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Isotopic effects on double-excitation resonances in3He and4He were observed in photoionization spectra
using synchrotron radiation with high monochromator resolution. In3He, the resonances were found to be
shifted to lower energies with respect to4He by DE=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
Er, G, andq of the resonances 2,−13, 2,14, and 2,07 were analyzed in detail using a double-convolution fit
procedure that considers the different Doppler broadenings of the states in3He and 4He. 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

Ever since the pioneering work of Madden and Codling
four decades ago[1], the autoionizing1Po Rydberg reso-
nances of4He have been studied extensively both experi-
mentally [2–8] and theoretically[9–11]. The progress in the
experimental work proceeded along with the development of
synchrotron-radiation facilities and high-resolution, grazing-
incidence monochromators. State-of-the-art monochroma-
tors, with an experimental resolution of less than 1 meV at
photon energies ofhn>64 eV, allowed to investigate very
narrow resonances, such as, e.g., the 2,−1n series in doubly
excited helium[3,4]. These precise measurements provide
strong support for a description of the decay dynamics of the
autoinoization process in two-electron atoms within a mo-
lecular picture[10].

Isotope shifts are well known to contain contributions
from the mass shift(MS) and the volume shift(VS), where
the later is caused by a difference in the nuclear charge dis-
tributions of the two isotopes under study; for light elements,
the VS is negligibly small as compared to the MS. The MS
consists of two contributions, the normal mass shift(NMS)
and the specific mass shift(SMS). The NMS, which is the
well-known Bohr-reduced mass correction, can be evaluated
exactly, while the SMS, also called the polarization mass
shift, originates from exchange effects and repulsion between
the electrons[12]. While 3He-4He isotope shifts have been
studied before in the energy region of the 11S→2 1P [13]
and 23S→2 3P [14] optical transitions using advanced laser
techniques, the present work reports on a measurement of
isotope shifts in the energy region of the doubly excited
states of helium.

With substantial improvements in monochromator resolu-
tion in recent years to values ofVM ø1 meV [full width at
half maximum(FWHM)] at hn>64 eV [3,15,16], the total
experimental widths of narrow resonances have become

comparable to the Doppler broadening of resonance lines in
light atoms, which amounts to>0.4 meV (FWHM) at hn
>64 eV for 4He at 300 K. Therefore, a reliable analysis of
narrow resonance lines should take into account both the
monochromator resolution and the Doppler broadening by
applying a double-convolution fit procedure. In this way, we
succeeded in deriving from the experimental spectra the
monochromator-resolution function, which differs consider-
ably from a pure Gaussian function that has been widely
used in the analysis of spectral profiles. The derived resolu-
tion function can be explained on the basis of the properties
of undulator radiation and the optical design of the employed
extreme ultraviolet(XUV ) monochromator. With this im-
proved understanding of monochromator resolution, we dis-
cuss some of the points that must be considered when the
highest monochromator resolution is aimed for.

In the present work, the doubly excited1Po resonances of
helium are denotedN,Kn according to the simplified classi-
fication scheme of Herrick and Sinanoğlu [17], whereN and
n stand for the dissociation limit of a channel and the running
index of a Rydberg series, respectively. In an independent
particle picture,Nsnd corresponds to the quantum number of
the inner (outer) electron, whileK represents the angular-
correlation quantum number[18].

II. EXPERIMENTAL DETAILS

The experiments were performed at the Berliner Elektron-
enspeicherring für Synchrotronstrahlung(BESSY II) using
the undulator beamline U125/1-PGM, which provides ultra-
high resolution at photon energies around 64 eV, withVM
ø1 meV (FWHM). The photoionization spectra were taken
with a gas ionization cell that was separated from the UHV
of the monochromator by a 1000-Å-thick aluminum window.
During the experiments, the gas cell was filled with the gas
under study, in the present case with a mixture of3He and
4He at a pressure of>400 mbar. From the observed spectral
intensities(see Fig. 2), the ratio of partial pressures of4He
and 3He in the studied gas mixture was estimated to be*Electronic address: yhjiang@physik.fu-berlin.de
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>5:4. Due to sizeable isotope shifts in the resonance ener-
gies of 3He and 4He, the photoionization spectra of both
isotopes could be measured simultaneously, which allows
one to determine isotope shifts with high accuracy rather
independent of the absolute energy calibration. The absolute
photon energies given in the present work were calibrated
with respect to the energy position of the 2,−13 resonance as
given by Domkeet al. [4].

