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Lifetime measurement of HeÀ utilizing an electrostatic ion storage ring
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~Received 5 January 2001; published 6 June 2001!

The electrostatic heavy-ion storage ring, ELISA is utilized to measure the lifetime of the metastable
1s2s2p 4P5/2 level of the He2 ion together with the average lifetime of the4P1/2 and 4P3/2 levels. This storage
ring allows lifetime measurements to be performed without the influence of magnetic fields, and at tempera-
tures below250 °C, which reduces the photodetachment of He2 due to blackbody radiation. The lifetime of
the 4P5/2 level is determined to be 36563 ms, in agreement with, but more accurate than, a previous magnetic
storage ring measurement, and 6% longer than the lifetime recently reported utilizing an electrostatic ion trap
@Wolf et al., Phys. Rev. A59, 267~1999!#. The average lifetime of the4P1/2 and 4P3/2 levels is determined to
be 11.160.3 ms, in agreement with theoretical predictions, but about 25% longer than the reported value from
the electrostatic ion trap experiment.

DOI: 10.1103/PhysRevA.64.012503 PACS number~s!: 32.70.Fw, 32.80.Dz
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I. INTRODUCTION

The introduction of heavy-ion storage rings as a tool
study structural and dynamical properties of positive a
negative ions has proven to be very beneficial~for recent
reviews, see Refs.@1–4#!. Conventional heavy-ion storag
rings use magnetic bending and focusing elements to s
the ions. One of the consequences of this is that the magn
field can mix magnetic substates from different, but clo
lying, fine-structure components with the sameMJ quantum
number. This effect complicates both the measurements
the interpretation of the data in lifetime studies@5#. On the
technical side, magnetic rings are usually large-scale dev
with limited access to control, for instance, the temperat
in connection with the study of the influence of blackbo
radiation-induced photodetachment of weakly bound ne
tive ions @6#. These difficulties have, among others, be
avoided in the newly developed electrostatic storage r
ELISA ~Electrostatic Ion Storage Ring, Aarhus! @7#, in
which heavy ions are stored using purely electrostatic defl
tion and focusing elements. An important fundamental d
ference between an electrostatic ring and its magnetic co
terpart is that the strength of the bending forces ‘‘felt’’ by t
ions depends on their kinetic energy and not on their m
mentum. This means that high-intensity beams can be u
to set up the storage ring before turning to the desired l
intensity beam of a different mass as long as the charg
kinetic energy ratio is conserved, a feature which was v
important in the first ELISA experiments@8,9#. Being a small
‘‘table-top’’ ring, ELISA is to some extent complementary
an ion trap in which ions are stored at very low energy a
with no preferred direction of motion. The advantage o
storage ring is that the ion beam circulates at a well-defi
kinetic energy and direction in space, which gives easy
cess to both the primary beam and possible decay prod
A ‘‘hybrid’’ storage device, also based on purely electr
static fields, has recently been developed by Zajfmanet al.
@10#, in which ions with an energy of a few keV are store
between two electrostatic mirrors.

In the class of metastable negative ions which do not fo
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a stable ground state, He2 represents the simplest system.
is formed in the 1s2s2p 4P state, which is bound by only 77
meV @11# relative to the 1s2s 3S excited state of neutra
helium. Due to the different strengths of the couplings to
continuum, there exist a differential metastability among
three fine-structure levels of the 1s2s2p 4P state. TheJ
55/2 component has a lifetime more than one order of m
nitude longer than those of the two other componentsJ
53/2 and 1/2!. According to theoretical calculations b
Brage and Froese Fischer@12#, all the 4PJ levels decay pri-
marily via two-body relativistic interactions, i.e., autodetac
ment by spin-spin and spin-other-orbit interactions. TheJ
51/2 and 3/2 levels can decay to the neutral He ground s
either by direct relativistic or induced Coulomb autodetac
ment by emitting ap-wave electron~the latter by mixing
with the fast decaying2P1/2,3/2 levels of the 1s2s2p configu-
ration!, whereas theJ55/2 level only can decay by direc
relativistic autodetachment by emitting anf-wave electron,
resulting in a much longer lifetime.

