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We analyzed a printing method using direct toner transfer by a light flash in which the image-forming process was expected to be
considerably simplified. First, we found the transferred amount of toner particles increased linearly with the irradiated energy and
abruptly decreased at long pulse length. Next, we observed the toner movement using a high-speed camera and measured the trans-
missivity and current transition to clarify the toner transfer process. The toner transfer was caused by a thermal event, and from a
temperature simulation we concluded was the ablation of toner occured. Comparison of experiment and simulation results showed the
toner transfer started at the time when the inside maximum temperature reached a specific temperature, i.e., the decomposition
temperature of the toner material.
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Introduction
Today’s major printing technologies are based on electro-
photography that has advantages of high resolution and
high printing speed, but the disadvantage of complicated
processes such as charging, exposure, developing, trans-
fer, fixing, and cleaning. To eliminate these complications,
a printing method that addresses the toner particles by
meshed electrodes was studied.1 In this process, toner
particles were selected by the voltage supplied to the cor-
responding electrodes and transferred by electrostatic
force. The size of the electrode mesh determines the pro-
cess resolution.

Using light or laser beams to heat an ink ribbon on a
thermal transfer printer is another approach to reducing
the printing process complexity. A photoduplicating pro-
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cedure was proposed in which pigment particles such as
carbon black on a base, for example, a typewriter ribbon,
were irradiated by high-intensity light and transferred
to a receptor sheet.2 Dye diffusion,3 dye transfer,4 and la-
ser ablation transfer5,6 printing were also studied. High-
resolution images are formed by these thermal transfer
methods. The ink ribbons, however, can be used only once.

Recently, we found a printing method in which toner
particles on a transparent plastic sheet can be transferred
by direct irradiation of high-intensity light.7,8 The toner
layer is irradiated by the flash of a xenon flash lamp through
a mask. The toner particles irradiated in the flash are trans-
ferred to a paper facing the toner layer and patterns are
formed on the paper. If we use a transparent endless belt
or drum on which toner is carried and a controllable spa-
tial modulator such as an LCD panel in place of the pat-
tern mask, we can make a printing system.

The printing process will be as follows: (1) A toner layer
is formed uniformly on a transparent belt or drum. (2)
The toner layer is exposed to the high-power light image
pattern formed by the controllable spatial modulator. The
part of the toner exposed to light is transferred to the
paper and a negative image pattern of the mask is
formed. (3) The image pattern is fixed on the paper. The
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light energy that forms image patterns is high enough to
melt toner, so the light can also be used to fix the toner by
irradiating again. This process was proposed in a patent
issued to Haas et al.2 in 1970; we have added use of elec-
trophotographic toner to deposit the layer on the trans-
parent base by charging. Electrophotographic toner is easy
to fix by heat and to supply using electrostatic force. This
printer principle, using electrophotographic toner, would
have many advantages. Light is used to address image
pixels, so concentration onto a small point is possible.
Because toner is exposed directly to the light modulated
on the image information through the transparent belt or
drum, no photoconductive member is needed. Moreover,
charging and transfer devices are also unnecessary. Un-
like the thermal transfer printers that use an ink ribbon,
the toner layer can be regenerated cyclically.

In a preliminary study, we showed that our toner trans-
fer was caused by light absorption of toner particles,6,7 but
the details of the transfer were not clarified. To elucidate
the toner transfer process, we have measured the dynam-
ics of the toner transfer and analyzed the toner tempera-
ture when irradiated by pulsed light.

Experiments
Evaluation of Amount Transferred . Figure 1 shows

the experimental setup for the image-forming experi-
ment.7,8 A toner layer was formed uniformly on a trans-
parent plastic sheet. A glass substrate with a transparent
electrode was used to support the transparent plastic sheet
on which the toner layer had been deposited. This toner
layer was formed using a conventional copy machine from
which we had removed the fixing device. Black copy ma-
chine toner was used. In the developing process of the copy
machine, toner particles were charged. After the layer of
toner particles was uniformly formed on the
photoconductor drum, the toner particles were transferred
to the plastic sheet. A piece of paper or another plastic
sheet was placed on the rear electrode at a distance of
about 200 µm from the toner layer surface. Toner was ex-
posed to light through the substrate and the transparent
sheet. A long tube-type xenon flash lamp was used to form
large area images and evaluate the printing characteris-
tics. The flash lamp (emission efficiency: 30%) was sup-

Figure 1. Experimental setup.
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plied with 200 to 440 J of electrical energy. The optical
energy density was 0.32 to 0.73 J/cm2, and the exposure
time was 0.43 to 0.7 ms full width at half maximum
(FWHM).

