
n found N = 200 and !::,.c = 0.1. 
1 % for 50 samples. The use of a 
lues of cross sections functionals 
s is less than 0.1 % for !::,.c = 0.1 
and N = 290 there are not big 

onfinn the choice of the scheme. 

lculations should be used for the 
s sections of fissile nuclei in the 
realized in the code MNK [ 16]. 
enerated, which sweeps the total 

rncture for one sample. For fissile 
igh energy groups it is a long (in 
the resonance levels is generated 
ined with the absence of energy 
equal ti.me for calculation of the 

gths. The main advantage of the 
tics for a short time. 

ov and Prof. N. Janeva for many 

5 (1963) 493. 

7; J. E. Lynn. The Theory of Neutron 

in Low and Intermediate Energies (M. 

29. 
(Atomizdat, M. 1978). 

/.Energy 57 (1984) 259. 
011sta11ts 3 (42) (1981) 88. 
cc Neutrons. (Atomizdat, M. 1974). 
(1985) 1376. 

hysics 90 (1975) 391. 
2426 (NEACRP-A-696), 1985. 
(1987) 73. 
Krupschinski, M. Gostatomizdat 1961) 

. JINR, PI0-86, 124, Dubna 1986. 
83) 3. 

Bulgarian Journal of Physics 22 Nos 1/2 (1995) 13-21 

A MODEL FOR INITIAL IONIZATION 
AND CHARGE FLUCTUATIONS IN 12B 
AND 16N IONS GENERATED IN NUCLEAR 
l\IIUON CAPTURE 

A. PROYKOVA, N. NANKOFF 
St. Kliment Ohridski University of Sofia 
Department of Atomic Physics 
5 J. Bourchier Blvd., 1126 Sofia, Bulgaria 

L. GRENACS 
Universite Catholique de Louvain, Institut de Physique Nucleaire 
Chemin de Cyclotron, 1348 Louvain-la-Neuve, Belgium 

Recci ved 20 December 1994 

Abstract. A model for charge-change in slow ions is suggested to study charge­
tluctuation influence on ion range and straggling that are functions of the elec­
tronic stopping Sci. The ions 128 (16 N) are generated in graphite or in (8e0, 
LiOH, l·hO) in the reactions µ- + 12qo+) --+ Vµ + 128gs(l = 1 +) and µ- + 
160(0+)--+ Vµ + 16Ngs(I = T). The polarization P and alignment A of the fi­
nal nuclei 128 and 16N supply information about the induced electroweak current 
fo1111 factors. P an<l A are measured via the beta decay asymmetry of the radioac­
tive 12 8 and 16 N with a recoil-sensitive target which thickness is optimized using 
the present calculation of range and straggling. 

1. Introduction 

The fluctuations in particle-charge state in traversing a stopping material lead to in­
creased energy loss straggling. These fluctuations depend on the particle nature and 
velocity, being nearly independ of the target material. The energy loss of a charged 
particle passing through matter could be divided into two components: nuclear stopping 
S0 (energy loss to the medium positive cores) and electronic stopping Se1 (energy loss 
to the medium light electrons). The nuclear stopping component is usually considered 
separately because the heavy recoiling target nucleus can be assumed to be unconnected 
to its lattice during the passage of the ion, and the elastic recoil energy transferred to it 
can be treated simply as due to elastic scattering of two heavy screened particles. The 
complex nature of the electronic energy loss is obvious when one considers the possible 
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origins: direct kinetic energy transfer of target atoms, mainly due to electron-electron 
collisions; excitation or ionization of target atoms; excitation of band or conduction 
electrons; excitation, ionization or electron-capture of the projectile itself. 

A model for charge-change in slow charged particles (screened nuclei) is suggested 
for studying the charge-fluctuation of the influence on the particle range and straggling 
that are functions of the electronic stopping Set· The screened nuclei 12B (1 6N) are 
generated in a carbon (graphite) foil or in oxygen-containing targets (BeO, LiOH, H20) 
as a result of the ionic transitions 

µ- +12 qo+) __, IIµ, +12 Bgs(I = 1 +) 

/l- +16 O(o+) __, vp, +16 N 9s(I = r) . 