III. EXPERIMENTAL RESULTS AND DATA ANALYSIS

Figure 1 presents as overview of the measured spectra,
with the resonances 2,−1n (n=3 to 6), 2 ,1n (n=4 to 7), and
2,07 in 3He and4He, respectively. Each resonance is split
into two peaks due to the isotopic effects, and the corre-
sponding energy splittings are derived as 3.06±0.07 meV, in
good agreement with theoretical considerations as given be-
low. The resonance 2,−16 in 4He cannot be resolved due to
an overlap with the resonance 2,17 of 3He.

The resonance lines in the spectra of Fig. 1 exhibit pro-
nounced Fano profiles, which originate from an interference
between direct photoionization and excitation into an auto-
ionization channel. This results in Fano profiles of the form
[19,20]

ssEd = sa
sq + ed2

1 + e2 + sb, with e = 2
E − Er

G
. s1d

Here,Er is the resonance energy andG the natural width that
is determined by the decay rate of the resonance, represent-
ing the discrete-continuum mixing strength. The Fano pa-

rameterq 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 state.sa andsb
represent nonresonant background cross sections for transi-
tions to continuum states that interact, respectively, do not
interact with discrete autoionization statesf20g.

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

sssEd =E dE9E dE8ssE8dfsE8 − E9;VMdgsE9 − E;VDd,

s2d

wheressE8d is the photoionization spectrum, which is con-
voluted by the experimentally determined monochromator
function f and a Doppler broadening functiong. Here,VM
and VD stand for monochromator resolution and Doppler
broadening, respectively. The functiongsE9−Ed, which rep-
resents the Doppler broadening due to thermal motion of
atoms, is a pure Gaussian function. The Doppler half width
sVDd is given byf22g

VD = 2hnS2 ln 2
kBT

Mc2D1/2

, s3d

with M being the mass of the atom,T the temperature of the
gas, c the speed of light, andkB the Boltzmann constant,
respectively. For a photon energy ofhn=64.135 eV andT
=300K, as realized in the present experiments, the Dop-
pler broadeningVD amounts to0.457 meVsFWHMd for
3He and 0.396 meVsFWHMd for 4He. The total experi-
mental resolutionVT is approximately given bysVM

2

+VD
2 d1/2.
In the simplest approximation, which is normally assumed

in the data analysis, the monochromator resolution functionf
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-
lution function from a pure Gaussian have been reported be-
fore for high-resolution XUV monochromators[2,3]. Here
we used two different approaches for simulating the mono-
chromator resolution function. In the first monochromator-
resolution model,fsE8−E9 ;VMd is described by the sum of
two GaussianssG+Gd, in the second model, by a Gaussian
plus a Lorentzian functionsG+Ld:

fsE8 − E9;VMd = aGsE8 − E9;VGd + s1 − adHsE8 − E9;VHd,

s4d

whereG stands for a Gaussian andH for a Gaussian or a
Lorentzian function, respectively,VG andVH are the widths
of the functionsG andH, respectively, anda determines the
weights of the two distributions contributing to the mono-
chromator resolution function.

In the present work, we employed Eq.(2) for the fit analy-
sis of resonances 2,−13, 2,14, and 2,07 in 3He and4He, with
the two different models described above. To improve the
reliability of the fit results, a parallel double-convolution fit

FIG. 1. Photoionization spectra of the resonances 2,−1n (with
n=3 to 6), 2 ,1n (with n=4 to 7), and 2,07 in 3He and4He, respec-
tively, measured on a3He-4He gas mixture. The resonance positions
are marked for4He (3He) by solid (dash-dotted) vertical bars.
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procedure was applied, with three scans of the resonances
2,−13 and 2,14, and one scan of resonance 2,07.

A numerical convolution of the 2,−13 resonance spectra
is very time-consuming due to the small value ofG. Very
recently, Lambourneet al. [18] have succeeded in measuring
the natural width of the 2,−13 resonance directly by follow-
ing the fluorescence decay of the 2,−13 resonance, with the
result of G=3.5±0.6meV; this experimental result agrees
very well with the theoretical value ofGth=3.18meV previ-
ously obtained by Liuet al. taking radiative and nonradiative
decay processes into account[11]. In order to avoid numeri-
cal difficulties in the data analysis caused by the small natu-
ral width, we setG=20 meV for the fit analysis of this reso-
nance. This approach was justified by simulations where a
Fano resonance with a given value ofq and different values
of Gs1,3,10,30,100meVd was convoluted with a Gaussian
function of 1 meV width. The simulated spectra were found
to be practically identical, in particular for values ofG
ø30 meV; the results of two simulations forq=3, and with
G=1 meV and G=100meV, respectively, are shown in the
inset of Fig. 2(a).

