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Isotope shifts of double-excitation resonances in helium
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Isotopic effects on double-excitation resonanceéHe and*He were observed in photoionization spectra
using synchrotron radiation with high monochromator resolution®He, the resonances were found to be
shifted to lower energies with respect tble by AE=3.06+0.07 meV, in good agreement with theoretical
expectations based on normal and specific mass shifts. From the experimental data, the resonance parameters
E,, I', andq of the resonances 2,312,1,, and 2,3 were analyzed in detail using a double-convolution fit
procedure that considers the different Doppler broadenings of the staféteimnd“He. In this way, the
resolution function of the monochromator could be derived, which can be accounted for in a quantitative way
on the basis of the properties of undulator radiation and the optical design of the monochromator.
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I. INTRODUCTION comparable to the Doppler broadening of resonance lines in

) ) ) . light atoms, which amounts te=0.4 meV (FWHM) at hy
Ever since the pioneering work of Madden and Codling=g4 eV for “He at 300 K. Therefore, a reliable analysis of

ARt _ _
four decades ag@l], the autoionizing’P® Rydberg reso- 5w resonance lines should take into account both the
nances of‘He have been studied extensively both experi-monochromator resolution and the Doppler broadening by

mentally [2—8] and theoreticalllf9-11. The progress in the  5,51ving a double-convolution fit procedure. In this way, we
experimental work proceeded along with the development of,cceeded in deriving from the experimental spectra the

synchrotron-radiation facilities and high-resolution, grazing-mgnochromator-resolution function, which differs consider-
|nC|den'ce monochromators. Stat_e—of—the—art monochroma&-lmy from a pure Gaussian function that has been widely
tors, with an experimental resolution of less than 1 meV a{sed in the analysis of spectral profiles. The derived resolu-
photon energies ov=64 eV, allowed to investigate Very tjon function can be explained on the basis of the properties
narrow resonances, such as, e.g., the g sefies in doubly  of yndulator radiation and the optical design of the employed
excited helium[3,4]. These precise measurements providegyireme ultraviolet(XUV) monochromator. With this im-
strong support for a description of the decay dynamics of theroyed understanding of monochromator resolution, we dis-
autoinoiz_ation process in two-electron atoms within @ mo+,ss some of the points that must be considered when the
lecular picture[10]. highest monochromator resolution is aimed for.

Isotope shifts are well known to contain contributions |, the present work, the doubly excitéB° resonances of
from the mass shiftMS) and the volume shiftVS), where  phejijum are denotet, K, according to the simplified classi-

the Ia}ter is caused by a difference in the nuclc_aar charge disjcation scheme of Herrick and Sinatio [17], whereN and
tributions of the two isotopes under study; for light elementsy, stand for the dissociation limit of a channel and the running
the VS is negligibly small as compared to the MS. The MS;qex of a Rydberg series, respectively. In an independent
consists of two contributions, the normal mass stMS)  haricle pictureN(n) corresponds to the quantum number of

and the specific mass shiSMS). The NMS, which is the o jnner(outen electron, whileK represents the angular-
well-known Bohr-reduced mass correction, can be evaluate brrelation quantum numbét8].

exactly, while the SMS, also called the polarization mass
shift, originates from exchange effects and repulsion between
the electrong12]. While 3He-*He isotope shifts have been Il. EXPERIMENTAL DETAILS
studied before in the energy region of thé<3—2 P [13]
and 2°S— 2 °P [14] optical transitions using advanced laser o speicherring fir SynchrotronstrahlufBESSY l) using
techniques, the present work reports on a measurement gl nqyator beamline U125/1-PGM, which provides ultra-
isotope shift_s in the energy region of the doubly excitedhigh resolution at photon energies around 64 eV, Wt
states of helium. _ <1 meV (FWHM). The photoionization spectra were taken
_ With substantial improvements in monochromator resoluyity a gas ionization cell that was separated from the UHV
tion in recent years to values 6fy <1 meV [full width at ¢ the monochromator by a 1000-A-thick aluminum window.
half maximum(FWHM)] at hv=64 eV [3,15,1§, the total b ring the experiments, the gas cell was filled with the gas
experimental widths of narrow resonances have becomg,qar study, in the present case with a mixturé’ldé and
“He at a pressure ¢£400 ubar. From the observed spectral
intensities(see Fig. 2, the ratio of partial pressures 6Fe
*Electronic address: yhjiang@physik.fu-berlin.de and 3He in the studied gas mixture was estimated to be

