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We describe measurements of the lifetimes of metastable states in one- and two-electron nickel ions.
The 23S, /, level in one-electron nickel was found to have a lifetime of 217.1(1.8) ps, in agreement with a
theoretical calculation of 215.45 ps. The lifetimes of the 2'S, and 23P, levels in two-electron nickel
were found to be 156.1(1.6) and 70(3) ps, respectively, in agreement with the theoretical results of
154.3(0.5) and 70.6 ps. We also studied the phenomenon of hyperfine quenching of the He-like 2 3P, lev-

el by comparing decay curves for the isotopes ¢'Ni and *Ni. The lifetime of the 2 >P, level in *'Ni

26+

was found to be 470(50) ps, in agreement with a theoretical prediction. The measurements were carried
out using the beanf-foil time-of-flight technique with a fast beam of highly charged nickel ions. We dis-
cuss the handling of systematic effects in the measurements, including the study of yrast cascades follow-

ing the beam-foil interaction.

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

I. INTRODUCTION

In several short articles [1-3] we have presented re-
sults of measurements of decay rates for four forbidden
transitions in H-like and He-like nickel. In this article,
we give a more complete account of these experiments
with an emphasis on systematic errors and present some
results including a study of the yrast cascades populating
the 2p levels in one-electron nickel. We have studied the
decay rates of the H-like 22S,,, state and the He-like
28y, 23P,, and 2°P, states. These states are produced
using beam-foil excitation of a fast beam. One of the
problems in the study of forbidden transitions is in deal-
ing with the long lifetimes involved. However, the life-
times of these states become shorter as the nuclear charge
of the ions increases. For nickel [Z =28], the lifetimes of
the states we are studying correspond to decay lengths on
the order of 1 cm, a convenient measurement regime.
For higher-Z ions, typical decay lengths are much short-
er and experiments again become more difficult since they
require working close to the excitation foil.

After briefly reviewing the present status of the theory
for lifetimes of the n =2 levels of one- and two-electron
nickel in Sec. II, we describe the experimental details in
Sec. III. In Sec. IV, we analyze the efficiency of the ex-
perimental apparatus and develop relations used in op-
timizing the experimental geometry. In Sec. V, we dis-
cuss the results for each of the measurements emphasiz-
ing systematic effects. Finally, in Sec. VI we review the
existing experimental data for these levels and compare
them with the results of theory.
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II. THEORY

Figure 1 shows the low-lying energy levels for H-like
and He-like nickel including their lifetimes and decay
modes. In this section we will review the current status
of the theoretical calculations of the forbidden transitions
in these ions. For more details see the review by Marrus
and Mohr [4] and references therein.

A. Two-photon decays

Goeppert-Mayer [5] developed the formalism for two-
photon decay and predicted that this was the primary de-
cay mode for the 2s %S, level of hydrogen. Breit and
Teller [6] studied the decay rates of the low-lying levels of
hydrogen and helium and confirmed Goeppert-Mayer’s
prediction. Accurate nonrelativistic calculations for hy-
drogen and one-electron ions have been made by Spitzer
and Greenstein [7], Shapiro and Breit [8], Zon and Rapo-
port [9], Klarsfeld [10,11], and Drake [12]. These calcu-
lations showed that the emitted photons have a continu-
ous energy distribution with the sum of the energies of
the two photons E; and E, adding up to the transition
energy Eg:

E,=E,+E, . (1)

The nonrelativistic decay rate @ as a function of angle
and energy has the form [4]

d3w
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FIG. 1. Low-lying energy levels for H-like and He-like **Ni
showing lifetimes and decay modes.

where 0 is the angle between the two photons, Z is the
nuclear charge,

E

By’ (3)
and y(y) is a function with a broad maximum at y =
which drops to zero at y =0 and 1. Note that, in this
nonrelativistic limit, the spectral shape is not dependent
on the nuclear charge. After integrating over angles and
energy, Drake’s result for the nonrelativistic decay rate is

2
w12l =g 9293876 571, (4)
which for nickel gives
2
w12 =3 966 %107 571 (5)

Parpia and Johnson [13,14] and Goldman and Drake
[15,16] have made fully relativistic calculations. The
former calculations include finite-nuclear-size effects.
Johnson [13] presents a tabulation of the frequency distri-

bution ¢(y,Z) defined by
228
da)re 1/2
‘dy —ZG(9a6/21°)¢(y,Z) Ry . (6)

With the inclusion of relativistic corrections, the shape
depends on the nuclear charge Z. Drake [12] fit his rela-
tivistic results for the total decay rate to an empirical for-
mula to obtain

2
278, 2E1
Wrel

=8.22938Z°Z*1+m /M)

[1+3.9448(aZ)*—2.040(aZ )*] o
[1+4.6019(aZ)?]
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where

(Z—n)m

Z=————+1. 8
" M+nm ®
Here n is the number of electrons in the ion, m is the
electron mass, and M is the mass of the nucleus. Equa-
tion (7) is good to within 0.005% up to Z =92. This re-
sult includes finite-nuclear-mass and nuclear-recoil

[17,18] corrections. Using this formula for Z =28 gives
0512 3 868107 571 . ©)
Dalgarno [19,20] made the first calculation of the two-
photon decay rate of the 2'S, level for helium. Other
nonrelativistic calculations for helium and He-like ions
have been completed by Victor [21,22], Jacobs [23], and
Drake [24,12]. Drake expressed his result with the for-

mula

1
w0 =16.458762(Z —0.806 389)°

1.539

22| sl (10)
(Z +2.5)?

X [1+

For nickel, this gives the nonrelativistic decay rate

o S°—6 667X 10° s (11)

Drake [12] also estimated the relativistic corrections to
this decay rate. His result for the decay rate in He-like
nickel including relativistic corrections is

21
@) 0—6.482X10° s (12)

B. Magnetic dipole decay

The H-like decay of the 225, level also has a single-
photon magnetic dipole mode. This mode is highly
suppressed, and it vanishes if the nonrelativistic wave
functions are used. Johnson [13] obtained a ‘“‘nonrela-
tivistic” result

225 ,M1
nr

=2.496X 106710 ¢! (13)

by calculating the M 1 matrix element in the Dirac theory
and taking the nonrelativistic limit. For nickel, this gives

2
o 1M =7.39307x 108 571 | (14)

The nonrelativistic results in Egs. (5) and (14) yield a life-
time of 212.54 ps and a branching ratio

2
248, ,M1
172
Onr

=3 =0.1571 . (15)
wnr

2E1 228, M1
172 1/2
‘o,

Fully relativistic calculations [15,14,16] yield a lifetime of
215.45 ps and a branching ratio

b,,=0.1667 . (16)

C. Magnetic quadrupole decay

At low Z, the 2 3P2 level in He-like ions decays mostly
by an electric dipole transition to the 23S, level, but
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above about Z =17, the magnetic quadrupole transition
to the ground state dominates. This is because the M2
transition probability increases as Z 8 while the E1 tran-
sition probability increases only linearly with Z. Nonre-
lativistic calculations of the M2 decay rate have been
made by Mizushima [25], Garstang [26,27], Drake
[28,29], and Jacobs [30]. Relativistic corrections have
been calculated by Gould, Marrus, and Mohr [31] and
Johnson and co-workers [32-34]. The latter used the
relativistic-random-phase approximation (RRPA) to cal-
culate both the M2 and the E1 transition probabilities.
The RRPA results for He-like nickel are

