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A measurement of the shape of the spectral distribution of two-photon decay ofsfse', level in
heliumlike nickel is described. Uncertainties in detector efficiencies which had limited the precision of earlier
measurements were eliminated by comparing the continuum emission from two-photon decays of H-like and
He-like nickel. Our results are in agreement with the nonrelativistic calculation of Drake and the fully relativ-
istic calculation of Derevianko and Johnson and suggest a method for testing relativistic atomic many-body
theory in strong fields[S1050-2947®9)05501-§

PACS numbgs): 32.70.Fw, 31.30.Jv, 31.18z, 32.30.Rj

I. INTRODUCTION atomic many-body theories. These theories underpin our un-
derstanding of the atomic structure of few-electron heavy
Two-photon decay is a second-order process in which th@ns, the inner shells of heavy neutral atoms, and molecules
initial and final states of a decaying system are coupled vi@ontaining these atoms. Heliumlike ions with moderate to
interactions with a complete set of intermediate states. Arigh nuclear chargg are the simplest systems in which both
important example is the decay of the2k'S, level of he-  relativity and interelectron interactions are important. In at-
lium and heliumlike ions(see Fig. L Due to the angular tempting to understand these systems, one already encoun-
momentum selection ruléand in the absence of hyperfine ters some nontrivial theoretical issues. For higlens the
effects[1]) this state is forbidden to decay to the?1S, relativistic expansion paramete? approaches one and rela-
ground state by the emission of a single photon and so ftivistic effects must be treated exactly. Also, in a fully rela-
decays by the simultaneous emission of two photons. A chativistic treatment including electron-electron interactions, ei-
acteristic feature of this process is that the spectral distribugenvalues have no lower bound due to the negative-energy
tion of the emitted photons is a broad continuum whichstates[2] and this necessitates using the no-virtual-pair ap-
peaks at half the transition energy. The differential transitiorproximation[3] in which the negative-energy states are left

probability has the form out of the calculation in lowest order. Of course, one must
include the effects of the negative-energy states in higher
dw,, w0, order and their role in atomic structure is a topic of current
= —2 2|M2y|2d91d92, (1)
do; (27)% 7.85
wherew; is the energy and(}; is the solid angle for th¢th
photon. The transition energy, satisfies energy conserva-
tion wy= w1+ w,. The second-order matrix elememt, , for i 1651
two-photon decay of the He-like 5, state, after summation P
over magnetic quantum numbers, is given by 105 g
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where éj is the polarization vector for thgth photon and 770 M1
Re1(w;) is the electric dipole operator. J
We are making a detailed study of two-photon decay in 4
highly charged heliumlike ions in order to test relativistic oL 118
0 5826+

* Author to whom correspondence should be addressed. Electronic FIG. 1. Low-lying energy levels of He-like nickel showing de-
address: dunford@anlphy.phy.anl.gov cay modes and lifetimes.
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0.90 T T . | T T which includes a precision measurement of the continuum
spectrum at intermediatg, near the maximum width, and
another measurement at highwhere a significant narrowing
085 - is expected. In this paper we report the results of an experi-
ment utilizing heliumlike nickel Z=28) which accom-
plishes the first part of this program. The second part will
involve measuring the spectral distribution from decay of the
215, state in heliumlike goldZ=79) being don¢17,18 at

the heavy ion synchrotron in Darmstadt, Germany.
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II. BACKGROUND

In the late 1960s Elton, Palumbo, and Grigh9] studied
the continuum emission from He-like Ne in a plasma dis-

FIG. 2. Full width at half maximuntexpressed as a fraction of charge, u_si_ng _a grazing incidence _spgctrpmeter, and made a
the transition energyof the continuum distribution for two-photon rough verification of the spectral distribution of t\No_-photon
decay of He-like ions as a function @& The dotted curve is the decay. In other early work, Artura, Tolk, and Novi¢RO]
nonrelativistic theory of Drakgl4,15, while the solid curve is the Used broadband filters to study the continuum emission from
fully relativistic calculation of Derevianko and Johnsid6]. the decay of the 2S,,, level in a beam of singly ionized

helium, and O’'Connellet al. [21] made similar measure-

interest[4,5]. Two-photon decay provides a unique way to ments using hydrogen. Also, Schmieder and Maf22 ob-
study relativistic many-body theory because the requiremenierved the continuum radiation from the two-photon decay
for summing over virtual intermediate states means the entirgf metastable states in H-like and He-like argon using beam-
structure of the atom must be understood. Also, tWO-phOtOFﬂon spectroscopy and solid State(SD detectors.

