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The conditions during light emission from the fracture of solids have been difficult to determine
because such mechanoluminescence (ML) is usually weak. When ML is produced by acoustic cavitation
of a liquid slurry of resorcinol crystals, however, we observe bright light emission, which makes it
possible to measure plasma conditions by emission spectra: a bimodal heavy atom emission temperature
profile is observed with 405� 22 K (for 80% of emitting CH) and 4015� 730 K (for 20%), with an
electron density and energy of 1:3� 0:13� 1014 cm�3 and �3:5 eV (i.e., an effective Te � 41 000 K).
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When a slurry of solid particles in a liquid are irradiated
with ultrasound and acoustic cavitation occurs, the shock
waves created in the liquid by the collapsing bubbles will
accelerate the suspended particles to hundreds of meters
per second, causing intense interparticle collisions [1,2].
Upon collision, the fracture of solids may give off light,
i.e., mechanoluminescence (a.k.a. triboluminescence) [3–
7]. When a noncentric crystal is stressed, a charge separa-
tion occurs within the crystal. Upon fracture, opposite
faces of the gap will have opposing charges; the charge
separation is neutralized by a dielectric breakdown of the
intervening gas and of the crystal itself. Recently we have
reported the increase in mechanoluminescence (ML) in-
tensities of up to 1000-fold by the use of acoustic cavita-
tion of slurries, and observed many new emission products
not seen previously from ML, including He�, C2, CH, CO,
and CO� [8,9].

While the phenomenon of ML has been know for hun-
dreds of years [10] and the cause of the discharge is well
formulated [3–5,7], the characteristics of the resultant
discharge plasma have never been fully studied. Our im-
provement of ML intensities and the subsequent observa-
tion of new emission products now allow us to fully
characterize the discharge plasma that is produced. Using
well developed plasma diagnostics, we have determined
the heavy atom emission temperature, electron density, and
electron energy of the resulting ML discharge plasma.

Because of the small size of the discharge (within the
crack), uncertainty in exact position of the discharge, and
the fact that the discharge occurs in small voids in a liquid,
optical emission spectroscopy has proved to be the optimal
diagnostic technique. ML produces a �s to ms nonequi-
librium discharge that excites the gas and vapor present at
the fracture site as well as the crystal itself [3,11,12].
Because of the lack of thermodynamic equilibrium during
the discharge, the gas temperature and electron tempera-
ture can be vastly different so a Maxwell-Boltzmann dis-
tribution cannot be used to determine these temperatures.
Rotational relaxation of excited molecular species, how-
ever, does occur very rapidly allowing for determination of

local heavy atom temperatures [13–15]. In addition, the
electron density of a discharge can be determined from the
Stark broadening of the Balmer lines of hydrogen [16–19].
The H� line is most often used due to fact that it undergoes
negligible self-absorption, exhibits strong Stark broaden-
ing, and is not appreciably broadened by ion dynamics; in
addition, Stark broadening is mostly insensitive to tem-
perature and so may still be applied to nonthermal plasmas.
Finally, the electron temperature can be determined from
the ratio of the intensities of spectral lines of the same
element when the energy separation between the lines is
greater than the electron energy; for example, lines from
the subsequent ionization states of He have been used to
determine electron energies from 2–11 eV [20,21].

In order to apply plasma diagnostics to the ML dis-
charge, we require an estimate of the pressure of the gas
within the fracture site. To do this, first the rate of fracture
and duration of a ML event was calculated [11,12], and
then gas diffusion into the resulting void was determined
using Fick’s Law of mass diffusion, which describes the
transport of dissolved gas within a liquid. A reasonable
estimate as to the pressure of gas within the fracture site
during the discharge event is �0:1 bar. We also assume
that for these slurries in low volatile liquids (e.g., dodec-
ane), He is the major gas component by a wide margin, so
collisions with other species may be ignored. Finally, we
assume that the resulting plasma is optically thin for all
emitting species, a reasonable assumption given the low
density and small size of the plasma and confirmed by the
absence of any unaccounted broadening or flattening of
spectral lines.

The ML discharge is nonthermal, so heavy atom tem-
peratures cannot be determined by Maxwell-Boltzmann
distributions. Vibrational and rotational collisional trans-
fer, moreover, results in partial thermalization of the rota-
tional excited state population before electronic quenching
or emission occurs [13,22–24]. The rate constant for rota-
tional energy transfer of CH (A2�), with He as the collision
partner, is 1:3� 10�10 cm3 s�1, much faster than the ra-
diative lifetime of 538 ns [25].
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Figure 1(a) shows the CH (A2�� X2�) emission from
ML of resorcinol, together with the simulated CH spec-
trum. The ML spectrum was obtained by ultrasonic irra-
diation (6 W=cm2 at 20 kHz) of a slurry of resorcinol
crystals in liquid dodecane at 300 K sparged with He.
This acoustic intensity is roughly tenfold less than that
typically used for sonochemical or sonoluminescence ex-
periments, and no direct sonoluminescence is observed
under these conditions from dodecane. More detailed ex-
perimental procedures can be found in previous reports
[8,9].

