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Chemical Effectiveness of Elastic and Inelastic Energy Loss of Het, Ar*,
and Xe* Ions Bombarding Solid Potassium Nitrate'
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Decomposition of crystalline potassium nitrate due to He*-, Ar*-, and Xe*-ion bombardment was studied in
the energy range from 20 to 100keV. The cross sections for producing nitrite ions were for the first time
determined to be 5.7X1072m?, 12.6X10"2°m?, and 22.0X10"2m? for 100keV He™*, Art, and Xe* ion, respec-
tively. Comparing the values of these cross sections with the rate of an elastic and inelastic energy loss of these
incident ions, which were calculated on the basis of the theory of Lindhard et al., it may be concluded that
inelastic energy is about five times more efficient than elastic energy for the decomposition of the solid potas-

sium nitrate.

Energetic particles lose energy in traversing matter
because of two different processes:2+3

a) elastic collisions leading to atomic displace-
ments, which are called “‘nuclear stopping”’ of the mat-
ter for the incident particle,

b) inelastic collisions leading to electronic exci-
tations (ionizations and charge-exchange processes
included), which are called “electronic stopping” of
the matter. Both “‘nuclear” and “‘electronic” collisions
may initiate chemical reactions in the material.1:2:9

Decomposition of potassium nitrate via electronic
excitations has been studied in many works!+5-12 using
a-rays,? y-rays,58-10 or electron beams.6:12 The only
end-products reported are the nitrite ion and molecu-
lar oxygen, the initial process being the dissociation
of an N-O bond:™®

NO,~ —» NO,™ + O. (1)

On the other hand, elastic collisions are frequent
phenomena at relatively low impact energies (=keV
region).2¥ The energy transferred from incident
ions to atomic constituents is so high compared to
the binding energy for a molecular and crystalline
structure that a chemical reaction may take place in
the solid. Thus, Logan and Moore interpreted their
results on the decomposition of potassium nitrate by
incident 2keV D* and He* as due to the atomic dis-
placements.1?

The present authors reported in a previous com-
munication? that potassium nitrate decomposed
during bombardment with 100keV ions generated
from discharge of deuterium, helium, nitrogen, and
oxygen. The observed results suggested that the reac-
tion proceeded mainly via electronic excitations.

The purpose of the present paper is to clarify the
relative importance of electronic and atomic dis-
placement excitations in chemical reactions in potas-
sium nitrate. We aim at obtaining cross sections of
the each ion decomposing potassium nitrate which
should be determined from the yield-dose curve for
He*-, Art-, and Xe*-ion bombardment. These noble

tChemical Reactions Induced by Energetic Particles. IILV

gas ions transfer their kinetic energy to KNOz without
themselves taking part in chemical reaction. (cf. Hz*
or Ozt; see Ref. 1). The second step to our end is to
know the relative amount of energy going into elastic
and inelastic processes. We obtain this information
from the calculation of stopping power according to
the theory of Lindhard, Scharff and Schigtt.13.19

By comparing the cross sections for the reaction
with the electronic and nuclear stopping power thus
obtained, one may determine the relative effectiveness
of elastic and inelastic energy losses of the energetic
particles bombarding solid potassium nitrate. Potas-
sium nitrate was chosen because its radiolytic behavior
toward ionizing radiations was well known; The
only radiolytic products reported are nitrite ions
and molecular oxygen.10.1D

Experimental

Experimental method was the same as that reported
previously.? Energetic ions were produced by discharge of
He, Ar, and Xe in a radio-frequency source,'® and accelerated
at desired energies and were focussed through an aperture
(8 mme) onto the sample.

The sample was a pressed disk of polycrystalline potassium
nitrate. Irradiations were carried out at room temperature in
vacuum (ca. 1075Pa). The current density was 10 pAcm=2,
After irradiations, the samples were dissolved in water and
the concentration of nitrite ions produced was determined
spectrophotometrically!” by adding l-naphthylamine and
sulfanilic acid.

