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Lifetime of 1s2s2p 4P5Õ2
o in V20¿ using beam-foil techniques
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A technique is developed for lifetime measurements of partially autoionizing levels using the time of flight
method of the beam-foil and two-foil techniques at various beam energies. The decay curve of the 5.17-keV
peak in heliumlike vanadium shows the presence of nonidentical decay constants in beam single-foil experi-
ment in contrast to the growth structures in beam–two-foil measurements at different beam energies. Analysis
of such data has not only confirmed the satellite blending problem of theM2 line 1s2 1S0–1s2p 3P2

o , but has
also led to the mean lifetime measurement of the partially autoionizing satellite level of the 1s2s2p 4P5/2

o line
in lithiumlike vanadium. The lifetime so measured is compared with theoretical calculations.

DOI: 10.1103/PhysRevA.66.052510 PACS number~s!: 32.30.Rj, 32.70.Fw, 31.30.Jv
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I. INTRODUCTION

Reliable lifetime measurements provide a testing grou
for understanding the wave function in atomic systems. T
beam-foil time of flight technique is a unique method f
measuring lifetimes in highly charged ions. However, t
technique often suffers from cascade and blending probl
which alter the observed lifetimes considerably. Experime
at different beam energies and a careful analysis may res
these problems to a certain extent@1#. Lines originating from
a doubly excited level of a given charge state of an ion
very close to the singly excited line in the next higher cha
state. These are the satellite lines which for ions up toZ
550 are not resolved in solid state x-ray detectors commo
used in beam-foil experiments~for example, see Refs.@2,3#!.
The upper level of any satellite is partially autoionizing, a
decay through both autoionization and radiative channel
possible. In the present work, we show that this property
conjunction with the two-foil technique enables the reso
tion of the satellite blending problem in the lifetime measu
ments of heliumlike vanadium ions. We have also made
attempt to measure the lifetime of the 1s2p 3P2

o level in
heliumlike vanadium using both single-foil and two-foil ta
gets of the beam-foil technique at various beam energ
Our study indicates that this technique could lead to a s
dard lifetime measurement technique for the satellite lev
for Z517–40. In this paper we describe the technique a
the analysis.

II. EXPERIMENT AND OBSERVATIONS

The 51V ions at energies of 100 and 158 MeV used in t
measurements were obtained from the 16MV Pelletron
celerator at the Nuclear Science Center, New Delhi. T
beam passed through a 3-mm-diameter collimator onto
two-foil setup consisting of a 35-mg/cm2 carbon foil fol-
lowed by a second 4-mg/cm2 foil. The second foil thickness
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was chosen so as to fulfill only single collision condition
the foil. The thinner carbon foil was kept fixed and the fir
foil was moved using a plunger system@8# controlled by
microstepper motors. The distance between the foils could
varied in the range 0.115–10 mm, and the positioning ac
racy was about 0.5mm. X rays emitted by the foil-excited
ions in a narrow zone a few mm downstream of the fix
carbon foil passed through a collimating system consisting
three slits as well as an x-ray shielding cup, and were
tected by a low energy Germanium detector~resolution of
160 eV at 5.9 keV! placed at right angles to the beam dire
tion. However, the resolution worsened to 195 eV due
Doppler broadening. The dimensions of the first slit (1
38 mm2) were chosen to ensure that only the delayed x r
from foil-excited ions reached the detector. This was chec
for the entire travel by replacing the movable carbon foil
a gold foil. Au x rays emanating from the foil were no
observed in the spectra, thus confirming good x-ray collim
tion. The beam was collected by an unsuppressed Fara
cup built within the plunger. The thin foil was removed du
ing the single foil experiment. The experimental geome
shown in Fig. 1 is similar to the beam-two-foil experiment
Chenget al. @9#. An additional feature of this measureme
was the normalization of the incident flux through elas
scattering of the beam from a 120-mg/cm2 gold foil placed
20 mm downstream. Two silicon surface barrier detect

TABLE I. Possible unresolved lines at 5.17-KeV. Theoretic
transition energies are taken from Refs.@4,5#. Lifetimes are ob-
tained from Refs.@2,6,7#.