The experiments were performed at the Berliner Elektron-
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FIG. 1. Photoionization spectra of the resonances g (with
n=31t0 6, 2,1, (withn=4to 7), and 2,04 in SHe and*He, respec-
tively, measured on 2He-*He gas mixture. The resonance positions
are marked fofHe (®He) by solid (dash-dotteylvertical bars.

=5:4. Due to sizeable isotope shifts in the resonance ene
gies of *He and“He, the photoionization spectra of both
isotopes could be measured simultaneously, which allow:

one to determine isotope shifts with high accuracy rathepn
independent of the absolute energy calibration. The absolut

photon energies given in the present work were calibrate
with respect to the energy position of the 2 g+r&sonance as
given by Domkeet al. [4].

Ill. EXPERIMENTAL RESULTS AND DATA ANALYSIS

PHYSICAL REVIEW A 69, 052703(2004)

rameterqg represents the ratio of the dipole matrix element of
a transition to a discrete state to that of a transition to the
continuum, which interacts with the discrete statganday,
represent nonresonant background cross sections for transi-
tions to continuum states that interact, respectively, do not
interact with discrete autoionization sta{@®)].

The data were analyzed by least-squares fit employing the
program packageNuIT [21] that also supplies data han-
dling as well as a double-convolution procedure for the
theory routine. The recorded daig(E) are then given by

US(E)=JdE”J dE o(EN(E' - E"; Qu)g(E" - E;Qp),

(2)

whereo(E’) is the photoionization spectrum, which is con-
voluted by the experimentally determined monochromator
function f and a Doppler broadening functian Here, Qy,

and Qp stand for monochromator resolution and Doppler
broadening, respectively. The functigtE”-E), which rep-
resents the Doppler broadening due to thermal motion of
atoms, is a pure Gaussian function. The Doppler half width
(Qp) is given by[22]

kBT 1/2
Qp= 2hv(2 In 2@) , (3
with M being the mass of the ator,the temperature of the
gas, ¢ the speed of light, andtg the Boltzmann constant,
respectively. For a photon energy bf=64.135 eV andl
E300K, as realized in the present experiments, the Dop-
ler broadening()p amounts t00.457 meV(FWHM) for

He and 0.396 meMFWHM) for “He. The total experi-
ental resolutionQ); is approximately given by(Qﬁ,I
Q2D)1/2_

In the simplest approximation, which is normally assumed
in the data analysis, the monochromator resolution fundtion
is simulated by a pure Gaussian function. In the present case,
however, this was found to be insufficient in describing the
experimental spectra. Deviations of the monochromator reso-

Figure 1 presents as overview of the measured spectréition function from a pure Gaussian have been reported be-

with the resonances 2,71n=3 t0 6), 2,1, (n=4 to 7), and

fore for high-resolution XUV monochromatof,3]. Here

2,0 in 3He and4He, respective]y_ Each resonance is Sp“twe used two different approaches for Simulating the mono-
into two peaks due to the isotopic effects, and the correchromator resolution function. In the first monochromator-
sponding energy splittings are derived as 3.06+0.07 meV, ifiésolution modelf(E'-E"; Q) is described by the sum of
good agreement with theoretical considerations as given bdwo GaussiangG+G), in the second model, by a Gaussian
low. The resonance 2,%1In “He cannot be resolved due to plus a Lorentzian functiofG+L):
an overlap with the resonance 2 ,df *He. R _ R R

The resonance lines in the spectra of Fig. 1 exhibit pro-f(E ~E"Qy) =aG(E -E" Qe) + (1 -)H(E' - E" ),
nounced Fano profiles, which originate from an interference (4)
where G stands for a Gaussian amtl for a Gaussian or a

between direct photoionization and excitation into an auto
ionization channel. This results in Fano profiles of the formLorentzian function, respectivelyl andQ,, are the widths

[19.29 of the functionsG andH, respectively, and determines the
(q+e€)? _ E-E weights of the two distributions contributing to the mono-
a(E) = Tay s 2 b with =2 : (1) chromator resolution function.

