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Abstract

New results are presented on the ratio Rm = sT2p ( 4P ) sT2p ( 2P ) concerning the production cross
sections of Li-like 1s2s2p quartet and doublet P states formed in energetic ion–atom collisions
by single 2p electron transfer to the metastable 1s2s 3S component of the He-like ion beam. Spin
statistics predict a value of Rm=2 independent of the collision system in disagreement with
most reported measurements of Rm  1–9. A new experimental approach is presented for the
evaluation of Rm having some practical advantages over earlier approaches. It also allows for the
determination of the separate contributions of ground- and metastable-state beam components to
the measured spectra. Applying our technique to zero-degree Auger projectile spectra from
4.5MeV B3 + (Benis et al 2002 Phys. Rev. A 65 064701) and 25.3 MeV F 7 + (Zamkov et al 2002
Phys. Rev. A 65 062706) mixed state (1s 2 1S , 1s2s 3S ) He-like ion collisions with H2 targets, we
report new values of Rm = 3.5  0.4 for boron and Rm = 1.8  0.3 for ﬂuorine. In addition, the
ratios of 2D 2P and 2P+ 2P- populations from either the metastable and/or ground state beam
component, also relevant to this analysis, are evaluated and compared to previously reported
results for carbon collisions on helium (Strohschein et al 2008 Phys. Rev. A 77 022706)
including a critical comparison to theory.
Keywords: non-statistical population, electron capture, cascade feeding, metastable states,
effective solid angle, zero-degree Auger projectile spectroscopy, transfer excitation
(Some ﬁgures may appear in colour only in the online journal)
lived 1s2s 3S states, has been particularly attractive to high
resolution projectile electron spectroscopy since they can
provide a unique and simple excited atomic system for testing
atomic theory, as for example in single [3–5] and double [6]
electron transfer (T), resonant (RTE) and non-resonant (NTE)
transfer-excitation (TE) [7, 8], the production of triply-excited
states [9] and superelastic scattering [10, 11]. More generally,
over the last decade or so, long-lived 1s2s 3S states, as found

1. Introduction
State-selective information can be obtained from projectile
Auger electrons emitted at 0° with respect to the beam
direction, where otherwise limiting kinematic broadening is
smallest, establishing the zero-degree Auger electron projectile spectroscopy (ZAPS) technique for energetic ions (see
[1, 2] and references therein). The use of pre-excited long0953-4075/16/235202+12$33.00
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in mixed (1s 2 , 1s2s 3S ) state He-like ion beams provided by
heavy ion accelerators and highly charged ion sources, have
been used in a variety of atomic physics investigations
including for example the study of electron impact ionization
[12, 13], tokamak high energy charge-exchange [14] and edge
impurities [15], electron capture and excitation [16], slow
collisions of quasi symmetric heavy systems [17], beam-twofoil spectroscopy [18] and even two-electron quantum
entanglement [19]. In most of these cases, it is usually
important to accurately know the amount of 1s2s 3S metastable fraction, not always easy to obtain within the same
measurement.
Recently, interest in ZAPS has been focused on the use
of He-like ions in the production of Li-like 1s2s2p 4P and 2P
states formed by single 2p electron transfer (T2p) to the
1s2s 3S metastable state and the determination of the ratio
Rm = sT2p ( 4P ) sT2p ( 2P ) of their production cross sections σ
in collisions with gas targets [3]. Reports on Rm for carbon
[20, 21] and ﬂuorine [3, 22] have found values as large as 9
compared to the predicted spin statistics value of Rm=2
[23], suggesting possible new additional mechanisms at play,
such as the proposed dynamic Pauli exchange mechanism [3]
and/or the selective cascade feeding mechanism [20–22].
Here, we present new results on the determination of Rm
for additional projectile ions such as boron and ﬂuorine He-like
beams in collision with H2 targets in an effort, not only to
extend the isoelectronic focus of these investigations, but also to
provide higher accuracy measurements as well. Our ZAPS
results are based on a new technique that involves two independent measurements of the same electron spectrum at the
same collision energy, but using mixed beams having quite
different 1s2s 3S metastable beam fraction in each. In the following sections, we present the new technique and show how to
extract the distinct contributions from each one of the groundand metastable-state beam components, thus, separately determining their contributions. In addition, the ratio of 2P+ 2 Pproduced by capture to the metastable component for which
spin statistics predicts a 3:1 ratio is also determined for the ﬁrst
time. Finally, we also report on the ratios of 2D 2P and 2P+ 2 Pnow populated from the 1s2 ground state beam component by
TE and compare them to RTE calculations, thus providing a
sensitive indicator as to the importance of RTE and other active
TE processes that can affect the overall intensities of the measured Auger spectra. The above ratios are also extracted—using
our technique—from the carbon on helium electron spectra
presented in [20] and critically compared to those of boron and
ﬂuorine, thus extending the isoelectronic database and providing additional information on the basic problem of the unexpected enhancement of Rm.

beam. In tandem accelerators the fast He-like beams are
delivered either in: (i) An almost pure ground state (1s 2 1S )
after gas stripping inside the tandem tank [24], (ii) a mixed
(1s 2 1S , 1s2s 3S ) state, after either stripping the negative ion
beam inside the tandem tank or post-stripping (by thin carbon
foils) the usually Li-like ion beam delivered by the tandem.
The value of the metastable fraction f3S increases with stripping energy reaching a saturation value of about 25%–30%
when the stripping velocity of the negative ion beam is near
the K-shell electron velocity of the ion vK [25]. Other shorterlived states such as the 1s2s 1S state, while also initially
present in the beam, decay much faster to the ground state and
can therefore be safely neglected in the ﬁnal beam content
determination [24].
In ﬁgures 1 and 2 we present older ZAPS spectra
obtained during our collaboration at the JR McDonald
laboratory of Kansas State University. The data were obtained
using mixed state (1s 2 1S , 1s2s 3S ) He-like ion beams of
boron and ﬂuorine in collisions with H2 measured by a
hemispherical deﬂector analyzer (HDA) with injection lens
and position sensitive detector (PSD) [24, 25]. In these two
spectra, mixed state (1s 2 1S , 1s2s 3S ) beams with quite different f3S values at the same collision energy were obtained as
judged by the intensity of the observed 1s2s2p 4P Auger line.
This 4P state is readily obtained by direct single electron
transfer to the metastable component (see discussion in next
sections) of the beam and thus is expected to provide an
accurate indicator of the beam’s 1s2s 3S metastable content.
As shown in ﬁgures 1 and 2, the smaller ratio of 4P to 2D
yields in spectrum [2] implies, just by visual inspection alone,
a signiﬁcantly smaller fraction, f 3[S2] < f 3[S1] (see also
appendix A and equation (A.15)). In the case of F 7 +, the
beam was produced either after post-stripping the incident
F 6 + beam in thin carbon foils or directly from the tandem
accelerator after stripping the initial F− beam in thin carbon
foils inside the terminal. In the latter case the stripping energy
was only 3.2MeV resulting in a signiﬁcantly reduced 4P
yield implying a correspondingly much smaller f3S value,
while for the case of foil post-stripping f3S reaches its maximum value. Similarly, for the B3 + case, the maximum value
of f3S was obtained after post-stripping the incident B2 + beam
in thin carbon foils. A second, smaller f3S value could be
obtained after post-stripping the incident B2 + beam in a gas
post-stripper.
2.2. Technique for the evaluation of R m ¼ σT 2p