3
wfel"zmzl.zoxww st (17)
L =2.17%10° s (18)
corresponding to a lifetime
3
T 2=70.6 ps , (19)
and a branching ratio
. 23p, M2
w
bry ' = o .=0.847 . (20)
ol 3p,E1 23p, M2
Wrel Wrel

D. Hyperfine quenching

In the absence of hyperfine structure, the 2°P, state
decays to the 23S | state by an E'1 transition. The RRPA

result for the lifetime of the 2 3P level in ®Ni?®" is

23P E1

0 =2.30 ns . 2n
In ®INi%**, which has nuclear spin, mixing by the

hyperfine interaction alters the decay rates of both the
2°P, and the 2°P, levels. These are mixed with the
short-lived 2 'P, and 2 ®P, states, opening up decay chan-
nels to the ground state and shortening their lifetimes.
This phenomenon of hyperfine quenching was first dis-
cussed by Bowen [35] in 1930, and observed in 1937 by
Mrozowski [36], in experiments in Hg I. Gould, Marrus,
and Mohr [31] first observed hyperfine quenching in the
He-like ions. Calculations of decay rates for 2 3P, have
been made by Mohr [37], Indelicato, Parente, and Marrus
[38], and Munger [39].

III. EXPERIMENT

A schematic of the Argonne Tandem Van de
Graaff-Linac (ATLAS) and the Atomic Physics Beam-
line where the experiments were carried out is shown in
Fig. 2. Nickel beams with energies of 340, 346, 376, 664,
and 670 MeV were used in four separate runs of 3—4 days
each. The beams were stripped in 200—500-ug/cm? foil
targets located just in front of the switching magnet. De-
pending on the measurement, we directed the 26+, 27+,
or 28+ charge state into our target chamber.

A schematic of the detector arrangement in our target
chamber is shown in Fig. 3. The major components were
three Si(Li) detectors and a movable foil target. There
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FIG. 2. Beamline arrangement.

was also a normalization detector which moved with the
target. Lifetimes were measured using the beam-foil
time-of-flight technique in which the foil was moved rela-
tive to the region along the beam that was viewed by the
detectors. Two of the detectors (1 and 2) were collimated
so that they observed a region of about 5 mm along the
beam. Detector 3 was less collimated and had a larger
solid angle.

Several considerations were used in choosing the detec-
tor arrangement. The detectors had to be close to the
beam to maximize the solid angle, but not so close that
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FIG. 3. Schematic of target chamber showing positions of
three Si(Li) detectors and the normalization detector. The beam
direction is out of the page. The normalization detector and the
target foil move along the beam.
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the solid angle was sensitive to slight transverse move-
ments of the centroid of the beam that would contribute
to signal fluctuations. The collimators were chosen to
optimize the coincidence rate for the measurements of
the two-photon decays and they mainly restricted the
field of view along the beam. An important requirement
was that the two collimated detectors should not be able
to “see” the foil (as well as upbeam of the foil) when it
was brought to its closest position to the detectors. Oth-
erwise, the detector solid angle could change as the foil
was moved. Another factor was that the “beam spot”
(region of interaction of the beam on the foil) was a rela-
tively intense source of x rays, so it was desirable to avoid
viewing it in order to reduce the count rates in the detec-
tors. For detector 3, we relaxed the requirement that the
detector not view the foil. The rate in this detector was
reduced by filtering out intense low-energy lines (<2
keV). Also, this detector was always used in coincidence
with detector 1 or 2, so the requirement for restricting
the region along the beam that was being viewed was
satisfied by the coincidence condition. Detector 3 was
not used for any of the singles decay curves, but with its
relatively high solid angle it was essential for the coin-
cidence measurements.

In order to determine the lifetime, we precisely mea-
sured both the relative foil position and the beam veloci-
ty. The beam velocity was determined using the
ATLAS time-of-flight energy-measurement system [40].
This is located in the straight section of beamline between
the exit of ATLAS and the switching magnet (see Fig. 2).
This system is capable of determining the beam energy to
about 0.1%. We also considered the energy loss of the
beam in the two foils. This was a small correction that
we determined using standard tables [41] of energy loss in
materials and measurements of the foil thicknesses using
an alpha radiation source.

The normalization detector was attached to the stage
that translates the foil and therefore observed a fixed re-
gion downstream of the foil. This detector was an ion-
implanted passivated silicon detector. It was located en-
tirely within the vacuum chamber and was uncooled.
The resolution was 1.8 keV at 14.4 keV. This detector
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was located 10 cm from the beam axis which made the
normalization less sensitive to transverse beam movement
or misalignment of the beam relative to the translation
axis of the stage. The latter was important to ensure that
the solid angle of the normalization detector did not
change as the foil was translated along the beam.

Detectors 1, 2, and 3 were lithium-drifted silicon detec-
tors cooled to liquid-nitrogen temperature. They were all
fitted with beryllium windows which separated the vacu-
um of the detectors from the vacuum of the chamber. A
number of different Si(Li) detector configurations were
used in these experiments. Table I gives the properties of
the detectors and their physical dimensions for the
configuration shown in Fig. 3, which was typical. Mylar
filters were used to reduce the count rate of low-energy x
rays in detector 3 and in the normalization detector. The
thicknesses of these and the other absorbing layers are
given in Table I.

Data acquisition and control of the foil position were
completely automated. At each position of the foil, we
took data for a fixed amount of charge collected at a
Faraday cup that was located about 1 m downbeam of
our apparatus. The data were taken using event mode
recording. There were two different types of events. One
was caused by a coincidence between any combination of
detectors 1, 2, or 3, and the other was caused by any sin-
gle detector firing. For the experiments designed to mea-
sure the two-photon coincidences, all coincidence events
and normalization events were recorded and put on tape,
but only a sample of the single counts in detectors 1, 2,
and 3 was recorded.

Standard digital counting electronics were used for the
experiment. An important consideration for the lifetime
measurements was to control any count-rate-dependent
effects such as dead time or pileup. Also, for the coin-
cidence measurements we had to handle accidental coin-
cidences. The signal from each preamp was split and sent
to both fast and slow amplifiers. The fast amplifiers had
rise times of about 50 ns and were used to generate the
timing and gating signals. The slow amplifiers had rise
times of 6 us, except for that used with the normalization
detector which had a rise time of 0.5 us. In order to

TABLE I. Detector geometry and characteristics.

Detector
Quantity 1 2 3 Norm.
Detector dimensions (mm)
Active diameter (Si crystal) 4 6 6 5
Sensitive depth (Si crystal) 3.0 5.27 5.27 0.3
Beam to Si crystal distance 35 47 22 100
Collimator slit* 5X5 5X5 5.5X5 5X3.8
Beam to collim. distance 12 14 12 40
Absorbing layers (um)

Be window 25.4 25.4 25.4 0.0
Au layer 0.02 0.02 0.02 0.02
Inactive Si layer 0.1 0.1 0.1 0.0
Mylar 0 0 175 125

*The shorter dimension is parallel to the beam direction.
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eliminate dead-time effects, all detectors and the Faraday
cup signal were gated off 1 us after any of the detectors
fired and remained gated out until the computer and all
electronic modules were ready to receive another event.
This forced all detectors to have the same dead time to
within 1 us per event. The 1-us delay allows for record-
ing coincident events.

