.)

Prior to irradiation, samples were dried in an oven at about
110 �C for one day to release any adsorbed atmospheric moisture.
Up to four samples were then sealed in quartz ampoules which
were placed in aluminum holders and irradiated. The temperature
of the reactor water at a power of 250 kW was about 90 �C. After
irradiation, the aluminum holders were removed from the irradia-
tion position but left in the tank for 2 days to allow for the decay of
short-lived activation products. The temperature of the reactor
water during this decay period was about 34 �C. The samples were
then removed and stored in plastic vials until measurement by DSC
or DSC/XRD. (In our previous work [3], thermal effects associated
with the desorption of moisture from the samples between 25
and 100 �C have not been observed. Some of the current results
lead us to believe that this effect might interfere with accurate
Wigner energy determination in low-fluence irradiated samples,
where the exothermic Wigner energy magnitude becomes compa-
rable with the endothermic water desorption enthalpy. The sample
mass loss during the measurements (see Table 2) was �0.1 mg for
all the samples measured within days after irradiation but �1.0 mg
for samples stored for 6 months. Ascribing the entire mass loss to
water desorption and using a water-on-active-coal adsorption en-
thalpy of �40 kJ mol�1 at 25 �C, would lead to an endothermic con-
tribution of between �3 and �30 J g�1 for an 80 mg sample. There
might be several ways to minimize this effect in the future, such as
)) DHWigner (J g�1) DHWigner(J g�1) dpa (Eq. (2)) c at 25 �C (nm)

�24.09 �21.8 ± 1.4 1.9 � 10�4 –
�22.22 –
�21.82 –
(�26.72) –
�21.28 0.675
�19.72 0.675
�9.40 �10 ± 0.5 8.9 � 10�5 –
�10.72 –
�9.69 –
�10.24 0.675
(�1.31) 0.675
�2.05 �2.2 ± 0.3 2.0 � 10�5 –
�2.04 –
�2.80 –
�2.21 –
(�0.99) 0.675
(�0.59) 0.675
�1.97 –
(�0.30) –
�1.52 �1.2 ± 0.4 1.1 � 10�5 –
(�4,55) –
�1.42 –
�0.65 –
�1.26 (0.675)
(�2.71) 0.675
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storage of the samples in a desiccator, opening the (evacuated)
quartz ampoules just prior to measurement, preceding the actual
measurement with an extended period of high-purity Ar purge
in situ, etc.)

Samples have been irradiated at the TRIGA Mark II research reac-
tor of the Atomic Institute of the Austrian Universities in Vienna [4].
The irradiation of the samples was performed in the Central Irradi-
ation Channel (CIC), which is situated in the centre of the reactor
core. In the CIC, which can accommodate samples with diameters
up to 38.4 mm, both neutron flux and the fraction of high energy
neutrons exhibit a maximum in the horizontal plane. The vertical
position of the neutron flux maximum within the CIC is 340 mm be-
low the top of the reactor grid. The total flux at the CIC as well as the
flux of thermal and fast neutrons is 2.1 � 1017, 6.1 � 1016

(E < 0.55 eV), 7.6 � 1016 (E > 0.1 MeV), and 4.0 � 1016 (E > 1 MeV)
n m�2 s�1, respectively [4]. The fast (E > 0.1 MeV) neutron flux mea-
sured at 15 kW and extrapolated to 250 kW for this series of exper-
iments is 7.88 � 1016 n m�2 s�1. Multiplication with the irradiation
time of 2, 4, 20, and 40 h, respectively, yields the fast-neutron flu-
ence (see Table 2).

DSC experiments were performed with power-compensated
instruments PerkinElmer DSC-7 and PerkinElmer Pyris Diamond.
The DSC-7 settings were: ice-water cooling (0 �C), 99.9999% Ar
purge gas at 20 cm3 min�1, temperature range 25–625 �C, heating
rate 10 �C min�1. The Pyris Diamond settings were: circulating-li-
quid chiller cooling (�5 �C), 99.9999% Ar purge gas at 20 cm3 min�1,
temperature range 25–725 �C, heating rate 10 �C min�1.

DSC/XRD experiments were performed on the Materials Science
insertion device beam line at the Swiss Light Source at Paul Scher-
rer Institute [5] with an instrument described previously [6]. It
essentially consists of a PerkinElmer DSC sample holder modified
to allow for simultaneous XRD, attached to a diffractometer, and
a remotely connected PerkinElmer Pyris 1 DSC instrument. The
Pyris 1 DSC settings were: circulating-liquid chiller cooling
(�10 �C), 99.9999% Ar purge gas at 20 cm3 min�1, temperature
range 25–725 �C, heating rate 10 �C min�1. Compared to previous
experiments [3] involving 2h scanning, a novel position-sensitive
X-ray microstrip detector [7] has been employed. Because of a
short readout time, the temperature resolution has been improved
dramatically, with each DSC scan accompanied by a full 2h XRD
snapshot approximately every 2 �C. A cryogenically cooled
Si(111) double-crystal monochromator was used to select the inci-
dent beam wavelength of 0.0925 nm (13.4 keV). The intrinsic reso-
lution of the curved detector positioned at a distance of 76 cm from
the sample is 0.004� with a 2h angular coverage of 60�. The angular
positioning of the detector was such that the effective 2h range was
0–55� which was further reduced for data analysis to 5–50�. XRD
patterns were evaluated by Rietveld refinement (a standard math-
ematical procedure for extracting the maximum of structural infor-
mation from powder XRD patterns) using the GSAS software
package [8] with only background, profile coefficients, histogram
scale factors, diffractometer zero, and lattice parameters c and a
being optimized.

