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The lifetime of the 23S; state in He-like niobium (Nb3®*) has been precisely determined with
a beam-foil time-of-flight technique. The isotope **Nb (I = 2) was chosen in order to minimize
cascade effects through hyperfine quenching of the primary feeding state. Further precision was
obtained by removing blends with a Doppler-tuned transmission filter. Other cascade contributions
were analyzed and found to be negligible. The result is 45.45(16) x 10~ '? sec and represents increased
sensitivity to corrections of O(Za)? in the Za-series expansion for the lifetime by a factor of 5.

PACS number(s): 32.70.Fw, 32.30.Rj, 12.20.Fv, 31.30.Jv

The relativistic M1 decay of the (1s)(2s) (J = 1) 235,
state to the (1s?) 115, ground state in heliumlike atoms
is a relatively rare electromagnetic transition which has
been studied quite extensively in low-Z atoms by a num-
ber of authors, both experimentally and theoretically.
The relativistic transition is named as such because the
nonrelativistic theoretical transition rate is zero, and so
a relativistic formulation of the calculation must be used
from the outset. Recent measurements [1,2] in high-Z
ions have had sufficient precision to be sensitive to cor-
rections of order (Za)? to the leading term in the series
expansion for this lifetime. The uncertainties of these
measurements have still been, however, larger than the
1-2 % precisions of the various theoretical calculations.
For reviews see Refs. [3,4].

Measurements of this lifetime have thus far been lim-
ited to precisions of about 2-3 %. These precisions have
been limited mainly by the presence of cascades of elec-
trons from high Rydberg levels. These cascades may
either repopulate the 235, state of interest from other
n=2 states, as represented in Fig. 1 by thin solid lines, or
they may give rise to transitions that are not completely
resolved from the transition of interest. These possible
blends from other n = 2 states are represented as dashed
lines in Fig. 1. This experiment examined the M1 tran-
sition in He-like ®3Nb3%* where, by making use of pre-
vious experimental results, the undesired contributions
due to cascades could be either eliminated or neglected.
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This has yielded a precise measurement of a lifetime of
whose transition energy lies in the x-ray region. This
measurement of the 235; lifetime also has the precision
necessary to be sensitive to higher-order corrections in
the predicted lifetime.

The experiment was conducted at the GANIL accel-
erator complex (Caen, France) on He-like Nb3* ions
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FIG. 1. Energy level diagram for He-like Nb3®*. Cascade
transitions that repopulate the 23S, level are represented by
thin solid lines. Transitions that may cause blends with the
transition of interest are shown as dashed lines.
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with a beam energy of roughly 30 MeV /A, which cor-
responds to a decay length for the transition of interest
of about 3.4 mm. The experimental apparatus, shown in
Fig. 2 and previously described [1,5,6], consists of a time-
of-flight spectrometer with two solid-state [Si(Li)] x-ray
detectors. These detectors observe the radiation emit-
ted from the excited ions downstream of the capture foil
through collimating slit assemblies. These collimating
slit assemblies have been designed so as to define spa-
tial detection efficiencies which are insensitive to slightly
varying detector-beamline distances. The first detector is
positioned behind a slit assembly that is fixed in position
with respect to the capture foil, and counts from this de-
tector are used for normalization purposes. The second
slit assembly is mounted to a precision translation stage
(precision < 1 pm), and the second detector is positioned
behind this assembly. The detector is mounted to a sep-
arate translation stage, and is moved in parallel with the
slit assembly such that the same portion of the detec-
tion crystal is used at each position. Data are obtained
by measuring the ratio of counts in the movable detector
to counts in the fixed detector as a function of position
of the movable detector. Because of the relatively long
decay length, small movements in the foil have little ef-
fect on the data and hence possible systematic effects are
minimized. Precise measurement of the beam energy, as
described elsewhere [1], yields a precision in the deter-
mination of the beam velocity and consequently of the
lifetime of better than 5 x 10~%. The final beam velocity
was determined to be 8 = v/c = 0.2474(1).

The flight path of the beam is controlled through the
use of a beam tuning system which is achromatic in both
angle and position. The actual position of the beam
is monitored during the run through the use of highly
precise diagnostics. These include several beam profil-
ers which determine the position of the beam within the
time-of-flight apparatus to within better than 0.5 mm
and/or 0.25 mrad (1 mm at a distance 4 m away). The
beam was seen to wander randomly between these limits
during the run, and the effect of these small movements
is reflected in the statistical uncertainty determined from
the fit to the final decay curve.