If two signals were received in any detector during a
characteristic time of about six times the rise time of the
slow amplifier, the energy measurement for that event
was not considered to be reliable. Since the energy mea-
surement was used to identify a given decay mode, and
since the fraction of events that were piled up increased
with the event rate, this effect could have distorted the
decay curves and caused an error in the lifetime measure-
ment. In order to handle this problem, a pileup detection
circuit was used which tagged events for which two fast
signals were received from the same detector within 36
us. Such events were recorded but rejected in data
analysis. The rates at each foil position were corrected
for the fraction of rejected events.

The detectors were calibrated using radioactive sources
that produce x rays in the range of interest. These in-
clude 3Fe, *’Co, %Zn, and *Mn. A typical calibration
spectrum for detector 1 is shown in Fig. 4.

IV. DETECTOR EFFICIENCY

The success of these experiments depended critically
on the detector efficiency and the coincidence efficiency
of the apparatus. Since the detector count rates were ex-
pected to be low, we developed a computer model for the
experiment and used it to optimize the geometrical ar-
rangement of the detectors and collimators. In this sec-
tion we present some of the relations used in the analysis.
These relations are also used in the data analysis dis-
cussed in Sec. V.

The rate of detection of photons in detector i from a

500 T T T T T T T T
- 6.4 keV 6o SOURCE
400l DETECTOR 1
B 14.39 keV 7
© 300/— —
=
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o -
(&) !_
200— .
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0 L I — —
4 8 12 16 20
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FIG. 4. Calibration spectrum for Si(Li) detector 1.
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decay mode / of an ion in length of beam dz at z for pho-
tons emitted in the energy interval dE at E is

NXz,E)dz dE

Q(z—zy)
=R,(z)dz——4—ﬂ_——— Alz—z;)e;(E)D,(E)AE , (22)
where R;(z)dz is the number of decays per second in dz
for the mode and Q,(z —z,) is the solid angle of detector i
located at position z; for photons emitted at z. We take
z =0 to be the foil and imagine that the detectors can be
translated together along the z axis (this is equivalent to a
translation of the foil). The function 4/(z —z,) corrects
the detector solid angle for anisotropic decay radiation
from aligned states. This function is determined by
averaging the angular distribution for photons emitted at
z over the detector geometry. The parameter €;(E) is the
fraction of incident photons of energy E that are detect-
ed. This parameter depends on the intrinsic efficiency of
the detector and accounts for the absorption of photons
before reaching the active silicon layer. The distribution
D,(E)dE gives the fraction of photons of energy E in dE
for a given decay mode. For a single-photon line, this is
just the natural line shape. For the H-like two-photon
decay, it can be expressed in terms of the spectral distri-
bution ¥(y,Z) defined by Johnson [13]:

Dypy(By=— A0 Z)_ 23)
f V. 2)dy

y=-—, 24)

E, is the end-point energy, and Z is the nuclear charge.
D, (E) is normalized so that

E
fo °D,p(EYAE=2 , (25)

that is, two photons for each decay. The singles rate for
two-photon events in detector i at position z; integrated
over energies from E, to E, is

w Q(z—zy)
NN zg)= [ " Ropy (2)————dz

E
x [ Eabei(E)DZEI(E)dE . (26)

The alignment factor does not appear since the orbital
angular momentum is zero. For the coincidence rate be-
tween detectors i and j, we consider the probability for
each photon detected in i that the second photon is
detected by j. This is
Q(z —z;) Q(z—z,)

4 4

2E1
XKz —z,)dz

Nt%'El(Zd): fOOORzEl(Z)

E,
XfEﬂ GI(E)GJ(EQ_E)DZEI(E)dE ’ (27)

where K2*!(z—z,) accounts for the angular correlation
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between the two photons averaged over the acceptance of
detectors i and j.

Equations (26) and (27) can be used to estimate the sin-
gles and coincidence rates for the H-like and He-like
two-photon emitters. The intrinsic detection efficiencies
are dominated by the absorption of x rays in the absorb-
ing layers listed in Table I. A complete discussion includ-
ing a plot of detection efficiency versus x-ray energy is
given in Ref. [42]. For the H-like 225, , level, the yield
was about 1073 per Ni®®" jon for the 12-ug/cm? carbon
target, and the yield of 2 'S, states with a Ni?®* beam on
this target was about 1 of this. Typical currents for the
664-MeV nickel beams were 0.35 particle nA for Ni?®*
and 0.05 particle nA for Ni?**. Using these beam
currents and the theoretical lifetimes we find

2

Rop(2)=3%10% 098 g~ lom 1 (28)
1

R0 (2)=9%10% 14 s lem ! (29)

For the closest foil positions used in the experiments z; is
about 0.5 cm. Evaluating Eq. (26) for detector 1 at this
foil position by numerical integration, we find singles
two-photon event rates of 100 Hz for the H-like case and
250 Hz for the He-like case. Using Eq. (27), the two-
photon coincidence rates for detectors 1 and 3 are calcu-
lated to be about 0.5 Hz for the Ni*®* beam on target and
about 1 Hz for the Ni2®" beam on target. All of these
rates are similar to what we observed in the experiments.

Next we consider cascade transitions, in particular a
3d —2p decay followed by a 2p — 1s decay. Such decays
contribute to the single-photon M1 line and they need to
be understood in order to fit the decay curve formed from
these lines. As discussed in Sec. V, the coincidence con-
dition provides additional information on these decays.
The analysis is similar to that used for the two-photon
decays. The singles rate in the detector for the 3d —2p
line is given by

Ngdzp(zd):e,.(Emp)fo“’Rmp(z)dz
XQ(z—2z,) APz —z,),
(30)

with a similar expression for the singles 2p — 15 line. For
the yrast coincidence rate with the 3d —2p decay photon
detected in detector i and the 2p—1s decay photon
detected in detector j, we have

Nii'dls(zd )=€(E3q5,)€;(Eypy )
X waszp(z)Q,—(z —2,)Q,(z—2,)
XK,i-dls(z——zd)dz , (31

where Kg‘“s(z —2z,4) corrects for anisotropic emission due
to initial alignment and angular correlation between the
two photons both averaged over the acceptance of detec-
tors i and j. In this expression, we assume that both de-
cays 3d —2p and 2p —1s occur at the same position z.
This is well justified for cascades through the short-lived
2p states. For the case of H-like nickel at 664 MeV, for
example, the decay length of the 2p states is 0.1 um.
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We can examine the angular correlation in the cascade
3d —2p — 1s using the formulas given by Biedenharn and
Rose [43]. From their Egs. (68) and (69) and their Table
I(k), assuming statistical populations of the initial 32D ,,
and 32D, , levels we find the angular correlation to be

®(0)x(1+0.05 cos?9) . (32)

Since the coefficient of cos?6 is small, the angular correla-
tion is not too important. A full analysis including the
effect of alignment is needed for a complete description of
this process [44], but we have no experimental informa-
tion on alignment for our beams. The subject of the
transfer of alignment in cascade transitions is discussed
by Lin and Macek [45].

V. RESULTS

A. Singles spectra

Figure 5 shows spectra from detector 1 with a beam of
fully stripped **Ni?®" ions incident on the target at an en-
ergy of 664 MeV. Two different foil positions are shown
which illustrate the change in the spectrum as the foil is
moved. The intense peak near 8 keV resolves into com-
ponents from He-like and H-like transitions from n =2
levels. There are also intense lines near 1.5 keV that arise
from transitions from n > 2 into n =2. These lines persist
to long decay times, so they must be fed by cascades from
high-n levels. The continuum in the 2-7-keV region is
largely due to two-photon decays, but other processes
such as x-ray scattering and tails from higher-energy lines
also contribute to this region and it is difficult to separate
these background processes from the two-photon decays.

