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The momentum transfer dependence of double excitations of helium were studied theoretically in order to
compare with our previous experimental wdiRhys. Rev. Lett.91, 193203(2003]. The calculation was
carried out by a series of modifig@matrix codes. We elucidate the dynamical correlations in terms of the
internal correlation quantum numbek§ 7, and A. The generalized oscillator strength densities and Fano
profile parameters, f,, f, and S of doubly excited states(1,0); 'S, (1,0 D¢, and (0,1); *P° were
reported as functions of the momentum transfer squifedhe present theoretical work accompanied by our
previous experiment leads to a deep understanding of the optically allowed and optically forbidden double
excitations of helium.
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I. INTRODUCTION energies [27], interseries interferences[28], dipole-

The electron correlation effect plays a fundamental role inquaBdrqgoletlhntergerencpts_)], ?nd S0 on. v by th
atomic and molecular physics. Helium is the simplest system esides the above optical experimeqitostly by the syn-

to use to study the electron correlation effect. Since the pio(-:hrOtron radiation methgdthere were also many of investi-

) : gations of doubly excited states of helium by the charged-
neer experimental work of Madden and Codlifig and the i . , I°
corresponding theoretical investigations of Fano and coP artm_:é)? |{n pabc ¢ metgmtjr.] Ur:.“kpil th(ﬁ opt:jcal (;netrt]_od,” 'tf 'S
workers [2,3], the doubly excited states of helium, which possible to observe both optically allowed and optically for-

. d by Tannest al. 141 h b wdied bidden transitions to reveal the full richness of the spectrum.
;/iv:urgur;\;ewe y Tannest al. [4], have been studied con- Among these studies, most of them were carried out by elec-

The doubly excited states lie above the first ionizationgonoéhmepragggfvoe_?olnairr:?pgé?;g ég%?%?;:%;i% tsr? (;r:rt]a
threshold_. In the earl_y days, evidence OT such d|screte_statq e technique of ejected electron spectroscopy was normally
was obtained by opticgb] and .electron Impact6] experi- sed[31,33-36,38,44,46,49-F2Xelatively few experiments
hmelnts. The two ZFRyEtiT;rog seges szdfultl)aloe excitations 0ﬂsed energy loss spectroscdj3p,32,37,39,41,45 With the
elium—i.e., (sp.2n+) an (sp,_ n-)"P°—were re- ._proton impact method, there were a few investigations of the
vealed by Madden and Codling using the photoabsorptio ngular-dependent behavior of the profile in the ejected elec-

method [1]. According to the é;g’”ow?”g theoretical oy gpectra of doubly excited stati42—4g. For the fast-
works [7-9], there should be threeP” series—sp,2n+),  gjectron impact and electron-energy loss experiments, as
gSF’! 2n-), and Pnd, namely—excited from the ground state gayly a5 in 1963, Silverman and Lassettre observed double
S’ below theN=2 threshold of H& So the Pndseries was  excitation (252p)'P and made some discussions of its
missing in Madden and Codling’s measuremghjt There-  gyength depending on the momentum transfers from
after, many of experimental studig0-1§ were carried out o (g 1.0 a.u.[6]. Later, Wellenstein and collaboratof32]
on the double excitations of helium until the first observationeasured the Bethe surface for helium using 25-keV inci-
of the missing Rydberg series by Doméeal. [17]. With the  gent electrons with the scattering angles from 0° to 10°. Al-
deve!opment of the_ sync_hrotron rgdlatlon technique, MOrghough the low-energy resolutiof2 eV full width at half
soph!stlcated .phot0|on|zat|0n experiments were performed tPnaximum(FWHM)] precluded them from ruling out contri-
acquire the higher Rydberg series above w2 threshold  tions from the optically forbidden transitions, they alluded
of He" [18-2Q, decay paths of two-electron excitations i the possible interest and significance in the momentum-
[21-23, photoelectron angular distribution&6], threshold  yransfer dependence of the Fano parameters. Using 2.5 keV
incident energy with a resolution of 0.7 eV FWHM, Fan and
Leung[41] measured the generalized oscillator strength den-