In Fig. 1(b) is the semilogarithmic plot of the rotational
population versus the rotational energy determined from
the simulated spectrum, as well as best fit lines to the data.
As can be seen, the rotational population can be well fit to a
bimodal distribution of temperatures, Tr1 � 405� 22 K,
which represents 80% of the emitting CH, and Tr2 �
4015� 730 K, which represents the remaining 20%.
This bimodal distribution arises from the fact that high
rotational quantum numbers have spacings much larger
than the thermal collision energy, so many more colli-
sions are necessary for full thermal relaxation, resulting
in emission from CH still hot after formation by electron
impact on hydrocarbon vapor. The larger error in the high
temperature Tr2 arises in part from the fact that >80% of
the rotational population is in the thermalized state and in
part from the wide distribution of hot CH that Tr2 actually
represents. Similar bimodal populations of rotational levels

of CH have been observed in electric discharges of alkanes
at pressures from a few mbar up to an atmosphere
[13,22,26].

As shown in Fig. 2, the high resolution spectrum of the
resorcinol ML in dodecane sparged with He contains the
H� line as well as the He I 41D� 21P and 41F� 21P
transitions, which were used to determine the electron
density during the ML discharge. As long as the electron
density is greater than �5� 1013 cm�3, the electron
number density can be determined from the broadening
of the H� line at 486.1 nm. The excited state H atoms in
this system result from the discharge through H2, CH4,
and C2H2 (sonolysis products of dodecane [9,27]), so no
external H2 source needed to be added. The line shape
of the H� line is a convolution of the Gaussian (instru-
ment, Doppler) and Lorentzian (natural, resonance,
van der Waals, Stark) broadening mechanisms resulting
in a Voigt profile [14–16,18]. The full width at half maxi-
mum (FWHM) of the Gaussian component (��G) is given
by

 ��G � ���2
inst ���2

Dopp�
1=2; (1)

while the FWHM of the Lorentzian component (��L) is a
linear combination of its parts:

 ��L � ��nat ���res � ��VdW ���Stark; (2)

and the two can be combined together to get the Voigt
FWHM (��V) using the method derived by Whiting [28]:

 ��V �
��L

2
�

��������������������������������
��2

L

4
� ��2

G

�s
: (3)

The instrument broadening was 0.34 Å, as determined from
the Gaussian profile of lines from a Hg-Ar pen lamp.

The other components of the broadening are derived
mathematically from well established plasma diagnostics
[14–20]. Doppler broadening is caused by thermal move-

FIG. 2. High resolution spectrum used to determine the elec-
tron density of mechanoluminescence from sonication of resor-
cinol crystals in a dodecane slurry sparged with He. The
spectrum consists of He I (41D� 21P) transition, the forbidden
He I (41F� 21P) transition, and the H� line at 486.1 nm.
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FIG. 1 (color online). (a) Mechanoluminescence of CH
(A2�� X2�) from sonication of resorcinol crystals in a dodec-
ane slurry at 300 K sparged with He: observed ML (—) and
simulated spectrum (dashed line). (b) Boltzmann plot of rota-
tional distribution and bimodal fit (—); Tr1 � 405� 22 K,
Tr2 � 4015� 730 K.
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ment of an atom relative to the observer resulting in an
apparent shift in the frequency of the emission. The
FWHM of the Doppler broadening can be expressed [14]
by

 ��Dopp � 7:16� 10�7�

�����
T0

M

s
; (4)

where � is the wavelength in �A, T0 is the temperature of the
emitter in K, and M is the atomic weight of the emitter.
Using the gas temperature determined by the CH (A� X)
emission, the ��Dopp is found to be 0.070 Å.

Natural broadening is a result of the uncertainty in the
energy of the states involved in the transition and is im-
portant in Mössbauer nuclear spectroscopy, but rarely in
atomic electronic spectra. The FWHM of the natural
broadening of the H� line is 6:2� 10�5 �A and can be
safely ignored.

Resonance broadening is a result of collisions between
like particles, i.e., two hydrogen atoms colliding with each
other. Resonance broadening is dependent both on the total
pressure in the system and the mole fraction of the emitter
within the system. As argued earlier, the total pressure
during discharge is <0:1 bar and only a small fraction of
the gas will be hydrogen, so collisions between H atoms
will be infrequent. The amount of broadening due to
resonance broadening in this system will be negligible,
even less than natural broadening.

van der Waals broadening is a result of collisions with
neutral perturbers that do not share a resonant transition
with the emitter. Under conditions of H atoms interacting
with He, the equation for the FWHM of the van der Waals
broadening [14] can be represented as

 ��vdW � 4:09� 10�13�2� �� �R2�2=5

�Tg
�

�
3=10

nHe; (5)

where � is the wavelength in Å, �� is the average polar-
izability of the neutral perturber (for He, this is 1:38� a3

0,
where a0 is the Bohr radius in cm), �R2 	 600� a2

0, which
is derived from the ionization energy of H and the energy
levels of the H� transition, Tg is the gas temperature in K,
� is the reduced mass of the emitter-perturber system, and
nHe is the neutral He gas density in cm�3. Under the
conditions of the ML discharge, the ��vdW is 0.047 Å.