Figure 6 is a plot of spectra from detector 1 for He-like
¥Ni*®" incident on the target. In this case the intense
line at 7.8 keV is mostly due to decay of He-like ions with
little contribution from decays of H-like ions. The foil
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FIG. 5. Energy spectrum from detector 1 at two different foil
positions corresponding to 0.11 and 0.87 ns beam travel time
from the foil to the field of view of the detectors. Data obtained
with 664-MeV **Ni**" incident on the target.
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FIG. 6. Same as Fig. 5, but for 664-MeV *Ni*** ions in-
cident on the target.

positions in this figure are the same as in Fig. 5. The
lower intensity in the continuum at 0.87 ns after excita-
tion as compared to Fig. 5 is expected if the counts in this
region are dominated by the decay of the He-like 2 'S,
state which has a shorter lifetime than the 225, level
which dominates the continuum in the spectra of Fig. 5.

B. Yields vs foil thickness

In Fig. 7 we show the yield of photons versus foil
thickness for the two-photon continuum and for the line
at 7.8 keV. These data were taken with 340-MeV Ni?®*
on target and are counts per uC in one of the Si(Li) detec-
tors at the closest foil position. Under these conditions,
the continuum is dominated by decays of the He-like
2 1S, state and the line is dominated by M1 decays of the

1000 T T T
—24x103
800 —oox103
L 4—{ i :
-------------------------------------------------- —16x10
2 600
s |- .
= E % —12x10°
3 400k 340 Mev Ni°®*
[&]
ON TARGET .
L — 8x10
® TWO PHOTON |
200k CONTINUUM
oM, M UNE | 4x10°
| 12 V2
0 | | 1 1 1 | 1 | 1 0
0 20 40 60 80 100

FOIL THICKNESS (ug/cm?)

FIG. 7. Yield of photons as a function of foil thickness for a
broad cut on the two-photon continuum (solid circles, left axis)
and for the peak near 8 keV (open circles, right axis) with
¥Ni%" ions incident on the target. The arrows indicate the
scale for the data points.
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238, level and M2 decays of the 2°P, level. These data
show a saturation of the two-photon yield for foil
thicknesses of greater than about 20 pg/cm?. On the oth-
er hand, the intensity of the M 1,M?2 line shows a linear
increase as a function of the foil thickness up to 80
ug/cm?, Evidently, the 2 LS, state has a higher probabili-
ty of being destroyed within the foil than the 23S, or
2 3P2 states which dominate the M 1,M?2 line. In the Ap-
pendixes we discuss Stark mixing in the foil as a possible
destruction mechanism that could account for this.

For the coincidence measurement of the 2 1S, lifetime
in He-like Ni, we chose a thin target (12 ug/cm?) which
gave a yield near the plateau of Fig. 7. This choice mini-
mized the singles rate (dominated by the 7.8-keV line)
and reduced rate-dependent effects such as pileup, dead
time, and accidental coincidences. From the quenching
model, a similar dependence of the rate on foil thickness
was expected for the 2 %S ,, state in H-like Ni, and so the
12-ug/cm? foil was also used in this case.

C. Two-photon decays

We now consider the two-photon coincidence data
used to determine the lifetimes of the H-like 225/, state
and the He-like 2 'S, state. These data were broken into
four groups of runs as shown in Table II. Groups 1 and
3, which were done with He-like nickel incident on the
target, provided a measurement of the lifetime of the He-
like 2'S, state. Groups 2 and 4 were done with bare
nickel ions incident on the target and were used to deter-
mine the lifetime of the H-like 225, , state. In this sec-
tion, we present details of the analysis of the H-like two-
photon data. The analysis for the measurement of the
lifetime of the He-like 2'S, state is similar and any
differences will be discussed where applicable.

1. Coincidence data

Figure 8 shows a typical time-difference spectrum for
detectors 1 and 3. The fast timing signal from detector 1
starts the time-to-amplitude converter and it is stopped
by the timing signal from detector 3. The stop is delayed
by about 200 ns so the prompt coincidences are shifted by
this amount. The random coincidences are evident on ei-
ther side of the prompt peak. The periodic structure in
the random coincidence region is due to the 12.125-MHz
pulse structure of the linear accelerator (linac). In order
to correct for accidental coincidences, we analyze the
data in two windows corresponding to the prompt and
random regions of the time-difference spectra. These
windows are chosen symmetrically relative to the linac
time structure to eliminate any possible error this struc-
ture would cause in the subtraction of randoms. The in-
set of Fig. 8 shows the detector 1-detector 3 time
difference spectrum with a requirement that the energy
signal from each detector lies within the two-photon con-
tinuum. This cut gives a much improved ratio of true to
random coincidences. The timing resolution of the Si(Li)
detectors varied with the energy of the x rays, being
about 20 ns for coincidences between two 8-keV photons
but degrading to about 70 ns for typical two-photon coin-
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TABLE II. Groups of runs used for the two-photon lifetime measurements.

Group Incident ion Beam energy Beam velocity Carbon target
(MeV) (cm/s) (ug/cm?)
1 SENi26* 376 3.5%10° 12
2 SN2 670 4.7X10° 12
3 BN 664 4.7Xx10° 12
4 SENiZ8 664 4.7X10° 12

cidences. Since the linac beam pulses are separated by 82
ns, coincidences between two low-energy x rays do not
resolve the pulses and give rise to background of randoms
between pulses (see Fig. 8).

Figure 9 shows the correlation between the energies
measured by detectors 1 and 3 for “prompt” [Fig. 9(a)]
and random [Fig. 9(b)] coincidence events. These data
were taken with fully stripped Ni®* on target. Figures
9(a) and 9(b) each correspond to the same number of
channels of the time-difference spectrum. In each of
these figures, there is a large peak from events in which
each detector records an energy of about 8 keV. Since
the intensity of this peak is the same in both the prompt
and the random cases, this corresponds to accidental
coincidences. There are also ridges parallel to the axes
which are accidental coincidences between the 8-keV
peak and the two-photon continuum. The two-photon
coincidences form the diagonal ridge in Fig. 9(a), which
corresponds to a sum energy of 8.1 keV. This figure illus-
trates the excellent isolation of the two-photon coin-
cidences from accidental coincidences. The paucity of
remaining accidental coincidences in the two-photon re-
gion can be seen in the corresponding diagonal area of
Fig. 9(b). These events are subtracted from the prompt
coincidences to obtain the true coincidences.

Figure 10 shows sum-energy spectra for prompt and
random coincidences between detectors 1 and 3 for fully
stripped Ni on target. These spectra are used in the
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FIG. 8. Spectrum of time differences between fast timing sig-
nals from detectors 1 and 3 for coincidence events. The inset is
the time-difference spectrum with a requirement that each pho-
ton comes from the two-photon continuum region. These data
were taken with 664-MeV Ni®®" ions incident on the target.

determination of the lifetimes of the two-photon emitting
states. We first subtract the random spectra from the
prompt spectra to obtain true coincidence spectra for
each detector combination. We fit these spectra to two
Gaussian functions in the region of the two-photon peak
to obtain the H-like and He-like contributions. The fit to
these data (Ni?®" on target) yields mostly H-like two-
photon decays, but there is also a small contribution from
He-like two-photon decays, which is 10% at the closest
foil position. The fits to the data with Ni**" on target
show that the sum-energy peak in this case is almost en-
tirely due to He-like two-photon decays with a negligible
contribution from H-like two-photon decays.

