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SECTION 1
INTRODUCTION

During the past 10 years or so several computational models have
been developed to calculate the electromagnetic pulse (EMP) produced by a

1=5  More recently similar numerical

nuclear surface burst detonation
techniques have been employed to predict the internal electromagnetic pulse
(IEMP) generated during flash X-ray experiments in the HIFX and Aurora

facilities®~?%, and to predict the system-generated EMP (SGEMP) produced in

the close-in coupling region of a surface or near-surface detonation!®~!2,

In all of these numerical models the driving source for the
electromagnetic fields are high-energy photons which have been produced
directly in the device material or created by inelastic scattering or
capture of high-energy neutrons in the surrounding air and ground material.
These photons in turn will produce an electron current density in the air
through Compton scattering, and the Compton electrons through collisions

with air molecules will ionize the air forming a conducting plasma.

At sea level the electron-neutral and ion-neutral collision fre-
quencies are approximately 1.7 x 1011 and 8.4 x 109 sec_l, respectively!?,
and given that the maximum EMP frequencies of interest are of the order of
a few hundred megahertz and below, it is reasonable to treat the air
conductivity as Ohmic in nature. Therefore all of the computational models
which predict the surface-burst EMP calculate the air conductivity with

a form of the equation
o=qun, +un_+unj, | (1)
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where 0 is the air conductivity in mhos/cm, Hgs H_s and U, _ are the electron
and ion mobilities in [(cm/sec)/(v/cm)], n,, n_, and n,_ are the electron and
ion densities in cm 3, and q is the charge of an electron (1.6 x 10 =19 coul).
The functional dependences of these quantities will be discussed later in

this report.

0f the quantities in Equation 1, only the electron mobility has

been given a great deal of attention, and its precise variation for the range
of air densities, water vapor fractions and electric fields of interest to
the calculation of EMP has been the subject of continued discussion'*:!%.
The other quantities, in particular the electron and ion densities, have
been calculated in the past by assuming that the appropriate air chemistry
reactions could be modeled satisfactorily with three species (electrons,
positive ions and negative ions). The reaction rates assumed in each of

the air chemistry equations were then chosen by each EMP calculator based

upon what were thought to be the dominant reactions taking place. Because
of apparent differences in the selection of these "lumped" coeff1c1ents and
due to the recent extension of EMP calculations to later times (t > 10 sec),
it is appropriate to investigate the accuracy of the three species air

chemistry treatment for sea level air density conditions.

,
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SECTION 2
DISCUSSION OF THE THREE SPECIES TREATMENT

The three-species air-chemistry treatment as employed in the

solution of sea-level EMP takes the form of the following differential

equations:

dn, (t) 4 .
3o+ [Bn (t) + o (JE@®)]) - GUE®I)In (t) = Q(t) , (2)

dn (t) 5
—3r— + [, (OIn_(t) = o (JE®) Dn (1) (3)
dn+(t)
—5—+ [Bn (©) + yn_(£)In () = Q&) + G(IE@)ny(8) , (4
n (t) =n (t) +n_(t) , (5)

where B is the lumped electron-ion recombinatioﬁ coefficient [cms/sec], Y
is the lumped ion-ion neutralization coefficient [cms/sec], R is the
lumped electron attachment rate [sec_l] as a function of electric field,
G is the avalanche rate [secﬁl] (a}so a function of electric field), and

. .. . . R 3
Q is the ionization rate [ion pairs/cm™ - sec].

Upon examination of Equations 2 through 5 it can be noted that
only Equations 2, 3 and 5 are necessary to obtain a complete solution. It
is also apparent why those in the EMP community have desired to simplify
the solution of the air chemistry equations. The presence of the electric
field dependence in the attachment and avalanche rates requires a simultaneous
solution of these equations with the solution of Maxwell's field equations

at every position where the ionization rate varies. Fortunately, the

7



primary spatial variation in the ionization rate is related to the absorption
mean free path of energetic photons (>1 MeV) in sea-level air which is
several hundred meters, thereby allowing spatial charge transport terms in

Equations 2 through 5 to be ignored.”

In order to solve for the electron and ion densities, it is neces-
sary to specify the lumped parameter coefficients and rates. As many
organizations performing EMP calculations employ slightly different rates,
the remaining discussion will apply to those values used in the EMP computer
codes at Mission Research Corporation; the conclusions obtained from this

analysis, however, should be applicable to all EMP environment codes.