(1) 

(2) 

The interest in reactions (1) and (2) arises from the fact that the orientation param­
eters (polarization P, alignment A) of the final nuclei 12B and 16N supply infonnation 
about the induced electroweak cunent fom1 factors [ 1]. These observables are mea­
sured directly (P) or indirectly (A) via the beta decay asymmetry of the radioactive 
nuclei 12B and 16N using a recoil-sensitive target [2] consisting of a generation layer 
sandwiched between an orientation destroying (Al) layer and an orientation preserving 
(Pd) layer. The capture reactions (1) and (2) produce radioactive nuclei 12B and 16N at 
random points (unifonnly distributed) in the generation layer. To be properly detected, 
the nuclei 12B (16N) recoiling in 47f solid angle with kinetic energy 376 keV (300 keV) 
should escape the generation layer and should stop in Al or Pd. The range and straggling 
determine the thicknesses of the different layers that are optimal for the measurement, 
which suubstantiates the need to calculate the ion stopping in different materials. 

The paper is organized as follows. The influence of particle charge state on the 
electronic stopping at low velocities is discussed in the Section 2. As slow pa1iicles 
are generated in the target, their initial ionization is a function of several processes 
which we examine to develop the model in Section 3. The results are summarized in 
the Section 4. 

2. Electronic Stopping of Low Velocity Ions 

The nuclei 12B (16N) recoiled with kinetic energy 376 keV (300 keV) have initial ve­
locity of 11=2.46x106 m/s for 12B and 11 = 1.9 x 106 m/s for 16N. The Fenni velocity 
of solids VF usually falls between 0.7v0 and 1.3v0 , where vo = 2.19 x 106 m/s is the 
Bohr velocity. This means that the nuclei considered move slower than the majority of 
target electrons and the collisions are mostly adiabatic without direct energy loss. At 
a low recoil velocity 11 (1/ < Zv0 , Z is the projectile atomic number), only the weakly 
bound electrons are stripped (see Section 3). 

In the case of partially stripped ions, the electrons associated with the ion also 
contribute to the electronic energy loss, tlu-ough collisions with the target nuclei (capture 
and loss). This additional process is most important for the light ions in heavy atom 
targets. Several models for ion-matter interactions have been proposed for intermediate 
[3] and low [ 4] ion velocities. Most of them are based on scaling the stopping power 
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of the ions under consideration to equivalent proton stopping power [5]: 

Sc1(ion) = Zerr(ion)Se1(proton) = bZ)2Se1(proton) (3) 

where the scaling factor 'Y is the dimensionless effective charge of the iou [3]. The 
effective charge is always larger than the ionic charge because of close collisions. The 

d f · · · fi I 1 · · · ( ) z - n(v) · d d f egree o 10111zat10n, or s 10rt, t 1e 10111zat10n q v = z is z; epen ent, o 

course, for the, higher the relative velocity Vr between the ion and the electrons in the 
medium the more electrons are stripped from the ion. n(v) is the number of electrons 
still bound to the projectile nucleus at velocity v. The ionization cross section for bound 
electrons drops to zero when the ionization energy exceeds the kinetic energy of the 
electrons hurled at the ion. It follows that n(vr) comprises electrons which in steady 
state are bound too tightly to the ion that - in terms of the correspondence principle -
their orbital velocities are higher than vr. The projectile transfers momentum to electrons 
of the medium through Coulomb interaction. Leaving screening in the medium aside, 
the momentum transfer is proportional to an "effective charge" of the ion as seen by an 
electron at a given impact parameter. The energy loss of the projectile when integrated 
over electrons with all possible impact parameters yields the rate of energy loss of the 
ion in the medium. 

Using perturbation theory, for heavy ions the Brandt-Kitagawa [3] theory produces 
the following expression for the effective charge of an ion, T 

'Y = q + 0.5(1 - q) (Vo) 2 In [1 + (2Aw) 2] 
vF aovo 

2a0n(v)1 
where ao is the Bohr radius. A = is the ion screening length and de-

Z ( 1 -
7~(;)) 

scribes the dimensional changes to the electronic distributions as the degree of ionization 
q changes. Note that if q = 1 (full ionization), then 'Y = 1 and the stopping power is 
the same as for a bare nucleus. 

