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The electronic rearrangement resulting from ghdecay of®He has been calculated in the framework of the
sudden approximation using a numeriBakpline basis set approach. We have calculated the excitation prob-
abilities to the final discrete states 8ifi * (including to the doubly excited autoionizing states well as the
total probabilities for single and double ionization. The correct treatment of electronic correlation in the
framework of the sudden approximation is shown to modify Bevalue (the probability that an atomik
vacancy is creatgdby more than 2%.

PACS numbsd(s): 23.40—s, 27.20+n, 31.25.Eb, 31.25.Jf

Nuclear transmutation@.e., change in the nuclear chajge where v, is the electron antineutrino. We have calculated
induced by nuclear reactions or radioactivity are often acwithin the framework of the sudden approximati@ (since
companied by a redistribution of the electrons around thehe velocity of most3~ electrons are quasirelativistithe
final transmuted nucleus. Electrons originally in the groundpopulation of the bound and continuud® states of Li
state of the target atom can be excited either in the boungopulated during the8 decay of °He. We obtained in one
spectrum or to the continuum of energy. Therefore, calculadiagonalization an accurate representation of a number of
tions of the population distribution of the atomic states of thebound Rydberg states, of doubly excited states and of the
daughter atom require a complete description of both theontinuum.
bound spectrum and the continuum of energy. In our approach, the one-electron radial Sclimger

We propose here a numerical approach which makes ussguation for a hydrogenic system is solved in a cavity of
of B-spline basis sets to describe the relevant atomic statgadiusR using the Rayleigh-Ritz-Galerkin scherfi&. The
[1]. The B-spline functions are.? integrable polynomials mono-electronic radial distribution is expressed as a linear
which are defined on intervals. Their “local” character is in combination
contrast to, for example, Slater or Gaussian functions which
are “globally” defined. One of the essential properties of the
B-spline basis sets is their “effective” completeness which Po A1)=2 ¢iBi (1), 2
allows the entire spectrum of an atom, including the con-
tinuum states, to be replaced by a pseudospectrum containifghere thed splines{B; \(r)} are positive piecewise polyno-
only a finite number of states. This pseudospectrum is conmials of orderk. The radial interva[O,R] is divided into
structed in a way that the low lying states represent well th%egment@ti tis1] (ti1=t;) by a “knot sequence[t;]. The
low lying bound states of the real spectrum with the remain-g gplines are defined on this knot sequence by recursion
ing pseudostates representing the remaining bound and copsiations. More information on the properties of Bisplines
tinuum spectrum. _ _ _ can be found in the book by de Bo#]. In this work, 25B

First, we have studied the electronic rearrangement insplines of order 7 and a cavity radius of 100.0 a.u. have been
duced by thes decay of°He". This one-electron system has ysed. These parameters have been chosen so that accurate
been chosen so that the accuracy of our approach may hesults are obtained with a minimum number of basis func-
assessed by comparing our numeriBaspline results with  tjons for the one and two-electron systems considered here.
analytical values for the electronic transition probabilities.gecause the majority of the states involved in the transitions
However, the main purpose of this work is to treat the poly-are low lying bound states and, in the case of two-electron
electronic system systems, the lowest doubly excited states of the spectrum, an

exponential grid has been used which allows for a larger
5 - o number ofB splines near the origin where the wave function
o Hey— (3 Lig)* +e +ue, (D) varies rapidly.
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TABLE |. Transition probabilities to variou$Li?>* states in- TABLE Il. Eigenvalues in a.u. and excitation energies in"¢m
duced by theB decay of the®He* ion. Both B-spline results and for the 1sn/’ 'S states in Li. The total energies obtained in this
analytical values are given in %. work are compared to the results of DrgH®)] for the ground state

and of Kono and Hattori20] for the excited states while the dif-

|T§i0)|2 ferences of energy are compared with Bashkin and Stdtidr

Final SLi?" state B spline Analytical
State B spline Hylleraas B spline Expt.

