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Effects of high LET charged particles on a perfect in-vivo system are an essential theme for the study
of the biological effects of radiation. Germinating onion seeds are independent complete organisms and
the radiation induced micronuclei in the root chip cells can be examined quantitatively and theoretically.
We irradiated with three types of high energy accelerated heavy ions germinating onion seeds using a syn-
chrotron and observed micronuclei in the root tip cells. Micronuclei induction showed characteristic dose
responses of an upward convex bell shape and a steep rise near zero doses for all types of the ions. The
bell curve dose responses, however, could be explained by a simple mathematical model. A parameter in
the model which indicates micronuclei induction frequency and another parameter which indicates induc-
tion frequency of lethal damages (or damages delaying cell divisions) per heavy ion track were both pro-
portional to square of the LET. Because we suspected by-stander effect concerning the dose responses
rising steeply near zero doses and tapering off for higher doses, we tested acute irradiation to remove time
of information transmittance between cells using a single spill (about 0.3 s) of the synchrotron beam. No

difference was detected between normal multiple spill irradiations and single spill.

INTRODUCTION

Experimental investigations and theoretical studies of the
biological effects of radiation dependent on radiation quality
have continued from 1920 to date."™ Theoretical consider-
ations of the spatial distribution of ionization are required to
discuss the radiation quality dependences, because radiation
quality is characterized by distribution. The main factor in
radiation quality discussions is linear energy transfer (LET).
Fine track structures not to be reflected in LET values may
possibly alter radiation effects, but the influences are not as
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clear as LET.

Most subjects investigated are restricted to reproductive
deaths of irradiated cultured mammalian cells and chromo-
some aberrations of in vitro irradiated human peripheral
blood lymphocytes. Reports for other subjects are few.'*'?
Many experiments indicated that the frequency of lethal
damage or chromosome aberrations of a cell per primary
charged particle crossing the nucleus was proportional to the
square of LET,"*' and a few experiments indicated that
some effects like eye color mosaic spots of drosophila were
almost solely dependent on the absorbed doses.'"

Ionization is mainly caused by the Coulomb force
between secondary electrons of the radiations and orbital
electrons of atoms composing tissue. The energy distribution
of the secondary electrons is mainly related to the velocity
of the primary particles and not related to LET. Therefore,
the LET difference itself should not impact the primary
physical events. The main cause of the LET dependences is
related to the spatial distribution of the primary radiation
products. Many chemical reactions are suppressed with high
LET because of depletions of the solutes reacting to the pri-
mary radiation products.'® The proportionality to the square
of the LET of the induction of chromosome aberrations can
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be explained from the intuitive idea that exchange type chro-
mosome aberrations may be generated from the interaction
of two DNA damages. These aberrations can explain the
reproductive death because cells having chromosome aber-
rations are thought to cause reproductive death. Models
based on sublesion interactions which are represented by the
theory of dual radiation action were supported by this idea,
though the idea is not wholly accepted. Goodhead et al.
strongly protested the idea."” The interpretation of LET
dependence has not yet been established. Recently, unrelated
to macroscopic and abstract theories, investigations by com-
puter simulations of molecular level radiation action are
being attempted.”

The amount of ionization by radiation is approximately
proportional to the absorbed dose. Therefore, the effects
dependent on the absorbed dose are conceivably dependent
on the amount of the primary radiation product.

If the concept of sublesion interactions is true and the
actual object corresponding to the sublesion is some radia-
tion induced biological macroscopic complex, it would be
difficult to clearly identify the mechanism by means of
molecular level investigations because LET dependence is
not the result of the difference in primary chemical products.
To find the mechanism of LET dependence, we propose
examining LET dependent final biological effects and theo-
retical constructions to explain these effects. To this end, we
have examined the induction of micronuclei into root tip
cells of irradiated germinating onion seeds, which are known
as an excellent biological dosimeter'” and an independent
complete organism different from cultured cells.