The expression for 'Y states that 'Y = q +corrections( q). These corrections are consid­
ered in our model as charge fluctuations. Consequently we sample tP.e effective charge 
state from the probabilistic distribution defined in Section 3. 

Charge fluctuation phenomena occurring in the target certainly influence the value 
of the effective charge state and consequently the electronic stopping power. Recently 
Briere and Biersack [6] have measured less energy loss for 15N in a carbon foil (20 nm) 
than expected. To explain this difference, they assume that the 15N2+ ions obtained in 
the 1 H(1 5N, a1) 12C resonant nuclear reaction travel a relative large distance before 
reaching their equilibrium charge state of 4.76 [7]. The experimental evidence for their 
assumption is reported in [8] for N2+ and N3+ beams passed very thin carbon films. 
The authors of [8] have detennined that the charge equilibration process takes place in 
less than 10 run. This result is taken into account in our calculations of the ion range 
and straggling. 
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To find out how the probabilistic charge fluctuations influence the electronic stopping 
(and the range), we suggest a first-approximation model for initial ionization and charge 
fluctuations in ions generated in J-t-capture reactions. 

3. A Model for Charge-change in Ions Generated in Muon Capture 
Reactions 

In the present model, the initial ionization of 12B and 16N generated in the reactions 
(I) and (2) is thought to be a result of stripping and shake-off processes that occur in 
the atomic shell. It is also assumed that while slowing-down the ion charge fluctuates 
with a certain probability due to resonance neutralization and ionization. Thus the ion 
charge becomes a stochastic quantity. Our aim is to evaluate its prol{abilistic distribution 
and to find out how it influences the electronic stopping. 

Following Bohr, we assume that any ion loses all of its electrons which are moving 
slower than the relative velocity between the ion and the target coduction electrons. This 
stripping process results in different initial ionic charges of 12B and 16N depending on 
the nucleus recoil energy. 

The muon capture causes a sudden change of the central Coulomb potential and the 
ion's electron distribution will shrink. The result of sudden perturbation is excitation 
(shake- up) or ionization (slzake-o.IJ) [9, chapter 2]. The theory of shake-up and shake­
ojf has been developed for the case of beta-decay by Migdal [10] and Feinberg [11]. 
The weak reactions (1) and (2) satisfy the conditions of the theory and we apply its 
results to evaluate the shake-o.ff"and shake-up probability P(n, l, j) using the Hartri-Fock 
atomic wave functions [12]. 

In our model the resonance (Auger) neutralization and excitation [13] due to the high 
rate R ,....., 1014 s-1 are assumed to be responsible for the charge fluctuations in slow 
ions. That is why, for a given ion velocity and initial ionization we sample the current 
effective charge/ from a probabilistic function Pn(q). 

As a first approximation we write for the fluctuation distribution 

Pn(q) = R(q)G(q), (4) 

1 

nonnalized in q E [O, 1] to unity: j P(q)dq = 1. The Gaussian function G(q) accounts 

0 
for the multiple fluctuations of q with a mean value (q(v)): 

G - 1 ex [-(q -(q))
2

] 
(q) - (q)J2HB p 2B(q) 2 

(5) 

where (q(v)) is calculated from the expansion of q as a function of the relative ion 
velocity [14]: 

(q(v)) = 1 - exp[-(-0.803y~·3 + l.3167y~· 6 + 0.38l57yr + 0.00898y;)J (6) 
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l/ ? 

with Yr= -(z)-1. The deviation is given with u = B(q)2, where Bis determined 
Vo 

from the condition that fluctuations should be zero at zero ion velocity. B-value depends 
on the ion and target material. 

The function 

R(q) = a18((q) - q)[l - 8(r - R)] + a28(q- (q))8(r - R) = a1p1(q) + a2P2(q) 

ensures electron capture while the ion is in the "interatomic space" and electron loss 
when the projectile electronic cloud penetrates the target atom. rand Rare the positions 
of the incident ion and a target nucleus. 