 4 
 
P σT 2p 2 P

The determination of Rm in ZAPS measurements so far has
involved either prior knowledge of the inherent metastable
fractions in the impinging ion beam from literature reports [8]
or the use of both mixed state (1s 2 1S , 1s2s 3S ) and pure
1s 2 1S ground state He-like ion beams [3, 20]. In the literature,
various methods have been reported for the determination of
the metastable 1s2s 3S beam fraction including high resolution target K x-ray [26]and low resolution [27] or high
resolution projectile Auger [28] or x-ray [29, 30, 31, 32]
measurements, as well as more recent ZAPS [24, 25] measurements, in addition to theoretical modeling [33]. Alternatively, carrying out measurements using both pure ground

2. The experimental approach


2.1. ZAPS measurements using mixed 1s 2 1 S; 1s2s 3 S state
He-like ion beams

The mechanisms for populating the Li-like 1s2l 2l ¢ doubly
excited projectile states depend on the initial state of the ion
2
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(2S + 1)L

Figure 2. Same as ﬁgure 1, but for 25.3 MeV F 7 +(1s 2 1S , 1s 2s 3S )

for l , l ¢ = 0, 1 (symbolized for short
Auger electron spectra from 4.5 MeV
as
B3 +(1s 2 1S , 1s2s 3S ) collisions with H2 as reported in [24]. The B3 +
beam was produced: [1] after post-stripping the incident B2 + beam in
thin carbon foils, [2] after post-stripping the incident B2 + beam in Ar
gas. The smaller ratio of 4P to 2D yields in spectrum [2] implies
f 3[S2] < f 3[S1]. The ﬁve peaks have been least square ﬁtted on top of a
baseline quadratic background.
Figure 1. Li-like 1s 2l 2l ¢
(2S + 1)L )

collisions with H2 as reported in [25]. The F 7 + beam was produced:
[1] after post-stripping the incident F 6 + beam in thin carbon foils, [2]
after direct stripping in the tandem accelerator terminal the initial F−
beam in thin carbon foils at the terminal energy of 3.2MeV. The
signiﬁcantly reduced 4P peak observed in spectrum [2] is due to the
much lower stripping energy in the terminal.

laboratory at 0° to the beam direction is given by [2, 8]:
state and mixed state beams can be quite effective in separating out the processes that originate from the metastable
1s2s 3S part of the beam as nicely shown in [20]. However, it
is not always possible to obtain near pure (with less than a
few percent of metastable) ground state beams utilizing gas
stripping inside the tandem tank as f3S depends on the stripping energy. Thus, for measurements in which the stripping
energies result in a considerable amount of metastables this
method cannot be applied.
Here, we present an approach that addresses the above
difﬁculties, providing an alternative technique that does not
necessitate the use of a pure ground state beam nor the
explicit determination of f3S . Instead, it requires two measurements of the same Auger lines, obtained at the same
collision energy, but using a beam of different f3S content in
each measurement [24]. Below we present this technique in
detail after introducing the reader to the necessary
deﬁnitions.

d2s e
N e (e)
=
,
dW de
NI n L c DW De T (e) h (e)

(1 )

where NI is the number of ions collected during the
measurement as digitized by a beam current integrator, Lc is
the length of the target gas cell, n is the target gas density
(molecules cm−3), DW is the effective solid angle, De is the
energy resolution, while T and η are the transmission and
detection efﬁciency of the spectrograph, respectively. The
number of detected electrons N e (e) is just the ‘raw’ electron
spectrum of counts versus laboratory electron energy ε after
background subtraction, which contains the observed Auger
lines of the corresponding states x. Here, x corresponds to the
5 lines indicated as 2S , 4P , 2P-, 2P+, 2D in the spectra of
ﬁgures 1 and 2.
Transformation to the rest frame of the ion (indicated by
primed quantities) is given by [34]:
1

⎛ e¢ ⎞ 2 d2s e
d2s e
,
=⎜ ⎟
⎝ e ⎠ dW de
dW¢ de¢

2.2.1. Definitions. In ZAPS the experimentally determined

e¢ = ( e -

electron double differential cross section (DDCS) in the
3

t p )2 ,

(2 )
(3 )
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where e¢ is the rest frame electron energy with tp = m Vp2 2
the laboratory kinetic energy of an electron with the same
speed Vp as the projectile ion.
Energy integration over each Auger peak x of the
spectrum and division by its Auger yield x [x ] results in the
state production single differential cross section (SDCS) for
each state x:
ds
N e [x ]
[x ] =
.
dW¢
k [x ] x [x ]

absolute normalization required in cross section determination. This realization is one of the central aspects of our new
method involving ratios as will become more clear in the next
sections.

2.2.2. Determination of the separate contributions from the
1s2s 3 S and 1s 2 1 S states. For an electron spectrum

obtained from a mixed state beam, with contributions to the
Auger line x from both the 1s 2 1S ground (g) and 1s2s 3S
metastable (m) states we may write quite generally [8]:

(4 )

Here N e [x ] is just the total number of electrons in the Auger
peak x (here determined in a least square ﬁt [35] after
background subtraction as shown in ﬁgures 1 and 2) divided
by the overall absolute ‘normalization’ constant k for each
line given by:
⎛ e¢ ⎞
N e [x ] º
N e (e¢) de¢ =
⎜ ⎟ N e (e) d e ,
[x ]
[x ] ⎝ e ⎠

(5 )

k [x ] º NI n L c T h DW [x ] = k Gt [x ] ,

(6 )

DW [x ] = Gt [x ] DW0 ,

(7 )

k º NI n L c T h DW0.