The attachment rate ae and the avalanche rate G as functions of
the electric field were curve fit by Longmire!®, and for sea-level conditions

are stated as follows:

10 5
-1 1.09 x 10 8 7.5 x 10
o [secl] = 208 X105 3 x 10 exp(— )(6)
e VIE] + 3000 EL +3
-1, 5.7 x 10%° |E]
G[sec ]=_._§Z_5- > Y = 5 ° ) (7
1+ 0.3y 3 x 10
where E is the electric field in volts/meter. Longmire employed the two-
and three-body electron attachment data of Chanin, Phelps, and Biondi!’? for

dry air and the drift velocity data of Phelps'® to obtain Equation 6.
Equation 7 was also derived by folding the first ionization coefficients
in various gases'®>2? with the dependence of the electron drift velocity

versus electric field.

* Even in the case of photon simulators where the ionizing flux may vary
significantly over 1 meter, the path length of a conduction electron
under pulsed electric field conditions is of the order of centimeters at
sea level air density.



The electron-ion recombination and the ion-ion recombination

7 cms/sec and Y = 2.3 x 1076

coefficients were specified as B= 2.5 x 10~ cm>/sec
(Reference 4). The former coefficient is representative of the primary dis-

sociative recombination reaction

0;+e+0+0, (8)

as the positive-ion charge transfer reaction

+ +
N2 + 02 - Ny+ 02 » (9)
occurs at a rate of approximately 7 x 10 sec at sea-level air density,

thereby quickly depleting the N; which was formed during the ionization
process. The ion-ion recombination coefficient was chosen to represent the

sum of the two- and three-body neutralization rates involving the 05 ion

at sea level.

Given these air chemistry coefficients apd reaction rates and an
jonization rate Q as a function of time, Equation572, 3 and 5 may be solved
using finite difference techniques; this is accomplished by iterating be-
tween the calculation of the electron and ion densities (which yields an
air conductivity through Equation 1) and the solution of Maxwell's field
equations (which determines the electric field). It is now possible to
examine the accuracy of this treatment by performing a comparative study
between the given three species air chemistry model and calculations per-

formed by a more complete reaction rate computer code.




SECTION 3
THE DCHEM REACTION RATE CODE

The DCHEM computer code was developed primarily to aid in the
determination of the chemical response of the atmosphere to nuclear
detonations within and above the atmosphere??. For a specified set of
atmospheric constituents and conditions (pressure, temperature, density,
and ionization rates), the DCHEM code solves a predetermined number of
reaction rate equations as a function of time. The rate coefficients for
each reaction are specified in the code and are updated continually based

upon state-of-the-art improvements in reaction rate research.

In order to perform a comparison with the DCHEM code, the author
felt it was necessary to eliminate the EMP electric field as a
parameter in the study. This would hopefully minimize the complexity of
the analysis but would still test the accuracy of the three species treat-
ment under low electric field conditions. This assumption reduces the
attachment rate in Equation 6 to a constant and the avalanche rate in Equation
7 to an insignificant value. The ionization rate for this study was

specified as

cm3 + sec t0 + t2

with ty = 10_8 seconds and ka the input maximum ionization rate (at t = t

Q ion pairs] - ngktot (10)

0)'
At times t << tO’ Q is proportional to t, while for t >> tO’ Q decays as t~

Although this precise time dependence is not necessarily characteristic of

10
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any specific ionization rate, it will adequately serve the purposes of this

study.

The input parameters for the DCHEM calculations are listed in
Table 1. At the time of this effort*DCHEM modeled 53 species (1 electron,
24 molecular species, 19 positive ions and 9 negative ions) and solved 371
reaction rate equations. The details of these reactions are contained in

the appendix for the reader's interest.

* The DCHEM calculations to be shown in this report were performed in May

1974. Additional calculations were run in May 1975 with a completely
updated set of species and reaction rates, however, no changes in the
electron and total positive and negative ion densities were observed.

11




Table 1. Input parameters for the DCHEM code.