*Electronic address: yuanzs@ustc.edu.cn sity (GOSD) and deconvolved the Fano parameters of the
TCorresponding author. Electronic address: lizhu@ustc.edu.cn (15%)'S°— (2s2p)'P° resonance. Compared with our previ-
*Electronic address: xukz@ustc.edu.cn ous electron impact work by 2.5 keV incident energy and
SElectronic address: lijm@sjtu.edu.cn, 80 meV FWHM resolution{53], although Fan and Leung’s
jmli@cams.tsinghua.edu.cn result is not accurate, it was the first attempt to give the
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momentum-transfer-dependent behavior of the Fano param- Fano’s theory can be applied in the case of nonoptical

eters of the(2s2p)'P° resonance quantitatively. excitation although only the optical transition operator was
Besides the experimental investigations, many of theoreteonsidered in Ref3]. Following Eq.(2), the GOSD near the

ical works were carried out to interpret, predict, and deeplyresonances is written as

understand the experimental results. The interference be- df

tween the close channels and open channels around the auto- — = > fallgi sinA; - cosA|? - 1] + f(E)
ionization region was illustrated theoretically by Fano and dE 5

Cooper[3], Shore[54], and Mieg[55] in the 1960s. In Burke (G +&,)?

and McVicar’s calculatiori7] in 1965, resonance states other = 2 fai<q'—8'2 - 1) +f(E), 3)
than the normally known plus-minus series appeared. Se- i 1+g

quently, atomic theoreticians developed various methods to . . N
wheref; represents the relevant continuums involving inter-

deal with doubly excited states of helium, including ference with thath resonancef.(E) is the total continuum
) o . : o .
configuration-interactionCl) methods56-60, hyperspheri GOSD, which includes both parts that interfere and do not

cal coordinate methodg9,61-74, close-coupling approxi- . ) ,

mations[7,75,78, R-matrix methods[77—84, complex co- mterfere Wlth fesonanceﬁi is the phase parameter due to
ordinate method85-9Q, saddle-point techniqu§91-93, configuration |nteract|or_1ai:—cotAi:(E_—E,i)/(l"i/Z),_and
Feshbach projection formalisni8,96-100, and others g; have the same meanings as those in [2y.respectively.

[101-108. In Fano’s theory[3], the parameteq; can be described as
In the above methods, most of them presented the reso- (@,[T|D)
nant energy positions, the resonant widths, and photoabsorp- g = (4)

tion cross sections of these resonances, but a few reported V(e T|Po)

the momentum-transfer-dependent behavior of related payhere®; is theith “modified” discrete stateye is the un-
rameters in the collision of Charged partiCIeS with helium,perturbed continuum Stat@o is the initial state,T is the
such as the generalized oscillator strengBOS, whose transition operator, and is the discrete-continuum interac-
properties play the central role in the theory of collisions oftion matrix element. Saj, represents the ratio of transition
fast charged particles with atoms and molecules. The GOgmplitude to the “modified” discrete stade and to the un-

with atomic units is written ag107] perturbed continuum state%.. For the optical excitationT
. X is the dipole transition operatdt;fj, while for the present
2E o E do(K,E investigation of the GOSD, it is the multipole transition op-
(KB = 2 | (| S | g ) | = S0y dZE) g i P
K e} 2P, do erator>;e""i instead.
i The ratio parametep? is defined as
. . P 2 _ fai(KvE)
For the case of fast electron impaét,is the excitation pr= o . (5)
energy,p, and p, are the momenta of the incident electron fe(K,E) E=E,;

and scattered electron, respectivelf? is the momentum
transfer squaredj, and ¢ are theN-electron wave functions
of the initial (ground and final states, respectively, ands
the position vector of thgth atomic electron. The above 5 T, )
equation also gives the relationship between the GOS and fi =f fai0f sir? AdE= "1 G le=€, . (6)
differential cross sectioffDCS), do(K,E)/d(].