(8 )

ò

ò

N e [x ] = Nme [x ] + Nge [x ]
⎡ Ng ⎛ dsg [x ] ⎞
N ⎛ d s [x ] ⎞ ⎤
= k [x ] x [x ] ⎢ ⎜
⎟ + m ⎜ m ⎟⎥
⎣ NI ⎝ dW¢ ⎠
NI ⎝ dW¢ ⎠ ⎦

(9 )

(10)

or equivalently using the results of equation (4):
⎛ dsg [x ] ⎞
⎛ d s [x ] ⎞
d s [x ]
⎟ + f 3S ⎜ m ⎟ .
= (1 - f 3S ) ⎜
⎝ dW¢ ⎠
⎝
⎠
¢
¢
dW
dW

(11)

Here, the total number of accumulated ions NI is the sum of
the ions in the ground state Ng and metastable state Nm, i.e.
NI = Ng + Nm , while the metastable fraction f3S is deﬁned as
f3S º Nm NI [24]. In this case, dsg [x ] dW¢ and dsm [x ] dW¢
represent the differential production cross sections for all
possible processes that can populate the state x from either the
ground state (g) or metastable states (m) and are by the above
deﬁnition independent of the amount of metastable fraction in
the utilized ion beam. This is clearly not the case for
ds [x ] dW¢ which is strictly dependent on the amount of
metastable fraction f3S as shown explicitly in equation (11). It
is therefore not a real cross section as such.

Here, h is now the detection efﬁciency averaged over the PSD
spectrum energy range, while DW [x ] is the effective solid
angle of the measurement and Gτ a spectrometer-dependent
solid angle correction factor accounting for a possible
dependence on the lifetime t [x ] of the particular state x. It
is reminded that the doublet states are all prompt therefore
having Gt  1 and therefore practically the same solid angle
DW0 , while the 4P state is metastable with Gt º Gt [ 4P ]
mostly signiﬁcantly different than 1. We have recently
computed Gτ for the HDA used in this work [36].
Computations of this correction factor for the two-stage
parallel plate analyzer (tandem PPA) have been reported in
[2, 8, 20, 37]. The exact value of Gτ is an important correction
when measuring the Auger electron yield from the 4P state for
low-Zp ions and is further discussed below. Finally, k [x ] is
seen to include the values of all the experimental parameters
of the measurement and the accuracy of each of these
parameters determines the overall systematic uncertainty of
the cross section. All the experimental parameters except for
Gτ have been collected together into the overall absolute
normalization parameter κ, which for our HDA has been
computed to have an overall systematic uncertainty
Dk k  0.17 [38]. We note that κ depends also on the
number of recorded ions NI and can therefore be very different
from one measurement to the other. Of course, if NI is the
only difference in the two measurements, then the uncertainty
will typically be less than 3% with no signiﬁcant gain in
accuracy. However, when the metastable beam fraction is
supplied from independently measured fractions using
completely different techniques (e.g. x-rays [26]) or apparatus
[28] then the uncertainty will be much larger. As shown
below, one of the big advantages of computing the ratio of
peak counts in the same measurement (same spectrum) is that
κ cancels, thus making the ratio independent of κ and the
particulars of the experimental set-up and especially the

Since we shall be interested in two different measurements i=1, 2 each with a different amount of metastable
fraction f 3[Si], for a measurement i, we may write:
⎡
⎛ dsg [x ] ⎞
⎛ d s [x ] ⎞ ⎤
dsi [x ]
⎟ + f 3[Si] ⎜ m ⎟ ⎥
= ⎢(1 - f 3[Si] ) ⎜
⎝ dW¢ ⎠ ⎦
⎝ dW¢ ⎠
⎣
dW¢
for x :

2P ,4


P,

(12)

2D.

Thus, for two independent measurements i=1, 2,
equations (12) lead to 2 equations for each one of the 4
states ( 2P, 4P or 2D) and therefore to a total of eight
equations with ten unknowns: the two metastable fractions
f 3[S1] , f 3[S2], and each of the four contributions from the ground
dsg [x ]
dW¢

ds [x ]

and four from the metastable dmW¢ beam components.
This system of simultaneous nonlinear equations cannot be
solved. However, as discussed in section 3, under the
assumptions that the 4P state is populated predominantly
from the metastable state (by direct electron transfer) and the
2D state is populated predominantly from the ground state (by
2
ds [ 4P ]
TE) we set dgW¢  0 and dsdmW[ ¢D]  0 , eliminating two of the
unknowns in the system of equations (12). This simpliﬁcation
allows for the system to be solved—see equations (A.12) and
(A.13) in appendix A)—which are written here in the more
4
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compact form:
dsm [x ]
= S [ 2D] H [x , 2D]
dW¢
for x : 2P, 4P , 2D

(13)

dsg [x ]
= S [ 4P ] H [x , 4P ]
dW¢

(14)

theory is expected to be able to calculate within about 20%
when the process is resonant (RTE) [8].
The ratios Rm, Rg and rm and rg are deﬁned here as
follows:

with
S [x ] º

ds1 [x ] ds2 [x ]
,
ds2 [x ] - ds1 [x ]

⎛ d s [x ]
ds2 [x ] ⎞
H [x , y ] º ⎜ 1
⎟,
ds2 [ y] ⎠
⎝ ds1 [ y]

(15)

dsm [ 4P ]
dW¢
Rm º
,
2
dsm [ P+]
ds [ 2P ]
+ m dW¢
dW¢

(21)

dsg [ 2D]
dW¢
Rg º
,
dsg [ 2P+]
dsg [ 2P-]
+
dW¢
dW¢

(22)

dsm [ 2P+]
dW¢ ,
rm º
dsm [ 2P-]
dW¢

(23)

dsg [ 2P+]
dW¢ .
rg º
dsg [ 2P-]
dW¢

(24)

(16)

where we have used the short hand dsi [x ] º dsi [x ] dW¢. We
may further express H using equation (4) which together with
equation (6) gives:
H [x ,

4P ]

G x [ 4P ]
= t
N [x , 4P ]
x [x ]

(17)

Using the results of equations (13) and (14) we may evaluate
the four ratios to obtain:

so that
H [ 4P , 2D] =

x [ 2D]
N [ 4P , 2D] ,
Gt x [ 4P ]

(18)

x [ 2D] 2
N [ P, 2D]
x [ 2P]

(19)

H [ 2P, 2D] =

with
⎛ N e [x ]
N e [x ] ⎞
N [x , y] º ⎜ 1e
- 2e ⎟ .
N2 [ y] ⎠
⎝ N1 [ y]

(20)

We note here that N [x, y] has the important property that it is
independent of any absolute normalization parameters of the
measurement as for example those included in k [x ] given in
equation (6). It is simply composed of ratios of raw counts
(areas under the peaks) from the same spectrum, as shown in
the examples of ﬁgures 1 and 2.