4. Results and Discussion 

4.1. Stripping probability 

To calculate this probability, we need to know the velocity of the target conduction 
electrons and compare it to the ion velocity. 

The first reaction (1) is studied in carbon foils [1]. A simple calculation shows that 
the weakly bound electrons in the carbon have an average velocity of 1.79 x 106 m/s. 
In muon capture, a carbon 12C nucleus transforms into a boron 12B nucleus which 
recoils with an initial velocity 2.46 x 106 m/s that is enough to strip two of the six 
carbon electrons. The recoiled ion is 12Bl+. Autoionization [9] of 12Bl+ may occur that 
results in 12B2+. With the help of ionization potentials measured (15] and the calculated 
probability for autoionization [12], we obtain ?(stripping to 12Bl+) = 0.9 =Pl and 
P(autoionization 12Bl+ to 12B2+) = 0.1 = P2. 

The reaction (2) is usually observed in BeO, LiOH, thO targets that are chemi­
cal compounds having covalent bonding of few electronvolts. Muon capture results in 
transformation of an oxygen nucleus into a nitrogen surrounded by 6 or 7 electrons 
depending on the compound. The velocity of the recoiling nitrogen (1.9 x 106 m/s) is 
lower than the velocity of its shell electrons [15]. So, the nitrogen recoils as 16Bl+ in 
the targets of LiOH, H20. For the case of BeO, the initial ionization is due to shake­
ojf process only. 

4.2. Shake-off probability P(n, l, j) 

The probability of the shake-off processes is obtained using the model of sudden per­
turbation in the LCAO (Linear Combination of Atomic Orbitals) approximation [12]. 

This model assumes that it is possible to detennine exactly the initial and final 
states of the Hamiltonian operator which changes suddently. Under these conditions 
the probability for transition of electron from initial 'lj;(n, l, j) to final 'l/JJ(n,l,j) state is 
calculated from P( i --+ J)n,l.j = l'l/Jj'l/Jil 2dT 'l/Ji is the single-electron eigenfunction of 
the ground state in the moment preceding the change of the central potential. For the 
ionization process 'i/J f describes a state with a "hole" in the atomic (molecular) shell. 
Although one might think tlmt the matrix element is infinitely small, it equals one. This 
is a monopole transition. Following the procedure described in [12], the total shake-off 
probability P(n, l,j) is calculated using the Hartri-Fock relativistic eigenfunctions. 
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The total shake-off probability for the carbon shell after the muon capture is 
P(n, l, j) = 0.225. It is a sum of the partial probability for ls electron P(l, 0, 1/2) = 
0.025, for 2s electron P(2, 0, 1/2) = 0.09, and for 2p electron [P(2, 1, 1/2) + 
P(2, 1, 3/2)] = 0.11. 

The calculation for the oxygen shell gives P( n, l, .i) = 0.2 (0.02 for ls, 0.08 for 2s, 
0.1 for 2p). These values are consistent with the general prediction that the shake-off 
probability increases with the principal quantum number and decreases with Z for a 
given shell. 

The probability for a given initial ionization of 12B generated in (1) is 

P(1 2 Bl+)= Pl(l - P(n, l,j)) = 0.7, 

P(1 2 B 2+) = (1 - P(n, l, j))(PlP(n, l, j) + P2) = 0.23 , 

P(12 B3+) = P(n, l, j)(PlP(n, l, j) + P2) = 0.07. 

For the reaction (2) in LiOH, H20 we obtain P(16 N1+) = 0.8, P(16 N2+) 
0.17, P(1 6 N3+) = 0.03. The ionic state (3+) is due to autoionization ofN2+ [9]. 

4.3. Monte Carlo simulation of charge fluctuation from Pn(q) 

A FORTRAN program has been written [ 16] to simulate the charge fluctuations dis­
tributed with Pn(q), a1 = 2 and a 2 = l. Note that the mean value of the distribution 
changes with ion velocity. The influence of ion velocity, initial ionization, target material 
and thickness on the shape of resulting charge distribution I(q) is studied. 

