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Updated database for L x-ray production by
protons and extraction of L-subshell ionization
cross sections fromonly L, and L, + Lg cross

sections

Gregory Lapicki®* and Javier Miranda®

Database from pre-1995 compilations of L x-ray production and ionization by protons is enlarged by 53% with the present
update. Semiempirical formulas for L, and L,g are developed and used to extractLj, L, and L3 subshell ionization cross sections.
The extracted ionization cross sections are shown for a sample of elements and compared with the database ionization cross

sections in gold. Copyright (©) 2011 John Wiley & Sons, Ltd.

Previous Database and its Update

The database used for this study originates with the data compiled
in in Refs [1-3]. With additional references [4-8] that were not
cited in these compilations and the subsequently published
data,’®~3? a total of 29 papers was found, including several that
presented the results only in graphical form.*~8 The graphs
from these papers were digitized and the values extracted in
tabular form, although a higher uncertainty in these values should
be expected. Figure 1 compares the number of the reported
L-subshell ionization and the individual x-ray line cross sections
as previously compiled and currently updated. With all these new
data, the cumulative database has 2766 sets of cross sections
from which cross sections for Ly, L, and L3 subshell ionization by
protons in the atomic number range of targets 39 < Z, < 92 could
be potentially extracted. The complete database comprises three
classes of data: 36% or 992 sets of data with Ly, Ly, Lg, and L, with
L, sublines (Ly1, L, 23, L, 44); 28% or 781 sets of data with L, Ly, Lg,
and L,, without those L,, sublines; and 36% or 993 sets of data with
Ly, L, and L3 subshell ionization cross sections. Additionally, for a
complete collection of {L, Ly, Lg, L, }, those Ly, L, and L3 ionization
cross sections were converted to x-ray line cross sections with the
atomic parameters used in the article in which they were reported.

Figure 2 displays the number of available experimental x-ray
production (XRP) and ionization data sets from 1972 up to 2009,
as given in Refs [1-3] and the present compilation. While a
cumulative rate of increase in that number of about 80 such sets
per year in the 1972-1994 period has slowed to about 40 in this
millennium, the present update exceeds the previous compilations
by a 53%. A total of 1773 {Ly,Lg,L,} XRP and of 993 {L;,L,, L3}
ionization cross sections reconverted to the XRP will be employed
to extract L-subshell ionization cross sections.

Extraction of L1, L, and L3 Subshell loniza-
tion cross sections: Traditional and Present
Methods

Cohen®3 reviewed four traditional techniques for the extraction
of L-subshell ionization cross sections from XRP data: (1) solving

three equations with {L,,Lg,L,} for three unknowns {L, L, L3},
(2) solving three equations with {L,L,1,L,} for three unknowns
{L1,L2,L3}, (3) based on {Ly, Ly6,L,236} the Datz technique! that
to get Ly removes L,¢ due to L, from L,36, and (4) Cohen’s fine
tuning on the first two techniques with an adjustment of the
branching ratios until these two techniques yielded the same
L1. As noted in Ref [34], ‘the contributions from Ly and L, to Lg
and L, are comparable. Therefore, the Ly and L, cross sections
obtained by this procedure are rather sensitive to the accurate
Lg and L, intensities as well as branching ratios of the L; and
L, subshells into these line groups.” The ‘rather sensitive’ in this
note is an understatement. The inverse of the matrix that yields
the measured {L,,Lg,L,} in terms to-be-extracted {Ly,Ly,L3} is
often ill-defined; as solutions to a set of three equations, the
extracted cross sections are highly unreliable and sometimes even
negative.

Theinadequacy or outright failure of several of these techniques
stems from two major obstacles: for low-Z, elements the x-ray
peaks are impossible or extremely difficult to resolve due to
their considerable overlap and while with increasing Z,, these
difficulties subside, a slightly erroneous background subtraction
may generate false assignments of x-ray counts to {Ly,Lg, Ly} or
{Lo, Ly, Ly} lines.

