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Measurement of the lifetime of the 2 P2 state in heliumlike krypton using a two-foil target
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The lifetime of the 2 P2 level in heliumlike krypton has been measured by an alternative method in-

volving the use of a two-foil target. The experiment demonstrates the potential of this method which al-

lows the standard beam-foil time-of-flight technique to be extended to shorter lifetimes. We measured a
lifetime of 9.5+0.9 ps, which is in reasonable agreement with current theoretical calculations.

PACS number(s): 32.70.Fw, 31.30.Jv, 31.10.+z

I. INTRODUCTION

The current goal in the study of the structure of highly
charged ions is to fully understand the regime where both
relativistic corrections and electron-electron correlations
are simultaneously important. The ideal cases for such
studies are high-Z two-electron ions. Two-electron ions
are the simplest systems involving electron-electron
correlations and relativistic effects become increasingly
important at high Z. Measurements of lifetimes and
transition energies are needed. Transition-energy mea-
surements test calculations of binding energies while life-
time measurements test our understanding of the wave
functions.

In this paper we report a measurement of the lifetime
of the 2 P2 level in heliumlike krypton. This state has a
theoretical lifetime [1] of 9.5 ps, which corresponds to a
decay length of only 380 pm at a typical ion-beam veloci-
ty of 0.1c. This short decay length poses problems for the
standard beam-foil time-of-flight technique in which a de-
cay curve is obtained by moving an exciter foil relative to
the field of view of a photon detector. The method be-
comes dificult as the decay length becomes shorter than
about 1 mm because one must collimate the detector so
that it can view the region close to the foil without view-
ing the foil itself. To avoid this problem in our measure-
ment, we employed a two-foil target in a modification of
the traditional beam-foil time-of-flight technique. Our
method has the potential for extending measurements to
much shorter decay lengths than have been practical in
the past. This is important for the study of higher-Z ions
since lifetimes get shorter as Z increases.

Figure 1 shows the low-lying energy levels of helium-
like krypton, including the theoretical lifetimes. An in-
teresting feature of these energy levels is the wide range
of lifetimes extending from 0.66 fs for the 2 P& level to
1.4 ns for the 2 Po level. The 2 P2 level decays 90% of
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the time by M2 emission to the ground state [1]. This is
an interesting case since M2 decays are rare in atomic
physics. At low Z, the 2 P2 level decays mostly by an
electric dipole transition to the 2 S& level. Above
Z = 17, the magnetic quadrupole transition to the ground
state dominates. The M2 transition probability increases
as Z while the E1 transition probability increases only
linearly with Z [2]. Nonrelativistic calculations of the
M2 decay rate have been made by Mizushima [3], Gar-
stang [4,5], Drake [6,7], and Jacobs [8]. Relativistic
corrections have been calculated by Gould, Marrus, and
Mohr [9] and Johnson and co-workers [10,11,1]. The
latter used the relativistic-random-phase approximation
(RRPA) to determine both the M2 and the E 1 transition
probabilities. The RRPA results for He-like krypton are
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FIG. 1. Low-lying energy levels for heliumlike krypton in-
cluding theoretical lifetimes and decay modes.
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Subsequent experimental work has resulted in measure-
ments of the decay rate at values of Z ranging from 9 to
47. A review of the results prior to 1978 has been given
by Marrus and Mohr [2]. The emphasis recently has
been on improved precision for high-Z ions.

II. EXPERIMENT

The "Kr ions used in this measurement were accelerat-
ed at the superconducting accelerator ATLAS to a final
energy of 700 MeV and passed through a 200-pg/cm
carbon foil where about 35% emerged in the 34+ charge
state. The beam velocity was measured to 0.1% using a
resonant time-of-flight energy measurement system [12].
This system is located upstream of the 200-p, g/cm
stripper foil, so that energy loss corrections for this foil
and the target foil had to be applied. This was done using
standard tables for the energy loss of ions traversing
solids [13]. The error in the velocity determination was
about 0.5%, dominated by the uncertainty in the thick-
ness of the stripper foil.