Being a special prototype system, the dynamics of H2

have attracted a large amount of experimental@5,13–18# and
theoretical@12,19–23# attention, and the reported lifetime
are summarized in Table I. Theoretical lifetimes of the4P5/2
level have been predicted in the range of 266–550ms using
various models, whereas only one calculation exists for
4P3/2 and 4P1/2 levels, yielding 11.8 and 10.7ms, respec-
tively @12#. The theoretical results depend critically on th
precise form of the wave functions in both the initial an
final states, and for the short-lived components (J53/2 and
1/2! the predictions are further complicated due to the c
pling between the4P and 2P levels of the same configura
tion. However, for theJ55/2 level an interaction Hamil-
tonian is explicitly known which simplifies the task. Th
most accurate calculation is considered to be that of Mi
znik, Brage, and Froese Fischer@23#, yielding t5/25345
610 ms. This is in good agreement with the two most r
cent measurements oft5/2 of 350615 and 343610 ms con-
ducted by Andersenet al. @5# using the heavy-ion storag
ring Aarhus Storage Ring, Demmark~ASTRID!, and by
©2001 The American Physical Society03-1
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TABLE I. Experimental and theoretical lifetimes of the three different fine-structure levels of He2. The
column labeled ‘‘Average’’ represents the average values ofJ51/2 and 3/2.

Lifetime (ms)
Determination J51/2 Average J53/2 J55/2 References

Experimental 18.2 @13#

11.565 345690 @14#

1664 1062 5006200 @15#

963
5 @16#

16.762.5 @17#

1262 350615 @5#

8.960.2 343610 @18#

11.160.3 36563 This work

Theoretical 266 @19#

303/550 @20#

455 @21#

497 @22#

10.7 11.8 405 @12#

345610 @23#
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Wolf et al. @18# utilizing the new heavy-ion electrostatic tra
device mentioned above, respectively.

In the ASTRID experiment@5#, the measured lifetime ha
to be corrected for the magnetic-field effect from the dip
and quadrupole magnets. This was done by measuring
lifetime of the 4P5/2 level as a function of the beam energ
i.e., at different values of the confining magnetic fields in t
ring. The negative-ion beam was produced from He1 ions at
injection energy by two-electron capture in a Na vapor c
After each injection, the neutral-atom signal stemming fro
autodetachment of the circulating ions was recorded a
function of time in one corner of the ring. A two-paramet
fit based on a theoretical expression incorporating the Z
man mixing in the dipole magnets was finally applied
extrapolate the data to zero magnetic field. This fitting p
cedure provided additional information on the lifetime of t
4P3/2 level (1262 ms; see Table I!, and thus the apparen
disadvantage of the magnetically induced mixing effects
view of obtaining the lifetime of the4P5/2 level turned out to
be an advantageous tool to explore the lifetime of anot
fine-structure component. The influence of blackbody rad
tion from the surrounding vacuum chamber on the measu
lifetime of the weakly bound He2 ion was another importan
correction. Generally, for negative ions with electron affi
ties below;250 meV, detachment due to blackbody rad
tion limits the storage time, depending on the actual bind
energy, the temperature, and the photodetachment cross
tion @6#. In order to investigate this effect, the temperatu
dependence of the apparent4P5/2 lifetime was tested by
heating one-half of the ASTRID storage ring to;390 K,
and the observed lifetimes were consistently reduced a
beam energies. At room temperature, it was found that bla
body radiation reduces the lifetime by;20%.

In the most recent experiment on the He2 lifetimes per-
formed by Wolfet al. @18#, the application of purely electro
static fields made magnetic-field-mixing effects negligible
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4.2-keV He2 beam was injected into a new type of electr
static ion trap. In short, the trap consists of two sets of el
trodes working as two electrostatic mirrors between wh
the ions bounce back and forth. Neutral He atoms produ
either in collisions with residual-gas particles or in the au
detachment process leave the trap through one of the e
trodes, leading to a 50% detection in one end. The recor
signal showed two exponential decays, of which the fa
decaying component was assigned to the lifetime of
weighted average of the4P3/2 and 4P1/2 levels of He2, and
the slow-decaying component to the4P5/2 level. In the latter
case, a value of 29062 ms was found for the measure
lifetime at room temperature. To correct for photodetac
ment due to blackbody radiation, the decay rate
0.534 ms21 from Ref. @5# was subtracted, yielding the fina
lifetime of 343610 ms. The short-lived decay componen
which is almost independent of the blackbody radiation, w
found to have a lifetime oft^3/2,1/2&58.960.2 ms. This
value is shorter than in most previous experiments~see Table
I!, and more than 25% below the weighted average of
theoretical values reported by Brage and Fischer@12#, deter-
mined to be 11.4ms.