A pattern mask was sandwiched between the glass sub-
strate and the transparent plastic sheet to form images.
The light image was irradiated onto the toner layer
through the sheet. A part of the irradiated toner was trans-
ferred to the piece of paper that faced the toner layer, and
a negative image pattern of the mask was formed on it.
Figure 2 shows a sample image formed by the above
method when irradiated for 0.43 ms (FWHM) by light with
an energy density of 0.73 J/cm2.

We measured the transferred amount of toner when the
toner was uniformly irradiated by the flash lamp without
the mask. The toner transferred to the plastic sheet fac-
ing the toner layer was moved by vacuum and weighed.
Figure 3 shows the amount of transferred toner as a func-
tion of the irradiated energy density. The transferred
amount increased linearly with irradiation energy den-
sity. The initial sticking amount was 0.76 mg/cm2, so the
maximum transfer toner ratio was about 15% at 0.73 J/
cm2. Because the transferred amount increased linearly
with the irradiation energy density, gradation of images
could be made by changing the irradiation energy density.
This figure also shows that the threshold energy density
at which toner could be transferred was 0.22 J/cm2.

Figure 4 shows the amount of transferred toner as a func-
tion of the irradiation time in FWHM at the optical energy
density 0.73 J/cm2. The transferred amount was almost con-
stant below 0.67 ms, but abruptly dropped at 0.7 ms.

Figure 2. Image sample.

Figure 3. Amount of transferred toner as a function of the irra-
diation energy density.
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Time-Resolved Measurement. Clarifying the mecha-
nism of toner transfer was important for improvement of
image quality. To confirm the time dependence of the toner
movement, we performed two experiments: one involved
observation of the irradiated part of the toner layer with a
high-speed video camera and the other was transmissiv-
ity measurement. Figure 5 shows the transmissivity mea-
surement and high-speed observation setup. In these
experiments, we used a laser diode with a wavelength of
830 nm as a light source. A pulsed laser beam was focused
on the toner layer and the laser intensity transmitted from

Figure 4. Amount of transferred toner as a function of the irra-
diation time.
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the toner layer measured. The transmitted light intensity
should increase as toner particles are transferred. Fur-
thermore, a side view of the irradiated part of the toner
layer was observed with a microscope and recorded on
high-speed video tape (maximum recording speed: 1000
frame/s). The beam diameter was about 50 µm with aver-
age power density of about 2.5 × 103 W/cm2 when the irra-
diation power was 50 mW, and the energy density on the
sample for 0.3 ms irradiation was about the same as that
from the flash lamp.

First, we observed the irradiated part by using the high-
speed camera to reveal the motion of the toner particles
when irradiated by light. Figure 6 shows three photographs
recorded on the high-speed video tape. The white particles
on the right side of Fig. 6(a) are toner particles. The laser
pulse was irradiated from the right side through the trans-
parent sheet (the transparent sheet was not shown in the
figures). By irradiating a laser pulse onto the toner layer,
we observed a jet of smokelike matter given off from it
[Fig. 6(b)]. As time passed, the jet expanded. After irra-
diation, toner particles at the irradiated part disappeared
[Fig. 6(c)]. The toner particles were presumably pushed
by this jet from the toner layer.

Next, we measured the time dependence of the trans-
missivity to evaluate the toner transfer. Figure 7 shows the
time dependence of the transmissivity at two different ir-
radiation powers when the exposure was for 3 ms. A flat
part in the transmissivity curve occurs just after irradia-
tion commences. As the irradiation power increased, the
duration of the flat part became shorter. After the flat part,
transmissivity increased. This increase indicated that toner
moved from the transparency sheet to the paper. We mea-
sured the duration of the flat part, which we defined as the
transfer starting time, with varying irradiation power.

In Fig. 8, the circles show the experimental transfer
starting time as a function of the irradiation power. When
Figure 5. Transmissivity measurement and high-speed observation setup.
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    (a) Before irradiation                    (b) 2 msec       (c) After irradiation

Figure 6. Pictures of high-speed observation (negative images).
Figure 7. Time dependence of the transmissivity.
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Figure 8. Transfer starting time as a function of the irradiation
light power.

Figure 9. Time dependence of the current due to toner transfer
and irradiated light intensity.
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the irradiation power was low, the time interval before
departure became long. The departure time increased
steeply when irradiation power was less than 40 mW and
seemed to become infinite at around 30 mW. This agreed
with the result that a threshold energy exists for toner
transfer as shown in Fig. 3.

