Consideration of the Counter Charge Traveling
Distance on the Charge Transport Equilibrium
Mechanism with a Dynamic Procedure
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Abstract

In the history of the electrophotography, two-component
magnetic brush development method has been adopted in
many color MFPs and production printers because of its qual-
ity, durability, and controllability in developing characteristics.
The charge transport equilibrium mechanism proposed by
Kurita is useful as an analysis model of development character-
istics in two-component development method of electropho-
tography and has been applied in many MFP designs. In this
model, the traveling distance of the counter charge is treated
as a constant, and its value is estimated experimentally. The
author tried an iterative calculation of the process of counter
charge transport by applying a diffusion model and an electric
charge mobility model. In each calculation model, the devel-
opment characteristics showed a gradual time dependence
after a lapse of a predetermined time, and the results obtained
that the charge transport equilibrium mechanism was gener-
ally supported.

The diffusion model met the developing condition that DC
bias voltage was applied. The charge transport equilibrium
mechanism can be accepted except the condition under the
‘limitation of toner supply’. The electric charge mobility model
met the developing condition that AC bias voltage was super-
imposed. In this case the charge transport equilibrium mecha-
nism can be accepted if the developing time is longer than
the transit time of counter charge which is determined by
amplitude of AC voltage and so on. These results provide the
value of replacing empirical know-how with analytical under-
standing and helping to transfer technical knowledge. Further
applications are expected for improving electrophotographic

technology.
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1 Introduction

In the history of the electrophotography, two-com-
ponent magnetic brush development method has
been adopted in many color MFPs and production
printers because of its quality, durability, and control-
lability in developing characteristics. Several impor-
tant theories and models helped in designing devel-
oping systems and controlling algorisms for image
stabilization. Kurita’s Charge transport equilibrium
model [1] is one of the useful models for analyzing
experimental data. Equation (1) shows Kurita’s original
charge transport equilibrium model determining
developed toner charge Q;
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where V), is given potential difference, 0 is speed
ratio between developing roller and photoconductor,
and d,/k,, d,/k, and d./k. are equivalent thickness of
the photoconductor, developed toner layer and the
counter charge. In this model, developability is domi-
nated by the counter charge thickness and 6.

Equation (2) shows Hattori’s revised charge trans-
port equilibrium equation (2019) [2]. In this equation,
the term of the counter charge thickness is modified
considering relative movement of developer from the
viewpoint of developed photoconductor.
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Fig. 1 refers above model [2] showing the counter
charge is condensed or diluted to 1/| 60| and |0-1] is
ejected to the vertical direction. In this figure the dis-
tance of the counter charge is constant.
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Fig. 1 Schematic illustration and equivalent circuit of the revised charge
transport equilibrium model at the condition of 0<6<1.

Fig. 2 shows comparison between experimental results
and the calculated results reported in the author’s pre-
vious paper [2]. Equation (1) and Equation (2) can meet
good correlation with experimental results by estimat-
ing some constant value on the term including ‘counter
charge’. However, there is no suggestion in these mod-
els why or how the counter charge is driven to the bal-
anced position. Okada [3] suggested a useful reference
as a mathematical solution for both IMB (Insulative
Magnetic Brush) and CMB (Conductive Magnet Brush)
development method by focusing conductivity of the
magnet brush. In this study, the author focused the
IMB method and applied a numerical, iterative solu-
tion for toner deposition and counter charge trans-
portation to understand the mechanism that the
counter charge term seems to be a constant.
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Fig. 2 Comparison between experimental results and the calculation;
solid lines are by Equation (1) and dotted lines are by Equation (2).

2 Charge transport model and calculating
method

A calculation model is shown in Fig. 3. It is a ‘multi-
layered model’ consists of developer layer, air gap,
developed toner layer and photoconductor layer, where
developer layer including counter charge is divided in
n sublayers (L;, L.*+- L,) to reproduce counter charge
distribution. At the step 1, developed toner charge Q,
and newly generated counter charge in the top sub-
layer of the developer AQ,, are calculated so as the
electric field in the imaginary air gap layer to be zero
else toner density in the top sub-layer to be empty.
AQ, is condensed or diluted from Q, by Equation (2);
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At the same time, amount of counter charge trans-
port among neighboring sub-layers is calculated by
the determined model. After At, at the step 2, elec-
tric field in all sub-layer are re-calculated on the basis
of the new charge distribution calculated at the step
2. Step 1 and step 2 are alternately repeated.