MATERIALS AND METHODS

Onion seedlings

Onion (Allium cepa L.) seeds of the variety OK Yellow
(Takii Seed Co., Kyoto, Japan) were seeded on two sheets
of filter paper, (Qualitative Filter Paper No. 2, TOYO ROSHI
KAISHA,. Tokyo, Japan) laid in a 90 x 20 mm sterilized
plastic dish (SH90-20, Asahi Techno Glass Co., Tokyo,
Japan) and soaked with distilled water. The seeds were
maintained at about 23°C for 48 hours (some fluctuations of
the temperature were inevitable because of transportation
condition between laboratories). Twenty germinating seed-
lings were transferred onto the inside back of the plastic
covers of 35 X 13 mm sterilized plastic dishes (Nunclon
DELTA 153066, Nunc A/S, Roskilde, Denmark). The plastic
covers with the seeds were put on the dishes filled with Kim
Wipe soaked with distilled water. The seedlings in the cov-
ered dishes then were irradiated with heavy ions across the
cover.

Irradiation
Neon, Silicon, and Argon ions accelerated by a HIMAC
synchrotron at the National Institute of Radiological Sci-

ences—Heavy-ion Medical Accelerator in Chiba (NIRS-
HIMAC) at up to 400, 490 and 500 MeV/u respectively were
irradiated. The average linear energy transfer (LET) per
track was about 31, 55 and 85 keV/um respectively. The ions
were selected because the LET values are appropriately dif-
ferent from each other. The size of the collimation was set
to 60 mm X oo (width X height).

The LET’s were calculated by fitting theoretical Bragg
peak curves to the beam monitor values of the ion beams
after passing through various absorbers. The absorbed doses
were determined from the values of the beam monitors
placed upstream using the relationship between the absorbed
doses at the sample position and the values of the beam
monitors measured in advance. Details of the irradiation sys-
tem of NIRS-HIMAC were reported by Torikoshi et. al.'”
a. Low absorbed dose single spill exposure and multiple

spill exposure to seedlings

Each ion spill comes every 3.3 s. The time length of the
spill is about 0.3 s. We exposed the seedlings to the low
absorbed dose single ion spill (SS) and compared the effects
to that of almost same low absorbed dose multiple spill (50—
100) exposure (MS). The SS exposure was performed by
manipulating a beam switch while watching the output on a
beam monitor.

b. Normal absorbed dose multiple spill exposure to seedlings

Larger than 50 spills exposure.

Micronucleus assay

Irradiated seedlings were cultured at about 23°C for 18 h.
The seedlings were fixed, macerated, and stained for 25 min-
utes with a solution containing acetic dahlia and 1 N HCI at
a volume ratio of 7:3. Acetic dahlia was prepared by dissolv-
ing a 0.5 g dahlia violet (Wako Pure Chemical Industries,
Ltd., Osaka, Japan) into 100 ml of 30 % acetic acid. The
seedlings were washed briefly three times with purified
water and the remaining water was soaked out on filter
paper. About 1 mm of each root tip was placed onto a slide
glass, with a drop of 50 % glycerin, slide cover placed, and
the tip was squeezed by tapping on the cover glass. The
cover glass was sealed with melted paraffin. Micronuclei
were scored with a microscope with a magnification of 400x.

RESULTS

Table 1 is a summary of the data. Fig. 1 is the frequency
of micronuclei per cell plotted against the absorbed dose.
The data fluctuations and data for the three ions overlap each
other. However the data of the same absorbed dose show a
tendency to line up in increasing order of LET from the bot-
tom at the low absorbed dose region and in the decreasing
order at high absorbed dose region. Figure 2 presents the
same data plotted against the mean number of heavy ions
crossing a nucleus. Figure 3 is the low mean number data of
Fig. 2. These figures enable us to compare the effects of the
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Summary of micronuclei data in root tip cells of germinating onion seeds irradiated with neon, silicon and argon ions.
SS: Single spill exposure. MS: Multiple spill exposure. “Ions per nucleus” indicates mean number of the heavy ions crossing a
nucleus. Series of experiments are divided with horizontal spaces. Relative variance is variance of the distribution divided by the
average. This variance is an index of the dispersion. If the distribution is a Poissonian, the relative variance becomes unity. “+”
which indicates the standard error expected from the experimental distribution.