The intensities determined by fits to the sum-energy
lines at each foil position are normalized by multiplying
by the factor
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where Y; is the normalization count at foil position i and
the sum is carried over all motor positions. A typical
normalization spectrum is shown in Fig. 11. The inset
shows the intensity measured by the normalization detec-
tor as a function of motor position. The normalization is
fairly constant and so the correction is small. This result
indicates that any variations in foil properties were well
averaged by our procedure of frequently cycling through
the foil positions in measuring the decay curves.

After applying corrections for pileup and cascades,
each of the four groups of two-photon coincidence data
are fit to a single exponential determining two parameters
corresponding to the lifetime and the intensity of the
two-photon decay. Excellent fits are obtained for each of
the groups. Figures 12(a) and 12(b) show the fit and re-
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FIG. 11. Spectrum taken with the normalization detector.
The inset shows the counts in the peak of the normalization
spectrum plotted as a function of the foil position for the data of
group 2.
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siduals for the H-like data of group 4. Similar fits are ob-
tained for the other groups. The results of the fits are
given in Table III, where we also give a breakdown of the
corrections and uncertainties that contribute to the result
for the data of group 2.

2. Cascade correction

Cascades through high-lying p states could repopulate
the 2 1S, and 225, levels downbeam of the foil and dis-

TABLE III. Results and uncertaintities for the two-photon
lifetime measurements.

Description Lifetime (ps)
H-like fit result (group 2) 216.5+2.3
Pileup® (—13.240.8)
He-like component? (+1.7£0.6)
Normalization? (+1.3+0.2)
Random coincidences® (+5.2+£0.7)
Time dilation® (—2.58)
Cascades to 225, ,,* —0.41+0.30
Velocity and position +0.65

measurement error®

Result H-like group 2 216.1+2.4
Result H-like group 4 218.2+2.6
Final result H-like 225, ,, state 217.1+1.8
Result He-like group 1 155.3+2.0
Result He-like group 3 157.3+2.6
Final result He-like 2 'S, state 156.1+1.6

2The error budget is given only for the H-like group 2 data. The
numbers for the other groups are similar. The corrections and
errors in parentheses are already included in the fit result given
in the first line.
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tort the decay curves. Our method of handling this po-
tential systematic effect is based on the fact that any cas-
cade that repopulates 2 'S, or 225, , will have a branch
to the ground state with a known branching ratio. The
ground-state decays np — ls contribute to the Si(Li) spec-
trum in the region above 8 keV.

The cascade decays can be described using the rela-
tions developed in Sec. IV. First consider the decays
3p —1s. In the notation of Sec. IV, the rate of detection
of the decay photons is given by

NPz )=€,(E3,;)

w Q,(z—z,)
><f0 Rypi(2)dz————
X APz —~z,) . (34)

The function Rj,;(z) typically does not vary rapidly
over the region viewed by the detectors (about 5 mm), so
we pull it out of the integral and solve Eq. (34) for
R;,1,(zd) at a number of discrete points z; in terms of
the measured rates Nj,;,(z,;). The ratio of the transition
probabilities for the decay of the 3p state,

by, =22 (35)

w}p —1s

is known theoretically [46], so we can calculate the rate
of 3p —2s decays R;,,,(z) in terms of the known quanti-
ties R3,,(2):

R3p28(z):b3pR3pls(z) . (36)

Using Rj3,,,(z), we then calculate the rate of two-photon
decays at position z for ions populated by cascade transi-
tions in the region between the foil and z. This is given
by

R§E (=2 [*Ry, (20 e 37)
2s %o
where

- (38)

is the decay length for the 2s ion and v is the velocity of
the ions. Equation (37) accounts for both the accumula-
tion of 2s ions from cascades and the decay of these states
after formation. Using R5%](z) determined from Eq.
(37), and substituting into Eq. (26) or (27), we calculate
the rate for the detection of singles or coincidence two-
photon events arising from cascades from higher-lying
states. These results are used to correct the singles and
coincidence data at each foil position.

In applying this procedure to the H-like two-photon
decay measurement, the intensities for the transitions
np —1s are determined by fitting the region above the
M1 line. These results are then used to determine correc-
tions to the data at each foil position. The corrections
are less than 0.1% at the closest foil position but rise to
about 1% at the most distant foil positions. In Table III,
we indicate the effect of the cascade correction on the
lifetime measurement for the data of group 2. This was

determined by comparing fits to the data before and after
the corrections were made.

3. Stark and collisional quenching

If the metastable states are destroyed by electric field
quenching or by collisional deexcitation, this will also dis-
tort the decay curve and cause a systematic error in the
lifetime measurement. Although low-Z H-like ions are
very sensitive to quenching by stray electric fields, the
sensitivity to electric fields is much smaller for highly
charged ions. The Stark effect causes a mixing of the
225, ,, state with the 2?P,,, state. For small perturba-
tions the 225, ,, becomes

¢;251/2:¢22Sl/2+6¢22})”2 (39)

where € is the mixing parameter given by
_ (2%P, 5|V 3eayE 1|25, ;)
B AE—iT,, /2

€ (40)

Here E is the electric field, AE is the Lamb shift, and sz
is the width of the 2p level. Evaluating the matrix ele-
ment and keeping track of the dependence on the nuclear
charge Z, we find

E

~—E£ 41)
500Z

lel
where E is expressed in V/cm. The decay rate for the
perturbed 225 , is given by

=

’ 2
., + |€| a2 . (42)
2 Sl/Z 2 Pl/Z

22Sl/Z
Evaluating this expression for nickel, we find that a field
of about 60 MV/cm is required for the second term to be
1% of the decay rate. This is much larger than any fields
acting on the metastable ions so Stark mixing is a negligi-
ble effect in our experiment.

Collisions with background gas can also quench the
metastable ions. In Appendix B, we present an estimate
of the cross section for collisional quenching which is
found to be less than 107!7 cm? Our target chamber
vacuum was better than 10”7 Torr during the runs, so
the mean free path for destruction of metastable ions is
greater than 100 km and this systematic effect is also
negligible.

4. Detector cross talk

If an 8-keV photon undergoes a Compton scattering in
one detector and the scattered photon is detected by a
second detector, this gives a true coincidence event with
the proper sum energy and thus mimics a two-photon de-
cay. Such a “cross-talk” event is most likely for coin-
cidences between detectors 1 and 3 because of the geome-
trical arrangement of the detectors (see Fig. 3). This pro-
cess would be most prominent at the farthest foil position
where the ratio of the intensities of the 8-keV line to the
two-photon decays is greatest. For our H-like data, the
8-keV line at the farthest foil position arises mostly from
cascades through the 2p states, and it has an intensity of
about 8 times the two-photon intensity at this foil posi-
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tion. The fraction of interactions of an 8-keV x ray that
involve Compton scattering is 1.5X 1072 for silicon [47].
Taking into account the geometry of detectors 1 and 3,
but assuming the same efficiency for the two processes,
the rates for Compton scattering coincidences would be
0.3% of the coincidence rate from two-photon decay.
The actual rate is smaller than this because the average
energy imparted [47] to the Si electrons in Compton
scattering is about 120 eV, which is well below our detec-
tion thresholds. In addition, some of the scattered pho-
tons will be absorbed in the silicon or absorbing layers of
the first detector.