Current Measurements. To evaluate the time depen-
dence of the toner transfer when the toner layer was irra-
diated by the flash lamp, we measured the current flowing
between the transparent electrode and the rear electrode
(Fig. 1). The toner particles were charged in the process of
toner layer formation. Corresponding to the movement of
the charged toner particles (charge: – 5.0 µC/g), current
flows between the electrodes. A short arc type of flash
lamp was used in this experiment. Conditions were as fol-
lows: electrical energy supplied, 50 ~ 200 J; emission effi-
ciency, 1%; exposure time, 0.18 to 0.36 ms (FWHM).
by Direct Light Irradiation Vol. 41, No. 4, July/August 1997 395



Figure 9 indicates the time dependence of the current
and light intensity. There is a time delay between the on-
set of irradiation and the current increase. Again we saw
a delay in the start of toner particle transfer as in the
transmissivity measurements (Fig. 7). The current peak
corresponding to the most toner particle transfer also was
delayed relative to the light intensity peak.

Process of Toner Transfer. Time delay of transfer of
the toner particles showed that a thermal event was occur-
ring; i.e., the time delay showed the interval during which
the toner particle was heated. We at first assumed the toner
particles were pushed by the heated surrounding air, which
was heated by conduction from the high-temperature par-
ticles. We, however, confirmed that the toner transfer oc-
curred in a vacuum, 0.2 Torr, so there was also another cause,
which we concluded was as follows: Toner particles ab-
sorbed the light energy and were heated. When the inter-
nal temperature of the toner particle reached the
decomposition temperature of the toner’s base material,
the toner particles underwent ablation and started to give
off a vapor jet as shown in Fig. 6. They were then pushed
by the jet. In short, we theorized that one cause of toner
transfer was the ablation of toner. Accordingly, the inter-
nal temperature profile of the toner particle was impor-
tant to analyze the toner transfer process.

Simulations
Temperature Simulation Method. As mentioned in

the “Experiments” section, the temperature profile of the
toner particle was the most important parameter for ana-
lyzing the toner transfer process. We solved the heat con-
duction equation to simulate the internal temperature of
a toner particle. The heat conduction equation is expressed
as,

    

∂T
∂t

= D∆T + 1
ρcp

Q(r, t), (1)

where D is the thermal diffusivity, ρ is the density, cp is
the specific heat, and Q(r,t) is the heat generated at posi-
tion r and time t. The heat is generated by light absorp-
tion, so the heat generation is in proportion to the light
intensity in the particle and the absorption coefficient of
the particle.9 The exact solution of the internal and exter-
nal field of a spherical particle irradiated by parallel light
is given by as Mie theory.10,11 The Mie equation is expressed
using the complex refractive index of toner, the radius of
the toner particle, and the wavelength of the light. The
details of the heat conduction equation and the Mie equa-
tion are given in the Appendix.

We simulated the internal temperature of the toner par-
ticle in three steps: First, we sought the complex refrac-
tive index of the toner material. To this end we applied
the effective medium approximation to estimate the mean
complex refractive index of the mixture.12 Second, we cal-
culated the Mie equation to get the internal electric field
of the toner particle using the estimated value of the com-
plex refractive index (Eqs. A4 and A5). We assumed toner
particles were spherical and light parallel. Third, we
solved the heat conduction equation using the distribu-
tion of the internal electric field. We solved Eq. A1 with
Eq. A2 by the implicit finite-difference scheme. The ini-
tial temperature was set to zero. The temperature at a
distance of 140 µm from the particle surface, which was
the thermal diffusion length of air 1 ms after the start of
irradiation, was set to zero as the boundary condition.
We divided the radius r and the angle θ in spherical co-
396     Journal of Imaging Science and Technology
ordinates each into 21 parts. The time interval for calcu-
lation was 1 µs.

In the following sections, we explain the effective me-
dium approximation and estimation of the complex refrac-
tive index of the mixture. After that, we simulate the
internal temperature of the toner particle.

