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Abstract

SENSING THE RECOIL INDUCED EXCITATION AND IONIZATION IN ATOMS AND IONS
DUE TO THE CAPTURE OF NEUTRON AND ALPHA-PARTICLE

S. V. Malinovskaya

New theoretical scheme for sensing the recoil-induced excitation and ionization in atoms and ions
due to the neutron capture and alpha particle is proposed. As method of calculation of the correlated
electron wave functions, the perturbation theory on inter electron interaction is used. The numerical
results for transition probabilities to different electronic states, induced by capture of a neutron by *He,
Ne®* and for o+*He—*Be?* reaction are presented.
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AHoTauisn

JETEKTYBAHHS E®EKTIB 3BYI’KEHHS TA IOHI3ALIIT BATOMAX TA IOHAX,
IHIYKOBAHUX BIJJIAUYEIO 3ABJIIKW 3AXOIIJIEHHIO HEUTPOHY
TA AJIBO®A YHACTUHKUA

C. B. Maaunoecoka

3ampoIIOHOBAHO HOBY TECOPETHYHY CXeMY ACTEKTYBaHHS e(eKTiB 30yIKCHHs Ta 10HI3aIil B
aToMax Ta i0HaX, MHAYKOBAaHMX Bi/JIaueio 3aBSKHU 3aXOIUICHHIO HEHTPOHY 1 alib(ha YaCTHHKH.
Sk MeToT po3paxyHKy KOPEIbOBAHUXX EICKTPOHHUX XBUIILOBUX (DYHKIII BUKOPUCTAHO METO/I,
SIKMI 0a3yeThCsl Ha TeOpii 30ypeHb 10 MiX eJIeKTpOHHIM B3aeMoii. ITpeacTasiieHi YnuceabHI OIli-
HKHU IMOBIPHOCTEH IIePEXO/IiB Y Pi3HI €IEKTPOHHI CTaHU, K1 IHAYKOBaHI 3aXOIUICHHSIM HEHTPOHY
SHe, '"Ne®*, ta B peaxuii o+*He—*Be*"

KrouoBi ci1oBa: 1eTeKTyBaHHS, Biijlaua B aTOMI, IMOBIPHICTb 10HI3aIli1, 3aXOTUICHHS HEHTPO-
HY, anbda YaCTUHKA.
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AnHomayus

JAETEKTUPOBAHUE 3OPEKTOB BO3BYXKAEHUA 1 MOHU3ALIMU B ATOMAX 1 NTOHAX,
UHAYLIUPOBAHHBIX OTJAYEN BCJAEJCTBUE 3AXBATA HEMUTPOHA
N AJIb®A HACTULIBI

C. B. Manunoeckasn

[TpenoxkeHa HOBast TEOPETUUECKAS CXeMa JACTECKTUPOBAHUS 3((HEKTOB BO30YK/ICHUS U MOHU-
3allMM B aTOMaxX M MOHAX, MHAYIUPOBAHHBIX OTJAauel BCJICICTBUE 3aXBaTa HEUTpoHA M aib(a
yacTuilbl. B KadecTBe MeTO/a pacuera KOPPEITUPOBAHHBIX 3JICKTPOHHBIX BOJHOBBIX (DYHKITMI
WCITOJIb30BAH METO/I, 0a3UPYyIONUNCS HA TEOPUU BO3MYIIIEHUN IO MEXK 3JIEKTPOHHOMY B3aUMO-
nerictBuio. [TpeacTaBiIeHbl YHUCICHHBIC OIICHKU BEPOSITHOCTEH MEPEXO0J/IOB B Pa3JIMUHbBIC DJICKT-
POHHBIC COCTOSIHUS, UHAYIIMPOBAHHBIE 3aXBaToM HelTpoHa *He, ""Ne®*, u B peakuuu

o+*He— Be™

KiroueBbie ciioBa: JACTCKTUPOBAHHUEC, OTAa4a B ATOMEC, BEPOATHOCTb MOHHU3allUU, 3aXBaT HEHUT-

poHa, anbda-JacTuiia.