In Eq. (1), ¢ is a discrete state. When the discrete statesincef,; varies very slowly withE. Note that, for a window-
locates above the first ionization threshold, F§Boworked  type resonancef; always is O becausg =0, in spite of de-
out the configuration interaction theory for discrete-gree of the interference between the discrete state and con-
continuum interaction. In Fano’s theory, the photoabsorptioriinuum. In order to represent the relevant strength involving
cross sectiorr(g) [or the optical oscillator strength density interference between the embedded discrete state and the rel-
(O0SD)] around the resonance is described by evant continuum as a whole, an integrated resonance strength

S was introduced as

For a specific resonance, the integrated GR®f the
“modified” embedded discrete state is expressefBas

o) =0 L @ APIE \FPR
A1+g2 S=fi+ 7fai Oile=g, = T(Qi +Dfai Ole=g,- (D)
wheree=(E-E,)/(I'/2) indicates the departure of the inci- In our previous worl{53], using the fast-electron energy

dent photon energlg from an idealized resonance eneigy  loss spectrometdEELS), we measured the GOSD's for the
which pertains to a discrete autoionizing level of the atomdoubly excited states of helium below thie=2 threshold of
with a linewidthT". Hereo, and oy, represent two portions of He" and obtained the parametagsand f,; in Eq. (3). Both

the cross section corresponding, respectively, to transitions fparameters show a dependence on momentum transfer,
states of the continuum that do and do not interact with thevhich indicates the dynamical electron correlation effect for
discrete autoionizing state. Finally is a numerical index the two excited electrons. And the parametgfsf;, andS
which characterizes the line profile. were also calculated according to E¢®—7). Theoretically,
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in the present work, by introducing the multipole transition
elements into the previou’-matrix code[80,108-112 the
GOSD’s in the same energy region were calculated by
R-matrix theory, and subsequently the corresponding param-
eters g; and f,; were deconvolved from the calculated
GOSD'’s. Through a comparison between the experimental
and theoretical results, we found that the resonance
structures—i.e.q; parameters—agreed well, but differences
still existed for the absolute GOSD’s, especially for the case
with higher momentum transfer. In the following sections,
R-matrix theory will be introduced briefly in Sec. Il; then,

.1)

the results and discussions will be presented in Sec. Ill. Fi- >
nally some conclusions and outlooks based on the above ™
investigations will be included in Sec. IV. §
Nl
o

II. R-MATRIX THEORY

One can refer to previous publicatiof&),108—-118for a
detailed description oR-matrix theory. Here we just give a
brief introduction toR-matrix theory and the present implan-
tation of the multipole transition matrix element to the pre-
vious codeqalso see Ref{113)).
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FIG. 3. The GOSD'’s for the dipole transition serfe.

An atomic system can be considered as a scattering sysising perturbation theory. The two regions are linked by the

tem of one electron with aN-electron ionic core: R matrix on the boundary.
In the inner regiom < a, the wave function can be written
as
e +A —e +A. (8)
. L . V=, Agthi, 9
The (N+1)-electron scattering system is divided into two % ki ©)

regions according to the position of the scattered electron— ) . ) ]
i.e., an internal region and an external region—by a sphere d¥hereyy is the energy-independent basis states expanded in
radiusa centered on the target nucleus. In the internal regiorthe form

r<a, wherer is the relative coordinate of the scattered elec- — 1

tron and the target nucleus, electron exchange and correlabi(Xy -~ Xs1) = A, Ci@i(Xg -+~ X; Fs 1) = Uij (Fs 1)

tion between the scattered electron andNhelectron target ij et

are important and théN+1)-electron collision complex be-

haves in a similar way to a bound state. Consequently a ClI + EJ: kX (X - Xns1) s (10)
expansion of this complex, analogous to that used in bound- ) _ o _