In the present work, we employed E@) for the fit analy-
Here,E, is the resonance energy afidhe natural width that  sis of resonances 2,3,12,1,, and 2,0 in *He and*He, with
is determined by the decay rate of the resonance, represenhe two different models described above. To improve the
ing the discrete-continuum mixing strength. The Fano pareliability of the fit results, a parallel double-convolution fit
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ray-tracing simulationgsee texx

Photoionization Yield

and Doppler broadeningThe displayed fit results were ob-
tained with the monochromator resolution function given by
! I T S the (G+L) model, where the Gaussian function describes
65.09 65.10 6511 65.12 pre-dominantly the central peak, while the Lorentzian simu-
Photon Energy (eV) lates the tails of the monochromator resolution function.
Note that the lines of the resonancesdHe seem to be
corded in the regions @B) the 2,-% and 2, ] resonances; anih) .broader (tjhgn thloseb IﬁHg’ t.hls I? ?i(;tually not due to the
the 2,3 resonance of doubly excited helium. The solid lines Increased Loppler broadening o tide resonances, as one
through the data points represent the fit results obtained with Qﬂght expect, but is essentially qaused by the superposition
monochromator function consisting of a Gaussian plus a Lorentziar‘?f two Fano resonance_s' A dgtalled comparlson of th? sub-
(for details, see text The solid(dash-dotteylsubspectra represent spectra rgveals only minor dlf‘ferences_ in the tqtal \_N'dths'
the resonances dfHe (3He). Simulations of a resonance witn ~ 1h€ obtained monochromator resolution function is dis-
=3, and with'=1 and 100ueV, respectively, are plotted in the Played in Fig. 3, together with the one obtained by e
inset of (a) using a Gaussian resolution function with a width of +G) model.
1 meV.

1
65.08

FIG. 2. Photoionization spectra of 3le-*He gas mixture re-

IV. RESULTS AND DISCUSSION

procedure was applied, with three scans of the resonances _
2,-1, and 2,1, and one scan of resonance 2,0 A. Fit results and resonance parameters

A numerical convolution of the 2,=lresonance spectra The obtained fit parameters derived from the two models
is very time-consuming due to the small valuelafVery  (G+G and G+L) are summarized in Table I, which shows
recently, Lambournet al.[18] have succeeded in measuring that the results depend only weakly on the specific fit model.
the natural width of the 2, =lresonance directly by follow- For the resonance 2,1the results forg, I', E, agree well
ing the fluorescence decay of the 2zr&sonance, with the with theoretical predictions. For the resonance 2,tBe ob-
result of '=3.5+0.6ueV; this experimental result agrees tained values fog andI” do not agree within the error bars
very well with the theoretical value df,=3.18 ueV previ-  with the theoretical results. In this case, saturation effects
ously obtained by Litet al. taking radiative and nonradiative due to a relatively high pressure ef400 ubar in the gas-
decay processes into accodibi]. In order to avoid numeri- ionization cell cannot be excluded, and would actually ex-
cal difficulties in the data analysis caused by the small natuplain the observed differences. Thealue for the resonance
ral width, we seti’=20 eV for the fit analysis of this reso- 2,-1;is slightly smaller than the theoretical value of —23.39,
nance. This approach was justified by simulations where a difference that might originate from the fixed value as-
Fano resonance with a given valuegfnd different values sumed forl in the fit or from the influence of the radiative
of I'(1,3,10,30,10QweV) was convoluted with a Gaussian decay, which contributes substantially to the decay of this
function of 1 meV width. The simulated spectra were foundresonancg11]. These contributions were not taken into ac-
to be practically identical, in particular for values &f  count in the calculations. The experimental energy positions
<30 ueV; the results of two simulations fay=3, and with  E; of all three resonances agree within the error bars with the
I'=1 ueV andT'=100 ueV, respectively, are shown in the theoretical values.
inset of Fig. 2a). In addition to the simultaneous fits, all spectra were fitted