In both DSC and DSC/XRD experiments, two identical scans
were performed with each sample. The heat flux measured by
DSC in the first run is a result of the sample heat capacity and
the release of the Wigner energy, while in the second run only heat
capacity should contribute to the heat flux, assuming complete
Wigner energy release in the first run [3]. Hence, subtraction of
the second-run from the first-run data (including, in some cases,
a linear correction for baseline drift), division by sample mass,
and integration over a specified temperature range, yields the spe-
cific Wigner energy released in the first run. Even though the
experiments have been carried out between 25 and 725 �C
(625 �C), the integration only extended between 25 and 375 �C
due to signal instability at higher temperatures. However, the Wig-
ner energy release above 375 at 10 �C min�1 should be insignificant
as was the case with even more highly irradiated samples [3]. The
small endothermic features observed in some samples between 25
and 100 �C and thought to be associated with water desorption
have also been corrected for.
3. Theory and calculations

3.1. Graphite irradiation by fast neutrons and Wigner energy release

Displacement of atoms from their normal lattice positions in
solids by fast particles was first predicted by Wigner in 1942
[1,2, in 9]. Assuming that the fraction of the neutron energy trans-
ferred into translational energy of the carbon atom was unity, he
showed that fast neutrons produced in the fission of uranium
would possess enough energy to displace �2 � 104 carbon atoms
per neutron. Teller [in 9] estimated that only about half of the ki-
netic energy of a 2 MeV neutron is lost by elastic collisions with
carbon atoms and that the remainder is dissipated harmlessly by
electronic excitation and ionization, proportionately reducing the
number of displaced carbon atoms per neutron. Subsequent calcu-
lations by Seitz [10] put the number closer to �2 � 103, assuming
carbon primary knock-on atoms to be effective in elastic collisions
with other carbon atoms only below a certain critical energy and a
carbon atom displacement energy of �25 eV. (A 2 MeV neutron has
to undergo 21.1 collisions with carbon atoms loosing 0.158 of its
energy in each collision and reducing its energy to �53 keV before
the energy of the primary knock-on atoms falls below the critical
energy of 8.4 keV). In [9], citing [10], the critical energy of the pri-
mary knock-on atoms is given as 11 keV (possibly because a rough
value of 1/7 = 0.14 has been used for the energy loss factor of the
neutron) and the number of displaced carbon atoms per primary
knock-on atom as 90. This would also result in the value for the
critical neutron energy of �83 keV and the displacement of
�3 � 103 carbon atoms per neutron. Also in [9], a carbon atom dis-
placement energy of 13 eV, derived from the heat of sublimation of
graphite, is mentioned. This would increase the number of dis-
placed carbon atoms per neutron by a factor of 2.) Finally in [9],
more recent theoretical calculations are referenced, increasing
the number of displaced carbon atoms per neutron and per pri-
mary knock-on atom from 2000 to 6000 and from 90 to 180,
respectively. Thrower and Mayer [11] quote yet another value of
500 displacements per 1 MeV neutron. Values of interaction
parameters of fast neutrons in graphite are summarized in Table 3.

The resulting entrapment of the displaced atoms at non-lattice
points and the creation of vacancies are accompanied by a number
of changes in physical characteristics of the solid, such as a de-
crease in thermal conductivity and a lattice parameter, and an in-
crease in elastic modulus, electrical resistance, breaking strength, c
lattice parameter and internal (Wigner) energy [9]. Upon heating
to sufficiently high temperatures, the displaced atoms presumably
diffuse back to the vacancies. The energy, released as heat, can be
measured by standard calorimetry techniques. There is still mostly
speculation about the nature of the Wigner energy buildup and re-
lease at the atomic level. The number of displaced atoms and
vacancies is, on a macroscopic level, determined by the fast-neu-
tron fluence and the displacement cross section. The associated
Wigner energy depends on (the distribution of) the magnitudes
of the individual defect energies. Each of these variables is dis-
cussed below.

3.2. Fast-neutron fluence

Our previous work [3] was an examination of graphite removed
from the thermal column of a research reactor decommissioned



Table 3
Selected parameters for the displacement of carbon atoms in graphite by fast
neutrons (E = 2 MeV).

rd (m2) dpn Ei

(keV)
�i (eV) Ed

(eV)
hF (eV)

Wigner [1,2,9], p. 4 20000 2000 100?
Teller [9], p. 126 10000? 1000 100?
Seitz [10] 2000 53 8390 25
Neubert [9], p. 62,

63
3.6 � 10�26 2000

(6000)
83 11000 25

(13)
Primak [14] 10�25 14
Iwata et al. [15] 11.5 � 10�26

Mitchell and Taylor
[17]

60 13.5

Bochirol and
Bonjour [18]

35 9.5

Bonjour et al. [13] 35 8.5
Thrower and Mayer

[11]
? 500a 40 14

Iwata [16] 18
Kelly et al. [12] 25–

60
Telling et al. [20] 13–15

(10.6)b

Ewels et al. [21] 13.7
(10.8)b

a 1 MeV neutron.
b Intimate Frenkel pair.
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after 39 years of service – an autopsy of sorts. The fast-neutron flu-
ence ascribed to every graphite sample was a value arrived at by
estimating the fluence at a position closest to the reactor core
and taking into account the attenuation caused by the neutrons
passing through varying thicknesses of graphite to the sample
positions. As the attenuation effects in graphite are well known,
the accuracy hinged solely on the estimated fast-neutron fluence
of 1.7 � 1024 n m�2 at the entrance to the thermal column. Because
of the uncertainties involved, the value might deviate from the true
one by as much as an order of magnitude. This unsatisfactory
situation has been addressed in this work by irradiating graphite
samples in a controlled fashion. The relative accuracy of current
fast-neutron flux and, hence, fluence values is ±11.6% [4].