The electrostatic storage ring ELISA seems well sui
for an investigation of the lifetimes of the He2

(1s2s2p 4PJ) levels, since it is possible to avoid th
magnetic-field effects affecting the originalJ55/2 data from
the magnetic storage ring@5#. Furthermore, operating th
ring from room temperature to below250 °C will make it
possible to study the influence of blackbody radiatio
induced photodetachment over a wide temperature ra
leading to a more accurateJ55/2 lifetime. The much smaller
circumference of ELISA as compared to the magnetic s
age ring ASTRID will also allow a measurement of the a
erage lifetime for theJ53/2 and 1/2 components, an
thereby provide a test of the recent electrostatic ion t
value of 8.960.2 ms @18#.
3-2
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II. LIFETIME MEASUREMENTS

A. Experimental procedure

The present experiment dealing with the He2 lifetime has
been conducted with the purely electrostatic storage
ELISA @7# shown in Fig. 1. The race-track-shaped ring ha
circumference of 7.62 m and an average working pressur
2310211 mbar. The electrostatic lattice confining the io
is defined by two 160° cylindrical deflectors, each having
10° parallel-plate deflector and a quadrupole doublet
horizontal and vertical focusing on each side. In the t
field-free straight sections of the ring, eight positio
sensitive pickups are placed to monitor the circulating io
Positive helium ions were created and extracted from
plasma ion source, and subsequently accelerated to the i
tion energy of 22 keV. After mass- and charge-state analy
in a separator magnet, the beam was passed through a 4
long K vapor cell, where;1% of the ions underwent two
electron capture, producing a He2 beam of a few nA. The
beam was chopped to match the circumference of ELIS
which in the present study corresponded to a pulse lengt
around 8 ms. At injection, the first 10° deflector in ELISA
was kept at zero potential while the ions passed through.
voltage needed for storage of the ions was then rap
switched on at the moment when the front of the injec
pulse had made one turn. Injection was performed wit
repetition rate of 25 Hz.

Neutral He atoms created in the straight sections, ei
by rest-gas collisions or by autodetachment, will pass un
flected through the 10° deflectors and thus leave the ring
microchannel plate~MCP! detector positioned opposite th
injection side~see Fig. 1! counts the number of neutrals lea
ing the ring as a function of time after injection. The expe
mental conditions with respect to the He2 beam can be var
ied as far as, e.g., the beam energy, beam intensity, res
pressure, and temperature of the ring are concerned.
temperature variation is the key point in order to explore
influence of blackbody radiation on the measured He2 life-
times. As opposed to the ASTRID experiment@5#, the small
size of ELISA makes it possible to cool the entire vacuu
system down below250 °C simply by building an isolating
box around the ring and cooling the inside by inlet of liqu
nitrogen. The temperature is measured at ten different p
tions around the ring using the average value as a repre
tative value.

B. Experimental data

Figure 2 shows a typical neutral-atom signal versus ti
at room temperature. Two distinct exponential decays

FIG. 1. Schematic diagram of ELISA with injector. The He2

beam was injected from the lower left side, and neutral partic
were detected by a MCP detector located at the upper left side
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clearly observed, superimposed on a constant backgro
consistent with the noise level of the detector. The exp
mental data, which cover an elapsed time of almost 3
after injection, are fitted with the sum of two exponentia
and a constant, the result of which is indicated by the so
line in Fig. 2. A fitting value of 10.960.1 ms for the fast
decay is assigned to the weighted average lifetime of
4P1/2 and 4P3/2 levels of He2, whereas the slow decay stem
from the 4P5/2 level, yielding 306.160.6 ms. The uncertain-
ties are purely statistical from the applied least-squares
However, for theJ55/2 component, the uncertainty has
larger contribution from small oscillations in the data poin
from revolution to revolution which is due to a nonunifor
gain in the MCP detector. In a storage ring, a nonidea
injected beam has an inherent small-amplitude oscillati
the so-called betatron oscillation, which results in a mo
ment of the neutral beam spot on the detector. In the fitt
procedure, these oscillations imply thatt5/2 changes a few
thousandths depending on the range of the fit. For the da
Fig. 2, this results in a final value oft5/25306.162.0 ms.

