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REVUE DE PHYSIQUE APPLIQUEE

SEMI-EMPIRICAL FORMULAS FOR HEAVY-ION STRIPPING DATA (*)

R. O. SAYER

Computer Sciences Division, Oak Ridge National Laboratory (*), Oak Ridge, Tennessee 37830, U.S.A.

Résumé. — Toutes les mesures d’état de charge disponibles pour les ions lourds dans les gaz dilués et
les feuilles de carbone a I’équilibre ou dans des conditions proches de I’équilibre ont été analysées afin
d’améliorer les formules semi-empiriques pour les paramétres de distribution. Chaque distribution
expérimentale doit s’accorder & une fonction asymétrique F;, = F,, exp (—0,5 #2/1 + €1), ou
t = (g — qo)lp et g, est I’état de charge la plus intense. On constate que 1’ajustement des parameétres
de la distribution (g,, p et €) en fonctions empiriques de I’état de charge et de la vitesse conduit a
des déviations standard de 0,5 pour g, 4 % pour qo/Z, 547 % pour q et 0,03 pour g/p. Les distri-
butions asymétriques donnent une amélioration substantielle par rapport aux expressions antérieures
pour la prédiction des faibles valeurs de f, pour les ions lourds dans les gaz dilués.

Abstract. — All available charge state measurements for heavy ions in dilute gases and carbon foils at
equilibrium or near-equilibrium conditions have been analyzed to improve semi-empirical formulas for
the distribution parameters. Each experimental distribution was fit to an asymmetric function F, = F,, :
exp {— 0.5 r2/(1 + e1) }, where t = (¢ — q,)/p and g, is the maximum intensity charge value. Subse-
quent fits of the resultant distribution parameters g,, p, and € to empirical functions of projectile charge
and velocity yielded rms deviations of about 0.5 for g, 4 7 for g,/Z, 5-7 ¥, for p, and 0.03 for ¢/p. The
asymmetric distribution gives substantial improvement over previous expressions for prediction of
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small F; values for heavy ions in dilute gases.

Accurate predictions of charge state distributions
for heavy ions in gaseous and solid media are particu-
larly of interest for the design of new accelerators and
for estimation of output beam intensities. Five years
ago a comprehensive review [1] of charge-changing
processes for heavy ions in gases and solids and two
extensive -compilations [2, 3] of equilibrium charge
state distribution measurements appeared. In the
review by Betz [1] several semi-empirical formulas for
the mean charge, § and width, d, of the distribution
were discussed. In the past five years several new
experimental results for highly stripped ions have
been reported, but there has been relatively little
development of new empirical representations of the
data. We have utilized recent experimental measure-
ments and data from previous compilations [2, 3] to
obtain improved semi-empirical formulas for the dis-
tribution parameters.

Inspection of the data reveals differences of 0.5-
1.0 unit in the values of mean charge reported by
different experimenters for identical projectile ener-
gies and target materials. These variations may be
attributed to effects such as the angular acceptance of
the apparatus, insufficient target thickness for equili-

(*) Operated by Union Carbide Corporation for the U.S. Energy
Research and Development Administration.

brium and the density effect in gases. Such ambiguities
make it difficult to develop completely general formu-
las and consequently only the two most commonly
used types of stripping media, carbon foils and dilute
light gases, will be considered here.

Each experimental charge state distribution was fit
to an asymmetric function F, = F,.exp { — 0.5 ¢2/
(1 + &) 3}, where t = (¢ — ¢.)/p and g, is the maxi-
mum intensity charge value. Values of F, < 0.1 %
were excluded from the fits. When the asymmetry
parameter £ —> 0, the distribution function reduces to
the usual Gaussian of width p, g,—> g, p—> d and
F wp—>1/4/2n.

The moments T, = s dt t"F,/ sy dt F, may be eva-
luated numerically with integration limits chosen so
thatet > —1.Theng = g, + pT,;(d/p)2 = T,—T,2;
and (d/p)3s = T;—3T,T, + 2T,3, where dand s are
parameters defined by Betz [1].

Fits with asymmetric and Gaussian distributions to
experimental F, values [3] for 15 MeV 1271 ions in
dilute Ar gas are presented in figure 1. Clearly the
inclusion of the ¢ parameter produces a significantly
better fit, although small F, values at high g are still
underestimated somewhat. In figure 2, F, values for
58 experimental distributions for heavy ions (Z > 16)
in dilute gases are compared with the asymmetric fit
values by plotting (F,/F,)!*°" versus t. The curve
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FiG. 1. — Plot of charge state intensities in % versus ¢ for 15 MeV

1271 in Ar. The solid line is a least squares fit to the experimental

values (Ref. [3]) with F,, = 23.3, g = 5.07, p = 1.67, & = 0.31, and

t = (g-go)/p. The dashed line corresponds to € = 0, i.e. a pure
Gaussian.
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FIG. 2. — Plot of the values (F,/Fp)!*¢! versus t for 58 experimental

distributions for heavy ions (Z = 16) in dilute gas strippers.

The curve corresponds to the asymmetric distribution
Fy/Fq=exp{—0522/(1 +eb}.

represents the asymmetric distribution function. The
agreement between experimental and fit values is quite
satisfactory. An additional parameter to improve the
fits at high q is felt to be unwarranted because the high
q intensities can be very sensitive to shell effects and to
experimental conditions such as the angular accep-
tance of the apparatus and the target thickness.