The range of fast-neutron fluences covered in this work has
been chosen to extend to lower values (with still measurable Wig-
ner energy release) and to overlap with the low end of the previous
fluence range in order to explore in more detail the properties and
the extent of the ‘linear response region’ as well as to offer a con-
sistency check with the previous data. As already mentioned in the
introduction, under ‘linear response region’ we understand a range
of fast-neutron fluences from zero up to a certain limiting value,
where the accumulated Wigner energy is directly proportional to
the fluence. This implies that the displacements per atom (dpa)
are sufficiently low so that Frenkel defects do not interact with
each other and the individual Frenkel defect energy, hF, (see below)
is constant. Our previous work (fluence correction applied, see
Section 4.1) suggests that these conditions are met below
6 � 1022 n m�2, i.e., dpa � 8 � 10�3. Henson and Reynolds (Ref. in
[12]) found that hF decreases substantially for dpa > 0.1 while Bon-
jour et al. [13] concluded that there was decrease in the accumu-
lated Wigner energy per unit fluence at fluences greater than
1022 n m�2 (E > 1 MeV), i.e., dpa � 1 � 10�3.

The comparison with other literature data is somewhat compli-
cated by two problems. The first is the indiscriminate use of the
terms ‘fast’ neutrons, ‘fast-neutron’ fluence, etc. In this work, these
refer to neutron energies greater than 0.1 MeV. Other meanings,
e.g., E > 1 MeV, are explicitly noted. The importance of careful
source characterization for a comparison of irradiation damage
studies has been pointed out previously [4]. In the case of the TRIG-
A Mark II reactor for instance, u(E > 0.1 MeV) = 1.9u(E > 1 MeV) [4],
which might not be the case at other irradiation facilities. The
interesting question of relative contributions of different parts of
the fast-neutron spectrum to the radiation damage and Wigner en-
ergy accumulation, i.e., the establishment of rd(E = 0.1 � 1 MeV)
and rd(E > 1 MeV) or, better yet, differential displacement cross
sections rd(E, E + dE) for E > 0.1 MeV, has to the best of our knowl-
edge not been attempted yet. The second issue is the fact that iden-
tical graphite samples irradiated to the same fast-neutron fluence
but exposed to different flux and, hence, irradiated for a different
amount of time will, in general, exhibit nonidentical property
changes. What is known is that the sample irradiated quickly will
show the larger changes [12,14]. For instance, the radiation dam-
age and Wigner energy accumulation in the ASTRA graphite irradi-
ated over the course of 39 years would have to be no higher than
that seen in the graphite irradiated at the TRIGA Mark II reactor
for a maximum of 40 h.

3.3. Displacement cross section

The connection between the fast-neutron fluence, Uf, and the
number of atoms displaced, i.e., the number of Frenkel defects
formed in the absence of recombination and/or annealing, is pro-
vided by the displacement cross section, rd

nF ¼ rd �Uf ; ð1Þ

with nF equivalent to the displacements per atom (dpa) if dpa < 1.
rd can be considered the product of the primary scattering cross
section, rp, and the number of atoms displaced by a single primary
fast carbon recoil, dpp. Taking these quantities to be 4 � 10�28 m2

and 90, respectively, Neubert et al. [9] arrived at
rd = 3.6 � 10�26 m2. Although the values of the scattering cross sec-
tion and the number of displacements per carbon recoil were later
shown to be about a factor of three too high and too low, respec-
tively, fortuitous cancellation of errors left rd unchanged [9]. From
a careful analysis of results from several sources, Primak [14] ob-
tained rd = 10�25 m2 within a factor of two. The results of more re-
cent studies of displacement cross section of graphite (and other
materials) have been summarized by Iwata et al. [15]. The experi-
mental value for graphite therein, used throughout this paper and
also in [16], is 11.5 � 10�26 m2. Other theoretical values from [15]
include 11.2 � 10�26 m2 and 7.4 � 10�26 m2. The graphite cross sec-
tion data are summarized in Table 3. Hence, nF can be calculated for
any graphite sample using the value of Uf the sample has been ex-
posed to. With an accurately known Uf, the accuracy of nF depends
solely on that of rd.