Developer layer Lpo=nAx Developed Photo-
<— (including counter charge) —=<- Air gap —><— toner —><-conductor>

PR L;j=Ax LosL, Lo Li=M/p/0,© L

/i

£ £ £y Eq €78 & o £
Ed=Ax/£ D, DyD; D,=L,/s, D=L/g = Lo/¢,

Q

41 (inlayer) (Qy; Qa1 Qun Q (in layer) Q, (on surface)

=V/D,

Ea: e
E,=E,ep/e4
17 En-Qun /€4
E 27 By 1-Qun1 /84

=Ej1-Quis1/€q
i~ Qui/€q

m

m
m-m

(ONONONONO)

Fig. 3 Iterative calculation model by alternating development and charge
transport.

Two types of charge transport model were tested:
the Fick’s laws of diffusion and the electric charge
mobility model. By Fick’s laws, counter charge den-
sity Qg (¢) in sublayer L; is expressed in the following
Equation (4);

Qui(t) = Oy (1 —At)
+0{ Qi (t=A) = Qi (t=A)} ()
_5{Qf]f(t_At)_Qf]f—] (t_At)}

where 0 is the diffusion coefficient. This model
assumes the counter charge transportation is domi-
nated by mechanical dispersion such as vibration or
collision rather than electrostatic force.

In another model, the counter charge transporta-
tion is dominated by electrostatic force received from
the electric field;

AQ,i(1)
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where p is the counter charge mobility and E; is the
electric field in the i-th sublayer of the developer layer.

List of the parameters for calculation is as follows;
*Developer layer thickness L,=0.5mm

*Number of divisions of the developer layer n =40
«Imaginary Air gap layer L,=0.1 um

»Packing ratio of toner layer g,=0.5

«Specific gravity of toner p,=1000kg/m3
*Photoconductor layer thickness L;=25um

*Developing bias voltage Vz=-500V

« Latentimage potential on photoconductor V/=-100V
*Toner charge per weight g/m=-30uC/ g

« Permittivity of the air gap (vacant)e,=8.85x10"2 F/m
*Relative permittivity of the developer layer ¢,=2.5
*Relative permittivity of the toner layer ¢,=2.0
*Relative permittivity of the photoconductor ¢,=2.7
« Counter charge mobility ¢ = 1.0x107m?/Vs

Unit time At is tuned as uE, (0) doesn’t exceed L,/n/At.
Development efficiency n is evaluated;
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Q= Li/e,+ L,/g,

3 Results and discussion

3.1 Diffusion-model-based analysis

Fig. 4 shows an example of the result supposing
charge transport was given by the Fick’s laws of dif-
fusion at the condition 0 = 0.1 and 6 = 0.25. In case
that diffusion model was supposed, counter charge
generated at L, gradually moved slowly and kept
stagnation around the photoconductor side.
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Fig. 4 Calculated result of the counter charge distribution in the developer
layer by applying diffusion model (at 8 =0.25, 6 =0.1).

Fig. 5 is the time dependence of development effi-
ciency by supposing the diffusion model. The figure
shows rapid increment of efficiency from ¢ = 0 to 0.1ms
and nearly static state after that. During the period of
above rapid increment, the calculation result indi-
cated a state like ‘limitation of toner supply’. Even if
E, was not canceled to zero, toner density at L,, became
empty and development did not progress until toner
was dispersed from the neighboring sub-layer.
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Fig. 5 Calculated result of development efficiency by applying diffusion
model (at 8 =0.25, 5 =0.1).

Fig. 6 shows effect of 6 at the diffusion model calcu-
lation. By giving sufficient 6, ‘limitation of toner sup-
ply’ could be avoided. Anzai et al. [4] suggested that
toner to develop latent image was provided from the
uppermost carrier layer, and that mechanical force
by magnetic brush should be included in developing
forces acting on toner. The diffusion model seems to
correspond to their investigation in case of IMB sys-
tem that DC bias voltage is applied.

20%

18%

16%

3
c 14%
9]
‘C
£ 12%
5]
S 10%
IS
S 8%
2
8 6%
4%
2%./
©6=0.25 ©0=0.5 ®6=1.0 ©8=1.5
0%
0.0E+00 1.0E-04 2.0E-04 3.0E-04 4.0E-04

Time (s)

Fig. 6 Calculated result of development efficiency by applying diffusion
model (at 6 =0.25,0.5, 1.0and 1.5, 6 =0.1).