Rm exp

N [ 4P , 2D]
Gt x [ 4P ]
=
,
N [ 2P+, 2D]
N [ 2P-, 2D]
+
x [ 2P+]
x [ 2P-]

(25)

Rg exp

N [ 2D , 4P ]
x [ 2D]
=
,
2
4
N [ P+, P ]
N [ 2P-, 4P ]
+
x [ 2P+]
x [ 2P-]

(26)

rm exp =

x [ 2P-] N [ 2P+, 2D]
,
x [ 2P+] N [ 2P-, 2D]

(27)

rg exp =

x [ 2P-] N [ 2P+, 4P ]
.
x [ 2P+] N [ 2P-, 4P ]

(28)

All four ratios are seen in equations (25)–(28) to be expressed
as functions of N [x, y] (deﬁned in equation (20)) in which the
absolute normalization parameters κ have canceled and
therefore all four ratios depend only on the areas Nie [x ].
Also not required is the knowledge of the metastable fraction
in each measurement i=1, 2 something not immediately
obvious from the form of the equations involving the cross
sections dsm dW¢ and dsg dW¢ in appendix A.
Clearly, this is a considerable advantage since both the
absolute normalization and metastable fraction determination
is in general more tedious to obtain requiring special attention
to additional experimental details. In the case of the ratios
Rm exp and rm exp , it is also clear that the Auger yields, x [ 2D],
cancel, but not so for the ratios Rg exp and rg exp . Thus, except
for the theoretically determined P state Auger yields x [ 2P]
needed in all ratios, only the solid angle correction factor Gτ
and Auger yield x [ 4P ] is needed for Rm exp , while both Auger

2.2.3. Ratios Rm, rm, Rg and rg.

The main ratio of interest to
this study and also measured in other works is the ratio Rm of
4P to 2P contributions from the metastable 1s 2s 3S
component of the beam. Here, we also include the
determination of three additional ratios which should
provide further consistency checks as well as further insight
into the model assumptions. These ratios include the ratio rm
of 2P+ to 2P- contributions from the metastable 1s2s 3S which
according to theory should be 3:1 [39]. In addition, we also
deﬁne ratios of contributions from the ground state 1s 2 1S
component, Rg of 2D to 2P and rg of 2P+ to 2P- states. The
contributions to these ground state ratios arise from TE, which
5
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Figure 3. Theoretical results are compared to experimental ratios obtained using the two spectra approach from two distinct measurements
with different metastable content. This work: (ﬁlled squares) 4MeV B3 + and 4.5MeV B3 + on H2 (from spectra reported in [24] with the 4.5
MeV case shown in ﬁgure 1), (ﬁlled circles) 25.3MeV F 7 + on H2 (from spectra reported in [25] and shown in ﬁgure 2). Also shown for
comparison (open circles) are results obtained from the spectra reported in [20]. (a) and (b) show the ratios Rm,exp and rm,exp as computed by
equations (25) and (27) using the ﬁtted areas of the boron and ﬂuorine spectra. The theory lines represent the predictions of single electron
capture to the metastable state, i.e. Rm,theo = 2 and rm,theo = 3 [39]. (c) and (d) show ratios Rg,exp and rg,exp similarly computed using
equations (26) and (28) compared to RTE calculations. The ﬂuorine data point for rm is missing as the 2P- counts are practically zero as can
also be seen in the spectrum itself (ﬁgure 2).

[24]. In this case, however, we note the existence of the
absolute normalization parameters ki . Thus, in the case of the
metastable fraction determination the relative calibration
(ratio of k 2 k1) is necessary. The expressions for the
metastable fractions, however, are seen to be independent of
the Auger yields ξ as expected, but also of the correction
factor Gτ which cancels since Nie [ 4P ] appears both in the
numerator and denominator of equations (29) [24].

yields x [ 4P ] and x [ 2D], but not Gτ is needed in Rg exp .
Otherwise no additional theoretical or experimental parameters are needed. Moreover, since the angular distributions
of the Auger decays from the 4P and 2P states can be
expected to be quite similar (both are P states), Rm exp
practically corresponds to the ratio sm [ 4P ] sm [ 2P ] of the total
production cross sections.
Finally, the metastable fractions f 3[S1] and f 3[S2] of each
measurement can also be obtained self-consistently within the
same method. These can also be written in terms of the raw
counts as:
⎤
Nie [ 4P ] ⎡
k1 N2e [ 2D] - k2 N1e [ 2D]
⎢ e 2
⎥
e 4
e 2
e 4
ki ⎣ N2 [ D] N1 [ P ] - N1 [ D] N2 [ P ] ⎦
(i = 1, 2)

In ﬁgure 3, we present experimental results for the four
ratios as extracted from the ﬁts to the boron and ﬂuorine
spectra shown in ﬁgures 1 and 2, respectively. In addition, for
comparison we have also included the Rm results for carbon
on helium spectra from [20], for which values of Rm were
found to lie in the range of 6–9, as well as values for the other
three ratios rm, Rg and rg calculated with our method. These
results are discussed next in section 3.

f 3[Si] =

(29)

which are essentially the same as the expressions given in

6
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T2p [4]. As stated, the RTE process is prohibited for this state,
as also for the 2P states, due to energy conservation considerations [8]. It is documented in the literature that the
NTEm process is negligible compared to T2p when using H2
targets, for both 2P and 4P states, for collision energies of
0.5–1 MeV/u which are considered here [8]. Thus, under the
above stipulations, the 4P state is populated primarily via the
T2p process to the metastable 1s2s 3S state, while the 2P state
by either RTE from the 1s2 ground state and/or T2p from the
1s2s 3S state.
The case of the 2D state is special since it is strongly
populated by RTE from the ground state in the present energy
range. Indeed, according to the impulse approximation (IA)
[8], the RTE maximum for the 2D states in collisions with H2
is at ER  3.65 MeV for boron and ER  19.6 MeV for
ﬂuorine. Thus, for the collision energies reported in this work
and when using an H2 target, RTE is expected to be dominant
in the formation of the 2D state [7, 8] ruling out contributions
from NTEg and NTEm (just T2p is not viable) as negligible.
It is important to realize that our technique (as well as
that of [20]) approximates the original deﬁnition of Rm as the
ratio of single 2p electron transfer cross sections
sT2p ( 4P ) sT2p ( 2P ) by the ratio of metastable SDCS as
expressed by equation (21) and evaluated from the experimental data by equation (25). Since both T2p and NTEm are
in principle viable from the metastable state (they are not
distinguishable in ZAPS) as shown in ﬁgure 4, our approximation holds only if NTEm is much smaller than T2p, as is
the case for the collision systems investigated here. However,
this might not always be the case, as for example with heavier
targets and/or at lower collision energies, where due care
must always be exercised. More investigations of this point
are clearly needed both theoretical and experimental.