3.4. Frenkel defect energy

The recombination of interstitials and vacancies, also known as
Frenkel pairs, is considered to be the key step in Wigner energy re-
lease. Mitchell and Taylor [17] studied electron-irradiated graphite
and concluded that for an atomic displacement energy of Ed

= 60 eV the Frenkel pair energy is 13.5 eV. The subambient irradi-
ation work of Bochirol and Bonjour [18] and Bonjour [13] yielded
Frenkel pair formation energies of 9.5 and 8.5 eV, respectively.
The determinations of Frenkel pair energy from Wigner energy
measurements [13,17–19] have been reviewed by Thrower and
Mayer [11]. The result, 14 ± 1 eV for a displacement energy
Ed = 40 eV, is somewhat difficult to justify considering the experi-
mental values [13,17–19]. Iwata [16] estimated the energy re-
leased in an annihilation of a Frenkel pair to be 18 eV. In their
quantum-mechanical study, Telling et al. [20] concluded that a
number of defect species form strong covalent bonds between
the graphite atomic layers, calculated the energy released in a
Frenkel pair recombination as 13–15 eV per pair, and also intro-
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duced a close-bound or intimate Frenkel pair with an energy of for-
mation of 10.6 eV and a barrier to recombination of 1.4 eV. In an-
other quantum-mechanical study, Ewels et al. [21] examined the
structures and recombination routes for Frenkel pairs in irradiated
graphite. The energy of formation of a widely separated Frenkel
pair is calculated as 13.7 eV, while that of the intimate Frenkel pair
is given as 10.8 eV with and a barrier to recombination of 1.3 eV.
The recombination of the intimate Frenkel pair is suggested as
the cause of the Wigner energy release peak observed around
200 �C. Selected values of atomic activation energy and Frenkel
pair energy are summarized in Table 3. In the linear response re-
gion, a simple relationship between the specific Wigner energy,
DHWigner, Frenkel defect energy, hF, and nF can be established:

nF ¼
MC � DHWigner

NA � hF
¼ qC � DHWigner

tC � hF
; ð2Þ

where NA is Avogadro’s number, and MC is the molar mass, tC the
density, and tC the number of atoms per unit volume of graphite.
This equation enables the dpa calculation from the experimentally
determined DHWigner and the theoretical value of hF. Ideally, the
dpa values obtained from Eqs. (1) to (2) should be identical. Any dis-
crepancies would point to inaccuracies in one or more of the values
of DHWigner (directly measured), Uf (indirectly measured), rd (indi-
rectly measured), and hF (theoretical) or to the breakdown of this
simple model beyond the linear response region. In other words,
the ratio of nF obtained from Eqs. (1) and (2) should be unity

rd �Uf � NA � hF

MC � DHWigner
¼ tC � rd �Uf � hF

qC � DHWigner
¼ 1: ð3Þ
3.5. Wigner energy

The magnitude of the Wigner energy in graphite has first been
accurately measured using a simple DTA apparatus [9]. Samples
irradiated at the Oak Ridge graphite pile for 54 MW-days at
<100 �C and 175 MW-days at <130 �C exhibited an energy release
of 9 and 29 J g�1, respectively, upon heating from room tempera-
ture to 300 �C at 2 �C min�1. Heating to 500 �C increased these val-
ues by an estimated 10%. The neutron-irradiated graphite samples
in the study of Mitchell and Taylor [17] exhibited a Wigner energy
release of 90.3 J g�1 at a fast-neutron fluence of 2.5 � 1022 n m�2.
They also cited the results of Äström for irradiation at 35 �C:
22.26 J g�1 at a fast-neutron fluence of 3.8 � 1021 n m�2. When it
was realized that significant annealing of the defects accompanied
by a reduction of the Wigner energy takes place even at room tem-
perature, a number of studies at cryogenic temperatures were ini-
tiated. Bochirol et al. [19] irradiated graphite at �195 �C to a fast-
neutron fluence of between 2.0 and 8.2 � 1022 n m�2 (E > 1 MeV)
and measured the Wigner energy release between �173 and
227 �C. Bochirol and Bonjour [18] irradiated graphite with neu-
trons at �246 and �196 �C. The Wigner energy release between
�213 and 327 �C was 68.04 J g�1 at a fast-neutron fluence of
4.96 � 1021 n m�2 (E > 1 MeV). Bonjour et al. [13] irradiated graph-
ite to fast-neutron fluences between 1021 and 1022 n m�2

(E > 1 MeV) at �196 �C and measured the Wigner energy release
between �196 and 297 �C the magnitude of which followed the
formula 301.2[1 � e�0.0889U] cal g�1., i.e., 1265[1 � e�0.0889U]
J g�1. (This is repeated in Kelly [12] as 1259[1 � e�0.0889U] J g�1.
Throughout this work we have used the approximate relation
1 cal = 4.2 J to convert older data. Using the exact factor of 4.184
in this case would lead to 1260 J g�1. The origin of the 1259 is,
therefore, not clear.) However, for the fluences of interest, e.g.,
1022 n m�2, the exponential term is zero, the bracket is unity,
and the Wigner energy is constant at 1265 J g�1. Closer scrutiny
of the original data, Fig. 5 in [13], Eq. (8), and the table following
Eq. (8), reveals that the correct formula should no doubt involve
�0.0889 � 10�18 instead of just �0.0889, yielding, e.g.,
107.6 J g�1 (25.6 cal g�1) for a fast-neutron fluence of 1022 n m�2.
Kelly et al. [12] have extensively reviewed irradiation damage in
graphite due to fast neutrons, including the accumulation and re-
lease of Wigner energy. The Wigner energy content exhibits satu-
ration at high fluences and there is a large effect of irradiation
temperature, the rate of energy accumulation decreasing with
increasing temperature. Iwata [16] has investigated the magnitude
and the kinetics of the Wigner energy release from graphite irradi-
ated to a fluence of 4 � 1021 n m�2 at �80 �C by DTA between room
temperature and 350 �C at heating rates from 1 to 100 �C min�1. He
obtained a value of 8 ± 1 J g�1 and proposed a kinetic model of the
Wigner energy release involving three activation energies of 1.34
eV, 1.50 eV, and 1.78 (and three different frequency factors),
respectively, arrived at by modeling the DSC curves as a superpo-
sition of three Gaussian peaks. However, this method seems to lead
to somewhat arbitrary results dependent upon the frequency fac-
tor(s) used [22]. Platonov et al. [23] investigated a decommissioned
graphite plunger from an RBMK nuclear power reactor exposed to
�0.75 � 1025 n m�2 (E > 0.18 MeV) at 50–80 �C. They estimated the
Wigner energy from unreferenced DHWigner(Uf, T) correlations at
�840 J g�1.