decay is particularly sensitive to the negative-energy states e recently completed a detailed study of the continuum
which appear explicitly in the sum over intermediate states shape for two-photon decay in He-like kryptd23]. This

in Eq. (2). experiment involved observing coincidences between pairs

In the past, studies of two-photon decay have concenopf Sj(Li) detectors whose efficiencies as a function of photon
trated on measurements of the lifetimes of tWO-phOton emitenergy had been measured over a broad raﬂ]g&5 ke\a
ting stateg6]. Lifetimes of heliumlike two-photon emitters The comparison between theory and experiment was done
with nuclear chargdz) ranging fromZ=2 to Z=41 have jth the aid of a Monte Carlo simulation. Although the re-
been measurefi7,8] with precisions as good as 1%. Good sylts were in agreement with the nonrelativistic calculations
agreement with existing calculations has been found. Thesgf Drake, the errors in the simulation due to uncertainties in
measurements become difficult at highhowever, because detector efficiencies were on the order of the difference in
the lifetime of the B2s 180 state becomes too short to mea- the theoretical Shapes between he||uﬂ]:(2) and He-like
sure accurately with existing techniques. In order to surky (Z=36) and this measurement was not of sufficient pre-
mount this problem, we have undertaken a study of the spegjsion to provide the needed determination of the spectral
tral distributions of the continua from two-photon decay. shape for intermediatg-ions. Because it appeared difficult
Apart from the trivial factorw,w, [see Eq.(1)], measure- tg significantly improve our determination of the efficiency
ment of the spectral distribution determines the energy deof the S{Li) detectors particularly in the region below 3 keV,
pendence of the square of the second-order matrix elemegtnew experimental approach was needed.

My, given by Eq.(2). The advantage is that these measure- | the present experiment we were able to overcome the
ments can be made for any He-like ion, and they providgormer limitations by measuring two-photon decay in both
information far beyond what can be learned from lifetime hydrogenlike and heliumlike nickel in the same experiment,
measurements which determine the transition probabilitiegwitching between the two ions several times during the
summed over the spectral distributions. measurement. Since the continuum shape in the two-photon
In the nonrelativistic theory, the shape of the spectral disgecay of the?S,,, level in H-like Ni is known precisely, this

tribution for two-photon decay of the 5, level in one-  served as a calibration of the spectral efficiency of the detec-
electron ions is independent &f[9,10], but in a fully rela-  tion system.

tivistic treatment the distribution becomes narrower zas

increase$11-13. By contrast, in He-like ions, the nonrela-

tivistic calculations predict an increase in the width of the IIl. EXPERIMENT

distribution asZ is increased 14,15 as indicated by the

dashed curve in Fig. 2. The recent fully relativistic calcula- A detailed description of the experimental apparatus used
tion of the two-photon decay rate for thé'R, level in heli-  in this experiment is given in Ref23] so only a brief dis-
umlike ions by Derevianko and Johnsf6] shows a more  cussion will be given here. A beam of 11.7-MeV#&Ni ions
complicated dependendsolid line in Fig. 2. At low Zthe from the Argonne Tandem Linear Accelerator System
width follows that of the nonrelativistic calculation, increas- (ATLAS) was stripped in a 20@g/cn? C foil and alter-

ing with Z, whereas at higtZ the distribution narrows. In nately the 26- and 28+ charge states were directed to our
order to test these predictions, we are pursuing a progrart@arget chamber by a bending magnet. That foil was located at
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FIG. 4. Coincidence intensity as a function of the enerd@igs
) S S andEg deposited in detectors and B with Ni*®* incident on tar-
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FIG. 3. Singles spectrum from detectowith Ni26* incidenton  Sition have been precisely modeled by a Monte Carlo simu-
a 10glcn? carbon target. The detector was shielded from a direcfation of the experiment.
view of the foil. The inset shows a spectrum taken with the foil At the low-energy end of the spectrum, contributions
moved upstream so that the flight time to the detectors was 570 p&om decays intan=2 from higher-lying levels of He-like,