Figure 2 presents the best fit results for the resonances
2,−13, 2,14, and 2,07 of 3He and4He, using the described
double-convolution fit procedure(monochromator resolution

and Doppler broadening). The displayed fit results were ob-
tained with the monochromator resolution function given by
the sG+Ld model, where the Gaussian function describes
pre-dominantly the central peak, while the Lorentzian simu-
lates the tails of the monochromator resolution function.
Note that the lines of the resonances in3He seem to be
broader than those in4He; this is actually not due to the
increased Doppler broadening of the3He resonances, as one
might expect, but is essentially caused by the superposition
of two Fano resonances. A detailed comparison of the sub-
spectra reveals only minor differences in the total widths.
The obtained monochromator resolution function is dis-
played in Fig. 3, together with the one obtained by thesG
+Gd model.

IV. RESULTS AND DISCUSSION

A. Fit results and resonance parameters

The obtained fit parameters derived from the two models
(G+G and G+L) are summarized in Table I, which shows
that the results depend only weakly on the specific fit model.
For the resonance 2,14, the results forq, G, Er agree well
with theoretical predictions. For the resonance 2, 07, the ob-
tained values forq andG do not agree within the error bars
with the theoretical results. In this case, saturation effects
due to a relatively high pressure of>400 mbar in the gas-
ionization cell cannot be excluded, and would actually ex-
plain the observed differences. Theq value for the resonance
2,−13 is slightly smaller than the theoretical value of −23.39,
a difference that might originate from the fixed value as-
sumed forG in the fit or from the influence of the radiative
decay, which contributes substantially to the decay of this
resonance[11]. These contributions were not taken into ac-
count in the calculations. The experimental energy positions
Er of all three resonances agree within the error bars with the
theoretical values.

In addition to the simultaneous fits, all spectra were fitted
individually using the monochromator resolution function
obtained from the parallel fits. The error bars given in Table
I were derived from the scattering of the fit parameters using

FIG. 2. Photoionization spectra of a3He-4He gas mixture re-
corded in the regions of(a) the 2,−13 and 2,14 resonances; and(b)
the 2,07 resonance of doubly excited helium. The solid lines
through the data points represent the fit results obtained with a
monochromator function consisting of a Gaussian plus a Lorentzian
(for details, see text). The solid(dash-dotted) subspectra represent
the resonances of4He (3He). Simulations of a resonance withq
=3, and withG=1 and 100meV, respectively, are plotted in the
inset of (a) using a Gaussian resolution function with a width of
1 meV.

FIG. 3. Derived resolution functionfsEp ,VMd of the PGM
monochromator,Ep=E8−E9 is the energy with respect to the mono-
chromator energyE8, G+G represents one monochromator-
resolution model given by the sum of two Gaussians, whileG+L
stands for the other model given by the sum of a Gaussian and a
Lorentzian function. The dash-dotted curve represents the results of
ray-tracing simulations(see text).
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the different fit approaches. The best fits were obtained by
simulating the monochromator resolution function by a
Gaussian line shape plus a Lorentzian line shape(resulting in
a reduced chi squared,xr

2=1.58). The fits with two Gaussians
for the monochromator resolution function were found to be
slightly worsesxr

2=1.75d.

B. Isotope shifts

As can be seen from the obtained resonance energies, all
resonances exhibit an isotope shift, i.e., the resonances in
3He are shifted by 3.06±0.07 meV to lower energies as com-
pared to4He. This observation is in good agreement with
theoretical expectations, when contributions from both the
NMS and the SMS are considered.

The isotope shiftsDE of the doubly excited resonances
2,−13, 2,14, 2,07 caused by the NMS can be calculated
using the well-known relation[24]

DE =
me

mp
SM4 − M3

M3M4
DEr,`, s5d

with me andmp being the electron and the proton mass, re-
spectively. M3 sM4d describes the mass of the nucleus in
3He s4Hed in units of the proton mass andEr,` is the reso-
nance energy in a hypothetical helium atom with infinite
nuclear mass. Using the relationEr,` f1−sme/mpdM4g
=Er,4 betweenEr,` and the resonance energies of4He, Er,4,
which can be derived from the experiment, we obtain

DE=2.905, 2.908, and 2.952 meV for the resonances
2,−13, 2,14, and 2,07, respectively.

The shift in the energy of a resonance in3He and4He,
caused by the specific mass shift(SMS), includes generally
two contributions, one from the ground state and another one
from the excited state. The SMS between the ground states
of 3He and4He results in a splitting of 198meV based on the
calculations of Drake[25]. For the doubly excited states of
helium, no theoretical results are available. However, Lin-
droth [26] has calculated the energy shift due to mass polar-
ization for doubly excited states in the isoelectronic ion He−

below the N=2 ionization threshold resulting in value of
>35 meV. By assuming a similar situation for helium, we
estimate the splitting between3He and 4He caused by the
SMS to be>10 meV. This means that the contributions of
the SMS between the doubly excited states of3He and4He
are negligible in the present context.