Figure 4. Energy level diagram showing the dominant mechanisms

for the production of the 1s2l 2l ¢ (2S + 1) L doubly excited states formed
in collisions of energetic He-like (1s 2 1S , 1s2s 3S ) beams with H2
targets. Single 2p or 2s electron transfer (T) or non-resonant transfer
excitation (NTEm) to the metastable state (m) in red, transfer and
excitation (both resonant (RTE) and non-resonant (NTEg)) from the
ground state (g) in blue (for more details see text).

3. Results and discussion
3.1. Dominant processes

The dominant processes involved in the population of the
1s2l 2l ¢ (2S + 1) L doubly excited states during collisions of
energetic He-like (1s 2 1S , 1s2s 3S ) ions with H2 targets are
illustrated in ﬁgure 4. As shown, all the doublet states can be
populated (a) from the ground state via the processes of RTE
and NTE [7, 23] and (b) from the metastable state via NTE.
RTE is prohibited in case (b) due to energy conservation
considerations. Here we refer collectively to NTEg to designate all NTE processes from the ground state and to NTEm to
designate all NTE processes from the metastable state.
The 4P state cannot be populated from the ground state
by NTEg processes due to spin conservation selection rules
[3, 22] and only negligibly so by RTE since the 4P Auger rate
is orders of magnitude smaller than for the 2P and 2D states.
Other possible population processes from the ground state
would involve the 1s ionization followed by double electron
transfer to the 2s and 2p states or an NTEg process with spin
ﬂip. Both cases are in principle viable if targets with more
than two electrons are used, but all are of higher order
compared to single electron transfer and consequently can be
considered much weaker and neglected. Moreover, they can
be safely excluded from this study since only H2 targets are
considered. Alternatively, the 1s2s 3S state contributes to the
population of the 4P state through the processes of NTEm and

3.2. Evaluation of ratios Rm and rm

We now apply equations (21) and (23) to compute Rm and rm
for the spectra of ﬁgures 1 and 2. For 25.3MeV ﬂuorine
collisions with H2, the value obtained is Rm exp = 1.8  0.3
which is very close to the statistically expected value of
Rm=2. This Rm exp value is also in qualitative agreement
with the Auger spectra of Lee et al [8] analyzed in [22]. It is
worth noting that the Lee et al [8] ﬂuorine ZAPS results, were
obtained using a tandem PPA placed much closer to the gas
target (than in the case of our HDA), very similar to the setup
used in [20] for carbon. Furthermore, in the analysis of Lee
et al the metastable fraction was not measured in situ (this
technique to measure the metastable fraction only became
known much later [24]), but was taken from the even older
high resolution Auger measurements of Dillingham et al
obtained with an entirely different apparatus [28] and thus
could in fact be quite different. Our new ﬂuorine Rm exp result
does not seem to support the need for any mechanisms
enhancing the population of the 4P state which of course
could be quite different at lower collision energies where
much larger Rm values were reported [22]. On the contrary,
for the case of boron, Rm exp = 3.5  0.4, well above the
statistically expected value of R=2. Moreover, the value for
boron is in accordance with the value of Rm exp = 2.9  0.2,
7
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experimentally determined ratios reported in ﬁgure 3(b) with
the exception of the 25.3MeV ﬂuorine data which is seen to
be a bit smaller at rm exp = 1.4  0.5.
Finally, in ﬁgure 3, we also include the values of Rm,exp
extracted from ﬁts to the subtracted spectra of [20] (ﬁgure 5)
using their reported solid angle corrections factors. Our
extracted values for Rm,exp were 9±1, 9±1 and 10±1 for
6, 9 and 12MeV, respectively, which though a bit higher than
those reported in [20], are still within the reported experimental errors. For the sake of consistency in ﬁgure 3(a) we
have plotted the values given in the original reference. For the
determination of the rm,exp ratio though, we used ﬁtted areas
to the unsubtracted spectra of [20] (ﬁgure 2). It is clearly seen
that our measurements and those of [20] are in fair agreement
as to the determination of the ratio rm. However, a quite large
disagreement is evident for the ratio Rm. The main difference
in the evaluation of Rm as compared to rm is the determination
of the effective solid angle factor Gt . As already mentioned,
the detection solid angle of the quartet and doublet states can
be very different resulting in a considerable correction [2, 4]
which is quite sensitive to the particulars of the experimental
setup and the spectrometer used in the measurement. Measurements of [20] were obtained with the tandem PPA, while
in our measurements we used an HDA equipped with an
injection lens. In our case the effective solid angle was
accurately determined in a Monte Carlo type approach within
the SIMION8.1 ion optics package [36], while for the tandem
PPA only purely geometrical calculations were applied raising questions about the accuracy of the computed correction.
Thus, the solid angle correction factor could in fact be a
possible source of signiﬁcant systematic error in the determination of Rm,exp in [20]. It is our intention to try to determine it in a similar way as we did for the HDA [36], in a
future investigation.