Figure 2 presents the best fit results for the resonancesdividually using the monochromator resolution function
2,-1;, 2,1, and 2,0 of *He and“He, using the described obtained from the parallel fits. The error bars given in Table
double-convolution fit procedur@nonochromator resolution | were derived from the scattering of the fit parameters using
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TABLE |. Resonance energids;, natural widthsl’, and Fano AE=2.905, 2.908, and 2.952 meV for theresonances
parameters, obtained from double-convolution fits using two dif- 2, -1, 2,1,, and 2,0, respectively.
ferent models for the monochromator-resolution function G+G and  The shift in the energy of a resonance 3ide and“He,
G+L, respectively. For comparison, recent theoretical results fronggysed by the specific mass sh®MS), includes generally
the literature are also given. The numbers in parentheses represqjg contributions, one from the ground state and another one

the error bars in units of the last digit. from the excited state. The SMS between the ground states
of ®He and*He results in a splitting of 19g%eV based on the
2,71 2,1 2,0, calculations of Drakd25]. For the doubly excited states of
T (ueV) Theory? 318 6013 610.56 helium, no theoretical results are available. However, Lin-

Theory 0.98 55 20 649.01 _drot_h [26] has calculat_ed the energy sh_ift due to mass Polar-
_ ization for doubly excited states in the isoelectronic ionm He

Experimeri 3'?‘(6) below the N=2 ionization threshold resulting in value of
G+G 5613 774200 =35 peV. By assuming a similar situation for helium, we
G+L ¢ 57(12) 83359 estimate the splitting betweetHe and“He caused by the

SMS to be=10 ueV. This means that the contributions of

q Theory ~23.39 ~3.32 253 ihe SMS between the doubly excited stateSté and*He
G+G -14.427) -3.2470) -2.281) are negligible in the present context.
G+L -16.540) -2.9670) -2.281) The VS is caused by the monopole term of the Coulomb

interaction between the electronic charge distribution in the
atom and the protonic charge distribution within the nucleus.
In good approximation, it is proportional to the difference of

‘HeE, (eV)  Theory 64.118 64.134  65.107
G+G 64.1192) 64.1351) 65.1061)

G+L 64.1192) 64.13%2) 65.1081)  totg| electron densities at the nucleus between the two atomic
AE (meV) G+G 30517 3.002) 3.105) levels involvedA | (0)?, time_s_ the differenqe of the mean-

G+L 3.0415  3.002) 3.106) squared nuclear charge radii of the two isotopes involved

A(r?) [27]. As a consequence, the major contribution to the

:Refefence[ll]- VS in the studied double-excitation resonances will originate
CRefer<9lﬂ<3€[23]~ from the ground state of helium, since the electron density at
dRef6fehC€[8]- o the nucleus in the double-excitation stitgK,, is expected to
Value fixed during fit; see text. be about an order of magnitude smaller than that in the

ground state. An exact value of the VS betwéele and*He
the different fit approaches. The best fits were obtained bylue to electric monopole interaction in the ground s
simulating the monochromator resolution function by ais not available in the literature. Hence, we estimaxﬁj by
Gaussian line shape plus a Lorentzian line siapsulting in  using the following equation from Ref27]:
a reduced chi squareﬁle.S&. The fits with two Gaussians 5
for the monochromator resolution function were found to be Vv _ 2789 2 2
slightly worse(x2=1.75. AR =[O CUr.A0%), ©

where|y (0)|? is the electronic charge density at the nucleus
in the ground state of helium, with, andZ representing the

As can be seen from the obtained resonance energies, &bhr radius and the nuclear charge, respectivélyis the
resonances exhibit an isotope shift, i.e., the resonances iaotope-shift constant that depends on the mean-squared
3He are shifted by 3.06+0.07 meV to lower energies as comAuclear charge radius?) andA(r2) [27]. On the basis of Eq.
pared to*He. This observation is in good agreement with (6) and Ref[28] [see Eq(23) in this referencg we estimate
theoretical expectations, when contributions from both theAEY to be of the order of a few 10 neV. Ttest the reliabil-
NMS and the SMS are considered. ity of the described approximation, we also estimated the

The isotope shiftaAE of the doubly excited resonances VS for the 1s26’S) — 1s2[(®P) excitation in helium to be
2,-13, 2,1, 2,0, caused by the NMS can be calculated AEV=5 neV, in good agreement with more detailed cal-