Atmospheric density
(excluding water vapor), o

Atmospheric temperature, T
Atmospheric pressure, P

Constituent densities: N2

0,

€0,

03

2.5 x 1012

293°K

759 mm Hg

1.97 x 10'°

5.25 x 1018

7.5 x 1012

1.25 x 103

1.5 x 1011

5.0 x 100

*

LTI
H,0

* The water vapor fraction (fH 0) was initially set as a constant,
however , results of this study indicated that in fact it was an

jmportant parameter (see the following section).

mo‘lecu]es/cm3

molecules/cm
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SECTION 4
RESULTS

In order to perform a consistent comparison between the three
species and multi-species solutions of air chemistry, it was necessary (as
mentioned in the previous section) to eliminate the known electric field
dependence in the electron attachment rate and the possible dependence in
other reaction rates. This assumption (E = 0) reduces the value of ae in
Equation 6 to 1.99 x 108 sec_l. However, because Equation 6 was fit on the

basis of data'® for electric fields greater than 3000 v/m, the author has

chosen instead a value of 1.0 x 108 sec-1 for the zero field attachment rate
based upon the work of Vittitoe??. The three species equations to be solved
here become: B
dne(t)
—— * [Bn, () + o In () = Q(v) , (1)
dn_(t)
— [Yn+(t)]ﬁ_(t) = ogng(t) » (12)
n,=n,+n_, (13)

with o = 10° sec™, 8 = 2.5 x 1077 en®/sec, v = 2.3 x 107® en®/sec and Q(t)

defined in Equation 10.

Figure 1 illustrates the time variation of each of the three

19 and 1022 ion pairs/cm3 © sec

species for peak ionization rates between 10
as calculated numerically with finite difference techniques. As expected
from Equation 11, the electron density rises proportionally to tz, decays

1, and scales directly with the peak ionization rate. The negative ion

13
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1/2

density rises as t3 and decays as t at later times. At early times the
magnitude of n_ varies proportionally to the peak ionization rate and at

late times to the square root of the ionization rate. The positive ion density
is the sum of the electron and negative ion densities and therefore follows

the predominating time dependence at early and late times.

Of special interest in Figure 1 is the relationship between the ion
densities and the electron densities at late times. As shown in Equation 1
each of the three species contributes to the air conductivity; because the

zero electric field, dry air electron mobility is roughly 104 times larger

than each of the appropriate ion mobilities, ions do not contribute significantly

until the time when the sum of their densities is approximately 104 times
larger than the electron density. Upon examination of Figure 1 it is noted
that this time occurs earliest for the smallest peak air ionization rate and
latest for the largest ionization rate. The exact times that the ion con-
ductivity becomes dominant is, however, a function of the specific time
behavior of the ionization rate employed, in addition to the peak value of

that rate. -

A similar set of calulations was performed with the DCHEM code as
described in the last section. In addition to the parameters specified in
Table 1, the water vapor fraction was set at 0.0l1. The results of these
calculations were summed to the form n_, n_, and n  and are presented in
Figure 2; the curves are remarkably similar to those in Figure 1. Upon
close examination, however, the peak values of the electron densities are

no longer directly proportional to the peak ionization rate.

In order to compare these curves more easily, Figure 3 presents
the results of the highest ionization rate case. At times later than 10_4
seconds, the reaction rate code illustrates slightly higher densities for
both electrons and ions indicating that the effective attachment rate and

ion neutralization coefficient must be slightly smaller than those assumed

15
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in the three species code. The lower attachment rate is also exhibited
through a smaller negative ion density at early times. Unfortunately the
electron density predicted by the DCHEM code near the peak disagrees by

roughly a factor of two.

After an examination of the dominate reaction rates in DCHEM,
it was noted that the presence of water vapor was the likely contributor to
the difference observed. Therefore two additional DCHEM calculations were
made for water vapor fractions of 0.001 and 0.06 (equivalent to 100 percent
relative humidity at approximately -20 and 36°C, respectively?"). Although
it is possible to achieve a smaller water vapor fraction through a decrease in
the relative humidity, these values along with the 0.01 already specified

should provide a reasonable range of values.

Figure 4 illustrates a comparison of the predicted electron densities

from the water vapor dependent DCHEM results and the appropriate three

19 ana 10%2 ion pairs/cm3

species calculations for peak ionization rates of 10
sec. At the lower ionization rate all of the results appear to be related
by a constant factor after the peak, and the three species calculation is
straddled by the other predictions. However, in the high flux case this
linearity appears to hold only at later times. Near the peak the three
species treatment is as much as 3.5 times larger than the 0.06 water vapor
fraction case. It is apparent that the effective electron attachment rate
(ae) and electron-ion recombination coefficient (B) as employed in the

three species equations (11-13) are both functions of the water vapor fraction.