Several tests were performed to check the robustnes
the experimental data. The vacuum was degraded by an
der of magnitude by switching off the four ion pumps
ELISA which, as expected from the earlier ASTRID expe
ment @5#, did not influence the measured lifetimes since t
collisionally induced lifetime is several seconds. Furth
more, any dependence on the beam intensity was found t
negligible by changing the K-vapor density. The experime
tal results were reproduced at beam energies from 22 d
to 4 keV, excluding any influence from for instance str
magnetic fields, or a possible stripping of the He2 ions by
the electric fields of the lattice in ELISA. The lower limit in
electric-field strength which could give rise to a reduction
the He2 lifetime due to static field detachment, can be es
mated using the theory of electric-field dissociation appl
by Nadeau and Litherland in studies of binding energies

s

FIG. 2. Neutral He signal at room temperature from the MCP
a function of time after injection, here accumulated over 3528 fi
ings of the ring. The separation between two consecutive poin
8 ms, corresponding to the revolution time in ELISA at 22 ke
The solid line is a fit to the data~see the text!.
3-3
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PEDERSEN, HYDE, MO” LLER, AND ANDERSEN PHYSICAL REVIEW A64 012503
negative ions@24# ~and references therein!. The survival
fraction will be 100% as long as the He2 ions are exposed to
field strengths below 5 MV/m during their entire stora
time of several milliseconds. In ELISA, the maximum fie
strength amounts to less than 0.2 MV/m in the 160° cyl
drical deflectors, which furthermore covers only;20% of
the circumference.

The assignment of the two decay components in the b
is based on a determination of the initial populations, tak
into account the flight time from the charge-exchange cel
the detection region as well as the timing of the da
acquisition system. In all the lifetime spectra, the relat
populations of the components are within 47–53 %. This
consistent with a population of the three fine-structure lev
in accordance with their statistical weights, which may
expected after production by two-electron capture, and
vors the interpretation that the fast-decaying componen
indeed associated with the weighted average of theJ53/2
and 1/2 levels, and that their lifetimes are not very differe

The measured lifetimes of theJ55/2 level at eight differ-
ent temperatures are shown in Fig. 3~open circles!. The val-
ues range from 304.1ms at 22.1 °C to 347.0ms at
253.9 °C. At a given temperatureT, the decay rate induce
by photodetachment due to blackbody radiation can be
culated from

GBB5E
BE/\

`

s~v!F~v!dv, ~1!

whereBE is the binding energy,s(v) is the photodetach
ment cross section, andF(v) denotes the distribution o
thermal photons described by the Planck radiation law@25#:

F~v!dv5
1

p2c2

v2dv

e\v/kT21
. ~2!

FIG. 3. He2 4P5/2 lifetime data at eight different temperature
of ELISA. s, measured data.d, data corrected for blackbody
radiation detachment.—, mean weighted value~MWV ! of the cor-
rected data.•••, uncertainty bands on the MWV. - - -, estimated
data from the MWV with blackbody-radiation detachment include
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Values ofF(v) are readily obtained from Eq.~2!, whereas
for s(v), accurate theoretical photodetachment cross s
tions up to photon energies of 0.6–0.7 eV above the
(1s2s 3S) threshold are needed to evaluate Eq.~1! numeri-
cally. Several theoretical studies were recently conducted
this subject~see Ref.@26#, and references therein!, and Fig. 4
shows the calculation ofGBB in a temperature range from
2100 to 100 °C utilizing the total He2 photodetachmen
cross section of Liu and Starace@26#. The decay rate de
creases from 570 to 126 s21 in the measured temperatur
range. The result of a similar calculation using the cro
section of Xi and Froese Fischer@27# agrees with the data in
Fig. 4 within a few thousandths, whereas the cross sectio
Saha and Compton@28#, used in the previous ASTRID ex
periment@5#, yielded a decay rate 5% lower.

Correcting the eight measured lifetimes of the4P5/2 level
for the blackbody radiation-induced photodetachment,
zero-temperature values shown by filled circles in Fig. 3
obtained. The main contribution to the uncertainty ste
from the fitting procedure described earlier. Including an
timate of potential systematic uncertainties, a determina
of the mean weighted value of all the independent ze
temperature values results in a final lifetime oft5/25365
63 ms, which is indicated by the solid line in Fig. 3. F
nally, by addingGBB to this value, it is possible to determin
the expected measured lifetime as a function of temperat
which is given by the dashed line in Fig. 3. As opposed
this behavior oft5/2, the short-lived component stemmin
from the decay of the weighted average of theJ53/2 and 1/2
fine-structure levels has been found to be practically in
pendent of photodetachment from blackbody radiation. T
ing the average of the eight measurements, the value of
lifetime is determined tot^3/2,1/2&511.160.3ms.