recently
reported
for
collisions
of
4MeV
B3 +(1s 2 1S , 1s2s 3S ) with H2 targets [40], utilizing the
method of [20].
Any enhancements of Rm exp above the value of two must
be accounted either by increasing the numerator leading to the
enhancement of the 4P population or by decreasing the
denominator leading to the depression of the 2P population.
To date, two different mechanisms increasing the numerator
both feeding the metastable 1s2s2p 4P state have been proposed to account for the observed enhancements: (a) The
Pauli exchange interaction where a target electron which is
spin-aligned with the two projectile electrons in the (1s2s 3S )
state experiences a (slightly) different potential than an antialigned electron. If the interaction potentials are different, the
outcomes ( 4P versus 2P formation) could also be different.
This process does not necessarily involve the excitation of the
projectile 1s electron and could possibly be described within
the independent electron model, but one would need spindependent potentials—a difﬁcult task—not yet attempted
[41]. It is expected to result in additional 4P population
[3, 20, 21]. It was ﬁrst suggested in an effort to explain the
value Rm exp = 2.9 seen in measurements of 1.1MeV/u
ﬂuorine in collisions with He [3] and later on for the even
larger values Rm exp = 6–9 for 0.5–1.5MeV/u collisions of
carbon on He [20, 21]. (b) The selective cascade feeding of
the 1s2s2p 4P state from higher lying 1s2snl 4L states
(formed by nl electron transfer with n > 2) through strong
radiative E1 transitions between quartets, eventually transferring the extra nl population to the 1s2s2p 4P [20–22]. The
higher lying 1s2snl 2L states can also be formed by nl electron transfer, but in this case they preferentially decay
strongly by Auger transitions allowing for negligible feeding
of the 1s2s2p 2P states [21, 22].
In addition, a third process is considered here that merits
further investigation: the blending of the 1s2p 2 4P e line, not
yet discussed so far, with the 2P+, as it gives rise to an Auger
electron with almost the same energy [5, 42]. What holds for
the production of the 1s2s2p 4P should also apply for the 4P e
state. For low-Z targets such as H2 and He, the 4P e line can
only be populated by NTEm, in a way similar to the 1s2p 2 2D
line, but probably much weaker. Thus, if signiﬁcant, possibly
at lower collision energies where NTEm is strongest, it could
lead to an overestimation of what has been considered so far
to be a pure 2P+ line, but actually might include the blended
contributions of both 4P e and 2P+ lines. Their energy difference is probably beyond the limits of ZAPS (differences less
than ∼0.1%), but taking advantage of the soft metastability of
the 4P e (mean lifetime 0.1–1 ns [42]) some possibilities might
still exist for its extraction from under the otherwise prompt
2P line and check its intensity [43]. As a contra indication we
+
might note that this line blending would increase the ratio rm
of sT2p ( 2P+) sT2p ( 2P-) expected to be 3 by spin statistics [23],
so far in accord with recent observations [40].
Next we consider the ratio rm, which as does Rm, should
also test how well single 2p electron capture to the metastable
state obeys spin statistics. As already stated theory predicts
the ratio for 2p capture to the metastable state should form the
states 4P , 2P- and to 2P+ in the ratios 8: 1: 3 and therefore
rm=3. This is seen to be in fair to good agreement with the

3.3. Evaluation of ratios Rg and rg

The ratios Rg and rg refer to ratios of contributions from the
ground state which according to the preceding discussion and
ﬁgure 4 are expected to occur primarily via the TE process.
For H2 targets, and to a slightly lesser extent for He targets,
RTE is expected to be the dominant TE mechanism particularly when close to the RTE maximum. Therefore a comparison of the experimental data to the RTE calculations
should provide valuable information as to the dominant processes involved in the production of these states.
In ﬁgures 3(c) and (d), the ratios Rg and rg of experiment
to RTE theory (computed using equation (7) of [8]) from our
data of boron and ﬂuorine beams as well as from ﬁtted areas
to the unsubtracted spectra of [20] (ﬁgure 2) are plotted as a
function of the collision energy. For both ground state ratios
Rg and rg, agreement is not as good as that for the metastable
state ratios. In particular, for rg, a consistent disagreement is
particularly noticeable and quite unexpected. Unfortunately,
in the case of ﬂuorine the data could not lead to an evaluation
of rg since the 2P- peak is practically absent.
We note that both ratios rm and rg involve the same ratio
of Auger yields, i.e. x [ 2P-] x [ 2P+] and therefore if rm is in
8
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agreement with theory the observed disagreement between
rg theo and rg exp can not be justiﬁed on the grounds of possibly
incorrect Auger yields. Thus, any discrepancy between theory
and experiment in rg, assuming that the RTE calculation is
valid and the IA is accurate and applicable, must be due to
additional NTEg processes that come into play. Spin statistical arguments, as the ones already used for the expected
ratios of Rm, can also be applied to NTEg and show that the
probability of transfer in NTE in going from the 1s2 He-like
ground state to the 2P- and 2P+ Li-like states can be expected
to occur in a 3 : 1 ratio (i.e. the ratio of 2P-: 2P+ formed by
NTEg) which is seen to be the inverse of the value of the ratio
for the probabilities of these two states to be formed by single
electron capture from the metastable. However, this can be
seen to be consistent with an analogous calculation of capture,
but now into the excited 1s2s 1S or 1s2p 1P singlet states [39],
assumed to be ﬁrst formed from the ground state by excitation
and then followed by capture of a spin-up or spin-down
electron into the 2s or 2p, respectively, to form the 2P states,
as the 2nd step of the NTEg process. This is in the right
direction of increasing preferentially the 2P- population and
therefore the denominator of rg. A point that argues against
the involvement of additional NTEg, is of course, the fact that
measurements of Rm for carbon on the much heavier Ne target
[20] (for which it is well-known that NTE contributions
should be much larger than for light targets sush as H2 and
He), were very similar to the results obtained with H2. This
could mean the correct and full subtraction of all ground state
contributions (therefore also of NTEg).
In addition, only the 4MeVB 3 + + H2 and the 6MeV
C 4 + + He collision systems are close to the RTE maximum
values where RTE is expected to dominate. At these energies
better agreement of rg RTE with rg exp is expected which is
clearly not the case for carbon, and marginally so for boron,
the difference between the H2 target and He targets clearly
playing some role as it is well known that He gives rise to
more NTEg than H2 [4]. The necessity of even better statistics
in these measurements is clearly apparent for more secure
conclusions about the value of the ratios of 2P in the overall
analysis. Clearly, a proper calculation of NTEg is also needed
for a more quantitative prediction, but the above arguments
show this to be in the right direction. Overall, further work in
understanding these seemingly conﬂicting results is needed
and we are in the process of supplying additional experimental results in the APAPES [38] project underway.

that differences in metastable content can be readily judged
by inspection of the 4P 2D line area ratio. (c) It also bypasses
the need for mutually normalized spectra, as it involves only
ratios of areas of peaks from the same spectrum, literally
using only the ‘raw data’ of each spectrum. Thus, the accuracy in the determination of the four ratios Rm , rm, Rg , rg is
seen to depend just on the counting statistics attainable in the
measurements.
To apply our technique the following two conditions are
important: (i) The 4P state be populated strongly from only
the metastable 1s2s 3S state, and (ii) the 2D state be populated
strongly from only the 1s2 ground state. These two conditions
are expected to be satisﬁed in collisions with low-Z targets
such as H2 or He [8]. Aside from these, however, the method’s critical requirement is that the two spectra used must be
obtained in measurements with beams having appreciably
different f3S content. The larger the differences in this metastable content the more robust and accurate should be the
results. Clearly, in the case when one measurement can be
performed with near zero metastable fraction, as already
mentioned not always possible, this should correspond to the
most accurate results when using our equations (25)–(27).
This extreme and optimal situation is investigated in
appendix B.