The target consisted of two thin carbon foils which
were moved relative to each other using a translation
stage which could be positioned to a precision of —, of a
micrometer. A beam of 700-MeV He-like Kr + ions was
incident on the first foil. The beam emerging from this
foil contained various charge states in various states of
electronic excitation. Ious that emerged from the first
foil in the (heliumlike) 2 P2 state, entered the second foil
in either the 2 P2 state or in the heliumlike ground state
(or the 2 S, state) depending upon whether the ion de-

cayed in the region between the foils. The distribution of
charge states and electronic states downstream of the
second foil depended on the state of the iona entering this
foil. When the foil separation was increased, the fraction
of the beam that entered the second foil in the 2 P2 state
decreased, thus changing the composition of states in the
beam downstream of the target. We used x-ray spectros-
copy to study this excited state composition as a function
of foil separation and to deduce the lifetime of the heli-
umlike 2 P2 state.

We also studied the feasibility of an alternate form of
the two-foil lifetime experiment which involved measur-
ing the charge-state fraction downstream of the second
foil with a magnetic spectrograph. In this case, if an ion
emerges from the first foil in the 2 P2 state but decays to
the ground state before reaching the second foil, it tends
to capture an electron in the second foil to produce a
lower charge state. For example, we found that for heli-
umlike krypton ions incident on a 20-pg/cm foil, only
2% are stripped to a higher charge state while 64%
emerge in a lower charge state. On the other hand, if the
ion remains in the 2 P2 state, it has a much higher prob-
ability for being stripped to the hydrogenlike charge
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FIG. 2. Schematic diagram of the x-ray form of the two-foil
lifetime experiment.

state. As the separation between the foils is increased,
fewer ions are in the excited state and so the H-like frac-
tion in the beam emerging from the second foil decreases.
The lifetime could then be determined by measuring the
charge state as a function of the foil separation.

The charge-state fractions downstream of the target
were studied using an Enge split-pole spectrograph with a
position-sensitive parallel-plate avalanche detector in the
focal plane. We studied the changes in these charge-state
distributions as a function of foil separation, varying the
target materials and thicknesses of the two foils. As ex-
pected, the data show that the charge-state distribution
shifts towards the lower charge states as the foils are
separated. We plan to exploit this effect in future lifetime
experiments.

A simplified schematic of the apparatus for the x-ray
form of the experiment is given in Fig. 2. A Si(Li) x-ray
detector located downstream of the target is collimated
so that it views a region from 5 to 10 mm downstream of
the fixed foil of the two foil target. The foil separation is
changed by moving the first foil, so the distance between
the second foil and the region along the beam being
viewed by the Si(Li) detector remains fixed.

In Fig. 3 we show a plot of the fraction of excited ions
emerging from the second foil that survive to a given dis-
tance from the foil. This shows that the 2 P2 state ions
decay before reaching the region being viewed by the
detector, but that a large fraction of 2 S, ions survive
and a substantial fraction decay in view of the detector.
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mechanism for the conversion of excited ions entering the
second foil to ions in the 2 S, level exiting from this foil.
We will only comment briefly on this question here. Con-
sider the case of an ion in the heliumlike 1s2p Pz state
which enters the thin (20-pg/cm ) second foil. In the fol-
lowing, we list four possibilities for the mechanism for
conversion of this ion to a 2 S&-state ion in the region
downstream of the second foil.

(a) The 2 3S, state could be populated by multiple col-
lisions in the foil, e.g. , stripping of the 2 Pz state to the
Kr + ground state followed by electron capture to the
He-like 2 S& level. Such processes have low probability
in the thin 20-pg/cm second foil. For example, the
mean free path for stripping an ion in the 2 Pz state in C
is about 5 times the thickness of a 20-pg/cm foil and the
probability that a Kr + ground-state ion will capture to
the He-like 2 S, state in the 20-pg/cm foil is less than
1%.