Li-like, or lower charge state ions appear together with a line

a beam focus midway between the end of ATLAS and thearising from fluorescence of the target shield and detector
bending magnet. This arrangement minimized the degradanasks which are made of molybdenum. Two-photon decay
tion of the beam emittance caused by straggling in the foil. Acontributes to the continuum in the center of the plot. Due to
time-of-flight beam energy measuring system, also located ithe line structures, and because there are other contributions
this region, determined the beam velocity to better than 1%to the continuum region, it is not possible to determine the
This information was needed for Monte Carlo simulations ofshape of the continuum from the singles spectrum and we
the experiment. A 2-mm-diam removable aperture locatednust rely on coincidence techniques to unambiguously iden-
just upstream of the target chamber was used during beatify the two-photon decays.
focusing and about 80% of the beam could be transmitted Figure 4 shows the matrix of coincidence events as a
through this aperture at best focus. The aperture was rdunction of the energie&, and Eg recorded in detectoA
moved during data taking but it was periodically reinsertedand detectorB with Ni?®* incident on target. The events
to check the position and focus of the beam which werecorresponding to two-photon decay of H-like nickel appear
found to be stable on the time scale of about a day. Thas a diagonal ridge at a constant sum energy. The (forr
aperture also allowed us to precisely reproduce the beamern peaks are due to coincidences between single-photon
conditions after changing the charge state. lines. These can be accidental coincidences or true coinci-

In the target chamber, the beam was excited in a thin Glences arising from cascades. The ridges parallel to the axes
foil (10 ug/cn?) and x rays from the decay of the excited are coincidences between single-photon lines and the con-
states were studied using an array of thre@.i$idetectors tinuum. Some of these are true coincidences from cascade
which measured x rays emitted perpendicular to the beam. feeding of the 2'S, level. Although the diagonal ridge pro-
molybdenum shield was used to block the intense x raysides a unique signature for the two-photon decays, ambigu-
from short-lived states formed at the foil. A typical spectrumities appear in regions where the diagonal ridge overlaps the
recorded with one of the Gii) detectors for Ni®* incident  other ridges. In order to study these regions of the plot, it is
on target is given in Fig. 3. The peak just below 8 keV is auseful to consider a different view of the same data shown in
blend of lines from decays of the®®, and 2°P, levels in  Fig. 5 which is a matrix of coincidence events as a function
He-like nickel. The asymmetric line shape arises from arof the sum energy and the energy deposited in detectak.
interplay between the spread in Doppler shifts due to thén this picture the two-photon events all lie along a ridge of
finite observation angle and the lifetimes of the stat®e  constant sum energy. The unwanted events can be eliminated
Fig. 1). First consider the inset to Fig. 3 which was takenby studying projections from this matrix onto the sum-
with the foil moved upstream from the normal position soenergy axis. Examples of such projections are shown in Figs.
that the shorter-lived 2P, state has decayed away before 6 and 7. Notice that the sum-energy lines maintain a fixed
the ions reach the field of view of the detectors. In this caseposition while unwanted events appear as a background un-
only the long-lived 2S; state(decay length~11 cm) con-  der the peak or as peaks which move to the right as the
tributes and there is considerable broadening due to the exnergy E, increases. In either case the true two-photon
tended source length. With the foil in the normal position,events corresponding to a givén, can be picked out by a
there is an additional contribution from the'R, state which  peak fitting procedure.
is narrower due to the smaller source siziecay length An important requirement in this experiment was the abil-
~3.4 mm) and shifted to higher energy because the source igy to separate the He-like two-photon decays from the
located upstream from the center of the detector field oH-like two-photon decays. This was accomplished by fitting
view. The line shapes for both the upstream and normal pothe sum-energy spectra to two peaks separated by the 308-eV
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FIG. 5. DetectorA—detectorB coincidence intensity as a func- ] e e e 0
tion of the sum energy and the energy in dete&diE,) for the 4 6 8 10 4 6 8 10 12
same data sample shown in Fig. 4. Sum Energy (keV)