Ion Line Energy~keV! Lifetime ~ps!

V211 1s2 1S0–1s2p 3P0
o 5.1758 91@6#

V201 1s22s 2S1/2–1s2s2p 4P5/2
o 5.1423 157@7#

V211 1s2 1S0–1s2p 3P2
o 5.1857 313@6#

V211 1s2 1S0–1s2p 3P11/2,3/2
o 313 @2#

V211 1s2 1S0–1s2p 3P9/2
o 205 @2#

V211 1s2 1S0–1s2p 3P7/2
o 202 @2#

V211 1s2 1S0–1s2p 3P5/2
o 239 @2#

V211 1s2 1S0–1s2s 3S1 5.15411 16.9 ns@2#
©2002 The American Physical Society10-1
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FIG. 1. Schematic of the experimental setup~not to scale!.
th

th
ot
ve
ab
t b
lv
nt

f
lik

n-

5
a

ib
in

c

ies
il
o-

es
nt
e-

e
at-
ne-
To
ure-

g a

tive

cay
its
lue
cuss
placed symmetrically about the beam axis monitored
elastically scattered projectiles.

Due to the few mm distance between the foil and
detector, the fastE1 decays from the excited ions cann
reach the detector and were not observed. However, se
lines originating from the metastable states as shown in T
I and Fig. 2, would reach the detector and these could no
resolved in the Ge detector spectrum. Since the unreso
lines have different mean lifetimes, all six time compone
~considering quenched heliumlike 1s2p 3P2

o F57/2 and 9/2
hyperfine levels together! need to be included in a full fit o
the decay of the observed line. All these states of helium
vanadium decay radiatively to the 1s2 1S0 ground state ex-
cept the 1s2s2p 4P5/2

o state, which has a dominant autoio
izing channel decaying to the 1s2 1S0 state in addition to a
radiative channel to the 1s22s 2S1/2 state.

The spectrum exhibits two prominent spectral lines at 1
MeV. The x-ray line energies were calibrated using
standard241Am source. The peak at 5.17 keV may be attr
uted to all the unresolved lines tabulated in Table I. The l
at 5.42 keV~Fig. 3, beam energy 158 MeV!, which was not
discernible at 100 MeV, may therefore be tentatively asso
ated with a hydrogenlike vanadium line.
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The decay curves for the 5.17-keV line at beam energ
of 100 and 158 MeV are shown in Fig. 4 for the single-fo
experiment. A simple simulation showed that time comp
nents~Table I!, except 1s2s 3S1, cannot be resolved with
the standard beam-foil time of flight technique. Lifetim
determined by fitting the single-foil data with one expone
correspond therefore to effective lifetime. The effective lif
times of 24265 and 16165 ps were obtained by fitting the
5.17-keV decay curve~Fig. 4! with a single exponent at 158
and 100 MeV, respectively~Table III!.

This observed variation of the effective lifetime with th
beam energy in the single-foil experiments may only be
tributed to blending or to cascade effects, as hyperfi
induced effects do not depend on the projectile energy.
explore the cause of this variation, we repeated the meas
ments of the intensity variation of the 5.17-keV peak usin
two-foil carbon target@9#. A rise in intensity at 5.17 keV as
the separation between the two foils increases is a distinc
feature of the spectra at 158 MeV~Fig. 3!. As a result, a
growing function appears clearly in the corresponding de
curve~Fig. 5!. In contrast, the 100-MeV decay curve exhib
an initial decrease in intensity, followed by a constant va
as the separation between the foils increases. We now dis
the possible origin of these observations.
-

FIG. 2. Level scheme of lithi-
umlike and heliumlike vanadium
ions is shown including the hyper
fine levels in heliumlike vanadium
ions. Theoretical lifetimes and
branching ratios@5,6,10,11# are
also given for selected levels.
0-2
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LIFETIME OF 1s2s2p 4P5/2
o IN V201 USING . . . PHYSICAL REVIEW A66, 052510 ~2002!
III. DATA ANALYSIS, RESULTS, AND DISCUSSIONS