Radiation Dose  lonsper  No.of No. of Micronuclei Average per cell Relative
(Gy) Nucleus Cells 0 1 2 3 4 5 Variance
Control 0.000 0.00 14874 14818 54 2 0 0 0 (390 +0.53 )x107°  1.065+0.144
Ne "SS U005 T 09707 T 6331 T6iss 127 15 4 "0 70 T (267 x023)x107  1293+0.112
0.034 0.650 6002 5850 128 23 1 0 0 (295 £025)x102  1.264+0.105
'MS 0052 098 3481 3390 8 6 0 0 0 (279 £030)x107  1.096+0.115
0.032 0.622 6458 6292 143 22 1 0 0 (294 £024 )x102  1.23440.098
0.050 0.958 1037 1006 30 1 0 0 0 (3.09 £0.55)x102  1.03340.182
0.100 1.93 1140 1075 63 2 0 0 0 (5.88 +0.72 )x 102 1.002+0.119
0.300 5.75 1024 870 135 18 1 0 0 (1.699 +0.133) x 10! 1.073+0.077
0.500 9.58 1031 833 152 41 5 0 0 (2.415 0.168) x 10~ 1.209 +0.075
0.800 1533 1075 788 221 61 5 0 0 (3.3300.184) x 10! 1.093 +0.050
1200 230 1066 762 190 98 13 3 0 (4.10 £0.22 )x 10" 1.301 +0.059
0.300 575 1192 1048 123 18 2 1 0 (1.418 £ 0.120) x 10! 1.214+0.097
0.500 9.58 1336 1084 197 50 5 0 0 (2.335+0.144) x 10™! 1.184 +0.065
1.000 192 1126 857 197 54 16 2 0 (3.206 +0.193) x 10! 1.312+0.069
1500 287 1092 924 103 40 18 5 2 (245 £0.20 )x 10™ 1.836+0.142
2000 383 949 776 100 51 19 2 1 (2.87 +0.22 )x 10" 1.671+0.119
0.500 9.58 1074 867 159 43 4 1 0 (2.430+0.167) x 10™! 1.226+0.075
1.000 192 1038 840 128 61 9 0 0 (2.669 £ 0.188) x 10! 1.370+ 0.086
1500 287 916 721 114 63 13 3 2 (329 +0.24 )x 107 1.603+0.104
'SiSS 0077 0827 6601 5664 239 23 0 1 0 7438 028)x107 T 1.153+0.071
0.074 0.795 5495 5224 236 31 4 0 0 (5.64 £035)x102  1.221+0.075
‘MS 0077 0829 6132 5803 293 36 0 0 0 (595 £033)x102  1.138+0.062
0.070 0.757 6190 5880 264 31 6 0 0 (5.56 +033 )x102  1.230+0.072
0.500 5.39 1262 955 197 80 19 10 1 (3.64 +0.21 )x 10" 1.539+0.078
1.000 108 1087 806 155 91 22 13 0 (4.19 £0.25 )x 10" 1.616+0.083
1500 162 945 733 121 50 25 13 3 (3.84 +0.28 )x 10" 1.902+0.123
0.300 3.24 1459 1247 175 36 1 0 0 (1.71140.116) x 10™! 1.141+0.071
0.500 5.39 1149 901 181 55 8 4 0 (2.881+0.183) x 10™! 1.335+0.075
1.000 108 1075 840 138 65 23 7 2 (349 +0.23 )x 10" 1.698 +0.101
1500 162 1005 848 88 46 17 5 1 (2.55 +0.21 )x 10" 1.817+0.142
2000  21.6 901 817 42 26 11 2 3 (1.66 020 )x 10" 2.18 £0.25
TAr SS 0136 0952 5306 4662 529 98 16 1 0 (1464£0.059)x 107 1245+£0.047
0.135 0.939 6487 5701 633 121 29 0 0 (1.483 +0.054) x 10! 1.284 +0.044
'MS 0146 102 5303 4753 459 75 15 1 0 (1241£0054)x 107 125940052
0.135 0.945 5835 5150 550 106 28 0 1 (1.458 +0.058) x 10! 1.324 +0.049
0.050 0.349 842 799 36 7 0 0 0 (5.94 093 )x102  1.222+0.186
0.100 0.698 900 798 91 11 0 0 0 (1.256 £ 0.122) x 10~ 1.070 + 0.098
0.300 2.09 704 593 80 22 8 1 0 (2.16 +0.21 )x 10" 1.470+0.134
0.500 3.49 759 556 143 42 15 3 0 (374 +0.26 )x 10" 1367+ 0.081
0.500 3.49 915 696 142 58 18 1 0 (345 +0.23 )x 10" 1.403 +0.081
1.000 6.98 948 804 91 38 13 2 0 (2.257 +0.196) x 10™! 1.608 +0.129
1500 105 846 800 18 17 8 2 1 (1.052+0.170)x 10" 231 +0.36
0.300 2.09 1105 911 139 39 7 8 1 (2.489 £ 0.190) x 10! 1.611+0.113
0.500 3.49 1112 927 129 42 12 2 0 (2.311£0.175) x 10! 1.471+0.102
1.000 6.98 1001 800 102 59 29 10 1 (3.52 £0.26 )x 10™ 1.878+0.123
1500 105 833 739 47 30 13 3 1 (196 £022 )x10"  2.00 +0.21
2000  14.0 867 827 27 7 4 0 2 (727 £135)x102  2.17 £0.40
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Fig. 1. Frequency of micronuclei per cell plotted against the
absorbed dose. Round symbols indicate multiple spill irradiation
and square symbols indicate single spill irradiation. Curves repre-
sent Eq. (2) with parameters in Table 2.
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Fig. 2. Frequency of micronuclei per cell plotted against the mean
number of ions crossing a cell nucleus. Round symbols indicate
multiple spill irradiation and square symbols indicate single spill
irradiation. Curves represent Eq. (2) with parameters in Table 2.
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Fig.3. Low mean number data of Fig. 2.