4. Summary and conclusions
We report on new results on the value of the ratio
Rm = sT2p ( 4P ) (sT2p ( 2P+) + sT2p ( 2P-)) of state production
cross sections formed by 2p electron transfer to the 1s2s 3S
metastable beam component obtained from previously published Auger electron spectra for collisions of 4.5MeV
B3 +(1s 2 1S , 1s2s 3S ) and 25.3MeV F 7 +(1s 2 1S , 1s2s 3S )
with H2 targets. Our new results were obtained using a new
method that utilizes two independent measurements of the
same projectile Auger spectrum, but with quite different
1s2s 3S metastable fraction in the ion beam of each measurement. Its comparative advantage lies in the fact that it
allows for the determination of Rm with considerable reduction of experimental uncertainty, even in cases where it is not
possible to obtain a pure ground state He-like ion beam, as
required in older methods. Our results for boron show a clear
departure from the expected theoretical value of Rm=2, in
support of earlier indications for carbon [20, 21] and ﬂuorine
[22], with no clear explanation to date. In addition to our
results on Rm, we also present for the ﬁrst time results on the
related ratio, rm = sT2p ( 2P+) sT2p ( 2P-), which is found to be in
fairly good agreement with its theoretically predicted value of
rm=3. Moreover, our method also allows us to determine
the additional ratios of 2D 2P and 2P+ 2P- populations produced from the ground state beam component. These ratios
when compared to RTE calculations—expected to be the
dominant contributor—result in unexpected disagreement,
suggesting the possibility of an additional active NTEg
process.
With the addition of these new results for boron and
ﬂuorine to those of carbon, we have shown that an adequate

3.4. Advantages and applicability of the technique

From the results of equations (25)–(28), it becomes clear that
our technique offers the following three signiﬁcant advantages: (a) It replaces the need for a measurement with a pure
ground state beam, usually hard to realize in practice and only
possible in a rather narrow collision energy window, by the
relatively easier and more broadly applicable requirement of
two measurements using mixed state beams with different
values of metastable fraction f3S . (b) It bypasses the need for
determining f3S , thus eliminating a considerable additional
source of error in Rm and the other three ratios. It is reminded
9
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explanation of the observed discrepancies between theory and
experiment is still missing. The determination of Rm is
important since any deviations from its fundamental theoretical value of two indicates the existence of mechanisms at
play either awaiting to be discovered, or known but thought to
be unimportant or even not well understood. Thus, it opens up
a window for exploring such hidden processes as for example
the proposed enhancement mechanisms of selective cascade
feeding and/or dynamic Pauli exchange. Consequently, there
still seems to be a clear need to further extend this isoelectronic investigation over the entire ﬁrst row of the periodic
table and possibly even to higher Z atomic species, providing
high quality Auger electron spectra in a systematic approach.
In addition, the inclusion of heavier gas targets such as Ne
and Ar in our method and comparisons to H2 and He will
shed further light on the role of the NTE processes in populating the Li-like states. From our current understanding, in
heavier targets, NTEm can be expected to noticeably enhance
the population of the 4P and 2P states, while NTEg is
expected to considerably affect the 2P and 2D populations
especially at collision energies far from the RTE maximum.
However, accurate NTE calculations are clearly required to
reach quantitative results and to support corresponding measurements. Finally, cascade contributions will need to be
computed for all ions utilized in any such measurements
including their effect on the solid angle correction factor for
the long-lived 1s2s2p 4P state. Theoretical account of NTE
contributions both from the ground and the metastable states
would be particular useful together with other basic theoretical support on atomic structure of Li- and He-like ionic
states. Currently, we are working towards these goals with our
ZAPS setup now in full operation within the APAPES project
[44] at the Athens 5.5MV tandem accelerator of the NCSR
Demokritos.

Spectrum 2:
dsg [x ]
dsm [x ]
ds2 [x ]
+ f 3[S2]
=
.
(1 - f 3[S2] )
dW¢
dW¢
dW¢

The above system of eight nonlinear equations in ten
ds [x ]
unknowns (each of the four dgW¢ , four dsdmW[¢x ] for x: 4P , 2P, 2D
states and the two unknown fractions f 3[S1] , f 3[S2]) cannot in
general be solved. However, under the basic assumption that
the 4P state cannot be populated from the ground state beam
and the 2D state cannot be populated from the metastable
ds [ 4P ]
ds [ 2D]
beam component means that dgW¢ = 0 and dmW¢ = 0 , and
when applied to equations (A.1) and (A.2) reduces our system
to eight equations with eight unknowns ( 2P counts as two
equations):
Spectrum 1:
ds [ 4P ]
ds [ 4P ]
= 1
,
f 3[S1] m
dW¢
dW¢
(1 - f 3[S1] )

(A.3)

dsg [ 2P]
dsm [ 2P]
ds [ 2P ]
+ f 3[S1]
= 1  ,
dW¢
dW¢
dW¢

dsg [ 2D]
ds [ 2D]
.
= 1
dW¢
dW¢
Spectrum 2:
ds [ 4P ]
ds2 [ 4P ]
=
f 3[S2] m
,
dW¢
dW¢
(1 - f 3[S1] )

(1 - f 3[S2] )

(A.4)
(A.5)

(A.6)

dsg [ 2P]
dsm [ 2P]
ds2 [ 2P]
+ f 3[S2]
=
,
dW¢
dW¢
dW¢

(A.7)

dsg [ 2D]
ds2 [ 2D]
.
=
dW¢
dW¢

(A.8)

(1 - f 3[S2] )

We note that equations (A.3), (A.6) and (A.5), (A.8) now
becomes a system of four equations in four unknowns with
the solution:
dsm [ 4P ]
ds2 [ 4P ] ds1 [ 2D] - ds1 [ 4P ] ds2 [ 2D]
=
,
dW¢
ds1 [ 2D] - ds2 [ 2D]
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(A.9)
dsg