B. Isotope shifts

using the well-known relatiofi24] culations that resulted i8.49 neV[14]. In addition, Drake
[29] evaluated the level shift in the ground state “bfe

AE:”_E<M4‘M3>E (5) caused by the finite protonic charge distribution in the

mp\ MaM, /% nucleus to besEY=124 neV. Based on this value and the

nuclear charge radii ofHe and*He given by Shineet al.
with m, and m, being the electron and the proton mass, re-[30], we estimate\EY =45 neV, in good agreement with the
spectively. M5 (M,) describes the mass of the nucleus inabove estimate based on E@). Since the nuclear charge
3He (*He) in units of the proton mass arif .. is the reso-  radius of*He is larger than that ofHe [r(*He)=1.9506 fm,
nance energy in a hypothetical helium atom with infinite r(*He)=1.673 fm [30]] the VS of the resonances between
nuclear mass. Using the relatioR, . [1-(m./my)M,] 3He and“He have the same sign as the MS. Here, we took
=E, 4 betweerE, ., and the resonance energies’blie, E, 4, into account that the level shift due to electric monopole
which can be derived from the experiment, we obtaininteraction in the doubly excited states of the helium atom
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are much smaller that those in the ground state.

This leads to total isotope shifts aE=3.103, 3.106, and
3.150 meV for the resonances 2 g-2,1,, and 2,0, respec-
tively. These numbers are in good agreement with the present
experimental value of 3.06+0.07 meV, reflecting the fact
that the NMS as well as the SMS of the ground-state ener-
gies of He are fully sufficient for understanding the experi-
mental results. The largest effect is due to the NMS that
contributes=96% to the total isotope shift. All additional
contributions, such as the SMS in the excited states or the
VS, give only minor contributions; specifically, the contribu- z (mm)
tion of the VS is negligible within the present experimental
accuracy.

Intensity

FIG. 4. Monochromatic intensity distribution on focusing mirror
M3 for the two undulator settings, wittK=2.19 and 2.18,
respectively.

C. Monochromator resolution function coordinate, beams reflected on various parts of the mirror are

In Fig. 3, the derived monochromator resolution functionsfocused at a fixed distance measured from the intercept
f(E*,Q,,) obtained from the two different models, are shown point. Beams Interceptln_g the foc_u_smg mirror in Its center
(G+G: dashed curveG+L: solid curve. The shapes of the are focused onto the exit slit position, while others are fo-

two resolution functions derived from the experimental dataCused before or behind the slit. In this way, the central beam
display only minor differences. Both consist of a narrow 9ives rise to the sharp central maximum, whereas the defo-

peak and broad shoulders at lower and higher energie§used beams contribute to the broad base. The most signifi-

which clearly underline our finding that a single Gaussian isggmrgrggjkm slope errors lead to a broadening of the sharp

not always sufficient for describing the monochromator reso- If the monochromator is tuned to an even more redshifted
:_utlonv\;‘unctlon (I)f a E;grl-resoluttljon rrlﬁnochhromaﬁ[] beam-p,ton energy, the angular distribution of the undulator re-
IN€. Ve were aiso ablé 1o reproduce the shape of the MonGy, s iy 5 double-peaked illumination pattern at the focusing
chromator resolution functions by ray-tracing calculationSirror. In this case. two pronounced beafoge left and one

using the program packagew [31] and taking the proper- righo propagate downstream the beamline and form two foci
ties of undulator radiation and the detailed optical design ogjose to the calculated exit-slit position. This can be under-
the plane-grating monochromator into account; the results adtood on the basis of the specific optical design of beamline

these simulations are also presented in Fig. 3 in the form ofj125/1-PGM at BESSY I[33], shown in Fig. 5. The toroi-
the dash-dotted curve. It turned out that the resolution funcdal mirror M; and the plane mirroM, create an elliptical