. o mee o
energy difference between the transition energies in H-like FIG. 7. Same as Fig. 6 but with R incident on target

and He-like nickel. This fitting required some care since the .
full width at half maximum(FWHM) of the (Doppler broad- target most of the two-photon decays were from the H-like

ened sum-energy lines was about 600 eV. In order to gain & *Syp, level, 1bUt there was a (22%) contamination from
detailed understanding of the shapes of the sum-energy line$1® He-like 2°S, state. _
Other two-photon emitters that could contribute to our

we first determined the resolutions of th€l$) detectors as X 3 4 i
data include the 3s, and 2%P, levels in He-like ions. Two-

a function of energy using radioactive sources. These da > DU
photon decay of the S, level has a spectral distribution

were put into the Monte Carlo simulati¢@3] of our experi- , ! o :
ment together with information on the geometry and effi-that is markedly different than that for the"g, level. It is

ciencies of the detectors, the ion beam velocity and spatidi€r© at the midpoint of the distribution and peaks near either
distribution, and the lifetimes and transition energies of thefNd Point[16,24—27. This state will not contribute signifi-
states involved. The simulation program was checked byantly to our results for two' reasons. F|.r_st, the state decays
comparing the data with the predictions for the line shapes of?Stly to the ground state via &1 transition and has only
the single-photon lines and excellent agreement was ol 0-046% branch for two-photon dec@¥6]. Second, be-
tained. The simulation provided us with digital representacause of the much longer lifetime of the’s; state(2.3 n9
tions of the exact line shapes which were used in a multiple[16] compared to that of the 5, level (154 p$ [28], most
linear-regression routine to determine the composition of th@f the decays occur out of view of the detector. ThéPg
sum-energy lines. The results of the fitting procedure indiJevel is even Ie_ss likely to contribute to our results since it
cated that with Ni®* on target, the two-photon decays were decays predominantly to the®8, state with only a 0.001%
mostly from decay of the 25 1S, state of heliumlike nickel Pranch to decay via two-photon dedag]. It also has a long

with (3=2%) from the H-like 22S,,, level. With N8+ on lifetime (2.5 ng and so it also has only a small probability to
decay within view of the detectors.

120 (I) T T T T T T (Id) T T T T T T 1200
| (a i
80 4 800 IV. RESULTS AND DISCUSSION
40 i 400 The procedure for extracting the two-photon spectral dis-
- tribution from the coincidence data was similar to that used
2 0 L L 0 in our Kr*** measurement and is described in detail in Ref.
§ 6000 (©) J1000 [23]. For each data set, we analyzed sum-energy spectra cor-
2 4000} responding to 200-eV wide cuts on energy in deteétar
’é 2000 -1 500 detectorB (see Figs. 6 and)7We fit the sum-energy peaks
8 [ SR, V. N I USNON " SSAUE, 0 in these spectra to determine the two-photon intensity as a
- (© ® function of energy. Figure 8 shows typical results. We took
8000 11000 advantage of the symmetry of the spectral distributions about
4000: 1 500 the midpoints to improve the statistical accuracy, combining
L the results from detectos and B for the lower half of the
0T T e B 0 distribution. The data were compared with the results of the
4 6 8 10 4 6 8 10 12 Monte Carlo simulation and satisfactory agreement with the

E . ; ’ .
Sum Energy (keV) theoretical calculations was obtained although, as in our ear-

FIG. 6. Data taken with Nf* ions incident on a 1Qug/cn? lier Kr3" measurement, there were large uncertainties in the
carbon target. Sum-energy spectra for deteftedetector8 coin- Monte.Carlo results. . '
cidences with a condition tha, lies within a 200-eV window To improve our results for He-like nickel, we used the
centered ata) 0.9 keV, (b) 1.5 keV, (c) 2.1 keV, (d) 2.7 keV, (e) data for hydrogenlike nickel together with the well-known
3.3 keV, and(f) 3.9 keV. theory for one-electron ions to provide a mapping function
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— Z=79 (dot-dashed ling All data are normalized to the area under
the last four data points. The data and theory have been divided by
a factorf(1—f).
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PHOTON ENERGY (keV) G’'(E) was simply defined as the ratio of the H-like experi-

mental intensity t&S(E/e) using Drake’s spectral shape for
FIG. 8. Raw two-photon continuum distributions for?fli ions H-like Ni.
incident on the targetupper graphand for NP®* ions on target The second method takes into account that, as a result of
(lower graph. Solid lines are the result of Monte Carlo simulations gmall differences in the lifetimes of the H- and He-like
for H-like and He-like ions. states, the mapping function for H-like nick&/,(E) is