To determine the attachment rate variation, the relevant DCHEM

reactions were examined and are listed in Table 2 with their appropriate
rate coefficients. All of the rates shown are in agreement with those in the

DNA reaction rate handbook?!.

18
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Table 2. Three-body attachment reactions and
rate coefficients.

Reaction Rate Coefficient EEE
sec
0, +e+0,>0;+0, 1.4 x 10729 (1/300) exp(-600/T)
= 1.85 x 10730 for T = 293°K
0. +e+ N, »05 +N 1.0 x 1073!
2 2 >0 t Ny :
0. + e + H,0 > 0] + H0 1.4 x 10729
2 20 > 0y + H, .

In order to calculate a sea-level reaction rate, the input para-

meters from Table 1 are substituted into the following equation

o (sec-]y = 1.85x 10730 )% +1.0x1073 N, N +1.4x10° %N N,
e 0, 0,'N, 0, H,0

(14)

where N02, NNZ’ and NH20 are the molecular densities in cm_; of 02, N2 and

H20; this results in

o (sec’ly = 6.133 x 107 + 1.838 x 10°£, 4 - (15)
e H20

Table 3 lists the effective attachment rates for the three selected

water vapor fractions as determined by Equation 15. Upon reexamination of
Figure 4 at times after the peak in the low flux case and for t > 10-4
seconds in the high flux case, the magnitude of the electron density is
inversely proportional to the attachment rate. This indicates that the

attachment reaction alone adequately describes the late-time (and low flux)

behavior of the electron density. The behavior of the peak electron density

in the high flux case is clearly not uniquely described, however, by the

attachment rate.

20
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Table 3. Effective sea-level attachment rates as a function of
water vapor content.

)
fH20 ae(sec )
0.001 6.317 x 10
0.01 7.971 x 107

8
0.06 1.716 x 10

In the three species treatment, Equation 11 contains an additional

non-linear term which may reduce the electron density in high flux cases.

c——

The reaction is loosely termed an electron-ion recombination reaction with

7 cm3/sec which is indicative

L an assumed rate coefficient of B = 2.5 x 10~
. . . . . A + .

of the dissociative recombination rate coefficient of 02 with an electron.

A survey of the important recombination coefficients in the DCHEM calcula-

tions performed here are listed in Table 4.

As the actual decay rate of electrons is determined by the product
of these coefficients and the positive ion density of interest, Table 4
alone is not sufficient to allow the selection of a more accurate value for
a lumped recombination rate coefficient. An examination of the individual

positive ion densities in DCHEM at early times, however, clearly indicates

that the 0; reaction dominates the 0; and N; reactions in the low water
vapor content case; in the higher water vapor calculations the (HZO)n . H30+

species (hydrated ions) dominate the recombination reaction. Since the
rate coefficients for these respective reactions are roughly a factor of 10
-greater than the 0; reaction, it is clear that our selection of B is not
. satisfactory. Also since the production rate of hydrated ions is a function

of water vapor content and ionization rate, the selection of a constant

P,

value for B in Equation 11 does not appear appropriate.

21
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In order to estimate a lumped recombination coefficient B, an
empirical approach was chosen. Upon examination of specific DCHEM calcula-
tions, it was possible to compute an effective electron-ion recombination

rate at each time of interest from
_— +
Bn, = 3 B;n. . (16)

Figure 5 illustrates the ratio of this quantity to the electron attachment
rate (as given in Equation 15) as a function of time for the two largest
ionization rates and the three water vapor fractions. It is apparent that
the recombination rate is a function of peak ionization rate, water vapor
fraction and time. It is also true that higher ionization rates might create
a larger impact although increased ionization is usually accompanied by
higher electric EMP fields which can directly remove energy from the high
energy Compton electrons that produce the air ionization (a self-consistent
effect). Lower ionization rates (<1021 ion pairs/cm3 - sec) will result in
the reduction of the impact of electron-ion recombination for the assumptions

made in this study.