1s 88.47360 88.47360
25 7 67360 767360 1s? 1S —7.2793492 —7.2799135 0 0
3s 0.86708 0.86708 1s2s 'S —5.0408201 —5.0408767 491262 491334.6
4s 0.28190 028190 1s3s 'S —4.7337397 —4.7337556 558653 558777.88
5s 0.12909 0.12908 1s4s 1S —4.6297767 —4.6297832 581464 581596.77
6s 0.07046 007045 1s5s 1S —4.5824240 —4.5824274 591860  591989.55
7s 0.04285 0.04285 1s6s 'S —4.5569496 597451 597580.53
8s 0.02800 0.02808 1s7s 'S —4.5416882 600800 600930
Remaining bound states 0.10297 0.09523 1s8s 'S —4.5318274 602964
Continuum 2.33643 233 28°'S —1.004924 —1.905848

2p? s —1.628787 —1.630439

aSummation up ta=500.

®Referencd7].

The two-electron wave functions are obtained by a CI
(configurations interactiormethod using basis of configura- pseudobound states, is 97.6696%. This number can be com-
tions built on the monoelectronic orbital§]. Because the pared with the analytical sum over the 500 lowest bound
sudden approximation without recoil has been used in thistates which is 97.6619% and thus demonstrating the effec-
work, only the 1S states of Li can be populated after the tiveness of theB-spline basis set.
change in the nuclear charge. The configurations included in To assess the accuracy of dxspline wave functions for
our calculations arens?, nsn's, np? npn'p, nd?,  two electron systems, we now look at the total energies of
ndn’d, nf2, andnfn’f. This combination takes into ac- the discrete states of He and’LiUsing theB-spline basis
count the major effects of electronic correlation. The samelescribed above, the total energy of the ground state of the
configurations are included in the calculation of the groundHe atom is—2.903 309 69 a.u., in good agreement with the
state of He. result of Frankowski and Pekeri8], —2.903 724 377 a.u.,

In the framework of the sudden approximation, if we ne-obtained using Hylleraas type functions. This last calculation
glect the effect of the recoil of the daughter nucleus, thetakes into account electron correlation effects ofairalues
transition probability to a final atomic state is simply given while theB-spline calculation only includes electron angular
by momentum up to/'=3. For comparison, the HRHartree-

Fock value for the He ground state is2.861 680 0 a.u.

|T2|2= (W W), ®) The total energies of the lowest members of thé LS

Rydberg series obtained using the sdBagpline basis set are
whereW; corresponds to the wave function of the initial stateshown in Table Il. TheB-spline results are compared with
with nuclear chargZ and ¥, to the wave function of the the available Hylleraas values for the five lowé§ states.
transmuted ion with nuclear char@g (with Z'=Z+1 for In one diagonalization, thB-spline approach gives accurate
B decay. The orthonormality constraint between the final results for the eight lowest members of the series. The
state wave functions implies that the sum over all the transiexcitation energies of these states are compared with the ex-
tions involving the same initial state is one. A major advan-perimental values in Table II. Also given are the total ener-
tage of theB-spline approach is to preserve the orthogonalitygies of the two lowestS doubly excited statess2 'S and
between the final wave functions since they all come fron2p? 'S, located above the first ionization threshold. It has
the same diagonalization. been showr6] that for this type of state the contribution of