state calculations, is adopted. In the external regiom, where A is the antisymmetrization operator which accounts
electron exchange between the scattered electron and the tfr electron exchange between the target electrons and the
get can be neglected if the radiass chosen large enough so free electron(with the continuum orbitals;;) and®; are the

that the charge distribution of the target is contained withinchannel functions, which are obtained by coupling the target
the sphere. The scattered electron then moves in the longtatesd; with the angular and spin functions of the scattered
range multipole potential of the target. This potential is localelectron to form states of the total angular momentum and
and the solution can be obtained by an asymptotic expansigparity. The quadratically integrabld?) functions x;, which
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FIG. 4. The GOSD's for the quadrupole transition sefio8

vanish at the surface of the internal region, are formed from 2F 2F N+ 2
the bound orbitals and are included to ensure completeness f(K,E) = Z\M K)[2== |\ ¥;| 2 &Fm| W
of the total wave function. K m=1

In the external region, the colliding electron is outside the (12
atom and can be considered distinct from Nhéarget elec-

trons. The total wave function is expanded in the form The multipole transition operator can be expressed as

&¥im="> (21 + 1)i'},(Kr,)P,(cos). (13
|

— 1
WXy Xnen) = 20 Pi(Xg - X T —F(r S : ,
O o) 2 O N+lUNﬂ)r,\Hl (e, Considering the summation of the final statése same

energy level with different magnetic quantum numbensd
average of the initial states, the GQ& GOSD, if the final
state is a continuum statean be written as

(11

where®; are the same set of channel functions used in EqT(K'E)

(10), but now no antisymmetrization is required, &) is _2E 1 )

the wave function of th&¢N+1)th electron. T K2(2Lp+ 1)(2S+ 1) IM(K)I
Using the nonrelativisti®-matrix wave functions, we can

write the GOS(or GOSD in the frame of the first Born _2E 1

approximation[107] as(all variations in atomic unjt K2 (2Lg+ 1)(2S+ 1)
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In the previous fast-electrof2.5 ke\) EELS experiment
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1p° and!D®) were included in the preseRtmatrix study. As
investigated in our previous calculatigB0], the target set
with polarized orbitalg1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d) is
adopted in the present work. The first ionization threshold
24.58741 eV was obtained from the NIST online database
[115).

The calculated GOSD’s are shown in Fig. 1. It can be
seen that the features observed in the EELS experiment can
be reproduced by thB-matrix calculation. The assignments
were adopted from the classification in REF]. In this clas-
sification, a doubly excited staté"*L™ with one inner elec-
tron (principal quantum numbeN) and one outer electron
(principal quantum numbem) can be represented as
JC, DN FHLT, wherelC, 7, andA are new internal quantum
numbers to describe the correlation between the two excited
electrons[9]. A numerical deconvolution procedufd16]
based on a least-squares fitting was used to obtain each reso-
nance and the relevant parametégsandq; in Eq. (3) for
further comparison with the previous experimental result.

Ill. RESULTS AND DISCUSSIONS
A. Calculated spectra by R-matrix theory

The calculated GOSD's of the three transition series—i.e.,
monopole'S®, dipole'P®, and quadrupoléD®—are shown in
Figs. 2—4.

For the!S® series in Fig. 2, there are evidently two Ryd-
berg series—i.e., (1,05’ and (-1,0;'S (n
=2,3,4,..). The (1,05 's® are a series of resonances with
constructive interference in the low-energy wing and de-
structive interference in the high-energy wing, while the
+(=1,03 ’s® show a reverse character. The resonance in the
former series is much wider than that with the same quantum