3. 2 Electric-charge-mobility-model-based analysis

Fig. 7 shows another example of the result suppos-
ing charge transport is given by electric charge mobil-
ity model. Counter charge generated at the photo-
conductor side of the developer layer was transported
to the developing roller side in about 2ms and was
stayed around the neighboring area of the developing
roller. Fig. 8 shows a corresponding result of develop-
ment efficiency. At the start of development, ‘limita-
tion of toner supply’ was observed from ¢=0 to 0.4ms,

consecutively from ¢=0.4ms to 2.2ms, developing
efficiency was increased according to counter charge
transport form the photoconductor side to the devel-
oping roller side, and finally developing efficiency
became constant. The result can be understood that
transport of counter charge induces toner deposition
and that it requires ‘transit time’ for developing prop-
erty to be in the stable situation. The ‘transit time’
may be a factor for the process speed limitation of

the system.

1234567 89101112131415161718192021 93031 7383940

Sub-layer number

Fig. 7 Calculated result of the counter charge distribution in the devel-
oper layer by applying electric charge mobility model (at 6 =0.25,
1=1.0%X107m2/Vs).
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Fig. 8 Calculated result of development efficiency by applying electric
charge mobility model (at 6 =0.25, u=1.0x107 m2/Vs).

Fig. 9 shows effect of 0 at the electric charge mobil-
ity model calculation. As can be seen from the figure,
developing efficiency was relatively increased by
applying larger 0 but it does not have effects to accel-
erate the developing speed. On the contrary, Fig. 10
shows effect of ¢. By giving the larger u, the devel-
oping efficiency reached to the saturated level in a
shorter time, but the saturated levels were the same.
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Fig. 9 Calculated result of development efficiency by applying electric
charge mobility model (at 6 =0.25,0.5,1.0 and 1.5, u=1.0x10"7
m2/Vs).
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Fig. 10 Calculated result of development efficiency by applying electric
charge mobility model (at 6 =1.7, ©=0.5%X107, 1.0X107 and
1.5%X107 m?/Vs).

In case of two-component development method
applying AC bias voltage superposition, AC ampli-
tude is considered as a parameter of the counter
charge mobility. In actually, counter charge is a part
of charge on the carrier surface with opposite polar-
ity to toner. Counter charge is appeared when a toner
particle is deposited from the carrier surface and
transferred and disappeared when another toner
moved from neighbor onto there. There exist many
kinds of barriers or traps for toner transition through
the developer layer. AC bias generates an alternating
electric field in the developer layer and is thought to
affect the toner to overcome barriers and traps result-
ing counter charge transport. Fig. 11 shows experi-
mental data of developing property under various
condition of AC bias superposition reported by the
author in 1997 [5]. In this figure, M/A (mass of toner
per unit area) was increased by applying AC bias
superposition from 0 (=DC only) to 1.0 kV;, and satu-
rated at 1.0 kVp, and more. It is understood that the
counter charge mobility was increased by AC bias
superposition and the transit time came up at the
developing time when AC bias became 1.0 kVyp.

In rough approximation, supposing the process
speed limitation of the single-headed two-component
development method utilized in color MFPs to be
around 500 mm/s and contact width between magnet
brush and photoconductor to be 1mm, developing
time is calculated as 2.0 ms. Developing property
should be saturated until the end of the developing
region if the unit were designed with sufficient robust-
ness. When the developer layer thickness is 0.5 mm
and developing bias is 500 V, mobility of the counter
charge is approximated to be 5x107m?/Vs. It is as
same order as mobility of organic semiconductor.
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Fig. 11 Experimental result of the change in development property
depending on AC bias superposition reported in [5]. M/A (mass of
toner per unit area) was increased by applying AC bias superposi-
tion from 0 (=DC only) to 1.0 kV,» and saturated at 1.0 kV,» and
more.

4 Conclusion

Although the charge transport equilibrium model
is well-known as a useful model for analyzing experi-
mental data of the two-component development method,
there was no discussion why and how the counter
charge layer was determined. In this study, an itera-
tive calculation method was applied to consider the
process of counter charge transport. A diffusion model
and an electric charge mobility model were discussed.
The diffusion model met the case that DC bias voltage
was applied. The charge transport equilibrium mech-
anism can be accepted except the condition under
the ‘limitation of toner supply’. The electric charge
mobility model met the case that AC bias voltage was
superimposed. In this case the charge transport equi-
librium mechanism can be accepted if the develop-
ing time is longer than the transit time of counter
charge which is determined by amplitude of AC volt-
age and so on.
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Although two-component development method has
been applied to many commercial products and has
contributed to progress in speed and quality of elec-
trophotographic process, few analytic investigations
have been presented recently. In this paper, two-com-
ponent development method was discussed by utiliz-
ing a charge transport model in multi-semi-conduc-
tive-layer. Such a model is worthful to improve technical
knowledge from empirical know-how to analytical
understanding. Further applications are expected for
improving electrophotographic technology.
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