To circumvent these obstacles, due to limited resolution com-
pounded by background subtraction uncertainties, an extraction
of (Ly, Ly, L3} cross sections should be grounded on a method that
does not require any resolution between L, and Lg peaks, nor
does it necessitate a surgical distinction between the x-ray lines
that make up the L,, peak. In fact, since L, originates from L; and
L, only while both L, and Lg involve all three subshells, it is natural
to anchor an extraction of (L, Ly, L3} cross sections on L, and a
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Figure 1. Number of L-subshell ionization and the individual x-ray line
cross sections as previously compiled! 3! and currently updated.”~32).

combined L,g = Ly + Lg. Furthermore, such a procedure imposes
less stringent conditions on the accuracy of atomic parameters — a
separate conversion of (Ly,[y, L3} to L, and Lg requires six
numbers, while L,g is based on just three numbers stemming from
a given set of atomic parameters. Atomic parameters were taken
as recommended in Ref [35] for branching ratios and Campbell
for fluorescence and Coster—Kronig yields.?37!

Instead of solving an overdetermined set of two equations for
L, and Lqg with three (Ly, L, L3} unknowns, a search is made for a
pair of positive (Ly /L, L, /L} ratios that, with L3 /L = 1— Ly /L —Ly/L,
minimizes

Figure 2. Histogram of experimental XRP and ionization data sets!'~3! and
the present compilation*=32 up to 2009.
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This method did not yield satisfactory results, when for a given
element, raw data were used for o, ™P<@ and o ,gemPiical,
Therefore, semiempirical formulas are developed for oy, and oyqg.
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Extraction of L, Ly, and L3 Subshell lonization
cross sections with Semiempirical Formulas for
L.z and L, cross sections

Figure 3(a) displays empirical cross sections, o 45*™P"<?, plotted
versus x defined as the proton velocity v; scaled by the electron
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Figure 3. (a) Empirical cross sections, aLaﬁemp"“a', plotted versus x defined as the proton velocity v, scaled by the electron orbital velocity vo; = Z5,/2,
with Zy = Z,-4.15, for 47 < Z, < 92 elements; (b) 01,5°™P" scaled by Clx]x® dictated by L; behavior in the low-x limit according to Ref. [38] where
Clx] of Egn (2) is a Coulomb deflection factor; (c) O'Laﬁempirical, scaled by C[x]x® and multiplied by Z,,” where p = 3 — x'/2 — x in pursuit of a universal
curve fitted with o4 semiempirical of Eqgn (3); (d) ratios of empirical cross sections to results of the fitted semiempirical formula as given by Eqn (3).
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orbital velocity vy, = Z;,/2 for 47 < Z, < 92 elements, with
Zy = Z; — 4.15. At x < 0.1, the empirical cross sections fall too
steeply to be efficiently fitted to a power of x. This precipitous
drop-off results from an essentially exponential decrease in the
ionization of L-subshells due to the Coulomb deflection of the
proton by the target nucleus. With the Ly subshell dominating
over other subshells in the low-x limit, according to Ref [38] the
Coulomb deflection is given by

CIx] = 9exp(—ndq)/(9 + ndq), )]

where in terms of x, the symmetrized®? 7 dq = (0.1 1/x)32/[1 +

(1-1/1823)"%1 /11 = (1/1823¢))

Based on L; proportionality to x® in the plane-wave Born
approximation (PWBA) at the low x limit,3® the o;,5°™P"<@! are
further scaled by x%; Fig. 3(b) shows o ,5°™P"<@! divided by C[x]x®.
There is still a dependence on Zy;. In the low-x limit, the PWBA
cross sections for the L; subshell is inversely proportional to Zy*
and 6,,°, where 6, is the observed L-shell-binding energy divided
by its screened hydrogenic Z5,2/8 value. In the 39 < Z, < 92 and
in the range of x common to the lightest and heaviest elements,
0,.° isinversely proportional to Z, 2. Thus ionization cross sections
multiplied by fluorescence yields, which are proportional to Z5;3,
leads to o144 being inversely proportional to Z53 in the low-x
regime. As x — 1, however, 0,45 becomes inversely proportional
to Z;;. Hence, bringing scaled cross sections to a universal curve in
x - as illustrated in Fig. 3(c) - o145 °™P"<a! /Cx]x® are multiplied by
ZyP where p = 3 — x'/2 — x. This curve is fitted by the following
semiempirical formula:

ClxIx® exp (—35x + 24x% — 10x3)
n

asemiempirical —71. 1013 bar an
ZZL(37X —X)

Lap

Figure 3(d) shows ratios of empirical cross sections to results of
the fitted formula as given by Eqn (3). Half of all compiled data lie
within 10% of o jqp%e™emPirical; 8706 are within 25% and 94% are
within 50% of this fit.

Figure 4 displays ratios of the compiled L, cross sections,
o1, 8PNl to gy pSemiempirical of Eqn (3). In Fig. 4(a), all ratios are
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Figure 4. Ratios of the compiled L, cross sections, aLyempi”ca', to
0 L *SMEmPIicAl of Eqn (3). (a) All ratios are shown as solid symbols for
57 < Z; < 92 targets and open symbols for 39 < Z, < 57; (b) ratios for
57 < Z; <92 and a curve to fit them as given in Eqn (4).

shown as solid symbolsfor57 < Z, < 92targetsand open symbols
for 39 < Z, < 57; Fig. 4(b) shows these ratios for 57 < Z, < 92
and a curve to fit them as follows:
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In Fig. 5, these ratios are shown for selected elements with an
extension of Eqn (4) to
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Figure 5. (01, /0145)°™P"8 and (01, /014p)*™emPiri<al [curves according to Eqns (4) and (5)] for selected elements.
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Extraction of L1, L, and L3 Subshell lonization
cross sections with Semiempirical Formulas for
L. and L, cross sections and a Constraint on
L,/L Ratios

The replacement of raw empirical cross sections with these
semiempirical formulas still did not produce good results. Hence,
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the least-square fitin Egn (1) was performed with a constraint that
L, /L ratios be varied within the [-0.01, +0.01] interval around

Lo/L=1370/Z20% [ (1 4+ 2 (6)

which was constructed to mimic the ratios obtained from the
database for L-subshell ionization (Fig. 6).

Figure 7 shows the L-subshell ionization cross sections in
silver, dysprosium, gold, and uranium that were extracted using
semiempirical formulas of Eqns(3)-(5) with the constraint of
Eqgn (6) in the method presented above. The extracted 79Au cross
sections are compared with all published ionization datain Fig. 8(a)
and with the ionization data from a single reference [4]in Fig. 8(b).
There is an excellent agreement between the extracted L, and L3
cross sections and the ionization database cross sections. For L,
subshell, the considerable scatter of all reported ionization cross
sections precludes definitive judgment on the merit the cross
sections extracted according to this work. Yet, there is a perfect
agreement once compared with the ionization data of Ref [4] It
might be that the Datz technique is just as effective as the method
of extraction of L-subshell ionization cross sections from L, and
Lyg proposed in this work or it could be that this agreement is
purely accidental.

Conclusions

Going beyond the existing collections of cross sections for L-shell
XRP and ionization by protons, an enlarged compilation of such
data served as an input for semiempirical formulas for L,z and
L, XRP cross sections. A preliminary test of extraction of the
L-subshell ionization cross sections in gold from these semiempiri-
cal formulas suggests an efficient method for further analysis of the
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Figure 7. Extracted L+, L, and L3 ionization cross sections in 47Ag, 65Dy, 70Au, and g, U by protons.
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L-subshell ionization vis-a-vis theoretical predictions and in appli-
cations such as an input ingredient for PIXE codes. As the further
update of the present compilation continues, the method that
is outlined here for the extraction of L-subshell ionization cross
sections will be comprehensively examined for its reliability in a
broad range of target elements.
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