same numbers of the heavy ions and the difference is clear.
The mean number was converted from the absorbed dose
using following relationships:

pD = L® (M
m=A® 2

where p is tissue density, D is absorbed dose, L is track
average LET, @ is fluence, m is mean number of the parti-
cles crossing a nucleus, and A is cross section of the cell
nucleus. p is assumed 1 g/cm’, and A is assumed 95 pm?
((5.5 um)* x 1) because the diameter of nucleus measured
by a microscope is about 11 um.

Figure 4 is the plot of relative variance (variance divided
by mean) of the micronucleus distribution. Figure 5 is the
low mean number data of Fig. 4. Relative variance is a factor
of a probability distribution which is the most important fac-
tor distinguishing the character of intercellular distribution
of chromosome aberrations.'®

DISCUSSION

First, we found absorbed dose dependence of the micro-
nucleus induction to steeply rise near zero absorbed doses
and gradually becoming gentler with increasing absorbed
doses in the low absorbed dose region as seen in Fig. 1. We
suspected by-stander effects for the absorbed dose depen-
dence. If some information is transmitted from the irradiated
cells to the non irradiated cell nucleus and the information
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Fig. 4. Relative variance of the intercellular distribution of
micronuclei plotted against mean number of ions crossing a cell
nucleus. Round symbols indicate multiple spill irradiation and
square symbols indicate single spill irradiation. Curves represent
Eq. (3) with parameters in Table 2.
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Fig.5. Low mean number data of Fig. 4.

enhances the radiation effect of the non irradiated cell nucle-
us when the cell nucleus is irradiated first, larger absorbed
dose effects may appear at the low absorbed dose region.
Therefore, to detect the time of the information transmit-
tance, we exposed low absorbed doses of the ions for a very
short period (0.3 s) using the property of the accelerator and
compared the results to the normal prolonged exposures. But
no differences were found as seen in Fig. 3 and Fig. 5.

With experiments of higher absorbed doses, we found the
bell shaped absorbed dose-effect curve as seen in Fig. 1. The
shape of the low absorbed dose region looked like only a
part of the bell shape. Therefore, we constructed a theoreti-
cal model which can explain the bell shaped radiation
dependence. The details are described in the Appendix.

The lines of Fig. 1, Fig. 2 and Fig. 3 are the theoretical
curves of the frequency of micronuclei per cell as a function
of m (A-16 of Appendix):

—Rm(1-5)

(m) amSe (3)

= 14 g Rm=5)"

where a is the frequency of micronuclei generated in a cell
per heavy ion crossing the cell nucleus, S is the surviving
rate of a cell hit by a heavy ion and R is the ratio of the cross
section of “inactivation target”, the region which has a pos-
sibility of inactivation with heavy ions crossing, to the nucle-
ar cross section. If some cells are inactivated by heavy ions
crossing only the cytoplasm, the optimal value of the inac-
tivation target size would be larger than the nuclear cross
section (R > 1). For deduction of the equation (3), refer to
the deduction of equation (A-16) in the Appendix.

The lines of Fig. 4 and Fig. 5 are theoretical curves of rel-
ative variance:

) _
(&) a
(see (A-19) of appendix).

The values R, S and a in expressions (3) and (4) were

obtained minimizing the sum of  for the experimental data
2
. (o} ..
and the theoretical value of u and — on the condition that

R is same for all three ions. The values are summarized in
Table 2. The standard errors of the parameters were estimated
from the changes of x> when the parameters deviated from
the minimum point of .