1. Introduction

Paper is devoted to carrying out new scheme for
sensing the recoil-induced excitation and ionization
in atoms and ions due to the neutron capture and al-
pha-particle. In last years a development of methods
of the laser spectroscopy allowed observing and fur-
ther using the little changes in structure of atomic
and molecular spectra because of the corresponding
alteration of the internal state of a nucleus [1-12]. It
should be mentioned a selective photoionization of
atoms with the isomer nucleus and possibility of the
quick physical separation of the isomer nuclei. Any
alteration of the atomic or molecular state must be
manifested in the quantum transitions, for example,
in a spectrum of the y-radiation of a nucleus or due to
the neutral or charged particle capture. The influ-
ence of the electron shell on velocity of recharging
the metastable nucleus has been estimated [3] and
this effect has been found to be very small. An at-
tractive situation arises under the transition to heavy
multicharged ions because of changing the energy
and geometric parameters of the electron shell.

The character of interaction with a nucleus may
change strongly, opening new channels of electron-
nuclear processes [1,4,5]. To traditional channels of
the nucleus excited state decay, such effects are add-
ed as the electron-positron pair production (during
the nucleus recharging) etc. Here one could mention
the processes of capture of neutron or alpha particle
by atom or ion [6-8]. It is easily imagine a situation
when this process becomes by energetically possible
only after removal of the strongly bound electron in
the initial state. It is known that it’s possible the
transfer of part of a nuclear energy to atom or mole-

cule electron shells under radiating (absorption) the
Y quanta by a nucleus. The first references to the neu-
tral recoil are due to Migdal (1941) and Levinger
(1953), who evaluated approximately the ionization
of an atom undergoing a sudden recoil in due to neu-
tron impact and in a radioactive disintegration re-
spectively (c. f. [1]). The neutral recoil situation dif-
fers radically from processes involving a charged
particle for which the sudden recoil approximation is
often invalid (c. f. [5-7]). Different simple models
(c. f. [1-3, 6-8] were developed to evaluate the exci-
tation or ionization of an atom, the electronic redis-
tribution of an atom induced a sudden recoil of its
nucleus occurring when a neutral particle is either
emitted (y-radioactivity) or captured (neutron cap-
ture for instance). Here a new theoretical scheme for
sensing the recoil-induced excitation and ionization
in atoms (ions) due to the neutron capture and alpha-
particle is proposed. As method of calculation of the
correlated electron wave functions, the perturbation
theory on inter electron interaction is used. The nu-
merical results for transition probabilities to differ-
ent states, induced by capture of neutron by *He,
Ne?* and for o+*He—*Be?* reaction are given

2. Calculating transition probabilities induced
by capture of a neutron and alpha-particle

Our main purpose is present new high precise
theoretical scheme for sensing the recoil-induced
excitation and ionization in atoms and ions due to
the neutron capture and alpha-particle. The initial
state of system being a discrete state, it is clear that
two phenomena can occur after the momentum
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transfer to the final nucleus: an excitation to a final
discrete state of the daughter system or an ioniza-
tion, the final state lying in the continuum. Accord-
ing to standard quantum-mechanical theory (c. f.
[1,7]), the transition amplitude matrix element is
given by the overlap between the initial state (strict-
ly saying, with a nuclear charge Z) and the final state
(with a nuclear charge Z’) in a Galilean boost of ve-
locity v. The overlap in the momentum space is as
follows:

[dp @.(p.2)®; (5 +k.2) (1)

where subscript i and f represent the set of quantum
numbers of the initial and final states and hk=mv is
the recoil momentum of the electron accompanying
the resulting nucleus and having a kinetic energy
equal to (ka,)’Ry. The energy E, of the recoiling nu-
cleus of mass M, is:

M
E = 7’* (k ao)ZRyd 2)
The function ®,(p,Z) is related to the function
W.(r,Z) written in the configuration space through
the well known Fourier transform relation:

®,(p,2)=(2m) " [dre W (F,2)  (3)
So, using these relations the overlap is defined by:
b, = j di ¥ ,(F,2)e "Y' (F,2") (4)

The probability of populating state f starting from
state i is given by P =Ib, | 2. As we are dealing in
further with two-electron atoms and ions, one can
write the wave function of system as:

V(YLSM M) = ZaiCIJ(yiLSMLMS ) 5)
The extension of eq. (4) to two-electron system is:
by = [di [dR¥ (7573 2)e™ W (7,3 2) (6)

where the Oz-axis of the coordinate system is chosen
along the k direction. The two-electron recoil opera-
tor R=exp[-ik(z,+z,)] matrix element between the
correlated electronic wave functions of the form (5)
is written in standard form {c. f. 1,6]):
PY'L'SM)IRIW(YLSM M )) =
=(W(LSM,M)I R 1 P(y'L'SM,M}))=
=Y aa, (Dy,LSM, M) R | ®(y,L'SM;M)) )
ij

It could be reduced to the direct and exchange
contributions:

1
\/(1 + 5palnpblb )(1 + 5pclcpdld ) [R (ab’ Cd)+
+ (-1)/a* L5 R(ba, cd)] (8)
where R(ij, rt) Z(c, 1), (¢, 1),LSM, M IR™ |
(P,L), (P, L'SM M)
The plane wave function development can be
used for each one-electron recoil operator:

R :e_ik(11+12) — z (_l)l+1'(2l+1)x
l,l':O
, o )
X(21'+1) j, (kry) j, (kr, )G’ (DCY (2)

where C =

m

(4m)/(21 +1)Y, . The one-electron re-

Im

duced matrix element brings some simplification
taking the target in its ground state 1s*'S:

(PP, S VR VDL, (D)), L) =(-1)"

V2L +1Y i @1+ 121 +1)
L

L, 0)(L | L
X
m —-m O0)\m -m O

All notations in eq. (10) are standard. To calcu-
late transition amplitude it is necessary to use the
basis’s of correlated wave functions. The quality
of electronic functions defines an accuracy of cal-
culating the ionization and excitation probabili-
ties in atom (ion) during a capture of particle. To
construct such basis we use formalism of the per-
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x| drp,, (r)j,(kr)B,, () [ drP,, () j,(kr)P,, ()

(10)

turbation theory on the inter-electron interaction
[12-15]. The matrix element on correlated elec-
tron functions is calculated according to the for-
mula:

YW IRIW, =Y kD, ,IRID,, >+
1 st
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< <I>f1f2 Wvi®e, ,,><o  IRID, >

+> 2 11
miy mmy hia
+z < q)ili2 v |(I)mlm2 >< q)mlm2 IR q)ili2 > |2
0 0
mmy Eml”b - Ei1i2

where E° and ® are the eigen values and eigen func-
tions of the Coulomb hamiltonian, V is operator of
the electrostatic interaction between electrons; its
matrix elements are equal to difference between di-
rect and exchange integrals. Summation on indexes
n and m includes also integration on the continuum.
It is very important to note that such an approach al-
lows accounting for inter electron correlation in the
initial and final states with high degree of accuracy
(c. f. [15]). Strictly saying, we are accounting for in-
ter electron correlation’s in the first order on param-
eter 1/Z.. It is obvious that accounting for next per-
turbation theory order can increase the accuracy.
Calculation of all matrix elements has been carried
out according to papers [11-15].