The comparison between reported data is greatly facilitated by
the Wigner energy accumulation per unit of fluence, aDH:

DHWignerðUfÞ ¼ aDH �Uf ; ð4Þ

with aDH expected to be constant in the linear response region.
Primak [14] reported a value of 0.2–0.7 � 10�21 J g�1 n�1 m2. Sev-
eral other values of aDH are summarized in Table 4. Substituting
DHWigner from Eq. (4) into Eq. (3) leads to an expression for the
equivalence of dpa calculated from fast-neutron fluence (Eq. (1))
or from the Wigner energy (Eq. (2)), respectively, in the linear
response region:

rd � NA � hF

MC � aDH
¼ tC � rd � hF

qC � aDH�
¼ 1: ð5Þ

The saturation of DHWigner at higher fluences can be empirically ac-
counted for by a simple rational function [3]:

DHWignerðUfÞ ¼
a �Uf

bþUf
; ð6Þ

which is of the same form as the dependence of the fractional in-
crease in electrical resistivity of graphite on fluence observed previ-
ously [9].

3.6. Dimensional changes

Irradiation of graphite by fast neutrons can lead to macroscopic
dimensional changes, both swelling and shrinkage, of considerable
magnitude. The effect, dependent on the type of graphite, fast-neu-
tron fluence, and irradiation temperature, is of prime importance
in reactor design. The focus of this work is, however, limited to
the fast-neutron irradiation induced changes of the microscopic
graphite crystal lattice parameters normally obtained from X-ray
diffraction data. (The connection between the macroscopic and
microscopic dimensional changes of graphite upon irradiation
has, e.g., been reviewed by Kelly et al. [12].) Generally, expansion
in the direction perpendicular to the basal planes (c) and contrac-
tion in the direction parallel to them (a) has been observed,
although the relative magnitudes of the changes depend upon
the exposure conditions. X-ray diffraction patterns of highly irradi-
ated graphite exhibit broad and asymmetric peaks suggesting a de-
crease in the degree of crystallinity [3,12]. Primak [14] reported
results by Keating. Graphite irradiated at subambient temperature



Fig. 1. DSC curves between 25 �C and 525 �C at 10 �C.min�1. Sample mass �80 mg,
heavy line – heat flow, thin line – temperature. Numbers inside the graph represent
fluences in n m�2.

Table 4
Wigner energy accumulation and c lattice parameter increase rates.

References Tirradiation and Trelease (�C) Uf (n m�2) aDH (J g�1 n�1 m2) aDc (nm n�1 m2)

Primak [14] 35–60 (�170 to �130) 0.2 (0.7) � 10�21 0.34 (0.60) � 10�25

Äström (in [17]) 3.8 � 1021 6 � 10�21

Mitchell and Taylor [17] 2.5 � 1022 4 � 10�21

Bochirol [19] �195/0–227 2.0–8.2 � 1022 4.5 � 10�21

Bochirol and Bonjour [18] �196/27–327 4.96 � 1021a 8.8 � 10�21

Bonjour [13] �196/27–297 1021–1022 7.2 � 10�21

Iwata [16] 4.0 � 1025 2 � 10�21

Platonov et al. [23] 100 (30) 0.75 � 1025 0.12 (0.14) � 10�21 0.4 � 10�26

Kelly et al. [12] 150 (200) 1.6 (2.5) � 1025 0.55 (0.21) � 10�26

Lexa and Kropf [3] 100/25–725 1.4 � 1022–1.4 � 1025 (1.8 � 1021–1.7 � 1024) 0.9 � 10�21b (7 � 10�21c)
This work 100/25–375 5.67 � 1020–1.13 � 1022d 1.9 ± 0.1 � 10�21 0.9 � 10�26

This work and [3] 100/25–725 (375) 5.67 � 1020–1.4 � 1025e 0.9 ± 0.4 � 10�21

a DHWigner estimated as 64% of total energy release [13].
b Fluence correction applied.
c Fluence correction not applied.
d From Eq. (4).
e From Eq. (6).