[53], only the electric monopole, dipole, and quadrupolenumbern in the later series. The GOSD’s rise up whiéf
transitions were observed. Theoretically, the magnetic angoes from 0.0025 a.u. to 3.0 a.u. while they fall down when
higher-order electric transitions can be neglected because 6% goes from 4.0 a.u. to 50.0 a.u. The resonances and con-
the rapid decrease of the transition magnitudes according féhuum have the same tendency wiRA. It should be noted

the transition ordef114]. So the above three types of electric that both resonanceg1,0); 'S* and ,(-1,0); 'S® rise up

transitions(i.e., the transitions from the ground state's5,

whenK? goes from 0.0025 a.u. to 3.0 a.u. But the strength
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goes from 0.0025 a.u. to 50 a.u., while the strength of the
(b) continuum rises up fok? from 0.0025 a.u. to 1.41 a.u. and
falls down forK? from 2.01 a.u. to 50 a.u.
FIG. 7. The fitted Fano parametegsand f, of ,(1,0)5 'S (n For theD® series in Fig. 4, there are also three Rydberg
=2,3 of helium as a function oK? (in the rangeK?=0-50a.u), series—i.e., (1,0 p® (n=2,3,4,..), n(O,l)g pe (n
obtained from the theoretical spectra. =3,4,5,..), and n(—1,0)8 p® (n=3,4,5,..). For small

K2, the first series is a “window-type” resonant series, but
becomes more asymmetric with an increase Kgf The
GOSD’s rise up wheik? goes from 0.0025 a.u. to 2.01 a.u.
and then fall down wheirK? goes from 2.5 a.u. to 50 a.u.

variation of the resonancg(-1,0)5 'S* with K? is slower
than that of,(1,0); 'S°, which agrees with the observed
spectrg53]. However, at smalk?, the measured strength of
the resonancg(—1,0)5 *S* is much larger than the calculated " o
result(see Fig. 2 in Ref{53]). To the best of our knowledge, Th|s.tendency withK< is same for the resonances and the
the dipole-forbidden transition generally has a unremarkabl§ontiNUUMS. ,
strength relating to the dipole-allowed transition wi€R as In Fig. 1, we present the calculated GOSD'’s accompanied
small as 0.03 a.ythe momentum transfer squared at 0° scat—bly thle experimental results. The original calculated spectra
tering anglg. Therefore, we suspect that for this transition (‘S", "P° and 'D®) were convoluted by a Gaussian instru-
the first Born approximatioiFBA) may not be reached. If ment function(with 80 meV FWHM and then summed up
this suspicion is true, why is it so hard for this transition toto construct the total spectra. The calculated and measured
reach the FBA? resonant structures agree well with each other and have a

For the 'P° series in Fig. 3, there are three Rydbergsimilar K* dependence on the momentum trandfér The
series—i.e., ,(0,1); p° (n=2,3,4,..), A(1,0); 1P (n agreement between the measured and calculated absolute
=3,4,5,..), and n(—1,0)g p° (n=3,4,5,..). It can be values of the GOSD’s is good at small scattering angles, but
seen that the resonances in the first series are much widbecomes worse with an increase of scattering angle. The dif-
than those in the other two series, which was discussed iferences may come from the fact that the previous incident
Ref. [80]. For the two ultranarrow series, the selection ofenergy 2.5 keV is not high enough for this excitation energy
basis sets and the consideration of long-range potentials reegion (about 60 eV to reach the FBA, while the present
sult in different resonant structures Rymatrix calculations calculation is based on the FBA. It is indeed valuable work
[80], which is beyond the present discussion. The strength ab conduct further investigations of these properties from
the resonancg(0, 1); *P° falls down monotonically wheK?  both experimental and theoretical aspects.
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B. Momentum-transfer-dependent behavior
of the Fano parameters

In order to give a quantitative description of the
momentum-transfer dependence of the Fano parameters in
Eq. (3), each resonance was deconvolved from the GOSD’s
at eachK? by a least-squares fitting prograjhlg]. In the
following sections, we will discuss these parameters.