Results and Discussion

Yield-Dose Curve for the He*-, Art-, and Xe*-Ion
Bombardment. The amounts of nitrite ion as a func-
tion of the incident ion dose are shown in Figs. 1, 2,
and 3 for the bombardment of He*, Ar*, and Xet ion,
respectively. As is seen from the figures, the yields
depend on both the mass and energy of the bombard-
ing ions. The rapid initial decomposition is follow-
ed by a decline in rate in all the cases examined.

We may assume here that each yield-dose curve
includes of two regions: An initial decomposition the
rate of which is linear with dose and a final plateau
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Fig. 1. Nitrite ion formation in potassium nitrate as
a function of the energy of incident He* ions. Ion
energy: (A) 20keV, (®) 50keV, (@) 80keV, and (O)
100 keV; Ion beam intensity: 6.25X10!3 ions cm~2s~1.
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Fig. 2. Nitrite ion formation in potassium nitrate
as a function of incident Art ion. Ion energy: (A)
20keV, (®) 50keV, (@) 80keV, and (O) 100keV; Ion
beam intencity: 6.25X1013 jons cm~2s~1,
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Fig. 3. Nitrite ion formation in potassium nitrate
as a function of incident Xet ions. Ion energy: (A)
50keV, (@) 80keV, and (O) 100keV; Ion beam
intensity: 6.25X1018 ions cm—2s71,
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Fig. 4. Plots of x/y vs. x for 20 (X), 50 (A), 80 (®©), and
100 (@) keV Ar*ions, where x and y are the number of
incident ions and nitrite ions formed, respectively.

region which would be obtained at high doses. If we
represent these relation as y=ax and y=b, respectively,
where y is the amount (=number) of nitrite ion and x
is the dose (=number) with a and b being constants,
we may obtain an expression:

> _ 1,1, @
¥ a b
The experimental points in Figs. 1—3 were replotted
according to Eq. 2 (See Fig. 4, as an example) to obtain
values of a and b for each yield-dose curve. Thus, an
initial rate of NOz~ formation, Y=(dy/dx):=0, and a
“saturation yield,” (y)x=», were calculated respectively
from the values of a and b above obtained for incident
He*, Art, and Xe* ions at an energy of T. The results
are included in Fig. 5 and in Table 1, respectively.
The ‘“saturation yields” shown in Table 1 probably
represent a steady state between decomposition of NO3~
to give NO2~ (Reaction 1) and disappearence of NOz~
either via a reverse reaction (Reaction 3) or via a further

decomposition by incoming ions (Reaction 4):7'
NO,~ + 1/202(0’ 0*,07,0,7, or Q) — NO,7, (3
NO,~ —» NO- + O (or NO+0O"). @)

Oxygen-containing species in Reaction 3 may diffuse
away from the reaction zone; This prevents the re-
formation reaction of nitrate ion. Thus, analyses of
the ‘“saturation yield” seem very complex; we will
hereafter strict our discussion on the initial rate of
NOgz~ formation.

Calculation of the Stopping Power. The total stop-
ping power, S;, can be divided into two parts: $&=
Se+Sn where Se and S, are the electronic and nuclear

tIn 1.4 keV electron-beam irradiation, there is no indication
for futrher decomposition of the nitrite ion formed (Ref. 12).
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Fig. 5. The inidal rate of formation of NO;~, Y=
(dy/dx)x=0, as a function of the incident ion energy,
T, for He*, Art, and Xe* ions bombarding potas-
sium nitrate.

Table 1. Saturation Yield (=b)/10'7 NO2~ for Het,
Ar+, and Xe* Ions Incident on Potassium
Nitrate at Various Energies

Ion energy/keV 20 50 80 100
He* 2.1 3.7 4.3 5.5
Ar* 0.56 096 1.45 4.0
Xe* — 146 1.9 3.0

stopping powers, respectively, as discussed in the
introduction of this paper.