Figure 6 describes the variation of the lumped parameter B from
Figure 5 as a function of the same variables. From this figure the dependence
on peak ionization rate is less than the corresponding time and water vapor
variations. It was possible, therefore, to roughly fit this coefficient so
that the resultant electron density calculated from a lumped parameter set
of three species equations (Equations 11-13) would closely reproduce the
solution from the multi-species code DCHEM over times of interest. This fit

is given as

7 5

B(en3/sec) = 2.0 x 1077 + 1.30 x 1070 (£, )%, an
2

for 0.001 = £H20 < 0.06.
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Using Equations 15 and 17 and further specifying y = 1.69 x 107°

cm3/sec based upon the dominant two- and three-body mutual neutralization

and recombination rate coefficients as employed in DCHEM, Equations 11-13 may
be solved again. Figure 7 illustrates a comparison of these calculations
with the DCHEM results and the previous three species treatment. The positive
and negative ion species also agree quite well and are not shown here. The
main disagreement in the ion species previously occurred (Figure 3) due to

the differences in the values of o and v which have now been established

for the assumptions in this study.

A final piece of information which may be extracted from the DCHEM
multi-species calculations is the specification of '"lumped-parameter' values
for the positive and negative ion mobilities. After surveying the ion con-
stituents at times later than 10_4 seconds, the major negative ion species
> %
in all cases to be composed nearly completely by hydrated ions (H20)n :

appeared to be NO;, CO and 0;. The positive ion density was found

H30+, even in the 0.001 water vapor fraction case.

Table 5 lists the mobilities of these ions in air for T = 300°K
and p = 2.5 x 1019 molecules/cm3 (scaled from Reference 21)*. Mobilities
for the larger hydrated ions are not available in Reference 21 and may be
somewhat lower than those shown in Table 5. Also the presence of hydrated
negative ions at sea level is likely, and this study did not include those
species?®. In addition the mobilities of negative hydrated ions have not
been accurately established. In spite of these difficulties, however, the
author suggests the continued use of U, =H_=2.5 {(cm/sec)/(v/em) as in the
past". Developments in the reaction rate community may indicate a better

value at some future date.

* The data in Reference 21 were collected for radio-frequency transmission
purposes (and altitudes above 60 km) and may not be entirely accurate
for our purposes here.
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Table 5. 1Ion mobilities in air for T = 300°K and
p = 2.5 x 1019 molecules/cm3.
Ion Mobility [cm/sec)/(v/cm)]
NO3 2.48
C03 2.52
CO4 2.40
04 2.40
+
H30 3.24
H,0' H,0 2.72
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SECTION 5
CONCLUSIONS

The purpose of this study was to determine whether or not the three
species air chemistry treatment as employed in EMP ground-burst codes was
adequate with respect to state-of-the-art multi-species air chemistry
solutions. Within the constraints assumed (mainly no electric field
dependence), it appears that a three species solution 1s possible given that
the proper coefficients are employed. The coefficients as assumed by MRC
in the past had the potential of overpredicting the electron density by as
much as a factor of 3.5. However, the possibility of a strong electric field

dependence may increase or decrease this potential erxor.

It is important, however, to understand that the coefficients
employed in the DCHEM code are based upon reaction rate research which re-
sults in the continual updating of the coefficients and their respective
uncertainties. For example the excellent late-time ion agreement between
the three species and multi-species treatments was afforded primarily because
DCHEM assumed the same two- and three-body neutralization rate coefficients
for 138 of the 144 ion-ion reactions. It is likely that any improvements
in these reaction rates will change the lumped parameter chosen for the
three species treatment. Also the number of species and reactions carried
in the reaction rate codes increases with time in an attempt to provide more

accurate solutions.

Based upon this effort the author recommends the following lumped
parameter coefficients as more suitable than those employed in the past for

use in the solution of ground-burst EMP:
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@ (sec ) = 6.133 x 107 + 1.838 x 10%F, . , (18)

e H20
B(cm>/sec) = 2.00 x 1077 + 1.30 x 10'5(fH 0)1/3 . (19)

2

and
3 ‘ -6

Y(cm™/sec) = 1.69 x 10 ~ , (20)

for fractions of water vapor content, 0.001 = f < 0.06.