3. Results and discussion

The numerical results for transition probabilities
to different electronic states have been received for
processes of capture of a neutron by *He, *Ne®* and
for o+*He—*Be?* reaction. All results are presented
in tables 1-3. At the beginning we considered a case,
when K=1. The atom *He resulting from the neutron
capture by *He recoils with a 99keV energy. The
higher recoil energy 1,6MeV is corresponding to
K=3,99. Calculation has shown that at K=1 the total
population of the three first series 'S,'P and 'D reach-
es as much as ~98%. The dominating channel is ex-
citation to discrete state (57%) and then the channel
for ionization of one electron (38%).

Table 1.
Transition probabilities (in %) to differen electronic
states by capture of a neutron by He

2P (K=3,99) present paPerl
Final States Is Ip0 D S+, P+
+'D
Discrete states 0,0964 | 0,0025 0 0.099
Autoionizing
states 0,0102 | 0,0024 | 0,0025 | 0,015
Ionization of one
electron 1,0453 | 1,6212 | 1,6805 | 4,347
Double ionization | 4,4035 | 11,710 |13,7350| 29,849
SUM 5,555 | 13.336 | 15,418 | 34,31

This is in an excellent agreement with data of
Wauters et al [7], where the B-spline approach to

calculating the correlated wave functions has been
used. At higher recoil energy (K=3,99) the double
ionization processes become dominant ~30% (see
table 1). The next object of studying is He-like ion
Ne?*. It is obvious that the binding energy of elec-
trons is much higher for this ion in comparison with
neutral He. Calculation has shown that at K=1 (the
recoil energy 472 keV) the total population of the
three first series 'S,'"P and 'D reaches as much as
~99% and other processes are almost non-existent.
In table 2 we present the transition probabilities for
K=5 (the recoil energy 11,8MeV). The recoil energy
increase by going from K=1 to K=5 leads to a drastic
change of the energy redistribution. Namely, there is
a ~20% probability transfer from the discrete spec-
trum population mechanism to single-ionization
processes (see table 2).

Table 2.
Transition probabilities (in %) to differelr%t elgctronic
states by capture of a neutron by Ne

2P (K=3,99) present pa;)er ;
Final States s p° D S+1 P+
+'D
Discrete states 1,4128 | 0,7224 | 0,0576 | 2,193
Autoionizing
states 0,2430 | 1,2350 | 0,7198 | 2,198
Tonization of one
electron 1,3965 | 6,5280 | 8,1402 | 16,065
Double ionization | 2,5027 | 4,8506 | 6,5004 | 13,854
SUM 5,555 | 13,336 | 15,418 | 34,31

In table 3 we present calculated transition proba-
bilities (in %) to different electronic states for
o+*He—®Be* reaction. The value of K is equal 3,99
that is corresponding to the recoil energy of 3,16MeV.
This situation fits with a 6,32 MeV initial energy of
the alpha particle with a “He nucleus attached to the
laboratory frame. It is obvious that the sudden recoil
approximation holds for a neutral particle capture or
emission and could remain valid for a process involv-
ing a nuclear charge change at very high energies.

Comparison of data from table 3 with data of ta-
ble 2 shows that the total population probabilities are
identical for the neutron capture of He and o+He re-
action. But, the effect of the nuclear charge change
(Z2’=27) is manifested in difference of distributions
between the states populated for the two collisional
systems. It is in a qualitative agreement with availa-
ble literature data (c. f. [7]). So, we have proposed a
new theoretical scheme for sensing the recoil-in-
duced excitation and ionization in atoms and ions
due to the neutron capture and alpha particle.
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Table 3.
Transition probabilities (in %) to different
electronic states for o+*He—3Be*  reaction

2P (K=3,99) present paPer i
Final States Is p0 D S+, P+
+'D
Discrete states 1,4128 | 0,7224 | 0,0576 | 2,193
Autoionizing
states 0,2430 | 1,2350 | 0,7198 | 2,198
Tonization of one
electron 1,3965 | 6,5280 | 8,1402 | 16,065
Double ionization | 2,5027 | 4,8506 | 6,5004 | 13,854
SUM 5,555 | 13,336 | 15,418 | 34,31
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