The electronic stopping power for a particle mov-
ing at the velocity v was calculated according to the
theory of Lindhard, Scharff, and Schigtt:13.19

S, = 81eNa,Z1/8Z,(Z3/3 + Z3/%)~3/%v, )

where a, is the Bohr radius of the hydrogen atom; v,
is the Bohr velocity; Z; and Z; are the atomic number
of the projectile and the target, respectively; N is the
atom density of the target material.

The nuclear stopping power was calculated us-
ing14.19

Sy = 5,(8.462Z,Z,M ) [[(M,+ M,)(Z}/*+ Z3/%)12]  (6)
and
s5p=0.51n (1 + ¢)/(e + 0.1070-375) (7)

Here, ¢ is the reduced energy of the ion and is defined
as:

¢ = 32, 53M,E[[Z,Z,(M,+ M,)(Z3/* + Z3/3)1/2], (8)

where the ion energy, E, is in keV; M; and M; are the

Elastic and Inelastic Collisions in Decomposition of Potassium Nitrate
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Fig. 6. The stopping powers of potassium nitrate
(KNOg3: 1083 m™3) for He*, Ar*, and Xe* ions in the
energy range from 20 to 100keV.
Sn: Nuclear stopping, S.: Electronic stopping, Si:
Total stopping, St=Sn+Se..

ion and target masses in amu, respectively.

For the stopping power of compounds, e.g., KNOs,
the stopping powers of the constitutional element
(i.e., K, N, and O) were weighted by their relative abun-
dance; this is called Bragg’s Rule. The results of the
calculation are shown in Fig. 6, where the electronic,
nuclear and total stopping powers in eVm-! of
potassium nitrate (N=1028 m-3) for He+, Ar+, and Xe*
ions in the energy range 20—100keV are plotted. We
notice from Fig. 6 that He* ion in the energy range
20—100keV dissipates most of their energy into
electronic excitations, while Xet ion in the same
energy range into atomic displacement collisions.

Determining the Cross Sections for the Reaction
Induced by Energetic Ions. The cross section for reac-
tion of an energetic particle with a molecule in the
solid is a function of the kinetic energy of the particle.
The initial rate of NOz~ formation, Y=(dy/dx)x=0, for
the incident energy at Ty, that is the number of the
product formed per incident ion, is expressed as
follows:

T,
Y= NSO Q(T)ds 9

Here, N is the number density of KNQOg in the medium,
Q(T) is the cross section that the product, NO2~, will be
formed in a collision with the particle of the kinetic
energy T, and ds is the distance traversed by the particle
while in the energy range between T+dT and T. In the
continuous slowing-down approximation,!® ds may be
replaced by dT/S8(T), S(T) being the total stopping
power:

_ )
Y= NSO sy 4T (10)

or
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We assume here that the product yield from reac-
tion of the recoil atoms or secondary electrons is
negligibly small since their kinetic energy is no
more sufficient in the majority of the case to initiate
further chemical reactions. The cross sections, Q(T),
for producing NO:z~ from KNO3s may be deduced from
the slope of the Y-T curves of Fig. 5 and the total
stopping-power values presented in Fig. 6 with the
aid of Eq. 11. The results are included in Fig. 7;
The cross sections for Het, Ar+, and Xet ions at 100
keV are 5.7X10720m2, 12.6X10-20 m2, and 22.0X10~20m?2,
respectively, and they slightly depend on the ion ener-
gy T. These values are comparable to the cross
sections estimated from the known atomic radius of
He, Ar, and Xe, respectively.