In the two-foil situation, we focus on the excitation
deexcitation processes of the ions in two regions, viz.,~i! the
variable foil separationx between two foils, and~ii ! the fixed
distanced between the second foil and the detector slit. T
deexcitation phenomenon inx is identical to the single foil
situation. However, due to interaction with the second f
the relative intensity of each decay component may be
tered, and as a result the effective lifetime may differ co
siderably. All the levels decaying radiatively can be rep

sented with I 18e
2x/vt1e2d/vt18. Here t18 is the effective

lifetime but different fromt1 as the relative strengths of th
various time components change due to the interaction
the second foil. Although the lifetimet18 ought to change for
every value ofx, we approximate it to a fixed value at th
stage. A heliumlike vanadium ground state, produced fr
the photon decay of all the states, might have a certain p

FIG. 3. X-ray spectra obtained using a two-foil carbon targ
for three different foil separations at 158 MeV. The detector w
kept at 5.6 mm from the second foil.
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ability to reproduce any of these states~Table I!. Therefore, it

leads to a growth term ofI 19(12e2x/vt1)e2d/vt19, wheret19 is
a fixed effective lifetime containing different strengths of a
six states produced due to the interaction of the helium
vanadium ground state and the second foil.t18 may not differ
much fromt19 . The autoionizing 1s2s2p 4P5/2

o lithiumlike
vanadium level decays through both autoionization as w
as radiative processes, and the branching ratio for the
toionizing channel is rather large~63%@11# and 65.7%@12#!.
The ground state of heliumlike vanadium produced atx, due
to the autoionizing transition 1s2 1S0–1s2s2p 4P5/2

o , can
generate all the six states due to the interaction in the sec
foil. Therefore, it contributes to a growth term asI 28(1

2e2x/vt2)e2d/vt19, where t2 is the pure lifetime of
1s2s2p 4P5/2

o . Interestingly, the 1s2p 3P2
o state has anE1

branch ~Fig. 1! to 1s2s 3S1 which could regenerate th
1s2s2p 4P5/2

o level while passing the second foil by captu
ing an electron in the 2p shell. Such an electron captur

,
s

FIG. 4. Decay curve for 5.17-keV peak from the single-fo
experiment. Normalized count rate vs distance between the ta
foil and the detector for the 5.17-keV vanadium line. The foil
detector slit distance was 5.6 mm in the 158-MeV experiments
2.3 mm in the 100-MeV experiment. The solid lines were obtain
by fitting the data using a single exponent, the dashed lines u
two exponents.
els are

nt
TABLE II. Processes at the second foil that lead to the various terms in Eq.~3.3! ~see the text!. The
excited levels giving rise to unresolved transitions are given in Table I. In the single foil data these lev
associated with an effective lifetime.

Levels before the second foil Levels after the second foil Intensity compone

All excited levels giving rise to All excited levels giving rise I 1 , I 5

unresolved transitions, 1s2 from to unresolved transitions
radiative decay of those levels
1s2 from autoionization of All excited levels giving rise I 2

1s2s2p 4P5/2
o to unresolved transitions

1s2s 3S1 arising from 1s2p 3P2
o 1s2s2p 4P5/2

o , by electron capture I 3

1s2s 3S1 1s2p 3Po, by spin flipping I 4
0-3
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NANDI et al. PHYSICAL REVIEW A 66, 052510 ~2002!
process results in another growing termI 38(1
2e2x/vt3)e2d/vt2, wheret3 is the lifetime of the 1s2p 3P2

o

~including all hyperfine levels!. It may be noted that the
1s2p 3P2

o and 1s2s 3S1 states decaying to the 1s2 1S0 state
will have to undergo both excitation and capture within t
second foil, which is very unlikely in a single collision con
dition @13#. Further, there is a certain probability of a lon
lived 1s2s 3S1 state exchanging with a triplet-p states and
vice versa@9#. This would also lead to a growing compone

as I 48(12e2x/vt4)e2d/vt48, wheret4 is 16.9 ns, andt48 is an
effective and fixed lifetime which may be different fromt4
because the resultant state is a mixture of triplet-s and triplet-
p levels @9#. Cascades to all the six levels are very fast@5#
and the effect may be ignored without introducing any s
nificant error. Now adding all the terms together,