III. DISCUSSION AND CONCLUSION

The present results from the study of He2(1s2s2p 4PJ)
lifetimes with the electrostatic storage ring ELISA are list
in Table I, together with the values from previous expe
mental and theoretical investigations. For theJ55/2 level,
the value of 36563 ms is higher than, but in agreemen

.

FIG. 4. Decay rate of He2 due to blackbody-radiation photode
tachment as a function of temperature calculated from Eq.~1!.
3-4
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LIFETIME MEASUREMENT OF He2 UTILIZING AN . . . PHYSICAL REVIEW A 64 012503
with, the earlier magnetic storage ring experiment (3
615 ms @5#!, and represents an improved accuracy by
factor of 5. This improvement can be accounted for by~i! the
elimination of the mixing between theJ55/2 and 3/2 fine-
structure components due to the presence of magnetic fi
~ii ! the performance of the lifetime measurements far be
room temperature, which has reduced the correction of
lifetime due to blackbody radiation-induced photodeta
ment from approximately 20% to below 5%; and~iii ! an
improved storage of the negative-ion beam in the stor
ring.

The present lifetime, however, is 6% longer than the
cently reported electrostatic ion trap value of Wolfet al.
(343610 ms @18#!, and the deviation cannot be explaine
by the 5% lowerGBB used by Wolfet al., since applying our
room-temperature value of 570 s21 to their data only in-
creases the lifetime;4 ms. The deviation seems mo
likely to be due to a less perfect storage of the He2 ions or
an unidentified loss mechanism in the ion trap experime
We have been able to reproduce the ion trap result at ro
temperature by using worse storage conditions for the ne
tive ions~equivalent to large beam oscillations in the pres
study! than those applied in the final experiments. A po
storage of the negative ions will always result in a shor
lifetime than the true one, since a~small! fraction of the ions
may be removed from the circulating beam due to interac
with parts of the apparatus.

With respect to the most recently calculated value (3
610 ms @23#!, the present lifetime is also longer, but
should be noted that the calculation was performed just a
the lifetime from the magnetic storage ring experiment
came available. The theoretical value is very sensitive to
electron correlation used to describe the initial wave funct
for the 4P5/2 state, and a minor modification of the wav
function will bring the calculated lifetime into agreeme
with the experimental one.

A comparison of the weighted average lifetime for theJ
53/2 and 1/2 fine-structure components obtained in
t.,

P

r-

e
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present experiment and the ion trap experiment also exh
a deviation, with the present one 25% longer than the t
value (11.160.3 ms versus 8.960.2 ms), and with both ex-
periments claiming an accuracy of only 3%. Even though
data analysis of this average lifetime will be influenced
the lifetime value of the longer-livedJ55/2 fine-structure
component, a change of this value from 343 to 365ms is not
sufficient to explain the discrepancy. The deviation is m
likely due to the same reasons, or to one of these, discu
above in connection witht5/2. The present average lifetim
is in good agreement with both theJ53/2 lifetime reported
from the ASTRID experiment (1262 ms @5#! and with the
only calculation available (11.4ms @12#!.

The present study has shown that the electrostatic sto
ring ELISA offers improved possibilities for studies of neg
tive ions, e.g., with respect to lifetime studies of atomic a
molecular ions@8#. Supplied with an electron target it wil
provide a good alternative to the larger magnetic rings. T
mass independence allows for the storage of very heavy
tems of biophysical interest, e.g., proteins, which is prese
in progress. The cooling scheme applied here to reduce
blackbody radiation-induced photodetachment will be furth
optimized in the future with respect to nitrogen consumpt
and the lowest possible temperature. Another important c
sequence of the cooling is that the residual-gas pressure
be reduced to around 10212 mbar, resulting in storage life
times of several minutes for beams consisting of stable io
Finally, with its ‘‘table-top’’ size, it may also be possible t
perform experiments combining synchrotron radiation fro
the magnetic storage ring ASTRID with stored heavy ions
ELISA.
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