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
total electron densities at the nucleus between the two atomic
levels involvedD uc s0du2, times the difference of the mean-
squared nuclear charge radii of the two isotopes involved
Dkr2l [27]. As a consequence, the major contribution to the
VS in the studied double-excitation resonances will originate
from the ground state of helium, since the electron density at
the nucleus in the double-excitation stateN,Kn is expected to
be about an order of magnitude smaller than that in the
ground state. An exact value of the VS between3He and4He
due to electric monopole interaction in the ground stateDEg

V

is not available in the literature. Hence, we estimatedDEg
V by

using the following equation from Ref.[27]:

DEg
V = ucs0du2

pa0
3

Z
Cskr2l,Dkr2ld, s6d

whereuc s0du2 is the electronic charge density at the nucleus
in the ground state of helium, witha0 andZ representing the
Bohr radius and the nuclear charge, respectively.C is the
isotope-shift constant that depends on the mean-squared
nuclear charge radiuskr2l andDkr2l f27g. On the basis of Eq.
s6d and Ref.f28g fsee Eq.s23d in this referenceg, we estimate
DEg

V to be of the order of a few 10 neV. Totest the reliabil-
ity of the described approximation, we also estimated the
VS for the 1s2ss3Sd→1s2ps3Pd excitation in helium to be
DEV>5 neV, in good agreement with more detailed cal-
culations that resulted in3.49 neVf14g. In addition, Drake
f29g evaluated the level shift in the ground state of4He
caused by the finite protonic charge distribution in the
nucleus to bedEg

V=124 neV. Based on this value and the
nuclear charge radii of3He and4He given by Shineret al.
[30], we estimateDEg

V>45 neV, in good agreement with the
above estimate based on Eq.(6). Since the nuclear charge
radius of3He is larger than that of4He [rs3Hed=1.9506 fm,
rs4Hed=1.673 fm [30]] the VS of the resonances between
3He and4He have the same sign as the MS. Here, we took
into account that the level shift due to electric monopole
interaction in the doubly excited states of the helium atom

TABLE I. Resonance energiesEr, natural widthsG, and Fano
parametersq, obtained from double-convolution fits using two dif-
ferent models for the monochromator-resolution function G+G and
G+L, respectively. For comparison, recent theoretical results from
the literature are also given. The numbers in parentheses represent
the error bars in units of the last digit.

2 ,−13 2,14 2,07

G smeVd Theorya 3.18 60.13 610.56

Theoryb 0.28 55.20 649.01

Experimentc 3.5(6)

G+G d 56(13) 775(200)

G+L d 57(12) 833(55)

q Theoryb −23.39 −3.32 −2.53

G+G −14.4s27d −3.21s70d −2.28s1d
G+L −16.5s40d −2.96s70d −2.28s1d

4He Er seVd Theoryb 64.118 64.134 65.107

G+G 64.119(2) 64.135(1) 65.106(1)

G+L 64.119(2) 64.135(2) 65.106(1)

DE smeVd G+G 3.05(17) 3.00(2) 3.10(5)

G+L 3.04(15) 3.00(2) 3.10(6)

aReference[11].
bReference[23].
cReference[8].
dValue fixed during fit; see text.
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are much smaller that those in the ground state.
This leads to total isotope shifts ofDE=3.103, 3.106, and

3.150 meV for the resonances 2,−13, 2,14, and 2,07, 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-
tion of the VS is negligible within the present experimental
accuracy.

C. Monochromator resolution function

In Fig. 3, the derived monochromator resolution functions
fsEp ,VMd obtained from the two different models, are shown
(G+G: dashed curve;G+L: solid curve). The shapes of the
two resolution functions derived from the experimental data
display only minor differences. Both consist of a narrow
peak and broad shoulders at lower and higher energies,
which clearly underline our finding that a single Gaussian is
not always sufficient for describing the monochromator reso-
lution function of a high-resolution monochromator beam-
line. We were also able to reproduce the shape of the mono-
chromator resolution functions by ray-tracing calculations
using the program packageRAY [31] and taking the proper-
ties of undulator radiation and the detailed optical design of
the plane-grating monochromator into account; the results of
these simulations are also presented in Fig. 3 in the form of
the dash-dotted curve. It turned out that the resolution func-
tion of the U125/1-PGM monochromator is dominated by
the F120-aberration term of the focusing mirror(astigmatic
coma [32]), while slope errors of its surface play only a
minor role. Aberrations were calculated by integrating the
optical path variation over the optical surface, weighed by
the intensity distribution. Whenever aberrations are found to
be the dominant factor, the energy resolution can be con-
trolled by variation of the intensity distribution on the sur-
face. A straightforward way of controlling the footprint pat-
tern on the focusing mirrorM3 makes use of the angular
properties of the undulator radiation.