Effects due to electron cascades from high Rydberg lev-
els were eliminated or minimized by several means. Nor-
mally the greatest repopulation of the 235, state from
within the n = 2 manifold is due to cascades through the
23 P, state (see Fig. 1), for the 23 P, state is metastable
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FIG. 2. Schematic design of experimental apparatus, in-
cluding a Doppler-tuned transmission filter.

(1 = 1.2x107? sec) and the only allowed decay from this
state is to the 235; state. Through the use of hyper-
fine quenching, however, the natural lifetime of the 2P,
state may be greatly reduced and another decay channel
allowed [7]. The chosen isotope of Nb (A = 93) has a
nonzero nuclear spin (I = §), which gives rise to hyper-
fine quenching of the 23P, state by mixing it with the
23P; state. The 23P; state decays directly to the ground
state with a lifetime of 4.1x1071° sec, and hence through
hyperfine mixing the 2 3 P, state may decay directly to the
ground state as well. Strong quenching of the lifetime of
the 23P, state is made possible because the 23P, and
23 P, states are relatively close (AE = 1.7 eV), and the
nuclear moment and spin combine to produce a strong
coupling. Accurate calculations of hyperfine quenching
have been done (7] and used for previous measurements
in He-like Ag [5] and Gd [6]. In this case, with hyper-
fine quenching present the 23P; state has a branching
ratio of about 2x10% to the ground state compared to
the 23P, — 238, transition. The initial population of
the 23P, state thus decays directly to the ground state
immediately after the foil, and any electrons that later
cascade into this state from higher n levels are immedi-
ately channeled to the ground state as well.

Transitions from the 23P, state may also repopulate
the 235, state. The rate for this transition is 3.3x10°
sec™ !, which is roughly ten times smaller than the rate for
the 23P, — 1'S, transition to the ground state. Hence
again the initial population of this state has largely de-
cayed to the ground state within a short distance of the
foil.

In order to estimate the repopulation of the 235 state
due to cascades through the 2 3P, state far from the foil,
we have determined the number of counts in the semi-
resolved peak arising from the 21 P; — 1 16,and 23P, —
118, transitions (see Fig. 3). To set an upper bound on
the 23P, — 238 repopulation rate, all of the counts in
this semiresolved peak were assumed to come from the
23P, — 118, transition, and were then multiplied by the
known branching ratio of 0.121 for the transition 2P, —
238, compared to 23P; — 11S,. This number was then
subtracted from the counts under the 235; — 1S, peak
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FIG. 3. Sample spectrum sensed by the movable detector
500 pm from the foil, taken with and without the yttrium
Doppler-tuned transmission filter in place.
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of interest. These subtracted counts were found to be
approximately one-half of the standard deviation of the
number of counts in the peak of interest, and as such are
largely negligible.

The 23P;, and the 2!'P, states, with lifetimes
7(23P,)=1.2x1071% sec and 7(2'P;)=4.1x10716 sec,
decay to the ground state immediately after the foil or,
again, if repopulated downstream of the foil, give negli-
gible contributions to the population of the 23S, state
due to branching ratios of 10*~10° to the ground state.

Blends due to transitions from cascades passing
through the 21P;, 23Py, 23P,, and 23P; states to the
118, ground state present other possible systematic er-
rors. While the 2'P; and 23P, lines can be partially
resolved from the M1 line of interest (AE =~ 200 eV),
the 23Py — 1S, and 23P, — 1!S, transitions are
unresolved by the detector (AE =~ 54 eV), thus pos-
sibly contributing significantly to the measured 235,
rate. In order to simply eliminate these four possible
blends, we have used a technique developed by Schmieder
and Marrus [8] known as “Doppler-tuned filtering.” A
thin yttrium foil, with known K-shell absorption edge
Bg = 17038 eV, was placed in front of the movable de-
tector in order to filter out the high energy side of the
spectrum, namely, the 21P;, 23P;, 23P;, and 2 3P, lines
discussed above. The energy matching of this filter was
critical, for the 23P, and the 23S, lines are only sepa-
rated by about 54 eV, while the Doppler width due to the
angular acceptance of the collimating slits was approxi-
mately 12 eV. A linear Doppler shift associated with a
vision angle of 82.2° with respect to the beam (see Fig.
2) was used in order to appropriately shift the energies
of these transitions above the K edge, so that with a
100-ym yttrium foil the transmission coefficient for the
23Py = 115, decay was roughly 60 times smaller than
that for the 235; — 115, decay. The result of this fil-
tering is shown in Fig. 3 for a sample spectrum taken at
a distance of 500 pym from the foil. The high energy side
of the spectrum is clearly greatly reduced, demonstrat-
ing the elimination of the blends from the 21P;, 23P;,
23P,, and 23P, states. The H-like M1 251/2-151/2 line,
produced by excitation in the foil of the H-like beam, is
also clearly reduced in the spectrum.