D. Lexa, M. Dauke / Journal of Nuclear Materials 384 (2009) 236–244 241
exhibited an increase in c of 0.006 nm at a fluence of 2 � 1023

n m�2. In analogy to Eq. (4) one can define the increase of c per unit
fluence, aDc:

DcðUf Þ ¼ aDc �Uf : ð7Þ

From the data of Keating, Primak [14] estimates aDc to be
0.60 � 10�25 nm n�1 m2. Irradiation at ambient temperatures lead
to a value of 0.34 � 10�25 nm n�1 m2 which was constant up to
>1024 n m�2 and insensitive to the kind of graphite. A much smaller
decrease in a has also been observed [14]. The review of Kelly et al.
[12] encompassed a number of studies under a variety of tempera-
ture and fluence conditions. In an irradiation at �196 �C, the
changes of Dc/c were found to be linear with fluence up to
3 � 1021 n m�2 (u = 1.1 � 1017 n m�2 s�1, E > 0.1 MeV). In another
study, the lattice parameter changes seem to be linear with fluence
up to 3 � 1022 n m�2. Irradiations between 30 and 1050 �C yielded
Dc/c values up to 0.15 at the lower temperatures. An experiment
at 150 �C yielded a 13% increase in Dc/c at a fluence of 1.6 � 1025

n m�2 (aDc = 0.55 � 10�26 nm n�1 m2 with c = 0.67079 nm [12])
with a continued increase at a reducing rate. At 200 �C, Dc/c satu-
rated at 8% at a fluence of 2.5 � 1025 n m�2 (aD-
c = 0.21 � 10�26 nm n�1 m2) accompanied by a change in Da/a of
�2%. Platonov et al. [23] determined the c and a lattice parameters
of the RBMK plunger graphite (�0.75 � 1025 n m�2, E > 0.18 MeV)
from the 002 and 100 X-ray diffraction lines. They obtained
c = 0.704–0.707 nm and a = 0.244–0.245 nm, i.e., Dc/c = 4.22–
4.70% and Da/a = �0.41% to �0.46%. This would yield
aDc = 0.4 � 10�26 nm n�1 m2 with c = 0.675 nm. Also in [23], a linear
correlation between Wigner energy and c lattice parameter is pre-
sented which, conveniently recast as aDH/aDc, amounts to
�3 � 104 J g�1 n m�1.

3.7. Coefficient of thermal expansion

Besides its theoretical value, the coefficient of thermal expan-
sion (CTE) of graphite is also of considerable importance for prac-
tical applications. Numerous literature values of the microscopic
CTE at ambient temperature cover the range ac = 2.31–
2.83 � 10�5 �C�1 and aa = �1.0 to �1.5 � 10�6 �C�1. On the other
hand, data on the temperature dependence of the CTE are scantier.
Touloukian’s results for pyrolytic graphite [24] are (temperatures
in �C) a20

c = 2.31 � 10�5 �C�1 to a1227
c = 2.86 � 10�5 �C�1 and

a20
a = �0.6 � 10�6 �C�1 to a1227

a = 2.5 � 10�6 �C�1. Khodolenko
et al. [25], citing work of Grigoriev and Melikhov gives values rang-
ing from a�73

c = 2.49 � 10�5 �C�1 to a227
c = 2.81 � 10�5 �C�1 and
a�73
a = �1.33 � 10�6 �C�1 to a127

a = �0.91 � 10�6 �C�1. Irradiation
of graphite by fast neutrons seems to affect the CTE. For instance,
the typical values (20–100 �C) of ac = 2.6 � 10�5 �C�1 and
aa = �1 � 10�6 �C�1, have changed to 1.4 � 10�5 �C�1 and
1 � 10�6 �C�1, respectively, upon irradiation below 300 �C to above
1–5 � 1024 n m�2 [12].

4. Results and discussion

4.1. Wigner energy

A set of DSC plots obtained with one set of samples spanning
the full fast-neutron fluence range in the course of a DSC experi-
ment is shown in Fig. 1. Between 25 and 375 �C, all samples exhibit
exothermic behavior with a maximum rate of heat release around
200 �C. (The small endothermic features between 25 and 100 �C as
well as the signal instabilities above 375 �C are discussed in Section
2.) The main 200 �C peak has been observed many times before
[3,9,13,16,18,19], and has been ascribed to widely spaced or inti-
mate Frenkel pair recombination [16,20,21]. The additional peaks
at higher temperatures – the so called fine structure – are also
not new, having been observed previously [3,9,13,16,18,19]. Here,
they appear at approximately 230 and 280 �C and agree very well
with Iwata’s [16] data (peaks B and C) at 10 �C min�1. They are
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apparently a signature of processes with higher activation energy
than the Frenkel pair recombination responsible for the 200 �C
peak. What seems to be new in the current data is the manifesta-
tion of an additional peak at a lower temperature of �150 �C. It is
present in all samples and its relative contribution to the total Wig-
ner energy release seems to increase with decreasing fast-neutron
fluence. This peak is found neither in the comparable data of Neu-
bert et al. [9] or Iwata [16] nor in our previous work [3] and indi-
cates a process with an even lower activation energy then the main
event at 200 �C. Exothermic peaks below 200 �C have, however,
been detected in graphite irradiated at and subsequently heated
from cryogenic temperatures [13,18,19]. The absence of the
150 �C peak in previous data could conceivably be the result of
higher than assumed irradiation temperature [9], prolonged stor-
age of irradiated material at room temperature prior to measure-
ment [3], attainment of higher temperature upon sample
machining [3,9,16], or any combination thereof.