Complex Refractive Index of Toner. To calculate
an internal electric field using the Mie equation, we
needed the complex refractive index of toner, which was
unknown. We estimated a value based on the toner com-
position. Black toner is a mixture of resin and sub-
micrometer particles of carbon black. Carbon black par-
ticles are smaller than the main wavelength of the light
of flash, so we can apply the effective medium approxi-
mation to estimate the mean complex refractive index of
the mixture.12 When medium A (dielectric constant: εA,
volume ration: vA) is mixed with medium B (dielectric
constant: εB, volume ration: vB), the average dielectric
constant εm is expressed as,

    
ν A

ε A − εm

ε A + 2εm
+ νB

ε B − εm

ε B + 2εm
= 0. (2)

Light incident on this medium experiences the average
dielectric constant εm. The complex refractive index N is
related to the dielectric constant ε as,

N = ε1/2. (3)

We needed to know the dielectric constants of the resin
and the carbon black to calculate the complex refractivity
of the toner particle by the effective medium approxima-
tion as expressed in Eq. 2. We assumed the resin’s refrac-
tive index was 1.5 independent of the wavelength. This
assumption is proper for the flash lamp of which the main
wavelengths are in the visible. Using Eq. 3, we obtained
2.25 as the dielectric constant of the resin. As the dielec-
tric constant of carbon black, that of “glassy” carbon13 con-
sisting of very small crystallites was used because carbon
black was considered to be disordered graphite.

Figure 10 shows the complex refractive index as a func-
tion of wavelength of light calculated by using Eq. 2. The
volume ratio of the carbon black was 10%. The refractive
index and the extinction coefficient had little dependence
on wavelength. To confirm the accuracy of this calculation,

Figure 10. Calculation of complex refraction index using the
mean medium approximation. Comparision with extinction coef-
ficient, estimated from the reflectivity of fused toner measured
using a spectrophotometer.
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we compared the measured reflectivity of toner with that
estimated by using the calculated complex refractive in-
dex.

Figure 11 shows the measured and calculated
reflectivities. The calculations had good agreement with
the measurements except below 300 nm. Because the resin
absorbs light below 300 nm, where the assumption that
the complex refractive index was constant does not hold

Figure 11. Comparison of calculated and experimental
reflectivity.
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true. The main wavelengths of the xenon flash lamp are
in the visible and infrared regions so the complex refrac-
tive index was not very dependent for these wavelengths.
As a result, we used 1.55 – 0.07i as the complex refractive
index of toner to calculate light absorption of toner.

Temperature Simulations at Constant Power Irra-
diation. First, the internal light intensity of the toner par-
ticle was calculated by using the Mie theory (Eqs. A4 and
A5). Figure 12(a) shows the internal light intensity distri-
bution when the toner particle’s diameter was 10 µm and
the dielectric constant was 1.55 – 0.07i. The light was propa-
gated in the z direction and the intensity was shown on the
x-z (or y-z) plane. The intensity of incident light was set to
1. The penetration length of light into toner material is less
than the toner diameter, so the light was strongly absorbed
at the incident side of the particle. By using this intensity
distribution, the heat conduction Eq. A1 was solved with
Eq. A2 and the internal temperature distribution was cal-
culated. The thermal and physical constants of polystyrene
were used for those of toner particle: cp = 1.3 × 103 J/kg • K,
ρ = 1.2 kg/m3, D = 7.0 × 10–8 m2/s.

The light intensity was set constant, 1.5 × 103 W/cm2.
Figures 12(b) and 12(c) show internal temperature dis-
tributions at two different times. The heat generated on
the light incident side was conducted to the inside of the
toner particle as time passed. The position of the maxi-
mum temperature was slightly inside the toner particle
because of the heat conduction to the air from the par-
ticle surface. The temperature increased to more than
600°C at 0.5 ms in the calculation. We confirmed that
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Figure 12. Simulation of temperature profiles of toner irradiated by pulse light.
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Figure 13. Profile of the intensity of the flash lamp.
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Figure 14. Simulation of the time-dependent internal tempera-
ture and intensity.
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the maximum temperature when the particle was irra-
diated by various powers was proportional to the power
density at the same irradiation time. Using this confir-
mation, the time when the toner maximum temperature
reached the particular constant temperature as a func-
tion of the power density was determined.

If the toner particle was moved by ablation, its transfer
would start when the maximum temperature reached the
particular temperature at which ablation commenced. We
sought to compare the experiment on the toner departure
interval to the time when the toner was heated to a cer-
tain temperature; i.e., the decomposition temperature. The
toner material starts to decompose at about 300°C, so we
calculated the time when the maximum temperature of
the toner particle reached 300°C.