I ( q) is defined as the relative number of "useful" fluctuations per ion: 

I( q) = Naccepted 
NtrialsNo 

where No is the total number of ions considered in one program run. Typically No is 
101 

- 105 . Nirials is the total nw11ber of trial mns for fluctuation, and Nacccpted is the 
number of accepted trials. One trial consists of the following steps: 1) determination 
of q-value from G(q) by a random number; 2) if { < q > -q} > 0 (capture, neutral­
ization) and the ion is in the interatornic space, this trial is accepted: Nacceptcd(new) = 
Naccepted( old)+ 1, N 1,;a1s (new) = Niriais( old)+ 1. If the ion is close to a target nucleus, then 
this trial is not accepted: Naccepted(new) = Naccepted(old), Ntrials (new)= Ntriais(old) + l. 

Figure 1 shows the influence of target thickness on the shape of the charge distribution 
of nitrogen in aluminum. As expected, the maximum position shifts towards lower q­
value at larger depths. The shapes of the two distributions differ essentially to confirm 
that ions reach their equilibrium charge state after passing some distance in the target. 
Having in mind both the rescaling Eq. (3) and the Z-difference between Al (Z = 13) 
and C (Z = 6), this result is in a good agreement with the experimental data reported 
in [8] for carbon. Our calculations show that the charge equilibration process of Nl+ 
takes place in lnm in aluminum (for the case of N 2+ it is 5 nm in aluminum). 

The influence of ion velocity on the fluctuations distribution is shown in Fig. 2 for 
N2+ in AL Electronic capture dominates over electronic loss for the lower velocity 
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(150 keV) of ions which is revealed by the asymmetry of the charge-fluctuation dis­
tribution implying a successive competition between the electron capture and loss in 
the higher energy region. Indeed estimates of the skewness of the distributions shown 
in Fig. 2 yield values of about -0.18 for initial energy of 150 keV and -0.01 for 
Ea =300 keV. 
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q 

Fig. 1. Influence of the target thickness on the charge distribution. Nitrogen ions (NH) 
with initial energy of 300 keV generated in the upper 5 A of BeO layer enter an aluminium 
layer. The results refer to ions recoiled at 0 E (0.15°) relative to the surface normal. The 
upper part of the Figure shows the distribution of ions at depth 3500 A in the Al layer. 
If this is the total thickness of the Al layer, then all ions recoiled in the fixed angular 
interval are transmitted . The distribution in the lower part is taken at depth 7100 A 
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given in Fig. 3. Sci is the electronic stopping calculated by using TRIM-92 code [5] 
with no fluctuations included. S~ includes charge fluctuation. The positive value of b.. 
shows that the energy loss of a slow particle with fluctuating charge is lower than that of 
particles with a fixed charge. Although the absolute value of b.. is less than 7 %, the ion 
range increases up to 15 % when the charge fluctuation is considered due to increased 
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straggling. The detailed study [ 17] of ion ranges and straggling shows that the thickness 
of Al layer should be 12000(10000) A to stop all 12 B(16 N) ions independently of the 
point of generation and initial ionization. The thickness of generation layer for boron is 
5200 A carbon. For BeO layer used for production of nitrogen, the thickness is 2500 A. 
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Fig. 3. The relative deviation!:!.. of electronic stopping as a function of penetration 
depth and ion velocity. Sc1 is the electronic stopping obtained with the TRlM-92 
code with no fluctuations while S~ is calculated with our model. The drawing is 
for 12 B2+ in Al 

The model presented here is the first-approximation approach to the charge fluctu­
ation and may be improved to include the velocity dependence of B , a 1 and a2 • The 
function G(q) could be replaced with a function that enlarges the fluctuations. However, 
in order to check the predictions of the present model, it is necessary to measure the 
energy distribution of radioactive ion beams with various initial ionization transmitted 
through different materials. Preliminary measurements (1 2 Cl+ , 12 c2+ in propylene) 
have been already perfonned on the cyclotron at the Catholic .University of Louvain­
la-Neuve [18].The energy loss measured is less than the loss predicted by the general 
theory [ 5, 14]. The present model explains these experimental results on the basis of 
the increased straggling of ions due to the charge fluctuations. 
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