For thep decay of®He", the initial state is thedground  electronic correlation is very large and that only the inclusion
state of the helium ion while the final states appearing in Eqof electrons with high angular momentum can insure an ac-
(3) belong to thens-es spectrum of L¥". The 2S B-spline  curate description of their spectral properties. In this respect,
Rydberg series of Bi" can be divided in three parts: 8 ei- the agreement between dBrspline results and the complex-
genvalues correspond to the lowest lying bound states, 6 e¢oordinate values of Hf7] obtained using Hylleraas basis
genvalues represent pseudobound stétes, states which Ssets is satisfactory.
have an energy less than zero but which are not “real” Having discussed the accuracy of our wave functions, we
statey, and 11 states with positive energy which are pseudonow present the transition probabilities to all the finaf Li
continuum states. The transition probabilities are calculategtates, calculated using Eq(3). The transition probabilities
numerically from Eq.(3) using Gauss-Legendre quadratureto the discrete Li states larger than 0.1% are given in Table
and are compared with the analytical values in Table | for thdll. Comparing these results with théHe* probabilities
lowest ns states. The summation over all the pseudocongiven in Table I, it is clear that the probability that the atom
tinuum states gives 2.33% for the ionization probability orremains in the ground state is smaller for neutral He than for
shake-off mechanism while the excitation in the bound specHe", while the excitation process to the2s 'S Li* state is
trum, i.e., the sum over all the probabilities of the “real” and larger than the excitation probability ts2tate of Lf*. The
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TABLE lI1. Transition probabilities(in %) to the Li* states in-  significantly this probability. We note that the influence of
duced by thes decay of®He in the sudden approximation without electronic correlation is important in the evaluation of the
recoil. probabilities. For example, the HF value for the probability
that the atom remains in the ground state is 73.1%, i.e., more

(0))2
ey . 75 i than two percent larger than the correlated value.
Final °Li™ state B splines Winthe{ 2] Our method allows the calculation of not only the transi-
21 tion probabilities to discrete states but also the ionization
1s* °S 70.85 67.0 - .
1 probability of one or two electrons. The total probabilities for
1s2s °S 14.94 16.6 - . . -
1s3s 1S 1.86 27 these different mechanisms are given in Table IV. All the
N ' ' ionization-excitation probabilities to the different” limits
1sds 15 0.62 038 (n=2— and/'=0-—4) are included in the total probability
1s5s 13 0.29 to ionize one electron. Similarly, the total excitation prob-
1s6s °S 0.16 ability to autoionizing states contains the transition probabili-
1s7s 's 0.10 ties to all the autoionization states AB/', 3/n/",
2s? 15 1.56 4/n/", etc). Individual probabilities of less than 16 have
2p? s 0.18 been neglected in the summations.
2s3s 1s 0.23 The single ionization probability is 7.47% while double

ionization accounts only for 0.32%. Winther obtained a total
probability of 89.5% to populate discrete states. This was

transition probability to the 43s 1S of Li* is larger than the determined by adding the values shown in Table Il and by

transition probability to the 8 state in any one electron sys- extrapolating the contributions of the remaining discrete

tem including tritium. This probability decreases much more>tates. This result gives an ionization probabi(igingle and

slowly with increasingn than for the one-electron case double ionization as well as the contribution of doubly ex-
For two electron systems, excitation to autoionizing stateSited st?te)sof .(10'5i 1'5.)% to be Compafed with our result_

is also possible. Although excitation to the?2'S state is of 10.8%. Using a radioactive recoil spectrometry experi-

still important, the probabilities decrease rapidly for theMent, Carlsoret al. have[11] measured that the single ion-

2sns!S and Dnp S series with only p? and %3s having -

ization probability is(10.4+0.2)% and theB-spline value of
probabilities greater than 0.1% 10.4% agrees very well with this result. In the same experi-

We compare in Table m our. results with the pioneering ment, the double ionization probability has been found to be
work of Winther[2]. In his work, the wave functions used MUch less likely(0.042£0.007% than our estimation of