We fit this temperature simulation result to the data
of the transmissivity experiment by using the beam size
as a fitting parameter. The solid line in Fig. 8 shows the
power dependence of the time when the internal maxi-
mum temperature reached 300°C, setting the diameter
of the beam as 51 µm. The circles were the data of the
transmissivity experiment. The simulation curve fitted
the experiment points well, which meant that toner par-
ticles start to transfer when they are heated to a specific
temperature; probably the decomposition temperature of
toner. It was thus confirmed that the toner transfer was
caused by the ablation.

Using the same flash lamp, Mitsuya et al.14 measured
the time-dependence profile of the surface temperature of
the toner layer when directly irradiated from the air side
and showed that the peak surface temperature of toner ir-
radiated by the light from the flash lamp supplying 440 J
of electric power was more than 300°C.

Temperature Simulation at Flash Irradiation. To
calculate the temperature under conditions of flash irra-
diation, we tried to estimate the intensity profile of the
light flash by assuming the time profile of flash lamp ra-
diation as,

I(t) = atn exp(–bt). (4)

We determined the parameters n, a, and b from fitting
to measurements. Figure 13 shows the time dependence
of the intensity of the short arc flash lamp (the solid line)
and the fitting result when n was 0.5 (the dashed line).
Data for intensities electrical energy supplied to the flash
lamp of 50 and 150 J are shown. The form of the intensity
fit well with n = 0.5. By integrating Eq. 4 from time 0 to
infinite time, the irradiation energy E in infinite time is

    
E = a

Γ(n)
bn+1 , (5)

where Γ(n) is the Gamma function. The coefficient b is in
proportion to the inverse of the light pulse width. We con-
firmed that the E calculated from Eq. 5 using the fitting
values of a and b with n = 0.5 was proportional to the
input electric energy of the flash lamp.

Figure 14 shows the simulation results of the time de-
pendence of the light intensity and the maximum tem-
perature of the inside of the toner. The light intensity was
normalized by setting the maximum intensity to 1. The
temperature peak came later than the light intensity peak.
The time at which the maximum temperature of the in-
side of the toner was more than 300°C was delayed from
the irradiation start. The toner transfer region in which
temperature of the toner was more than 300°C from 0.2 to
0.8 ms in Fig. 14 almost agreed with that of the current
measurements (Fig. 9).

Discussion
In the temperature simulations of the particle, we

checked that the maximum temperature inside was pro-
portional to the irradiated light energy at the same irra-
diation time. To increase the toner temperature above that
of the toner decomposition when irradiated by a pulsed
light of a constant length, there was a minimum irradia-
tion energy. The threshold of energy density at which toner
can be transferred, as shown in Fig. 4, thus represented
the lowest irradiation energy that exceeds the decomposi-
tion temperature. The rapid increase of transfer time at
low irradiation power in Fig. 8 also corresponded to the
threshold of the irradiation energy in Fig. 4.

In Fig. 5 the rapid drop of the transferred amount at long
irradiation time was shown. This phenomenon could also
be explained in relation to the toner temperature. Figure
15 shows the inside maximum temperature of the toner
particle versus the half value of the irradiation time for the
flash of light or a pulse with the same irradiation energies.
As the irradiation time increased, the maximum tempera-
ture decreased owing to the increase of heat conduction to
air. In this calculation, the maximum temperature dropped
Sugita and Arimoto



below 300°C after 0.8 ms, under conditions of flash irra-
diation and the toner particles, consequently, would not be
transferred. We considered the rapid drop of the transferred
amount in Fig. 5 to correspond to this threshold of irradia-
tion time.

From the above study, we identified desirable conditions
for this printing method. The irradiated light pulse should
be short because the energy loss caused by heat conduc-
tion would be lowered as shown in Fig. 15. The pulse form
is also important. Figure 15 shows the maximum inside
temperature of the toner particle versus the irradiation
time of a rectangular-shaped pulse with the same irradia-
tion energy as the flash of light. The rectangular-shaped
pulse needed less energy than the flash of lamp to heat to
the same temperature. In regard to the toner material to
the decomposition temperature, the decomposition tem-
perature should be low because less energy would be
needed to heat the toner material.

As shown in Fig. 12, the position where the inside tem-
perature of the toner particle registered a maximum was
a little bit inside the surface of the toner particle. As a
result, the portion between the position of the maximum
temperature and the light incident surface was blown off
by ablation. Toner particles were repelled by the mass
blown off, so the driving force of toner transfer became
large;6 i.e., on the order of 10–9 N.