Stark broadening is a result of Coulombic interactions
between the radiating species and the charged particles
present in the plasma. Both electrons and ions induce
Stark broadening, but the electron contribution dominates
due to their higher relative velocity. The Stark effect on the
H� line has been well studied and the broadening parame-
ters have been well developed. The FWHM (in Å) for Stark
broadening can be represented [14] by

 ��Stark � 2:0� 10�10n2=3
e ; (6)

where ne is the electron density in cm�3.

Figure 3 gives a high resolution spectrum of the H� line
observed during ML, the Voigt fit (FWHM 0.72 Å), and the
instrumental broadening. Since the contribution to the line
width from the other broadening mechanisms is known, the
portion of the FWHM due to the Stark effect can be
determined using Eq. (1)–(3) and is found to be 0.55 Å.
Using Eq. (6) the electron density is found to be 1:3�
0:13� 1014 cm�3. The H� linewidth is highly sensitive to
the electron density: for comparison, the calculated Stark
linewidth would be 0.41 Å at an electron density of
1014 cm�3 and 1.97 Å at 1015 cm�3 [16,17].

Another indicator of electron density is the presence of
the 41F� 21P forbidden transition near the 41D� 21P
transition of He at 492.2 nm; emission from this forbidden
transition is induced by the electric microfield in the
plasma which causes a breakdown of the parity selection
rule [29–31]. The blue shift and intensity of the forbidden
component relative to the He line at 492.2 nm is strongly
dependent on electron density. Figure 2 shows the He
(41D� 21P) along with the forbidden component (41F�
21P) observed during ML. By comparing the position and
intensity of this line to that previously reported, we can
estimate semiquantitatively an electron density between
1014 and 1015 cm�3, which is fully consistent with the
value determined by the H� line.

At high electron densities (ne > 1018 cm�3), line ratios
will adhere to the Saha-Boltzmann formula, and the elec-
trons will be in thermodynamic equilibrium. At lower
densities, thermodynamic equilibrium is not reached, but
the electron energy can be determined by comparing in-
tensities of emission lines from excited states of suitably
large energy difference of the same element, such as the He
I line at 587.6 nm and the He II line at 468.6 nm [20,21].
Mewe expanded on the work of Griem to determine the
electron temperature based on the ratio of these two lines
using the equation

FIG. 3 (color online). H� line from ML of resorcinol in
dodecane sparged with He: ML (—), Voigt fit (FWHM:
0.718 Å) (dashed line), and instrumental broadening (FWHM:
0.342 Å) (dotted line).
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Ib
� 6� 1021 �gf=�

3�a
�gf=�3�b

bp�1�

bq
�0�

1

b1
�1�ne

�kTe�
3=2

� exp
�
54:4
kTe

�
1

p2 �
1

4q2 � 1
��
; (7)

where g is the statistical weight, f is the absorption oscil-
lator strength, � is the wavelength of the line in Å, bp�z� is
the ratio between rates of collisional ionization and recom-
bination to level p (constants found in Ref. [21]), ne is the
electron density in cm�3, and kTe is the electron energy in
eV.

Figure 4 shows the ML from resorcinol in dodecane
sparged with He along with Gaussian fits to the He I line
at 587.6 nm and the He II line at 468.6 nm. From these fits it
was found that the HeII468:6=HeI587:6 ratio is 3:5� 10�2,
which corresponds to an electron energy of 3.5 eV (i.e., an
effective Te � 41 000 K). Because our gas pressure is near
the lower limit for the applicability of Eq. (7), the electron
energy estimate is a lower limit [21]. It should also be
noted that ML discharge is not well represented by a
steady-state corona discharge model, where collisional
ionization or excitation is in balance with radiative recom-
bination or spontaneous decay; the steady-state model
would require an electron energy of >1 keV for the low
electron densities present during ML.

In summary, optical emission spectroscopy was used to
characterize the mechanoluminescence discharge in terms
of heavy atom temperature, electron density, and electron
energy. A bimodal heavy atom emission temperature pro-
file is observed with 405� 22 K (80% of emitting CH) and
4015� 730 K (20%), with an electron density of 1:3�
0:13� 1014 cm�3, and electron energy of �3:5 eV (i.e.,
an effective Te � 41 000 K). These results are very similar
to other microdischarges such as direct current microplas-
mas [15], microplasma jets [14], and dielectric barrier

discharges [13,32,33]. All of these microplasmas create
highly reactive environments and have applications for
remediation of chemical toxins, sterilization, surface treat-
ment, lighting, and ozone production.
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FIG. 4 (color online). Comparison of the He I (587.6 nm) and
He II (468.6 nm) emission lines produced from ML of resorcinol
in dodecane sparged with He: ML (—), Gaussian fit (dashed
line). The ratio of area of the HeII=HeI line is 0.035.
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