In a related process, if the characteristic Si x ray emit-
ted following photoelectric ejection of an electron by an
8-keV photon escapes to the opposite detector, this also
gives rise to a coincidence with the proper sum energy.
Tests using a ®Zn source which emits an 8-keV x ray in-
dicate the probability of escape of a Si K x ray is about
0.2%. Using the count rate for the 8-keV line and ac-
counting for solid angles and detection efficiencies, we es-
timate the coincidence rate at the farthest foil position
for a Si-escape event is about 0.1% of the two-photon
coincidence rate.

Our results indicate that the ratio of cross-talk events
to two-photon events gets smaller as the foil is brought
closer to the detectors, and we find that cross talk con-
tributes a negligible error to both the H-like and the He-
like results. Back-to-back Compton scattering becomes
more important for measurements of two-photon decays
in higher-Z ions. For example, at 30 keV, 11% of the
photons Compton scatter depositing an average energy of
1.6 keV. On the other hand, the Si escape probability be-
comes lower for higher-energy photons since the interac-
tions occur deeper in the crystal.

D. Yrast cascades

The most striking difference between the prompt and
random sum-energy spectra (detector 1-+detector 3) of
Fig. 10 is the absence of the two-photon coincidence peak
(region A) in the spectrum of random coincidences; but
there is also a difference in region B of the two spectra.
Although there are peaks in both spectra, there are more
counts in this region in the prompt spectrum, so some of
these must be true coincidences. In this section, we ex-
amine the singles spectra corresponding to regions 4 and
B of Fig. 10 in order to identify the origin of the true
coincidences.

In Fig. 13 we show energy spectra from detector 1 for
coincidences associated with region A4 of the sum-energy
spectra. Figures 13(a) and 13(b) correspond to the
prompt and random regions of the time spectrum. Fig-
ure 13(c) is the difference of these two spectra and corre-
sponds to the true coincidences. The true coincidences
exhibit the continuum expected for two-photon decays.
The low-energy cutoff arises from absorption of low-
energy x rays and the discriminator setting in the fast-
timing electronics for detector 1. There is also a high-
energy cutoff. Since the sum of the energies in detectors
1 and 3 is a constant, the high-energy region in detector 1
corresponds to the low-energy region of detector 3. So
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the high-energy cutoff in Fig. 13 is governed by absorp-
tion and pulse height discrimination in detector 3.

A similar analysis of the spectra in detector 1 corre-
sponding to region B of Fig. 10 provides a clear indica-
tion that there are true coincidences associated with this
sum energy. In Fig. 14 we show energy spectra in detec-
tor 1 for events with sum energy in region B. The spec-
trum of true coincidences [Fig. 14(c)] is dominated by
two peaks. One, near 8 keV, corresponds to H-like tran-
sitions from n =2 to 1, while the other corresponds H-
like » =3 to 2 transitions. The presence of these two
peaks suggests that these events are yrast cascades
3d —»2p—1s. The asymmetry between the low- and
high-energy peaks appears because detector 1 is more
sensitive to low-energy photons. The corresponding
spectra of detector 3 show a larger peak near 8 keV.

Without the coincidence technique it is difficult to
identify yrast events because the resolution of the Si(Li)

I T I T T T T T T T
800{— (a) o
- PROMPT i
400 COINCIDENCES
0 N
I ' T ' | T T T T
w» (b) "
2200 RANDOM |
3 COINCIDENCES
S 100 ]
0 T T
600 _
4001 PROMPT - RANDOM _|
200~ _
0 i N
T T T T =T T T = T T
0 2 4 8

6
X - RAY ENERGY (keV)

FIG. 14. Same as Fig. 13 for events falling into region B of
the sum-energy spectrum [see Fig. 10(b)].
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detectors is not sufficient to distinguish the 3d —2p de-
cays from other H-like n =3-—->n =2 decays. The
3d —2p region is further complicated by unresolved He-
like and Li-like lines. The clear identification of the coin-
cidence from yrast cascades allows a study of the time
dependence of these decays. Figure 15 is a log-log plot of
the decay curve for yrast coincidences together with a fit
to a straight line showing that the data are well represent-
ed by a power law

I()=Iyt (43)

with A,=1.26(3). A power-law dependence for cascade
events has been well established experimentally [48—50].
It is sometimes referred to as the z 3’2 law, but our result
differs somewhat from an exact 2 power. Theoretical
treatments [51] establish the law based on the initial pop-
ulation of a large number of different Rydberg levels.
These treatments give an exact & power only with a spe-
cial choice of initial population conditions, not necessari-
ly applying to our experimental system.

E. He-like triplet states

In Fig. 5, which shows data taken with bare Ni*®** on
target, the single-photon line near 8 keV is a blend of H-
like and He-like transitions. However, we are able to ob-
tain a clean separation between these two species by
fitting the region to two Gaussian functions. By contrast,
in Fig. 6, which shows data taken with Ni**" incident on
the target, there is very little H-like intensity and the
peak at 7.8 keV consists mostly of decays from the n =2
levels of He-like Ni*®*. A study of the energy levels in
Fig. 1 shows that the Si(Li) detector energy resolution of
200 eV is too large to resolve the decays of the different
He-like sublevels in n =2. Apart from the two-photon
decays of the 2'S,, level which form a continuum below
the peak, the only means we have of distinguishing the
different levels in our experiment is by their lifetimes.
Fortunately, there is a very broad range of lifetimes in-
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FIG. 15. Log-log plot of counts vs foil position for coin-
cidences associated with cascades 3d —2p — 1s.
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volved. The 2'P, and 2 3P, levels are so short lived that
they decay very near the foil and apart from repopulation
from cascades, these states decay away well before the
ions reach the field of view of the detectors. Since the
23P, and 23S, levels are comparatively long lived, the
23P, level is separated well enough in lifetime from the
other levels to allow a measurement of its lifetime. The
result of this measurement was reported earlier [3]. The
decay curve from the 7.8-keV peak was fitted to two ex-
ponentials and a constant background. This fit deter-
mined the lifetime to be

7335, =70(3) ps . (44)

It is difficult to measure the lifetimes of the 2 *P, and
238 levels in He-like nickel because the two lifetimes are
similar and the sensitivity of a fit of the decay curve to
the individual lifetimes is small. One way to handle this
problem is to study the decay in ®!Ni. In this isotope, the
23P, level is quenched to the ground state by the
hyperfine interaction and the lifetime is reduced from 2.5
ns to 450 ps. This allows a separation between 2 *P, and
23S, in the decay curve. Although the three component
decay curve involving the 2 3P,, 23P,, and 23S, states is
complicated, we are able to fit it to three exponentials by
comparing data from the two isotopes **Ni and ®!Ni.
The method used is to first fit the **Ni data to obtain an
experimental lifetime for the 2 3P, state and then to fix
this in the fit to the ®'Ni data. Although the 2 3P, state is
also affected by hyperfine quenching, the change in its
lifetime is small enough to be ignored at our present level
of experimental precision. We have used this procedure
to determine the lifetime of the 2 3P, level in %!Ni [3].
Since we do not have sufficient foil movement to make a
reliable determination of the 23S, lifetime, we fix this at
the theoretical value. This lifetime had been measured in
other high-Z ions [52,53] and the results of these mea-
surements all agreed with theory. The result for the 2 3P0
lifetime is

72131;’: =470(50) ps, (45)
0
which agrees with all theoretical calculations presented in
Table IV. We also use this result, together with the
theoretical values for the hyperfine matrix elements and
the unquenched lifetimes, to determine the 2°P,—2°3P,
energy splitting with the result [3]

|AE,_,|=2.33(15) eV . (46)

In a recent publication [54], the theoretical and experi-

TABLE IV. Theoretical and experimental results for the life-
time of the 2 3P, level in He-like ®'Ni?¢*.