[ 2D]

dW¢
f 3[Si] =

=

ds2

[ 2D]

ds1
- ds1
ds2
4
4
ds1 [ P ] - ds2 [ P ]
[ 4P ]

[ 2D]

[ 4P ]

, (A.10)

dsi [ 4P ](ds2 [ 2D] - ds1 [ 2D])
,
ds1 [ 4P ] ds2 [ 2D] - ds2 [ 4P ] ds1 [ 2D]

(A.11)

where we have used the short hand dsi [x ] º dsi [x ] dW¢.
Using the results of equation (A.11) for the metastable fractions f 3[Si] (with i=1, 2) in equations (A.4) and (A.7) we can
immediately solve this system, also of four equations with
four unknowns, to obtain the remaining unknowns. From the
symmetry of the equations it can be readily seen that all
solutions have the general form:

Appendix
of cross sections
. A. Determination
.
dσm ½x  dΩ′ and dσg ½x  dΩ′
Writing out the eight equations represented by the system of
equations (12) (the notation 2P represents two different
states) for each of the two measurements (two different
spectra) we have in detail for each x : 4P , 2P and 2D,
Spectrum 1:
dsg [x ]
dsm [x ]
d s [x ]
(1 - f 3[S1] )
+ f 3[S1]
= 1 .
¢
¢
dW
dW
dW¢

(A.2)

dsm [x ]
ds2 [x ] ds1 [ 2D] - ds1 [x ] ds2 [ 2D]
=
dW¢
ds1 [ 2D] - ds2 [ 2D]

(A.1)

for x :

2P , 4P , 2D


(A.12)
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dsg [x ]
ds2 [x ] ds1 [ 4P ] - ds1 [x ] ds2 [ 4P ]
=
dW¢
ds1 [ 4P ] - ds2 [ 4P ]

the metastable fraction f 3[S1] which is also seen (equation (B.3))
to depend on the absolute normalization parameters k1 and k 2 .
In hindsight and as already shown in our new technique
to address the case of f 3[S2] = 0 we may just set in the
expression for Rm exp (equation (21)) ds2 [ 4P ] = 0 to obtain:

(A.13)

with the metastable fractions given by:
f 3[Si] =

dsi [ 4P ](ds2 [ 2D] - ds1 [ 2D])
ds1 [ 4P ] ds2 [ 2D] - ds2 [ 4P ] ds1 [ 2D]
for i = 1, 2.

(A.14)
Rm exp

Equations (A.12) and (A.13) are seen to also satisfy the main
ds [ 4P ]
ds [ 2D]
assumption dgW¢ = dmW¢ = 0.
We ﬁnally note that the ratio of the metastable fractions
in the two measurements is given directly from
equation (A.11) as:
f 3[S1]
f 3[S2]

=

ds1 [ 4P ]
k2 N1e [ 4P ]
=
ds2 [ 4P ]
k1 N2e [ 4P ]

from which it is clear that the metastable fraction is proportional to the intensity of the normalized 4P line in the electron
spectra as expected. Even in the case where both measurements are performed on the same apparatus, the ratio k 2 k1
drops out only if the same total number of ions NI (see
equation (6)) is used in both measurements assuming all other
parameter values remain the same.
Appendix B. R m exp in the case of f ½32S ¼ 0
In this case the 2nd measurement is performed with zero
metastable fraction f 3[S2] = 0 , i.e. with a pure ground state
beam or no 4P peak evident. Then, the ﬁrst (mixed beam
measurement) spectrum is normalized to the 2D line (which
can be produced only from the ground state) of the 2nd pure
ground state spectrum and the 2P SDCS [24, 25] (or even
DDCS) from the metastable beam component can be obtained
by subtraction (without any need for the more general case
presented the more general case presented in appendix A)
directly giving:
(B.1)

= ds1 [ 2P] - ds2 [ 2P](1 - f 3[S1] )

(B.2)

with the metastable fraction given
equation (A.11) with ds2 [ 4P ] = 0 by:
f 3[S1] = 1 -

directly

ds1 [ 2D]
k2 N1e [ 2D]
=
1
ds2 [ 2D]
k1 N2e [ 2D]
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from

(B.3)

with the ratio Rm then given by:
Rm exp =

ds1 [ 4P ]
.
ds2 [ 2P ](1 - f 3[S1] ) - ds1 [ 2P ]

(B.5)

which is seen to be identical with expression in equation (B.4)
when equation (B.3) is also used. However, now it is clear
that the metastable fraction need not be determined explicitly
and equation (B.5) includes only ratios of peaks from the
same spectrum and therefore independent of the absolute
normalization parameters k1 and k 2 which cancel.
Even though the form of Rm given in equation (B.4)
could be considered intuitively more appealing, since the
denominator is clearly presented as the difference between the
mixed beam measurement ds1 [ 2P ] minus the normalized (at
the 2D line via factor k1 k 2 ) ground state contribution
expressed by (1 - f 3[S1] ) ds2 [ 2P ], where (1 - f 3[S1] ) is the
ground state component of the mixed beam in measurement 1,
it can be of lower overall accuracy than the form of Rm given
by equation (25), when the metastable beam fraction f 3[S1] is
not determined simultaneously from the same spectra using
equation (B.3), but taken from the literature (e.g. [26, 28]) as
done in the case of the older ﬂuorine data taken with the
tandem PPA. In this case, the ratio k1 k 2 does not necessarily
always cancel (for example the overall (usually detector)
efﬁciency h in equation (8) could be quite different in measurements from different time periods even if the setup is
otherwise exactly the same) and the overall uncertainly Dki in
the ki values, as well as the error Df in the determination of
f 3[S1] could in principle constitute additional sources of absolute uncertainty in the value of Rm, not present though in the
original two-different fraction formulation of Rm given via
equations (25) and (B.5).

(A.15)

⎛ ds [ 2D] ⎞
dsm [ 2P]
= ds1 [ 2P] - ds2 [ 2P] ⎜ 1 2 ⎟
⎝ ds2 [ D] ⎠
dW¢

ds1 [ 4P ]
ds1 [ 2D]
=
ds2 [ 2P ]
ds1 [ 2P ]
2
ds2 [ D]
ds1 [ 2D]

(B.4)

Equation (B.4) is the form used to date both in our own
collaborations [24, 25], but also by Strohschein et al [20]
together with equation (B.3) for the metastable fraction.
The uncertainty in the determination of Rm exp , thus depends
just on the inherent uncertainties of the parameters in
equation (B.4) including any error from the determination of
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