Table 2. R, a and S in Egs. (3) and (4) fitted to experimental
data with minimizing %% R was determined commonly. a and S
were determined for each of the ions.

R 1.32+0.45

Kind of Ion (LET) Ne (31 keV/um) Si (55 keV/um) Ar (85 keV/um)

a 0.0576 £0.0015 0.153+£0.0057  0.377 £0.029

N 0.963 £0.012  0.910+0.029 0.788 £ 0.067
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The values a and S for different types of heavy ions are
plotted against LET as Fig. 6 and 7. The curves of Fig. 6 and
Fig. 7 are a = apl* and S = exp (~boL?) respectively with
ao = (5.596 £ 0.114) x 10~ um*keV? and by = (3.39 £ 0.67)
x 10~ um*keV? obtained from regression analyses.

Equations (3) and (4) correctly explain the experiments as

0.5 T T T T T T T T

0.4

0.3

0.2

Micronuclei /lon

0.1

| | | | | | |
0 10 20 30 40 50 60 70 80 90
LET (keV/um)

Fig. 6. Induction rate of micronuclei (Value a) of Eq. (3) and (4)
fitted to experimental data of Neon, Silicon, and Argon ions plotted
against LET.

Fraction Surviving from the Direct Death

0.7 ! ! ! ! ! ! ! !
0 10 20 30 40 50 60 70 80 90

LET (keV/um)

Fig. 7. Fraction surviving from direct death(Value S) of Eq. (3)
and (4) fitted to experimental data of Neon, Silicon, and Argon ions
plotted against LET.

seen in Fig. 1, Fig. 2 and Fig. 4, and the values a and S fol-
low the equations a = aoL* and S = exp (—boL?) well as seen
in Fig. 6 and Fig. 7.

These equations suggest that the frequencies of damage
per track of primary charged particle generating micronuclei
and cell death are both proportional to the square of the LET.
These proportions also agree with the general assumption of
sublesion interaction models such as the theory of dual radi-
ation action.>”

Cell death and division delay should give the same results
within the framework of the model. Onion seedlings are very
resistant to radiation. They do not wither with 2-3 Gy of
radiation. Therefore most of the lethal damage in the model
may very likely be damage by delaying cell divisions. How-
ever this is a problem to be solved in the future.

Previous reports for micronuclei induction show dose
responses almost linear or slightly bending.'®"*'*2” Howev-
er, the maximum frequencies of micronuclei are smaller in
the previous reports than our report. These previous reports’
dose responses are possibly the reason causing the conspic-
uous bend in the higher absorbed doses. Therefore, it may
be possible to apply the mathematical model to these exper-
imental systems.
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APPENDIX

Deduction of probability distribution

When k charged particles randomly hit an inactivation
target in a cell including the cell nucleus area larger than the
nucleus, the probability that / charged particles will hit the
cell nucleus in the target follows a binomial distribution;

(];]U’(l—U)“,

where U is the proportion of the nuclear cross section to that
of the inactivation target.

Let p (A, x) denote a Poisson distribution of the mean value
A and random variable x. Assuming the probability that x
micronuclei are generated in a cell whose nucleus is hit by /
particles to be p (la, x) and surviving rate of the cell hit by k
charged particles to be S* (S < 1), the proportion of cells that
live and x micronuclei that are generated irrespective of [ is:

(A-1)

k

pk(x>=sk2[f]U‘(l—v)k"p(w.

=0

(A-2)

When mean number of the particles hitting a nucleus is m, the
mean number hitting the inactivation target is Rm (R = %).

Therefore, probability of k hits to the inactivation target is
p (Rm, k), and the probability that x micronuclei are gener-
ated irrespective of k is

p(x)zip(Rm,k)pk(x). (A-3)
Surviving ];:e(t)te of a cell irrespective of k is
S, = p(Rm k)S* =0 (A-3)
k=0
and the rate of killing is
K=1-8,=1-¢" "%, (A-4)

Let N denote the total number of cells. The average number
of cells surviving and generating x micronuclei is

oo

Np(x)=N3 p(Rm.k)p,(x).

k=0
The micronuclei become visible after a cell division. If the
micronuclei are distributed randomly, the probability that the
x1 micronuclei are distributed to one divided cell and (x — x;)
micronuclei are distributed to another divided cell is an bino-
mial distribution

LY(x
2 ) x )
Because the both divided cells follow the probability, the

average number of cells that are divided from cells that have
x micronuclei and that have x; micronuclei is

)

(A-5)

(A-6)

(A-T)
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The average number of cells that have x; micronuclei irre-
spective of x is

x=x; k=0 X
Rm —RmSk
x=x) k=0
k (1 X x
3K U'(1_U)k’(“) sof 1 x!
Si(k-1)! x! 2 ) x(x=x)!

lﬁ X
v'a-u)" |2 .