Finally, direct repopulation of the 23§, state from n =
3 or higher states does not seem to occur since neither
the dominant n = 3 ton = 1 nor the n =3 ton = 2
lines are observed in the experimental spectrum.

Each spectrum from both the movable and fixed detec-
tors was fitted with a single Gaussian curve and a linear
background. A first decay curve was formed from data
taken without the yttrium filter in place in order to esti-
mate the contributions due to blends. A single exponen-
tial fit yielded a lifetime 7(235;)=44.76(39)x 10712 sec
with a reduced x? of 4.43. The uncertainty is statistical
only and has been taken at the 1o confidence limit.

A final decay curve was formed with data taken with
the Y filter in place, which removed all blends from the
higher (1s)(2p) states as shown in Fig. 3. This filter-
ing procedure produced remarkably pure 23S; lines at
each position of the movable detector, so that a single
exponential without any background could be fit excep-

tionally well to the data. The data and fit obtained us-
ing this method are shown in Fig. 4, along with a plot
of the fit residuals (= Ydata — yYat). This fit yielded the
final result Texp(23S1) = 45.45(16) x 107 '2 sec, a pre-
cision of 0.35%, with an improved reduced x? of 2.0.
Again the uncertainty is statistical only and has been
taken at the 1o confidence limit. The final quoted un-
certainty has been increased to correct for the reduced
x2? being larger than one. An independent estimate of
the uncertainty has been obtained through the use of the
“bootstrap method” [9,10]. The value obtained using the
bootstrap method on the residuals and the above quoted
uncertainty generated from the corrected covariance es-
timates agree to within 5%, providing confidence in the
statistical significance of the value.

In order to test for sensitivity to foil bowing during the
run, several points were repeated and in general the curve
was sampled in both increasing and decreasing distances
from the foil. Also, we have attempted to account for pos-
sible cascades by fitting the data to an exponential plus
a power law, or to the sum of two exponentials. Both
of these have proven unfeasible, again providing confi-
dence that the cascade contributions have been removed
experimentally.

A possible apparent periodic oscillation of the data
about the exponential decay curve may be identified in
Fig. 4. The period of this oscillation would be approxi-
mately 2.8 mm. Attempts to equate this oscillation to ef-
fects due to a “zero field quantum beat” [11] have proven
unsuccessful, as the hyperfine splitting of the 235; level
gives rise to a beat frequency which is at least three or-
ders of magnitude too small. We further believe that any
stray electric or magnetic fields present in our experimen-
tal apparatus are of too small a magnitude to produce
such an effect. Mechanical causes cannot be completely
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FIG. 4. Final data taken with yttrium filter in place, fitted
to a single exponential, and fit residuals (= ydata — YAt )-
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FIG. 5. Comparison of current body of experimental and
theoretical results for the 23S; lifetime. Experimental refer-
ences: Z = 16, 17 [14]; Z = 18 [15]; Z = 22 [16]; Z = 23,
26 [17]; Z = 35 [2]; Z = 47 [18]; Z = 54 [1]. Theoretical
references: Z = 16, 17, 22, 23, 26 [13]; Z = 18 [19]; Z = 35
[20]; Z = 47 [5]; Z = 54 [21].

ruled out. However, the influence of this possible oscilla-
tion is in the end negligible: when the data is fit to the
convolution of an exponential and a cosine function, the
resulting decay constant is found to change by less than
one-tenth of our quoted uncertainty.

The body of existing experimental results as compared
to theory is shown in Fig. 5. The current experimental
value, at Z = 41, has the highest precision thus far ob-
tained in the x-ray region. In Table I, a comparison is
made between the experimental value and a theoretical
value obtained from the multiconfiguration Dirac-Fock

TABLE I. Experimental result and comparison with the-
ory (values in psec).

MCDF method
45.888

Experiment
45.45(16)

’T‘(2351)

(MCDF) method by Indelicato. We note a 3¢ or roughly
1% difference from the MCDF value, which has an es-
timated uncertainty of 1%. Sucher [4] has given an ap-
proximate series expansion including terms up to (Za)?
for the M1 transition rate:

A(238) - 118,) & 22ZATm ) _ 41 4 6T 4 ¢)(Za)?).
(1)

The coefficient for the (Za)? term, cz, has been calcu-
lated by Lin [12] to be 1.07, and thus this term con-
tributes 9.6% to the M1 rate at Z = 41. We note that
the roughly 0.35% precision of this experimental result
makes this the first measured lifetime with sensitivity to
terms of order greater than (Za)2.
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cluding a Doppler-tuned transmission filter.