I ~x!5I 18e
2x/vt1e2d/vt181I 19~12e2x/vt1!e2d/vt19

1I 29~12e2x/vt2!e2d/vt191I 38~12e2x/vt3!e2d/vt2

1I 48~12e2x/vt4!e2d/vt48. ~3.1!

Rearranging the first and second terms of the above equa
we obtain

I ~x!5e2x/vt1~ I 18e
2d/vt182I 19e

2d/vt19!1I 19e
2d/vt19

1I 29~12e2x/vt2!e2d/vt191I 38~12e2x/vt3!e2d/vt2

1I 48~12e2x/vt4!e2d/vt48. ~3.2!

Since the second foil is held fixed, all the terms not involvi
x are constant for a given velocity. Thus, redefining the

FIG. 5. Two-foil experiment. Normalized count rate vs distan
between the two foils for the 5.17-keV vanadium line. The detec
was kept at a distance of 5.6 mm from the second foil for
158-MeV experiment~upper curve! and at 4 mm for the 100-MeV
experiment~lower curve!. The solid lines are the fits to the data.
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tensity parameter (I 18e
2d/vt182I 19e

2d/vt19) as I 1 , I 19e
2d/vt19 as

I 5 , I 29e
2d/vt19 asI 2 , I 38e

2d/vt2 asI 3, andI 48e
2d/vt48 asI 4, Eq.

~3.2! takes the form

I ~x!5I 1e2x/vt11I 2~12e2x/vt2!1I 3~12e2x/vt3!

1I 4~12e2x/vt4!1I 5 . ~3.3!

The terms in Eq.~3.3! give only the contributions occurring
during the flight in the separation between the two foils.

The origin of each component of Eq.~3.3! is summarized
in Table II.

In the total contribution, there are three growing comp
nents, viz., 1s2s2p 4P5/2

o (t2), 1s2p 3P2
o (t3), and

1s2s 3S1 (t4) having theoretical lifetimes of 157 ps@7#, 313
ps ~without hyperfine quenching!, or 258 ps~with hyperfine
quenching! @14#, and 16.9 ns@10#, respectively. The mea
sured effective lifetime from single-foil experiment is 24
ps. A growth of the counts in the two-foil experiment at 15
MeV at small separations indicates that the major grow
component is faster than 242 ps. Thus the growing com
nent of 157 ps may play a major role at this energy. We th
assume that the 158-MeV two-foil data may be fitted with

r
e

TABLE III. Lifetimes for the 1s2p 3P2
o heliumlike and

1s2s2p 4P5/2
o lithiumlike 51V levels ~ps!. Nuclear charge is 23

nuclear spin 7/2, and a nuclear magnetic dipole mom
5.15141mN . The x-ray branching ratio for the 1s2s2p 4P5/2

o level
is 37%@11# and 34%@12#, and that for the 1s2p 3P2

o level is 74%
@10#.

Upper Beam Lifetime~ps! Lifetime ~ps!
level energy experiment theory

~MeV! ~This work!

All six 158 24265 a

1s2p 3P2
o 158 322628 b

All six 100 16165 a

1s2p 3P2
o 100 306632 d

1s2p 3P2
o 314621 e 310 @5,10#, 313 @6#

242 c @6#, 258c @14#

1s2s2p 4P5/2
o 158 125618 f

1s2s2p 4P5/2
o 100 121620 g

1s2s2p 4P5/2
o 123613 h 155 @11#,159 @12#

157 @7#

aSingle-foil data fitted with one exponent.
bSingle-foil data fitted with two exponents of Eq.~3.5! ~the lifetime
of the 1s2p 3P2