tion of the U125/1-PGM monochromator is dominated byimage of the circle on the position of the plane grating. Mir-
the Fgaberration term of the focusing mirrgastigmatic  ror M, also creates collimated light so that thg value
coma[32]), while slope errors of its surface play only a [cs=cosB/cosa, with a(B) being the angle between the
minor role. Aberrations were calculated by integrating theincoming(reflected light and the surface normal of the grat-
optical path variation over the optical surface, weighed bying] can be varied in order to obtain high flux or high reso-
the intensity distribution. Whenever aberrations are found tdution. During the measurements, a high ealue was used
be the dominant factor, the energy resolution can be contci=12) in order to achieve high resolution. As a conse-
trolled by variation of the intensity distribution on the sur- quence, the angle between the surface normal of the grat-
face. A straightforward way of controlling the footprint pat- ing and the incoming light was close to 90°, i.e., the grating
tern on the focusing mirroM; makes use of the angular was overfilled. The illumination pattern of the grating con-
properties of the undulator radiation. sists of two stripes perpendicular to the grooves of the grat-
By optimizing the photon flux at a given photon energy,ing, which means that these two rays illuminate different
the undulator gap is set to a specific value, where the anglgrarts of the cylindrical focusing mirrdvl;. Since this mirror
integrated photon flux is maximum. The photon energy isfocuses vertically on the exit slit, with a focal length of 10 m
then redshifted with respect to the energy of the on-axis unfrom the position where the light hits the mirror, the two
dulator harmonic. When the undulator is operated undedifferent light rays impinging on the mirror will be focused
these conditions, the angular intensity distribution of the unwvertically on two different positions on the axis of light
dulator is no longer Gaussian shaped, but displays a flat topropagation. During the experiments, the monochromator
or even a doughnut shape. Figure 4 displays the monochreesolution was optimized by minimizing the total linewidth
matic intensity distributions on focusing mirrdd; of this  of the resonance 2, 31In this procedure, the position of the
beamline as a function of positianfor two undulator set- exit slit was varied and finally fixed at one of the two focal
tings with the undulator paramet&=2.19 andK=2.18, re-  positions. The light focused on this position creates the nar-
spectively. For the definition of the undulator parameter, seesow central part of the experimental resolution function,
e.g., Ref.[32]. while the light focused either in front or behind this position
The mentioned aberration term can be understood withicauses the broad base.
a simplified picture. Since the focal properties of the cylin- In order to obtain a high spectral resolution without a
drical focusing mirrotM; are independent of the meridional broad base, one can use the blueshifted part of the undulator
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Side View
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FIG. 5. Schematics of beamlime U125/1-PGM at BESSY Il. Two plane gratings G with 300 and 1200 lines/mm can be 8&]ected.
toroidal mirror with tangential radiuR=658760 mm and sagittal radiys=1772 mm,M, plane mirror,M5: cylindrical mirror with p
=1040 mm,My,: spherical mirror withR=46200 mmMs: cylindrical mirror with p=101 mm.

peak. In this case the light originates from the central part obpect to the present experimental accuracy. With a reliable
the electron beam axis so that the entire light can be focusedbuble-convolution fit procedure that includes Doppler
onto the exit slit. This, however, can only be achieved for thebroadening, the resonance energies and Fano profiles of
price of a weaker photon flux, since the intensity drops quitessome of the resonances were analyzed, and good agreement
fast on the blue side of an harmonic undulator peak. between the derived parameters and the theoretical results
was found. The resolution function of the monochromator
was derived and compared with the results of ray-tracing
calculations, taking into account the properties of undulator
radiation as well as the specific design of the plane-grating
monochromator beamline.

V. SUMMARY AND CONCLUSIONS

In the present work, théHe-*He isotope shifts of the
doubly excited resonance states 2<f=3 to 6), 2,1, (n
=4 1to 7), and 2,0 were determined by measuring photoion-
ization spectra with high spectral resolution using synchro-
tron radiation. The experimentally derived isotope shift of This work was supported by the Bundesministerium fur
3.06+£0.07 meV was found to be in good agreement withBildung und Forschung, Project No. 05 KS1KED/0O, and the
theoretical estimates that vary from 3.103 to 3.150 meV foDeutsche Forschnungsgemeinschaft, Project No. PU 180/
the different resonances studied, based on the NMS and tHel. Y.H.J. thanks the MPI fiir Physik Komplexer Systeme,
SMS; the VS was estimated to be negligibly small with re-Dresden, for financial support.
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