Hy0

-The author further recommends that additional study be directed
toward the impact of electron temperature variations on the relevant reaction
rates. This could be done through the use of typical electric EMP field

( time histories in the reaction rate codes or through a thorough review of the
temperature dependence of the electron attachment and dissociative recombina-
tion coefficients.* Based upon the significant error arising in what was
thought to be a well calculated quantity (the electron density) under con-
strained conditions (no electric field dependence), further study seems
prudent. Also recent disagreements between predicted and measured EMP wave-
forms under well controlled conditions may be explained through a more

complete understanding of the EMP-related air chemistry.

* The electron attachment field dependence including the effect of water
p vapor as a third body has recently been specified by Longley and Longmire?®.

-~
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APPENDIX

The following species and reactions were used in the DCHEM solu-
tion of the air chemistry for this report. The column labeled '"rates"
refers to the sea level rate coefficient actually employed in the code

solution. The coefficients A, B, and C are to be used in Equation A-1.

= A(T/300) "% exp(-1000 ¢/T) (A-1)

for T in °K and k in the same units as A (for two-body reactions the units

are cmslsec; for three-body reactions, cm6/sec).

FEENUMAEER OF STACTIONS FUR EACH SPECIZS N2+ 1S IAvRLYED TN 3 OFACTIONS
ce+ IS TWVTILVED IN 23 REAZTIOMS

13 I§ INVILVEN IN 43 FEACTIAONS My 13 FRVILYSD IA T FZACTINS
N2 IS IAVTLYLEDY Ia 34 REACTINNS C+ IS G EFZCTIONS
02 1S ITxVDLVYEL It 137 REACTIONS T4¥ s 1§ REACTIONS
cC2 IS INVOLVYECD IM 62 RIACTIAONS N2Z2+ Ol 12 PEACTIAONS
N IS IRVOLVED TN 27 REACTICMS H30+ is 14 RFALTiSNS
N{2D) IS TNVILVED [N 7 2EACTICRS H2733+ 13§ 17 P aCTIVMS
8] IS TNVILVEDR IN 7Y REZCTIONS H&4G2+ 1S ¢ ) 12 REACTIONS
NO TS IMWOLVES TM 11D FIaALTICNS HEC2r IS IMVGLYED [i 15 REACTIANGS
n3 IS INVALNTL I 42 FEACTIONS HI%2+« IS "»'LV‘" IN 1% REACTIAONS
NQ2 IS ITHRVTLVED I 90 FSALZTICORS HID4a+ 1S5 1nV) ¥ 4 KEACTINNMS
Nen IS 1aviLvan IN 4 RCACTIONS H1i08+ IS !uv; ! 12 FEalTinng
RH20 IS THhYZLVEE N B) FDACTIONS H?”'2+ IS Thv™Lvih Ia 2% FEACTIONS
CeilD) IS ILVOLvED TN 15 RZACTICONS H& 32+ IS INVILVED o la RCACTICNS
H IS IMVELYES 1N 48 FELlTICNS h'ﬂ74+ IS INVOLYID TN i3 ATACTIORS
HZ2 18 InVILYED TN 3 REACTINNS RCNZ+ IS [uvLwr NI Y
CH is !M!?[v"[ IN 28 REACTICNS MATDz+ 1S INVRLYED TN 12 %
|0z IS Tanivel Id 24 FE&CTI?NS [aly 1§ Iwvatvsn Im 3o
1232 IS T\v LT Iy o 2ZalTI0MS c2- TS THYILVED I~ 35
O3 IS INVYZLVEL Bl 33 REJ’*ijns 3= 18 1M v 23

.04 IS 1wv2LvsDp Ik 20 RFACTINNS e- IS TavILvER 1IN 27
M2U2 1S IHVFLVF? T™ S FLAlTIONS NG 2- 18 IwvaLlye=n ZF
(312232 05 TRVOLYRD IN O 27 REACTIONS MNG3- IS THVILYED TN 26 k3
(H2055 15 IRVYDLY I 21 SEALTTONS NE 3= IS Inviby:a (o 22 pF
{H2G:s IS Tvylivy I 1% REACTIONS cC2~ IS TNYTLYEID- TN 2%
(H2%55 TS IMvTLYSS [N 10 RHEACTIMGNS Cla- I l*v.Ler 1IN 2>
N+ IS I5v7LyEL I 235 REACTIONS
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