o state was varied, and that of the 1s2s2p 4P5/2
o

state was fixed to 125 ps!.
cIncluding hyperfine quenching.
dTwo-foil data fitted with Eq.~3.6! ~the decay was fixed to 161 ps
and the growing component was varied!.
eAverage of the values obtained with the 158- and 100-MeV bea
fTwo-foil data fitted with Eq.~3.4! ~the decay was fixed to 242 ps
and the growing component was varied!.
gSingle-foil data fitted with two exponents of Eq.~3.4! ~the
1s2p 3P2

o state was fixed to 306 ps, and the 1s2s2p 4P5/2
o state

was varied!.
hAverage of the values obtained with the 158- and 100-MeV be
0-4
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LIFETIME OF 1s2s2p 4P5/2
o IN V201 USING . . . PHYSICAL REVIEW A66, 052510 ~2002!
I ~x!5I 1e2x/vt11I 2~12e2x/vt2!1I 5 . ~3.4!

A least square fit of the two-foil data using the abo
equation was performed. In the fitting procedure, the eff
tive lifetime t1 was fixed to the value~242 ps! obtained from
the single foil measurement. The lifetime of the pu
1s2s2p 4P5/2

o level responsible for the growth is then dete
mined to be 125618 ps~Table I!. The best fit gave the val
uesI 1537% andI 2563% with no contribution fromI 5.

In order to disentangle the contribution of th
1s2s2p 4P5/2

o level from the effective lifetime determine
from the decay of the 5.17-keV line in the single-foil situ
tion, we repeated the analysis of the single-foil decay cu
at 158 MeV. The decay curve was fitted with two expone
rather than one, as given by

I ~x!5I 1e2x/vt11I 2e2x/vt2. ~3.5!

In this fitting procedure, lifetime of the component asso
ated with the satellite line,t1, was kept fixed at 125
618 ps ~Table I!, and a 3s error was considered so as
restrict the reducedx2 close to unity. The lifetime of the
second component,t2, determined in this manner is 32
628 ps and it may be attributed to the states 1s2p 3P2,0

o , as
our analysis is unable to eliminate the contribution of t
1s2p 3P0

o state. However, the closeness of this value to
expected value of 313 ps for the 1s2p 3P2

o state implies that
this state is predominantly excited.

At 100-MeV beam energy the measured effective lifetim
of 16165 ps in the single-foil target, and the appearance
a constant number of counts at large distances in the two
situation implies that the growing component must be slow
than 161 ps. Among the components contributing to the 5
keV peak, major candidates are the 1s2p 3P2

o ~200–313 ps
including all hyperfine lines! and 1s2s 3S1 states. Therefore
in the analysis Eq.~3.3! can be reduced to

I ~x!5I 1e2x/vt11I 3~12e2x/vt3!1I 4~12e2x/vt4!1I 5 .
~3.6!

In the fitting proceduret1 was kept fixed at 161 ps andt3

was varied to determine the lifetime of the 1s2p 3P2
o state as

306632 ps. The intensityI 4 is found to be less than 1% wit
I 5'0, in contrast toI 1554.8 and I 3544.7%. Next the
single foil data were refitted using two exponents fixing o
lifetime to 306 ps while varying two intensity parameters a
one lifetime as in the case of 158-MeV data. This fitti
resulted in a lifetime of 121620 ps for the second compo
nent and we may associate this value with the effective l
time of 1s2s2p 4P5/2

o and 1s2p 3Po
o levels. This effective

mean life may be interpreted to arise from contribution of
1s2s2p 4P5/2

o and 1s2p 3Po
o levels of the order of 52% and

48%, respectively. The contribution of the 1s2p 3Po
o level is

thus very different from that obtained from 158-MeV da
However, if we attribute the mean life of 121620 ps to the
lifetime of the autoionizing state 1s2s2p 4P5/2

o alone, then
the data at both 100 and 158 MeV are consistent. The
05251
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times of the states 1s2p 3P2
o and 1s2s2p 4P5/2

o , thus deter-
mined in this experiment, are 314621 and 123613 ps, re-
spectively~see Table III!.