Decomposition of the DSC curves in Fig. 1 into 4 Gaussian peaks
[16], without constraining either their FWHM or area, yielded peak
temperatures of 150 �C, 200 �C, 230 �C, and 280 �C, respectively.
Assuming a frequency factor of 7.5 � 1013 s�1 [14,22] and using
the equation relating the activation energy, frequency factor, and
peak temperature [16,22], activation energies of 1.31 eV, 1.47 eV,
1.57 eV, and 1.72 eV, respectively, have been obtained. This com-
pares with 1.34 eV, 1.50 eV, and 1.78 eV of Iwata, employing vari-
able frequency factors [16], and with 1.47 eV, 1.51 eV, and 1.74 of
[12] using 7.5 � 1013 s�1. The agreement is rather good, confirming
the notion that while the results so obtained are non-unique [22],
i.e., that various combinations of activation energies and frequency
factors lead to essentially the same results, the outcome is much
more sensitive to the activation energy than to the frequency fac-
tor. Also, the fitting sessions showed that while the Gaussian peak
positions were more or less constant, FWHMs and peak areas, both
related to the frequency factor, varied within wide ranges without
discernible changes in the DSC curve. Hence, the relative contribu-
tion of different peaks to the total Wigner energy release has not
been investigated any further.

The results of the Wigner energy calculation from the DSC plots
are given in Table 2 as well as in Fig. 2. Each data point is an aver-
age of measurements on four or five samples. The values in paren-
theses in Table 2 have been discarded as outliers. The Wigner
energy ranges from 1.2 J g�1 for samples exposed to a fast-neutron
fluence of 5.67 � 1020 n m�2 to 21.8 J g�1 for samples exposed to
1.13 � 1022 n m�2. The dependence of Wigner energy on fluence
Fig. 2. DHWigner released between 25 �C and 375 �C at 10 �C min�1 as a function of
fast-neutron fluence. j – current data, h – previous data [3], s – Iwata [8], solid
line – best fit according to Eq. (6), dashed line – linear best fit.
in this fluence range is expected to be linear (Eq. (4)). The linear
Wigner energy accumulation rate per unit of fast-neutron fluence,
aDH, calculated from the current data amounts to
1.90 ± 0.04 � 10�21 J g�1 n�1 m2. This compares well with the value
of 2 � 10�21 J g�1 n�1 m2 derived from Iwata’s data [16] but is
somewhat lower than our previous value of 7 � 10�21 J g�1 n�1 m2

[3]. The discrepancy can, however, be explained by noting that the
fast-neutron fluence values used in [3] were rough estimates subject
to a considerable uncertainty and that, at the same fluence, the mag-
nitude of DHWigner values measured previously [3] can be no higher
than those measured in this work (see Section 3.2). Graphically
adjusting the fluence associated with the old data to yield a smooth
transition to the new data, we have concluded that the fluence values
in our previous work [3] were about a factor of 8 too low. Hereafter,
unless otherwise stated, all references to our previous work [3] include
this correction. Including the previous DHWigner values thus ad-
justed leads to the situation shown in Fig. 2. The same empirical ra-
tional function as before [3], here Eq. (6), was then used to perform
a least-squares fit to the combined old and new data. The satura-
tion value is a = 497 ± 49 J g�1, and the value of fluence that leads
to a Wigner energy accumulation of one half the saturation value
is b = 5.6 ± 2.2 � 1023 n m�2. Furthermore, aDH = a/b = 0.9 ±
0.4 � 10�21 J g�1 n�1 m2. The fluence at which the Wigner energy
accumulation begins to significantly deviate from linearity (e.g.,
DHWigner 6 0.9 a/b Uf) is b/9 � 6.2 � 1022 n m�2. (The adjusted val-
ues of b, aDH, and b/9 from the old data only would be 5.6 � 1023

n m�2, 0.9 � 10�21 J g�1 n�1 m2, and 6 � 1022 n m�2, respectively.)
The deviation from linearity thus defined begins at a somewhat
higher fluence than the 1022 n m�2 indicated by Bonjour et al.
[13], however, it is seen in Fig. 2 that the data begins to visibly
lag behind the calculated linear curve at just about that fluence.
Other literature values of aDH are summarized in Table 4. The val-
ues of Primak [14] and Platonov et al. [23] are an order of magni-
tude lower than our 1.9 � 10�21 J g�1 n�1 m2 – possibly the result
of including data well beyond the linear response region. This ef-
fect also manifested itself to some extent in aDH obtained in [3].
The other values [13,16–19] are larger but all within a factor of less
than five.

The number of Frenkel defects present in the samples, calcu-
lated from Eq. (1) (rd = 11.5 � 10�26 m2) and Eq. (2) (hF = 14 eV),
is also shown in Table 2. The dpa ratio defined in Eq. (3) is not unity
but rather �6.5 with no discernible effect of fluence. This insensi-
tivity to fluence, combined with the fact that the ratio increases
from 7.7 at Uf = 1.4 � 1022 n m�2 to 313.7 at Uf = 1.4 � 1025

n m�2 [3] is another indication that the current data are represen-
tative of the linear response region which extends up to �1022

n m�2. Taking the value of aDH as experimentally well-established,
the deviation of the dpa ratio from unity in the linear response re-
gion (Eq. (5)) indicates that the product rd � hF is too high by a fac-
tor of �6.5. In the absence of independent experimental data on rd

and/or hF one can only speculate as to their true values. One such
speculation deemed reasonable is to accept hF � 10.7 eV as sug-
gested by quantum-mechanical calculations of Telling et al. [20]
and Ewels et al. [21] and to conclude that the displacement cross
section is somewhat lower than Iwata’s value [15] at rd �
2.3 � 10�26 m2. The value of independent experimental determina-
tion of rd and/or hF for a better understanding of the subject can
not be overestimated.