1. Electric monopole transitior),(1,0); 'S°

The fitted Fano parameters of thel,0); 1s® resonance
are shown in Fig. 5. It can be seen that the theoretical
factors at eaclk? agree with the experimental results within
the experimental uncertainties. It is a resonance with con-
structive interference in the low-energy wing and destructive
interference in the high-energy wing since the signqat
negative for allk?. The|g| decreases smoothly from 2.0 to
1.2 in theK? range 0—2.01 a.u. It indicates that the transi-
tion amplitude into the “modified” discrete state becomes
larger withK? than that into the relevant continuum. The
S, andf, of ,(1,0);'S® increase withk? (both experimen-
tally and theoretically, showing the typical behaviors of
dipole-forbidden transitions. But for these parameters, the
theoretical results vary faster witk? than the experimental
ones, and the difference between them becomes larger with
K2—e.g., the theoretical, at K?=2.01 is 2 times that ob-
tained from the experimental spectrum.

The three parameters—i.e., interfering continutynin-
tegrated GOY, and resonance streng8—have a similar
variation with K2. Concerning the magnitudes, we can see
thatf is close toS. This indicates that whelfg| is large,f is
comparable t& (i.e.,g>~ 1+g?). So all three parameters can
properly describe the momentum-dependent behavior of the
resonanceg(1,0); 'S

In Fig. 6, the parametefs f,, g, andSof ,(1,0); 'S*as a
function of K? in a wider momentum-transfer range are
given. For the four parameters, after a rise beléW
=5 a.u., they descend in a long rangekdt=5—50 a.u..

PHYSICAL REVIEW A 70, 062706(2004)

FIG. 9. The fitted Fano parametdisS, g, and
f4 0f ,(0,1); *P° of helium as a function ok (in
the rangeK?=0-50a.u), obtained from the the-
oretical spectra.

He e

| (0.1), P°, g factor.
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=22
-2.4
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-28
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+ {0
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e
0.4
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Momentum Transfer X z(a.u.)
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10. The fitted Fano parametersy and f, of

The parameters) and f, of (1,0 'S* (n=2,3), which ., (0,13 ’P° of helium as a function oK? (in the rangek?
belong to the same Rydberg series, are shown in Fig. 7. We0-50a.u), obtained from the theoretical spectra.
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can see that the two Rydberg states have similar momenturr ~ 0.006} = Previous EELS
transfer dependent behavior. It is strange that frih «, 0004} —0— Prosent R-mat
=0.0025 to 0.03 a.u., the| of 5(1,03 'S jumps upt0 0.9 5 1ol v Kmssigeraly

rather than decrease monotonically. We think that this may ~
come from the interferences between the resonance 9§38
(1,0} 'S and (1,0} 'S,

= 004
(=]
2. Electric dipole transition, (0,1); *P° = 002
The fitted Fano parameters of the, 1), 'P° resonance °68
are shown in Fig. 8. Also, the theoretical and experimental 03
factors agree well with each other at eagh As K? in- S 06
creases, the GO§ and the resonance strengthdecrease, 09l . . . . .
showing the typical behaviors of dipole-allowed transitions. 06
The |q| decreases slowly witK2 It indicates that the transi- < g4
tion amplitude into the “modified” discrete state decreases & 0.2
more quickly than that into the relevant continuum. Like the >~
case in the electric monopole transitigi.,0)3 'S°, the pa- = %oF
rametersf, f,, andS obtained from theéR-matrix calculation 045[
are larger than those obtained from the EELS experiment « 0.10} % +
Especially for thef,, the theoretical result rises up below 0.05} "
K2=1.4 a.u. and the experimental one descends in the sam ~ 000=2 0d o8 12 18 20
K2 region.