The distribution parameters g,, p and € were fit to
semi-empirical functions of projectile atomic number,
Z and velocity, Bc. The results of the fits for g,/Z,
p and €/p are presented in figures 3, 4 and 5, respec-
tively. Each figure contains a set of data for carbon
strippers, a set for dilute gaseous strippers, curves
corresponding to the least squares fits to the two data
groups and the appropriate semi-empirical expres-
sions. In each figure the upper abscissa should be
used for carbon and the lower abscissa for dilute gases.

Our ¢,/Z expression differs from that used by Betz
et al. [4] for gases in that the exponent of P is a free
parameter rather than unity. A Nikolaev-Dmi-
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Fi1G. 3. — Plot of g,/Z versus reduced velocity functions for heavy

ions (Z =16) in carbon (upper abscissa) and dilute gas (lower abs-

cissa) strippers. The curves represent least squares fits using the
formula g)/Z = 1 — k. exp{— AZ°*B" }.
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Fig. 4. — Plot of p versus functions of the form 4Z*{(q,/Z)
(1 — ¢y/Z)}" for carbon (upper abscissa) and dilute gas (lower
abscissa strippers. The curves represent least squares fits.
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FIG. 5. — Plot of &/p versus functions of the form 4 + B.Z + C.B
for carbon (upper abscissa) and dilute gas (lower abscissa) strip-
pers. The curves represent least squares fits.
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triev [5]g, formula with a B° term gave statistically
similar fits in certain cases, but our relation fit the
shape of the g,/Z versus Z*B® curve better over a wide
range of ¢,/Z. However, neither previous formulas
nor the present formula represent the data adequately
at both low and high ionization. For the fits shown in
figure 3, therefore, the range of experimental ioniza-
tion was restricted to 0.07 < ¢,/Z for gases and to
0.15 < ¢,/Z < 0.95 for carbon. These ranges cover
most cases of practical interest. The rms deviations in
q, were 0.4 for gases and 0.5 for carbon, and the rms
deviations in g,/Z were 4.0 9 for gases and 3.3 9 for
carbon.

With the assumption of a Gaussian distribution
Nikolaev and Dmitriev [5] used the Bohr criterion
and found d? ~dg|d In B. If we assume p>~dq, /dIn B,
then p2~ Z* B3(1—gq,/Z). We chose the slightly diffe-
rent expression pZ~Z®{(g,/Z) (1—q,/Z) }" for the
fits shown in figure 4. The data are rather well repre-
sented by this expression ; the rms deviations in p are
4.5% for gases and 6.7 % for carbon. In figure 6
predictions from the present formula (solid curves)
and the simple expression d = 0.27 \/7 (dashed
lines) proposed by Betz er al. are compared with
experimental p values for 32S, 7°Br and '27I ions
in dilute gases. It can be seen that inclusion of energy
dependence via q,/Z in the p formula yields predic-
tions much more consistent with the data than those
given by the simpler formula.
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F1G. 6. — Plot of p versus energy for 32S ions (squares), 79Br ions
(circles), and 1271 ions (triangles) in dilute gases. The dashed curves
correspond to p = 0.27 4/Z, and the solid curves to p = 0.35 Z0.55

{(40/2) (1 — 44/2) }0-27.

In figure 5 the €/p data are compared with fits to the
formula ¢/p = A + BZ + CB. Although there is
considerable scatter in the data, the much larger
asymmetry for gases is clearly evident. The rms devia-
tion in €/p is only 0.03. As expected, the parameter ¢ is
fiegative at high p and positive at low f.
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Predicted intensities, especially those for high ¢, are
a principal concern of the potential accelerator user.
These high g intensities may be extremely sensitive to
the functional form of the empirical distribution.
Examples are presented in figure 7, where experimen-
tal intensities for charges 10, 13 and 16 are plotted as a
function of energy for 79Br ions in N,, O, and Ar.
The solid curves were obtained with our asymmetric
distribution and the dashed curves with the g and d
formulas of Betz et al. [4] for the Gaussian distribu-
tion F, ~ exp { — 0.5 (¢ — §)2/d2 }. It should be
noted that Betz et al. obtained a different set of para-
meters for their g,/Z formula for each combination of
projectile and target whereas our single set of parame-
ters is based on fits to all data for ions with Z > 16 in
dilute N,, O,, air and Ar.
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FI1G. 7. — Charge state intensities versus energy for 9Brin N,, O,,

and Ar. The squares, circles, and triangles correspond to g = 10,

13, and 16, respectively. The solid and dashed curves are predic-
tions with asymmetric and Gaussian distributions, respectively.

For the cases shown in figure 7 both predictions
agree reasonably well with each other and with the
data near the peak intensity. However, small F,
values are underestimated substantially by the Gaus-
sian assumption while the asymmetric predictions are
generally consistent with experiment. Similar results
were obtained for other projectiles.

Consideration of recent experimental data, use of
an asymmetric distribution function and inclusion of
additional velocity dependence have led to semi-
empirical formulas that give more accurate predic-
tions of equilibrium charge state distributions than
previous expressions [4, 5]. Substantially better agree-
ment with experiment was obtained for small F,
values for heavy ions in dilute gases. Extreme caution
should be used, however, in predictions for the hea-
viest, highly stripped ions where the data is scarce and
in extrapolation outside the indicated ranges of q./Z.
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