4.2. Dimensional changes

A small angular selection of a temperature-resolved X-ray pat-
tern around the 001 diffraction peak of graphite, obtained with a
sample irradiated to 1.13 � 1022 n m�2 is shown in Fig. 3. A detail
between 100 and 300 �C is shown in Fig. 4. No visible changes in
the 001 peak position with increasing temperature beyond those



Fig. 3. Temperature-resolved X-ray diffraction pattern, 25–725 �C, in the vicinity of
the 002 graphite diffraction peak.

Fig. 4. Detail of a temperature-resolved X-ray diffraction pattern, 100–300 �C, in
the vicinity of the 002 graphite diffraction peak. Fig. 6. Graphite c lattice parameter from Rietveld refinement with X-ray diffraction

patterns obtained between 25 and 725 �C at 10 �C.min�1. j – current data, h –
previous data [3], thin line – temperature. Numbers inside the graph represent
fluences in n m�2.

Fig. 5. Relative Lattice Parameter Change Dc/c at 25 �C from Rietveld refinement
with X-ray diffraction patterns obtained at 25 �C as a function of fast-neutron
fluence. j – current data, h – previous data [3], s – Kelly et al. [12].
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associated with thermal expansion can be seen around 200 �C,
where a decrease in slope has previously been observed in more
highly irradiated graphite [3]. Results of the Rietveld refinement
using two X-ray patterns for each of the four fluence values are
shown in Table 2 and Figs. 5 and 6. In Table 2, the value of c at
25 �C is seen to be 0.675 nm, independently of fluence. Using this
value, in Fig. 5, the values of Dc/c at 25 �C from this and the previ-
ous work [3] are plotted. Measurable increase in Dc/c from zero
begins at a fluence of �1 � 1023 n m�2. Performing a linear least-
squares fit on this data according to Eq. (7), excluding the two pre-
vious values at 4 � 1020 and 1.36 � 1025 n m�2 (obtained from the
001 graphite X-ray diffraction peaks severely widened by high-flu-
ence fast-neutron irradiation), yields aDc/
c = 1.3 ± 0.2 � 10�26 n�1 m2 or aDc = 0.9 � 10�26 nm n�1 m2. This
and other available literature values of aDc are summarized in Ta-
ble 4. There is good agreement with values of Primak [14], Platonov
et al. [23], and Kelly et al. [12] which are smaller by a factor of 2–3.
And finally, combining the best values of aDH from this work and
[3] with aDc from this work, the coefficient aDH/aDc amounts to
1 � 105 J g�1 n m�1, compared to 3 � 104 J g�1 n m�1 [23].

The value of the CTE ac obtained as an average from all eight
DSC/XRD samples as the slope of the (linear) c vs. T curves over
the full temperature range (see Fig. 6) is 2.68 ± 0.1 � 10�5 �C�1.
This falls comfortably into the literature ac range of 2.31–
2.83 � 10�5 �C�1 and is thus proposed here as the best value of
ac. Because of the low fluences involved, no effect on a25
c could

be ascertained. Although indications of an increase of ac with tem-
perature, in accordance with literature data, have been observed,
its reasonable quantification has not been possible. The value of
the CTE aa obtained as an average from all eight DSC/XRD samples
as the slope of the (linear) a vs. T curves over the full temperature
range (not shown in Fig. 6) is �3 ± 3 � 10�6 �C�1. The error of the
current value is such that the whole range of the literature aa val-
ues of �1.0 to �1.5 � 10�6 �C�1 is encompassed. Additionally, the
literature values are likely to be associated with significant errors
as well so that aa = �2 � 10�6 �C�1 is proposed here as a reasonable
estimate. No effects of fluence on aa

25 and/or temperature on aa

could be determined.

5. Conclusion

Graphite irradiated at a TRIGA Mark II research reactor to a
fast-neutron fluence from 5.67 � 1020 to 1.13 � 1022 n m�2 at a
fast-neutron flux (E > 0.1 MeV) of 7.88 � 1016 n m�2 s�1 and at
temperatures not exceeding 100 �C, exhibits Wigner energies rang-
ing from 1.2 to 21.8 J g�1. The Wigner energy accumulation rate is
aDH = 1.9 � 10�21 J g�1 n�1 m2. The DSC curves exhibit, in addition



244 D. Lexa, M. Dauke / Journal of Nuclear Materials 384 (2009) 236–244
to the well known peak at �200 �C, a pronounced fine structure
consisting of additional peaks at �150 �C, �230 �C, and �280 �C.
These peaks correspond to activation energies of 1.31 eV, 1.47
eV, 1.57 eV, and 1.72 eV, respectively. Crystal structure of the
samples is intact. The c lattice parameter increase rate is
aDc = 0.9 � 10�26 nm n�1 m2. The dependence of the c lattice
parameter on temperature between 25 �C and 725 �C as deter-
mined by Rietveld refinement leads to the expected microscopic
thermal expansion coefficient along the c axis of �26 � 10�6 �C�1.
At 200 �C, coinciding with the maximum in the differential-scan-
ning-calorimeter curves, no measurable changes in the rate of ther-
mal expansion have been detected – unlike its decrease previously
seen in more highly irradiated graphite. A useful correlation factor
between Wigner energy accumulation, DHWigner, and the c lattice
parameter increase, Dc, amounts to aDH/aDc = 1 � 105 J g�1 n m�1,
allowing an estimation of DHWigner from experimentally deter-
mined Dc and vice versa. An independent experimental determina-
tion of the displacement cross section, rd, and/or Frenkel defect
energy, hF, would greatly contribute to a better understanding of
the subject on a microscopic level.
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