Nk=1)! x!(x—x)!

=2N i ikakefR'”Sk zk:

x=x) k=0 1=0

Substituting y for x — xy;

(5] (3
2 ) vivy 2
2N22R mke_RmSkZ U (1 U)' —la

y=0 k=0 x,!

NS R Hmsz 2) U’((I—U)k"e_,ai(l;')y

k=0 )' y=0 y!
a)
oo ) k 2 UI la
— ZNZkake—RmSkz —Iaez
k=0 1=0

a) (Ue J 1— )
oo k 2
— ZNZ kakemeSkz
k=0 =0
a U
Ue? |[(1—u) " (la
(1-U)" (2)

n(k-1)! X!

(A-9)

:2Nii - | " (I;J (Rms)ke*k’"

n(k-1)! x!

ve 1(1—U)-’ la)’
F(x1)=2Nii( J (2‘) (Rm S)’H —Rm

s (1) ()

1=0 I x! j=0 J!

(A-10)

Average number of dead cells is
NK =N(1-¢"""). (A-11)

Average total number of live cells is

§F<x>—

(A-12)
Average total number of living and dead cells from (A-11)
and (A-12)

N,= N(l_e—Rm(l—S))+2Ne—Rm(]—S)

=N(1e ™), (A-13)

The number of cells which have no micronuclei is sum of
the number of live cells which have no micronuclei and dead
cells, and the proportion is from (A-10) and (A-13),

N(1=e ")+ F(0)

N (e )

P (0):

(mSe : J
N(l — g Rm(1-5) ) + o N " RARD)S) iT
=0 .
Wive™)

a

N(l _ k(=) ) " 2]\]6;'“(1**(1?*1)S)emsf_E
- N(1+e 1)
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a
| R-14e 2 |5
_ o Fm(1-8)

—Rm(1-5)

m[R
_1+2e

1+e (A-14)

The proportion of cells which have x micronuclei of x > 1 is

/
(x) (a1 U (ms)l
F(x 2 MV 2 had
_ z .

N(l_i_eme(lfs)) 14+ e =5y por n

(A-15)

pa(x)=

Deduction of average
Average number of the micronuclei per cell, |, is the

mean of the probability distribution p (x), and

uzgl,xl’/a(x)

[
al mSe 2 | 1"
- —m(R—(R—])S) 2 o
"2 2y

Lo Fn=S) P T
a x—1
mSe 2 [al
e RHES) & al &\ 2
T e 2 1 5;(;:—1)!
a !
mSe 2
2e -m(R~(R-1)S i ile%]
L4 RS I 2
ze—m(R—(R—])S) 4 (mS)l

I 5;(1—1)!

-m(R-(R-1)S) o (mS)H

“ (1-1)!

—m(R—(R—I)S)emS

amSe
1+e

—Rm(1-S)

_amSe
1+e

—Rm(1-S
amSe” "=

= 14 ¢ Fm(1=5)

—Rm(1-S)
(A-16)

Deduction of second-order factorial moment
Second-order factorial moment of pa (x) is
My = ZX(X— l)pA (x)

o 1] )

l
1+e*m(l S) NE

1+e

—m(R~(R-1)S) 2 - -2 - I-1
2e a 2 & (mS) (mS)
aze—m(R—(R—l)S)ems
aZg*Rm(FS)

((mS)2+mS)

mS(mS+1) (A-17)

= 2 40 Fm(1=S)

Deduction of relative variance
Variance can be deduced from second-order factorial

moment and mean as follows:

o’ =(x—p)’
=x(x—l)—(2u—l)x+u2
= — (20 -1)p+p’
=My H2+u

Therefore from (A-17) and (A-16),

s (e P et
a amSe ®"1S) ( gmSe " (S) ] amSe *"17)
—Rm(1-5) ~Rm(1-5)
%[;(m8+1) %+1J s
From (A-16)
fzz(mS+1)—%+l . (A-19)
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