It has been well-established that ablation occurs by a
thermal or chemical process. Laser ablation transfer of
an ink ribbon caused by irradiation with a YAG laser beam
has been studied.5,6 When irradiated by a laser beam, the
ink transfer was seen to be a thermal process. The study
used a 150 ns (FWHM) pulse, but ablation occurred at
around 200 ns from the start of irradiation. In contrast
with this work, we used a much longer pulse of the flash
lamp, typically an 0.5 ms pulse. We considered that one
reason for the difference in observations was the form of
the material; particles versus ribbon. In comparsion irra-
diation of the flat face, the spherical particle reaches a
higher temperature at the same radiant energy.

Toner particles exposed to the high-power light and not
transferred were fused on the plastic sheet. The fused toner
particles could be scraped off. In the case where a heat-
resistant belt or drum is used to carry the toner layer, the
drum or belt can be regenerated cyclically.

Concerning the image quality of this process, the trans-
ferred amount was small as shown in Fig. 3. And the reso-

Figure 15. Simulation of the inside maximum temperature as a
function of the light irradiation time.
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lution of images formed by irradiation was only about 180
dpi, perhaps because charged particles repel each other.
However, these charge properties can be utilized for im-
provement of the image quality. We supplied a voltage
between the transparent electrode and the rear electrode
to attract charged toner particles to the paper in Fig. 1.
By applying an electric field to the charged toner particles,
the amount transferred was increased and the image reso-
lution was improved.8

Conclusion
We analyzed a printing method based on direct toner

transfer by a flash of light. This method considerably sim-
plifies the imaging process. The transferred amount of
toner particles increased linearly with the irradiated en-
ergy and was about 15% of the initial sticking amount at
the irradiation light energy density of 0.73 J/cm2. The
amount abruptly decreased at long pulse lengths of more
than 0.7 ms. Next, we observed toner movement using
a high-speed camera and measured the transmissivity
and current transition to clarify the toner transfer pro-
cess. In the high-speed observation, we confirmed that
a jet of smokelike matter was given off from the toner
layer because of the laser pulse irradiation. In the trans-
missivity and current measurements, we found a time
interval existed in which the toner transfer started, and
the interval became shorter as the light power increased.
We concluded from these experiments that the toner
transfer was caused by a thermal event and the process
was ablation of the toner. The hypothesis was checked
by temperature simulations. We solved the heat conduc-
tion equation using the Mie theory. For the simulation,
the complex refractivity of toner material was estimated
using the mean effective approximation. Comparison
with experimental and simulation values showed the
toner transfer started when the inside maximum tem-
perature reached a specific temperature, which was the
decomposition temperature of the toner material. The
abrupt decrease of the transferred amount as the pulse
length was increased was explained well by the tempera-
ture simulations.
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Appendix
The heat conduction Eq. 1 for a spherical particle in uni-

form parallel light is expressed in spherical coordinates as,

    

∂
∂

∂
∂
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1 1

1

2
2

2 sin
sin

( , , ).
(A1)

The heat is generated by light absorption, so the heat gen-
eration is in proportion to the light intensity in the par-
ticle and the absorption coefficient of the particle. The heat
generation Q is related to the normalized intensity S as 8

    
Q(r, t) =

4πnκI0

λ
S(r, t) , (A2)
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where n – iκ = N is the complex refractive index of the
particle, n is the refractive index, and κ is the extinction
coefficient of the particle; λ is wavelength of the incident
light; and I0 is the incident light intensity. The normal-
ized intensity S(r,t) is expressed as

S(r,t) = |E(r,t)/E0|
2, (A3)

where E(r,t) is the internal electric field of the particle and
E0 is the electric field of the incident light.

For Eqs. A2 and A3 to be able to calculate the heat gen-
eration Q in the toner particle, the internal electric field
E(r,t) in the particle is needed. The exact solution of the
internal and external field of a spherical particle irradi-
ated by parallel light is given by Mie theory.9–11 The inter-
nal electric field of the spherical particle is expressed in
spherical coordinates (r,θ,φ) as,
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where the coefficients Am, Bm, cm, and dm are expressed as
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and N is the complex index of refraction of the par-
ticle, k is the wave number of the incident light, and
    i = −1. The parameter x is called the size parameter,
which is related to the radius of the particle R and the
wavelength λ, as x = πR/λ. The functions jm(x), hm

1(x),
and Pm

1(cosθ) express the spherical Bessel function of
the first kind, the spherical Hankel function of the first
kind, and the associated Legendre function, respec-
tively. The light flash is not polarized, so we average
the electric field as the coordinate φ.
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