By optimizing the photon flux at a given photon energy,
the undulator gap is set to a specific value, where the angle-
integrated photon flux is maximum. The photon energy is
then redshifted with respect to the energy of the on-axis un-
dulator harmonic. When the undulator is operated under
these conditions, the angular intensity distribution of the un-
dulator is no longer Gaussian shaped, but displays a flat top
or even a doughnut shape. Figure 4 displays the monochro-
matic intensity distributions on focusing mirrorM3 of this
beamline as a function of positionz for two undulator set-
tings with the undulator parameterK=2.19 andK=2.18, re-
spectively. For the definition of the undulator parameter, see,
e.g., Ref.[32].

The mentioned aberration term can be understood within
a simplified picture. Since the focal properties of the cylin-
drical focusing mirrorM3 are independent of the meridional

coordinate, beams reflected on various parts of the mirror are
focused at a fixed distance measured from the intercept
point. Beams intercepting the focusing mirror in its center
are focused onto the exit slit position, while others are fo-
cused before or behind the slit. In this way, the central beam
gives rise to the sharp central maximum, whereas the defo-
cused beams contribute to the broad base. The most signifi-
cant effects of slope errors lead to a broadening of the sharp
central peak.

If the monochromator is tuned to an even more redshifted
photon energy, the angular distribution of the undulator re-
sults in a double-peaked illumination pattern at the focusing
mirror. In this case, two pronounced beams(one left and one
right) propagate downstream the beamline and form two foci
close to the calculated exit-slit position. This can be under-
stood on the basis of the specific optical design of beamline
U125/1-PGM at BESSY II[33], shown in Fig. 5. The toroi-
dal mirror M1 and the plane mirrorM2 create an elliptical
image of the circle on the position of the plane grating. Mir-
ror M1 also creates collimated light so that the cf f value
[cf f =cosb /cosa, with asbd being the angle between the
incoming(reflected) light and the surface normal of the grat-
ing] can be varied in order to obtain high flux or high reso-
lution. During the measurements, a high cf f value was used
scf f =12d in order to achieve high resolution. As a conse-
quence, the anglea between the surface normal of the grat-
ing and the incoming light was close to 90°, i.e., the grating
was overfilled. The illumination pattern of the grating con-
sists of two stripes perpendicular to the grooves of the grat-
ing, which means that these two rays illuminate different
parts of the cylindrical focusing mirrorM3. Since this mirror
focuses vertically on the exit slit, with a focal length of 10 m
from the position where the light hits the mirror, the two
different light rays impinging on the mirror will be focused
vertically on two different positions on the axis of light
propagation. During the experiments, the monochromator
resolution was optimized by minimizing the total linewidth
of the resonance 2,−13. In this procedure, the position of the
exit slit was varied and finally fixed at one of the two focal
positions. The light focused on this position creates the nar-
row central part of the experimental resolution function,
while the light focused either in front or behind this position
causes the broad base.

In order to obtain a high spectral resolution without a
broad base, one can use the blueshifted part of the undulator

FIG. 4. Monochromatic intensity distribution on focusing mirror
M3 for the two undulator settings, withK=2.19 and 2.18,
respectively.
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peak. In this case the light originates from the central part of
the electron beam axis so that the entire light can be focused
onto the exit slit. This, however, can only be achieved for the
price of a weaker photon flux, since the intensity drops quite
fast on the blue side of an harmonic undulator peak.

V. SUMMARY AND CONCLUSIONS

In the present work, the3He-4He isotope shifts of the
doubly excited resonance states 2−1n (n=3 to 6), 2 ,1n (n
=4 to 7), and 2,07 were determined by measuring photoion-
ization spectra with high spectral resolution using synchro-
tron radiation. The experimentally derived isotope shift of
3.06±0.07 meV was found to be in good agreement with
theoretical estimates that vary from 3.103 to 3.150 meV for
the different resonances studied, based on the NMS and the
SMS; the VS was estimated to be negligibly small with re-

spect to the present experimental accuracy. With a reliable
double-convolution fit procedure that includes Doppler
broadening, the resonance energies and Fano profiles of
some of the resonances were analyzed, and good agreement
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.
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