. 0,

for the ground states of He and’Lias well as the lowest 0‘3/.0' I der th . h babili
excited Li" state were restricted Hylleraas expansions while N2 )I/ wed.c.on3| er the r?“am'tF’K, the probability
Hartree wave functions were used for the other excited Li Eelr nuc eﬁr |§|ntegrat|_0n that an atomkc vacancy (a
states. Note that contrary to tBespline wave functions, the agsro;(nim;t?onjs tr?igem qua:tzg/ate(ijs[lzlimI;r)]Iythegi Sggdegy
Li* wave functions used by Winther are not orthogonal 21 2 e\ 2 . .
which implies that the sum over the transition probabilities tol_wpf(1S S)N’i(lfs SHI°. It el_ectronlc qorrelatlon
all the Li* states is not one. The difference between the twoeﬁeCts are rlot taken mtp aC.COL.mt Fhls expression r.educ.es to
sets of values are important especially for the probabilityl_(lsf|1si) , the Is radial distributions bemg optimized in
that the atom remains in the ground state. To verify our®’ €xample a Hartree-Fock procedure. This approach has
result, we have performed a MCHEmulticonfiguration ~P€en used by Carlscat alé[13] who predicted & value of
Hartree Fock calculation for both the He and Liground 26.9% for theB decay of°’He. However, the introduction of
states. This approach is based on a numerical solutio lectronic correlation in our approach increases significantly
of the MCHF equations[9]. The wave functions used the probability to 29.15%. Law and Cgmpb[éllz] obtained
were built as linear combinations of the configurations® Pk value of 27.61% for thg decay of°He. Unfortunately,
[12,252,2p?, 352, 3p2, 302,452, 4p%,4d2,4f2} and due to their results suffer from an error discovered by Isozetrél.
the property of the reduced form of the pair-correlation funcL 14l and clearly.explamlsed by Cooper and Abdtg) Tr;e
tion [10] must be very similar to th&-spline wave func- Ne€W value obtained foPHe by Isozumiet al. is 22.91%.
tions. The probability obtained using this approach is 70.849410wever, we would like to stress again the fact that our
in very good agreement with the-spline value. We have Wave functions take into account the correlation effects,

also verified, using the same approach, that the inclusion ofnich have been neglected in all the previous treatments,
higher/ values in the MCHF expansion does not influenceand are orthonormal. With respect to the latter, they elude the
criticism formulated by Law and SuzuKkl6] concerning the

wave functions used in the previous studi#g—14.
However, it seems useful to clarify the sudden approxi-
mation we use. It is based on the assumption thatghe

TABLE IV. Total transition probabilitiegin %) for the popula-
tion of different electronic states induced by tHedecay of®He.

Final 8Li* state Total probability — electron crosses the electronic distribution around the daugh-
ter nucleus instantaneously producing a sudden change of the
Bound states 89.09 nuclear charge. It differs radically from the “one step
Autoionizing states 2.97 model” of Cooper and Aber§15] and from the “one active
lonization of one electron 7.47 electron model” of Law and CampbdllL2] which take into
lonization of two electrons 0.32 account the effect of the Pauli principle for tBeparticle and

the ejected atomic electron. However, in the case of He, our
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approximation is justified by the fact that the average energy8 decay of®He; the maximum energy for this nucleus occurs
of a B electron is several thousands time larger than thet 3.5 MeV[17] so that theB particle can be considered to
binding energy of & electron. One verifies with the formula be quasirelativistic. However, the population of states with
discussed by Cooper and Aberg that the exchange term wilymmetries'P, 1D, ... resulting from the recoil effect must
be negligible in this case. We are aware of the fact that thée taken into account in the interpretation of the experimen-
sudden approximation is not well adapted to the study otal data related to nuclear reactions like the resonaat
numerousB radioactivities treated by16] for elements with  scattering 18]

values ofZ between 17 and 83; in these cases the maximum tioh 4 Bo 24 x

B energy is not as large as iAiHe and moreover the He* " +*He— (°Be?™)*. 4
K-binding energies are markedly larger.

To conclude, we have demonstrated a rigwgpline ap-
proach, which includes electronic correlation effects, to cal- We are indebted to Professor M. Demeur for suggesting
culate the electronic rearrangement induced pydecay. this problem and for his guidance during the course of this
These effects have been shown to be important in, for inwork. We are also grateful to H.W. van der Hart and J.E.
stance, determining accurately a quantity like the probabilityfHansen for providing the first version of the two-electron
that an atomid vacancy is created?y . Our method is not B-spline program and for answering a number of questions.
restricted to the use of the sudden approximation and work is.W. would like to thank the Institut Interuniversitaire des
in progress to include the main corrections to this approxi-Sciences Nuckires for a research grant and N.V. the Com-
mation, for example in the case of nuclear reactions. ThenunauteFranaise of Belgium for its financial support pro-
effect of the recoil of the daughter nucleus is small for thevided by the research convention ARC-93/98-166.

We plan to apply our approach to this process in the future.
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