We have assumed two different processes in determin
the mean lives of 1s2p 3P2

o and 1s2s2p 4P5/2
o from the

single- and two-foil data at two different beam energies.
the assumptions are appropriate, then the relative intens
of 1s2p 3P2

o (I He) and 1s2s2p 4P5/2
o statesI Li in a single-

foil situation must agree well with the two-foil case. An a
tempt was made to do so at both beam energies. With
assumptions made on the excitation mechanism in the
second foil at 158 MeV,I 1 comprises a 74% intensity of th
1s2p 3P2

o state and a 37% intensity of the 1s2s2p 4P5/2
o

state whereasI 2 is due to a 63% intensity of the
1s2s2p 4P5/2

o state. Therefore, the observed intensities fro
the fitting of two-foil data can be equated with the equati
given below:

0.74I Hee
2d/vt110.37I Lie

2d/vt2

0.63I Lie
2d/vt1

5
I 1

I 2
. ~3.7!

Using the measured time components and equating thes
tensities with the observed intensities (I 1 and I 2) from the
fitting with Eq. ~3.4!, we obtain theI Li /I He ratio. Similarly
the equation used for the evaluating theI Li /I He in the single-
foil case was

0.37I Lie
2d/vt2/0.74I Hee

2d/vt15I 1 /I 2 . ~3.8!

In this case, the observed intensities (I 1 andI 2) are obtained
from fitting with Eq. ~3.5!.

Further, the observed intensities with two-foil data at 1
MeV were equated to Eq.~3.6! as

0.74I Hee
2d/vt110.37I Lie

2d/vt2

0.26I Hee
2d/vt1

5
I 1

I 3
, ~3.9!

and the observed intensity ratios with single foil data w
the same Eq.~3.8!. The intensity ratiosI Li /I He obtained in
this manner are given in Table IV. Comparison of the data
two beam energies shows a very good agreement, valida
the assumptions on the excitation mechanism. We have
formed similar measurements at three beam energies fo
and Ni, and the data support the present analysis very
for these cases.

TABLE IV. The relative level populationI Li /I He of the
1s2s2p 4P5/2

o state is compared with respect to that of t
1s2p 3P2

o state at different beam energies and in different sit
tions of single-foil as well as two-foil experiments. X-ray and a
toionizing branching ratios of 1s2s2p 4Po

5/2 are taken from Refs.
@11,12#.

Beam energy Intensity ratio Intensity ratio
~MeV! single-foil expt. two-foil expt.

100 11.67@11#, 12.7 @12# 11.28@11#, 11.28@12#

158 5.89@11#, 6.4 @12# 6.45 @11#, 5.79 @12#
0-5
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The lifetime for the 1s2s2p 4P5/2
o state obtained in this

experiment is much lower than that theoretically predic
@11,12,7#. Hyperfine quenching was considered respons
for the observed lower value of the lifetime@15#. The value
of the lifetime of the 1s2p 3P2

o level measured in the prese
experiment is very close to the theoretical value without
voking hyperfine quenching@5,10#. Our measurement thu
shows that the hyperfine quenched lifetime of the 1s2p 3P2

o

level may be within the experimental uncertainty@15#.

IV. CONCLUSION

We conclude by noting that lifetime measurements us
the beam-foil technique with single-foil as well as two-fo
target at different beam energies have been carried out fo
first time in our laboratory to our knowledge. The prese
analysis shows that beam-foil and beam–two-foil expe
ments complement each other as far as satellite blen
problem is concerned. Thus the present experimental
n-

ys

ar
nd
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proach and the analysis followed in the current study
vealed the presence of blending due to t
1s22s 2S1/2–1s2s2p 4P5/2

o satellite line in the measuremen
of the 1s2p 3P2

o lifetime. The mean lifetime of the
1s2s2p 4P5/2

o level of lithiumlike vanadium has been mea
sured. This technique may be used for lifetime measurem
of partially autoionizing satellite levels in lithiumlike ion
(Z517–40).
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