2
In Fig. 9, the parameterf f,, g, andS of ,(0,1)} *P° as Momentum tranfer square K- (a.u.)

a function of K? in a wider momentum-transfe_r range are o 19 The fitted Fano parametefs S, g, f, and p? of

given. The parameterfsand S descend r_nonotonlcally in the ,(1,0)% 'D® of helium as a function ok?, previous EEL53], and

whole _momentum-transfer range, while the parametgrs o present theoretical spectra.

andq rise up at low momentum transfer and then descend

with K2, At large K?, the q parameter reaches -5. Sec. Il A: i.e., the experimental incident energy 2.5 keV is
As shown in Fig. 10, for the Rydberg serig®,13 'P°  not high enough for this excitation energy regigabout

(n=2-6), the resonance profiles exhibit similar behaviors asf0 eV) to reach the FBA. This weak resonance, which over-

the K2 increases. laps strongly with,(1,0)5 *P°, may be affected by this strong
resonance.
3. Electric quadrupole transition, (1,0)} 'D® The agreement between the observed and calculated inte-

.  1me grated resonancdsis satisfied. However, it should be noted
The fitted Fano parameters of thel,0), "D® resonance  thatf depends directly oq andf,. Then, the cooperation of
are displayed in Fig. 11. There are large discrepancies behe two parameters makes this agreement even when discrep-
tween the theoretical and experimental parameters except fancies exist between measured and calculgtadd f,. The
the integrated GO$ although their variation tendencies are magnitude of calculate® is 10 times larger than that of
similar. Remembering the similar cases in Figs. 5 and 8, wealculatedf and is more appropriate to describe the strength
suspect that this may come from the reasons as discussedadfthe resonance.

0.020
0.015 | 06, GOS He 1,0y 'D®
ool /% / (10
= 0005F ¢ —
Lo i

—~ 0.000

L 06|
3 oaf % f,
N\ 0.2 _— \O\QO i
o ootk L 900 - - - FIG. 12. The fitted Fano parametefisS, q,
- _82 P, andf, of ,(1,0); 'D® of helium as a function of
- A2F %000, K2 (in the rangeK?=0-50a.u), obtained from
<L O .

-18F T the theoretical spectra.

-2.4 .
0.08 F
0.06

wil
0.04 Egﬁgo \O\O\o
0

O

Integrated resonance strength §

10° s

0.02 ©

O,
0.00 L o . .

10 20 30 40 50

Momentum transfer square K (a.u.)
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0 In Fig. 12, the parametefs f,, g, andSof ,(1,0); 'S’ as
o5} Heﬂ . a function ofK2 in a wider momentum-transfer range are
0.0\ 1.0), D% g factor given. The parameter§, and S have a maximum ak?
e ~2.5 a.u., and has a maximum a?~5 a.u. Theq factor
05 —— =3 descends in the whole momentum transfer range.
= 0L T The parameterg and f, of ,(1,0); p® (n=2,3,4, are
shown in Fig. 13. We can see that the three Rydberg states
sr have the similar momentum-transfer-dependent behavior. It
20} R is interesting that the factors of resonancg(1,0); 'D® (n
25t =3,4) go from positive, across zero, to negative. This indi-
h - > = - ” cates that the resonance profiles transform from destructive

interference in the low-energy wing and constructive inter-
ference in the high-energy wing to constructive interference
in the low-energy wing and destructive interference in the

Momentum Transfer Square K (au)

(a) high-energy wing.
IV. CONCLUSIONS
> He 10,0, £, From the aboveR-matrix study, we obtained the GOS’s
061 oo 2 . 2 and Fano profile parametegs f,, p?, f, andS of the doubly

osf e ne3 excited states(1,0; 'S, ,(1,0); D and ,(0,1);'P° as

/ T functions of the momentum transfer squaréd, It is an
advancement in the investigation of helium double excita-
tions. Through these parameters, the dynamical correlations
between the two highly excited electrons can be elucidated.
The present calculatagifactors agree well with the observed
result [53] at eachK?, but discrepancies still exist for the
parameters,, f, andS between the calculated and observed
results although they have similar variation tendencies with
K2. We suspect that the previous incident energy 2.5 keV
may be not high enough to reach the FBA in this excitation
energy region. This is an open question for further experi-
(b) mental and theoretical investigations.

" n "
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e

i 1 I I J.
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