Chemical Effectiveness of the Electronic and Nucle-
ar Energy Losses in the Decomposition of Potassium
Nitrate. Consider that an ion of the energy T travels
a unit distance in the solid (KNOs). From Eq. 2, the
number of the product per unit path length of the ion of
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Fig. 7. Cross sections, Q(T), for producing NOg~
from KNOj; for He+, Art, and Xet ions in the energy
range from 20 to 100keV.
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the energy at T is N Q(T) where N is the number density
of the target molecule. The energy expended in this
reaction is provided from the energy deposited to this
zone (=the unit path length) from the traversing ion,
i.e., the total stopping power, Si=Se+Sn. If we designate
the effectiveness of the energy contributed from S and
Sx for the chemical reaction as feand fy, respectively, the
fraction of the deposited energy which is utilized to
nitrite production, N Q(T), is feSetfaSa. Thus, one may
expect a linear relationship holds between Q(T) and the
value of (feSetfuSn)/(fetfn) Or (Se+pSn)/(1+p) where p
represent fo/fr. In Fig. 8 are plotted the value of Q(T)
(shown in Fig. 7) as a function of (Set+pSa)N-1(1+p)?
with p as a parameter. Itisclearly demonstrated thatan
expected linear relationship holds when p is around
0.2. This suggests that, in the decomposition of KNOs
due to the transmitted energy from the incident ion,
an electronic energy is about five times more effective
than a nuclear energy.

Mechanism of the Reaction. Mechanism of decom-
position of the radiolyzed nitrates have been studied
in many works.5-1Y An important role of atomic oxy-
gen as an intermediate has repeatedly been emphasized
(Reaction 1).7-9

Elastic “nuclear” collisions may lead to atomic dis-
placements in potassium nitrate. However,the energy
transmitted to potassium ions is most probably dis-
sipated as heat; the collision with NOs;~ does not
necessarily lead to breaking of the N-O bond. The
momentum large enough to break the bond must be
effectively trasferred to an O atom (the dissociation
energy of the N-O bond is reported to be 3.9eV19),
Threshold energies for displacement of O-atoms from
the oxide lattices, i.e. ZnO and MgO, are reported to be
around 60 to 90eV.29 Though, a corresponding energy
for KNOs3 has not yet been reported, it is very likely to
exceed greatly the dissociation energy of the N-O bond.
Thus, it is not surprising to notice that only a small
portion of the deposited energy is converted to chemical
energy and the remaining energy is degraded to thermal
energy.

On the other hand, inelastic collisions may pro-
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Fig. 8. Test of the linear relationship between Q(T)
and (Set+pSn)N-Y(1+p)~! with p as a parameter;
Data taken from Figs. 6 and 7.
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duce electronic excited states of the NOs~ ion. A weak
(n*«n) transition at about 4.1eV and an allowed
(m*«m) transition at about 6.2eV are well-known.21:22
These transitions may not lead to the N-O bond break-
ing, however, since in these transitions an electron
is removed from an orbital which is not strongly bond-
ing in nature. An oxygen atom, if it generates with-
out sufficient kinetic energy, will not necessarily es-
cape the parent NOs~ group owing to some kind of
a “cage effect.”’1® Excitation of an electron from a
bonding (=sp? hybrid) orbital is much more likely re-
sponsible for the bond dissociation. Excitations of
an N- or O-core orbital followed by Auger processes??
may be even more effective for the bond breaking. A
dissociated O-atom may react with other NOs~ ions,?

NO;™ + O — NO;” + O, (12)

or it may react with the NOz~ ions produced (see
Reaction 3):

NO,” + O — NO,~. (13)

Reactions 12 and 13 have been studied in aqueous
solutions and their rate constants relative to that.for
O2 were reported to be 5.6 and 37, respectively.24

In both cases, i.e. elastic and inelastic collisions,
an actual mechanism is probably more complex than
above mentionned, possibly involving reactions of
several ionic and free radical species. The cross sec-
tions which we have derived for the first time in this
paper are for an overall reaction to give nitrite ions.
Since the occurrence of the many thermal reactions are
the same for the both cases, one may possibly state
that an inelastic (=electronic) excitation is five times
more efficient than an elastic (=atomic displacement)
collision for the dissociation of the N-O bond in the
solid potassium nitrate,
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