Experiment (ps) Theory (ps)

470+50° 443°
464°
450¢

*Reference [3].
YReference [39]

°Reference [73].
dReference [74].
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mental results for all the fine-structure splittings in He-
like ions were compared. Although the result in Eq. (46)
agrees with the benchmark calculations of Drake [55],
more precise measurements of 2 3P state fine structures
indicate a systematic difference between theory and ex-
periment for the 2 3P, state energy. Recent relativistic
many-body perturbation-theory calculations by Johnson
and Sapirstein [56] are in agreement with these precise
measurements.

VI. COMPARISON OF THEORY
AND EXPERIMENT

A. H-like 225/, state

In Table V, we list the theoretical and experimental re-
sults for the lifetimes of the 225, ,, level in one-electron
ions. Measurements have been made over a range of nu-
clear charge from 1 to 36. A precision of about 1% has
been achieved for He ™ [57,58], Ar!”" [59], and Ni?’* [2].
Lower precision measurements have been made in O’%,
F8* [60], S [61], and Kr¥t [42]. The Ar'’* experi-
ment was the first to be sensitive to the contribution of
the magnetic dipole amplitude to the total decay rate.
The Ni?’* measurement was the first to be sensitive to
the relativistic corrections of the two-photon decay rate,
and the Kr**t experiment provided the first direct mea-
surement of the branching ratio for the M1 decay mode.
Figure 16 is a comparison of experiment and theory for
the 225, ,, lifetime (Z > 1) illustrating the good agree-
ment for the measurements. The dashed line shows the
nonrelativistic theoretical results. For low Z, the nonre-
lativistic result gives a shorter lifetime, but there is a
crossover at about Z =37, and for higher Z the nonrela-
tivistic results gives a longer lifetime. This behavior
arises because the two-photon decay dominates at low Z
while the M1 decay dominates at high Z and the two

He+
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FIG. 16. Difference between the relativistic theory (7y,)
(Refs. [12] and [14]) and experiment for the lifetime of the
228, ,, level in one-electron ions as a function of nuclear charge,
expressed as a percentage of the theoretical value. The dashed
line is the difference between the nonrelativistic and the relativ-
istic theory for the lifetime.

modes are effected in opposite ways by the relativistic
corrections.

Our result can place a crude limit on parity mixing in a
one-electron atom. The weak interaction mixes the 2s
and 2p levels so that the perturbed 2s state is

¢’2251/2:¢2251/2+8w¢22P1/2 “7
and the decay rate is

w +]8w|2w2
/2

'
@,2 =w,2 (48)
2 S1/2 2 Sl

2 .
Pip

From the agreement between experiment and theory for

TABLE V. Experimental and theoretical lifetimes and branching ratios for the 225, ,, level in H-like

ions.
Z Experiment (s) Theory® (s) nr M1 branching
Theory? (s) ratio
(Theory)?
1 0.6740.29° 0.12158 0.12159 3.033x1077
2 (1.922+0.082)X 1073 © 1.8982Xx1073 1.8979x 1073 4.853X10°°
(2.04+0.81-0.34)Xx 1073 ¢
(1.905+0.018)X 1073 ¢
8 (453+43)x107° f 463.55X107° 462.55X107° 1.247x1073
9 (237+17)x107° f 228.62X107° 228.00X107° 1.996 X 1073
16 (7.3+0.7)X107° & 7.1530%107° 7.0947x107° 0.01993
18 (3.5440.25)X107° & 3.4941X107° 3.4594x107° 0.03173
(3.4874+0.036)x107° 1
28 (217.1+1.8)X 10712 i 215.45X10712 212.34X 10712 0.1667
36 (36.8+1.4)x 10712 37.008X 10712 26.982X 10712 0.3643

2References [14,12]. Branching ratios from Ref. [14].

"Reference [75].
‘Reference [57].
dReference [76].
‘Reference [58].

fReference [60].
eReference [61].
"Reference [59].
iReference [2].

JReference [42].
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our measurement, we can place a limit on the mixing pa-
rameter

16,/ <3Xx107%. (49)

This is much larger than the mixing expected based on
the standard model [62]:

18, ~7X10710 . (50)

A lifetime experiment does not provide a sensitive test of
parity nonconservation because of the quadratic depen-
dence of the decay rate on the mixing parameter indicat-
ed in Eq. (48). An interference effect which is linear in
the mixing parameter [62,63] can provide a more sensi-
tive search.

We can also place a limit on Feinberg’s coupling con-
stant A for the anapole or pseudocharge interaction [64].
The error in our measurement of the H-like 225, ,, life-
time places a limit on this interaction of

Al <2.2%X1075 . (51)

Again, more stringent limits can be obtained from atomic
parity violation experiments.

B. He-like 2 'S, state

A comparison of theory and experiment for the life-
time of the 2 'S, level in He-like ions is given in Table VI.
The lifetime has been measured to about 1% in Ni?®™",
Br*", and Kr**™", and less precisely in He, Li*, and
Ar!®". The nickel, bromine, and krypton results are the
only measurements that test the relativistic corrections to
the theory. In this case the relativistic result is based on
a screened hydrogenic calculation, and the theoretical er-
ror is an estimate of how much this could differ from a
fully relativistic calculation. A goal for future experi-
ments is to obtain a precision better than that of the
current theoretical error. The coincidence technique
used here appears to be the best approach, since the sys-
tematic errors are well under control. The main limita-
tion of this technique is the statistical uncertainty. In fu-
ture experiments, the coincidence rate could be improved
by increasing the number of independent Si(Li) crystals.

An array of crystals on a single cryostat could be used for
this purpose. Two such detectors, each equipped with
five crystals, would improve the coincidence rate by a fac-
tor of 25, which would give an improvement of a factor
of 5 in the statistical accuracy. Another factor that could
lead to an improved test of relativistic corrections would
be to do the measurement in a higher-Z ion since the rel-
ativistic corrections increase with Z. Recently an experi-
ment using Br (Z =35) which achieved a precision of
about 1% using the coincidence technique described in
this paper has been reported [65]. In addition to an in-
creased sensitivity to relativistic effects, the higher Z ions
also have a better separation of the sum-energy peaks for
the H-like and He-like two-photon decays. This would
reduce the error associated with the fits to the sum-
energy spectra.

C. He-like 2 3P, state

In Table VII we present the existing measurements of
the lifetime of the 2°P, level in He-like ions together
with the theoretical predictions. All of the measurements
agree with theory to within the experimental error. For
the odd mass ( 4) isotopes, there is an additional contri-
bution to the decay rate due to hyperfine quenching.
This contribution is less than the experimental error ex-
cept for vanadium (Z =23, 4 =51). In this isotope,
Gould, Marrus, and Mohr [31] were able to observe the
effect of hyperfine quenching. The nickel measurement is
the highest-Z measurement of the lifetime of the 2°P,
level. An improved measurement of this lifetime would
be desirable, since this is one of the few cases of an M2
transition in atomic physics. A precise measurement at
higher Z would be ideal, since the branching ratio for the
M?2 decay is larger and such a measurement would be
more sensitive to relativistic effects. The difficulty with a
high-Z measurement is that the lifetime of the 2 3P, level
becomes very short as Z increases and one must use high-
ly collimated detectors to view the beam within a fraction
of a mm of the foil without viewing the foil. It is a chal-
lenge for the future to extend these lifetime measure-
ments to shorter decay lengths.