(b) The 2 Pz state has a branch to the 2 Si state via an
E 1 transition (see Fig. I). This will increase the popula-
tion of the 2 S& level and to the extent that this state sur-
vives the second foil, we have a possible foil-separation-
dependent 2 S, state population downbeam of the
second foil. (Note: there is a subtle point here. The net
effect depends on the relative survival probability of the
two states in the second foil. For example, in the limit of
a very thin foil, in which both the 2 Pz and 2 S, states
survive the foil with high probability, there is no foil-
dependent effect since a constant 10% of the 2 Pz states
created in the first foil will end up in the 2 S, state. ) We
have modeled the cascade effect and find that it gives rise
to a small increase in the 2 S, population as a function of
foil separation, but this effect is small compared to the
effect we observe in the experiment.

(c) The 2 Pz and 2 S, levels can be mixed by the wake
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FIG. 6. Comparison of theory A~&
' [1] and experiment

Agf' for the M2 transition probability for the 2'P2 level. The
dashed line is the prediction of the nonrelativistic theory [6].
The experimental results are obtained by subtracting the
theoretical values for the E1 transition from the experimental
determinations of the total transition probability. References to
experimental values Z =13 [23]; 15 [24]; 16 [25]; 17 [26]; 18 and
22 [27]; 23 and 26 [9];28 [28]; 36 this work; 47 [29].

field within the foil [16—20] resulting in a coherent super-
position with an amplitude which oscillates in time
within the foil. The amplitude for an ion which enters
the foil in the 2 Pz state to bein the 2 S& state at the foil
exit will depend on the thickness of the foil. The wake
field for a 700-MeV Kr ion in a carbon foil is about
2X10 V/cm [16,21]. In this field the 2 S, —2 P2 mixing
is only about 6X10 and so this process is expected to
be too small to explain our result.

(d) Individual collisions with foil atoms can give rise to
intrashell transitions between the triplet-s and triplet-p
levels. We estimated the cross sections for such 2s-2p
transitions using a calculation of McGuire et al. [22] and
found the cross section to be about 4X10 ' cm for He-
like Kr ions incident on a carbon foil. This gives a mean
free path of 5 pg/cm, which indicates that this is an im-
portant effect. On average, several excitation events
would be expected in traversing the foil so that one can
consider the triplet-s and triplet-p states to be completely
mixed within the foil. This seems to be the most likely
mechanism for the effect observed in this experiment.

As a check, we developed a simple model to track the
evolution of charge states and electronic excitations as
the ions traverse the two-foil target. The model considers
four charge states: (a) bare, (b) one electron, (c) two elec-
trons, and (d) three or more electrons. The one- and
two-electron species are further broken down into their
ground electronic states and the various possible n =2
excited states. We solve numerically for the populations
of each these states as the ions propagate through the
first foil, the vacuum, and then the second foil. We use
estimates of cross sections for capture, loss, excitation,
and deexcitation of electrons as well as theoretical life-
times for decay in vacuum. We also account for the life-
times within the foils which are in general quite different
because of the strong perturbations existing in the foils.
The results from this model further confirm our con-
clusion that intrashell mixing is the dominant mechanism
for conversion of ions in the 2 Pz state to ions in the
2'S, state within the foil.

IV. CONCLUSION

In conclusion, we have demonstrated an alternative
method for measuring lifetimes in highly charged ions
and used it to obtain a measurement of the lifetime of the
2 Pz state in He-like Kr. The full power of the method is
that it is extensible to measurements of lifetimes much
shorter than 1 ps. The two-foil target also provides a
unique way to study the beam-foil interaction. In partic-
ular, it provides a means for studying what happens to
specific excited states interacting with the foil. The
different states are identified by their characteristic
change in population as a function of foil separation.
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