slightly different from the mapping function for He-like
used to deconvolve the spectral shape. The measured enerdy, oI’ (E). The functionG/,(E) is obtained as in method
spectrumN(E) is related to the underlying spectral shape He\ =/ H

i I. To obtainG/,(E), the Monte Carlo simulation was run for
S(f) by a convolution integral H-like ions and He-like ions but assuming a uniform distri-
1 bution of photons fromrE=0 to E=E,. This gives Monte
N(E)= fo G(E,fe)S(f)df, (3 carlo generated mapping functio@&'*(E) andG/MC°(E).
Then by comparing the Monte Carlo generated mapping fuc-
wheref is the fraction of the transition energg) carried by ~ tion G}"“(E) with the method | mapping functio®;,(E)
the photon in the frame of the atom aRds the response of for H-like nickel, we determine an energy-dependent correc-
the detector system to that photon. The convolution functioriion to the simulatedG,"“(E). We then apply the same
G(E,fe) has previously been evaluated by a Monte Carlocorrection toGQZ'C(E) to obtainG/,(E).
procedure. In this measurement we have taken advantage of The deconvoluted distributions were input to the simula-
the fact that the functios, as determined by simulation, is tion and the resulting spectra compared to the ¢sea Fig.
approximately symmetric ife and sufficiently narrow in  8) to verify the quality of the deconvolution procedure. The
comparison to our histogram bif®00 e\) that it can be spectral shapes produced by these two methods were in ex-

approximated by cellent agreement. We have adopted the latter method for the
G'(E)=G(E fe)S(E—f 4 results presented here.
(B)=G(E,fe) 5(E~Te) 4 The determination of the mapping functi@y,(E) en-

abled us to obtain a model-independent determination of the

underlying shape of the two-photon distribution in He-like
N(E)=G'(E)S(Ele). (5)  nickel. The results are shown in Fig. 9, which is a plot of the

He-like spectral distribution vs the photon eneffyin units
The accuracy of this method was tested through Monte Carlof the transition energy. These data have been normalized by
simulation and it was demonstrated that the spectral shapdividing by f(1—f), representing the produet; w, of the
deconvolved by this procedure agreed over the entire rang®o photon energies, so they are proportional to the square of
with the input distribution to<1%. the second-order matrix elemekt,, up to a multiplicative

Two different methods were used to determine the mapeonstant[see Eq.(1)]. Again, we exploit the symmetry of

ping functionG’ (E) from the H-like data. In the first method these curves about the midpoint of the distribution and show

and hence
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only the low-energy half combining data for detect&rand  corrections at intermediatg. The form of the theoretical
B. The data are given by the solid dots with error bars. Thecurves in Fig. 9 suggests that the best approach is to extend
solid line is the theoretical distribution of Derevianko andthe data to lower energy where the relativistic effects are
Johnsor{16] and the dashed line is the nonrelativistic resultlarger. In order to do this we need to improve the coinci-
of Drake[14,15. The dot-dashed line is the relativistic result dence detection efficiency at low energy and this is a non-
for Au (Z=79) and the dotted line is the same for H& ( trivial challenge. Sensitivity below 1 keV could be improved
=2). by using windowless #ii) detectors, but the more difficult
The most interesting feature of the theoretical curves igproblem is the poor time resolution at low energy.
the qualitative difference between the shape for He-like Another approach to testing relativistic corrections to He-
nickel, which has a prominent peak at low energy, and thalike two-photon decay is to compare our nickel results with a
for He-like Au, which is flatter. The data clearly follow the measurement of the spectral shape of two-photon decay at
expected shape for intermediggeconfirming both the rela- high Z such as in He-like gold4=79) where the relativistic
tivistic calculations of Derevianko and Johnspb6] and  corrections are more important. As indicated in Fig. 9, the
Drake’s nonrelativistic calculatiod44,15 for nickel. Atthe  shape of the two-photon distribution in Au is qualitatively
lowest energy for which we have data the experimental curveifferent from the shape for He-like nickel and our data are
differs from the calculation for He-like Au by ten standard sensitive to this difference.
deviations. More importantly, the data show the expected
qualitative shape with a significant rise towards low energy. ACKNOWLEDGMENTS
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