TABLE VI. Experimental and theoretical results for the lifetime of the 2 'S, level He-like atoms.

VA Experiment (s) Theory® (s) nr Theory? (s)

2 (38+8)X 1073 ® (19.630+0.028) X 1072 19.600X 1073
(19.7+1.0)X1073 ©

3 (503+26)x107% ¢ (515.854+0.47)X 1073 515.27X1073

18 (2.3+0.3)X107° ¢ (2.3725+0.0056) X 10~° 2.3432%x107°
(2.32+0.20)x107° f )

28 (150+16)Xx 10712 & (154.28+0.50) X 10~ 12 150.00x 10~ 12
(156.1+1.6) X107 12 1

35 (39.3240.32)X 10712 i (39.63+0.16)x 1072 37.972X 10712

36 (34.084+0.34) X 10712 J (33.41+0.13) X 10712 31.943X 10712

“Reference [12].
*Reference [77].
‘Reference [78].
9Reference [79].
‘Reference [61].

fReference [59].
EReference [1].
"Reference [2].
iReference [65].
IReference [80].
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TABLE VII. Experimental and theoretical lifetimes for the
23P, level in He-like ions.

z A Experiment (s) Theory? (s)
9 19 (10£1)X107° ® 10.3x107°
(10.44+0.15)X107° ©
13 27 (5.4+£0.2)x107° ¢ 5.11X107°
15 31 (3.4£0.3)X107° ¢ 3.33%x107°
16 32 (2.5+£0.2)x107° f 2.60X107°
17 35 (1.86+0.1) X 1077 & 1.98Xx107°
18 40 (1.7£0.3)X107° B 1.48Xx107°
(1.62+0.08)X 1077 i
22 48 (440+30)X 10712 i 422x10712
23 51 j (202-313)X 10712
26 56 (112£13)X 10712 & 12510712
28 58 (70£3)x 10712 ! 70.6 X107 12

?References [32,34].
PReference [81].
‘Reference [82].
dReference [83].
‘Reference [84].
fReference [85].
EReference [86].
"Reference [61].
iReference [87].
iDecay curve was a composite of several hyperfine transitions.
See Refs. [31,4].
kReferences [31,4].
'Reference [3].
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APPENDIX A: QUENCHING BY THE
STOPPING-POWER FIELD IN THE FOIL

A 664-MeV Ni?’" jon interacting with a carbon foil
“sees” an electric field of about 2X 10° V/cm that slows
the ion as it traverses the foil [66]. The Stark interaction
energy for the mixing of the H-like 225, ,, and 22P,,,
levels in this field is about 1 eV [46], which is larger than
the 0.77-eV energy separation (Lamb shift) between these
states so they are strongly mixed. In the limit of com-
plete mixing, these two states each have a lifetime of 5.2
fs [46] and significant quenching of the 2s state will occur
in the foil. For the He-like 2 lSO state, the matrix ele-
ment for mixing with the 2 'P, state is also about 1 eV,
but the 2 1S;—2 'P, splitting is 39 eV in He-like Ni?®", so
the level is less strongly perturbed by this electric field.
Nevertheless, strong mixing of the 2 'S, level may occur
from collisions with foil nuclei, as discussed in Appendix
C.
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APPENDIX B: QUENCHING FROM COLLISIONS
WITH BACKGROUND GAS

The problem of quenching of metastable hydrogen
from collisions with charged particles in a plasma has
been treated by Purcell [67], Goss and Field [68], Percival
and Richards [69], and Seaton [70,71]. We will general-
ize Purcell’s treatment to collisions of charged particles
with high-Z H-like ions in the 22S,,,. This result will
then be used to obtain an upper limit to the destruction
cross sections for this state from collisions with the back-
ground gas.

The generalization to Purcell’s Eq. (6) is

. 12e talz? B1
w PR (B1)
This gives the probability w’ that a H-like ion of nuclear
charge Z,, initially in the 225, /, level, will make a transi-
tion to the 2 %P, ,, level after a collision with a particle of
charge Z, at an impact parameter b and velocity v.
Equation (B1) is valid for b <<v/w’, where ' is the
Lamb shift expressed in circular frequency units. For
sufficiently small b, w’ could exceed one, so following
Wilcox and Lamb [72], we replace Eq. (B1) by

w'=1sin*(B/b) , (B2)
where
36Z2a%at
Bzz‘B—thz—o s (B3)

a is the fine-structure constant, and f=v/c. Similarly
the parameter w’ is defined to be the probability for a
transition to the 2 2P, , state,

w” =2sin’(B /b) . (B4)

For collisions of 664-MeV nickel ions with slow gas
atoms, v /w'=300 A and v /w'"'=6 A. For collisionos with
neutral gas atoms only impact parameters b <1 A give
rise to appreciable quenching and this is well within the
region of validity of Eq. (B1). To find an upper limit on
the destruction cross section, we neglect shielding by the
electrons of the gas atom and consider a collision with
the nucleus. The cross section [72] for a transition to the
22P, ,, level is

o'=27 [ ‘w'b) db , (BS)

and there is a similar expression for transitions to the
22P,,, state. An approximate formula for the integral
[72] is

o'=(27/3)B*[3—0.577—1n(B /r.)] . (B6)

Taking r!=v /&' and r'=v /0", we find o’'~3X107"®
cm? and 0" ~4X 10718 cm? for upper limits to the de-
struction cross sections for collisions with nitrogen
(Z,=7). As a more realistic estimate, taking screening
into account, we set both r, and r.’ equal to 1 A, in which
case the destruction cross section is o' +0' ~4X10~ '8
cm?. The 2s level will also be mixed with higher-lying np
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levels in collisions with charged particles. We used
Purcell’s theory to estimate the sum of the cross sections
for transitions to all other np levels, which was found to
be about 1X 1078 cm?. These estimates are the basis for
our limits on the effect of metastable quenching on the
lifetime measurements discussed in Sec. V C 3.

APPENDIX C: QUENCHING BY COLLISIONS
WITH FOIL NUCLEI

We can use the results of Appendix B to estimate meta-
stable destruction in collisions of H-like 2s ions with the
carbon nuclei of the foil. Assuming the cross section of
4X107® cm? is also approximately valid for collisions
with carbon nuclei, the average time between collisions
would be 0.5 fs, which is small compared to the unper-
turbed 2p state lifetime of 2.6 fs. The actual lifetime of
the 2p state will be reduced by charge-changing collisions
within the foil, but it is likely that the 2p amplitude will
not decay completely before another collision. Under
these conditions, a better picture might be that the in-
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teractions in the foil maintain the ion in a superposition
of 2s and the 2p states (and other levels). Under these
conditions, the total amplitude for being in n =2 will de-
cay with a lifetime on the order of the lifetime of the 2p
state in the foil.

These considerations suggest a mechanism to explain
the difference in behavior between the yields of the triplet
and singlet He-like states as a function of foil thickness
(see Fig. 7). Since the fine-structure separations are simi-
lar, the cross sections for 2s—2p transitions in He-like
ions would be similar to o'/, the cross section for H-like
22S,,,—2%P,,, transitions. From the considerations of
Appendix B, we would expect a superposition of 2s and
2p levels within the foil. To the extent that the singlet
and triplet character of these mixtures is preserved, the
triplet states would be longer lived, since the 2 P, levels
are longer lived (see Fig. 1) than the 2 !P, level. The ac-
tual interactions within the foil are quite complicated,
however, and a more complete analysis would be required
to gain a full understanding of the yields of the various
states in the foil.
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