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Electron recombination with multicharged ions via chaotic many-electron states
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We show that a dense spectrum of chaotic multiply excited eigenstates can play a major role in collision
processes involving many-electron multicharged ions. A statistical theory based on chaotic properties of the
eigenstates enables one to obtain relevant energy-averaged cross sections in terms of sums over single-electron
orbitals. Our calculation of low-energy electron recombination of?Aishows that the resonant process is 200
times more intense than direct radiative recombination, which explains the recent experimental results of
Hoffknechtet al. [J. Phys. B31, 2415(1998].

DOI: 10.1103/PhysRevA.66.012713 PACS nuntber34.80.Lx, 31.10+z, 32.80.Dz, 34.16:x

[. INTRODUCTION nant features in the range 80—-180 eV, but failed to identify
the resonances and reproduce the rate at smaller energies
In this paper we give a quantitative explanation of the[18]. The situation in A@" [1] looks even more puzzling.
puzzle of electron recombination with AU . We also dem-
onstrate how to calculate the contribution of “chaotic” mul-
tiply excited states of the compound ion, which mediate elec- Il. MANY-ELECTRON EXCITATIONS

tron recombination with complex many-electron ions. In Ref. [19] we suggested that electron recombination
Experlmentaljy, this process was studied recently at theith AuZ* is mediated by complesultiply excitecstates of
UNILAC heavy ion accelerator facility of the GSI in Darm- 5 24+ ather than ssimple” dielectronic resonances. Elec-

stadt[1]. In spite of a high energy resolutiqZ] the mea- o5 couid be captured in these states due to a strong con-

sured recombination rate did not reveal any resonances angl, ration interaction in this open-shell system. The ground
only showed two broad structures around 30 and 80 evstate of AG* is described by the € . . . 4d'%f° configu-

However, its magnitude at low electron energiesl eV
exceeded the radiative recombinati@®R) rate by two or-
ders of magnitud¢3], although the observed energy depen-
dence was close to that of RR.

ration. Figure 1 shows the spectrum of relativistic single-
particle orbitals of AG*". The occupied orbital¢below the
Fermi leve) are found in a relativistic Dirac-Fock calcula-
tion of the Al** ground state, and the excited state orbitals

h Itis dvgell dl_<n|0vvtn that reCOﬁgbln?tlcgnRra}estr?re often er"(above the Fermi levglare obtained by solving the Dirac-
ancead by dielectronic recombina i¢DR). In IS Process - pqey equation for an electron in the potential of Au
the incident electron is captured in a doubly excited state o 2 4f8

the compound ion, which is then stabilized by photoemis-
sion. Suggested originally by Sayers, it was first considere(aa
by Massey and Batdg] in the problem of ionospheric oxy-
gen. Later, DR was found to be important for the ionization
balance in the solar corona and high-temperature plasmas
general[5]. Electron-ion recombination has been measure
directly in the laboratory since the early 198(&. More

The single-particle spectrum of Ati does not have large
ps. Using the single-particle orbitals we have generated
many-electron configurations, evaluated their energies, and
estimated the energy density of multiply excited stqfes.
(pwing to the “gapless” single-particle spectrum, the density

. 0
recently, the use of heavy-ion accelerators and electron cool- ' ‘ ' i !
ers of ion storage rings has greatly advanced the experiments e 7p 7d Zi *Zv,g#g

T

[7,8]. Recombination rates for many ions have been mea- ~1° oe 6p &d 5g ]
sured at electron energies from threshold to hundreds of elec- 5a o ]
tron volts with resolution of a fraction of an e\d—-15]. For ~—20 5p ]
few-electron ions the measured rates were in good agreementf,§ 5 Fermi level 4 i
with theory, which included the contribution of DR reso- -3 T
nances on top of the RR background, e.g., in”H&6], Li- £ 1d ]
like C** [15] and A% [9,14)], and B-like A*3* [17]. How- & 20 E
ever, more complicated ions, e.g., Rti [13] and U8* [12], 4p

141

showed complicated resonance spectra and strongly en-
hanced recombination rates at low electron energies. In par-
ticular, in U?®" the theory was able to explain the main reso-
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*Present address: East Antrim Institute of Further and Higher FIG. 1. Energies of occupied and vacant single-particle orbitals
Education, Newtownabbey BT37 9RS, Northern Ireland. of Au®*" obtained in a Dirac-Fock calculation.
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increases rapidly as a function of energy, as described by th@) Each eigenstate contains a large numieof principal

Fermi-gas-model ansaf20], componentsCﬁV)~1/\/N, corresponding to the basis states
@, which are strongly mixed togethefii) Owing to the
p(E)=AE‘Vexp(a\/E), (1) strong mixing, the only good quantum numbers that can be

used to classify the eigenstates, are the exactly conserved
with A=31.6, v=1.56, anda=3.35 a.u.[21], whereE is  total angular momentum and parifff and the energyiii)
the energy above the ground state in atomic units, which w&he degree of mixing in this regime is in some sense com-
use throughout the paper. plete, i.e., all basis states that can be mixethin a certain

lonic eigenstates are characterized by their total angulagnergy range; see belpwire mixed. The notion of configu-

momentum and parity”, and are 2+ 1 times degenerate. rations based on the single-particle orbitals becomes largely
Therefore the total level density can be broken into a sum ofrrelevant for the purpose of classifying the eigenstates. Each
partial level densitiesp(E) == ;#(2J+1)p;=(E). The exci- eigenstate contains substantial contributions of a few nearby
tation spectrum of A" near the ionization thresholl configurations.
=|~27.5 a.u. contains manyranging froms to 3 [19]. This strong mixing takes place in a certain energy range
Their distribution is in agreement with statistical theory |E,— E,,|sl“spr, whereE,=H,, is the mean energy of the
[20,22, which predicts that at a given energy- are pro-  basis state andl sy, is the so-callecspreading width More
portional to the function precisely, the mean-squared value@ff’ as a function of

Er—E,, can be described by a Breit-Wigner formula

2
2(23+1) exp[ (23+1) | .

(20,412 1 2(23,+1)2

rZ,/a
(Ex—E,)2+T2 /4’

spr

3
where J,,, is the most abundani value. Numerically for
Au?*" we find J,~ 3.

Using Eq.(2) one can estimate the partial densities bywith N=Tg,/2D fixed by the normalizations,|C{"|?
py=py++py-=1(J)p/(2J+1), where(2J+1) is an aver- =~ [|C{)|%dE,/D=1. The decrease o€{" for |E,—E,)
age overf(J) [23]. For the most abundant angular momenta>r__ is a manifestation of perturbation theory: the admix-
J~Jn, and assuming p;+~p;-, we have p;=(E)  ture of distant basis states is suppressed by large energy de-
=A;-E""exp@/E) with A;z~0.15. Near the ionization nominators. Apart from this systematic variation, the compo-
threshold this giveg;»~3.6x 10" a.u., which means that nentsC{" behave as Gaussian random variables.
the Spacing between the multlply excited states with a given This picture of many_body quantum chaos is Supported by
J7 is very small:D=1/p;=~1 meV. This would explain numerical studies of nucl¢R4], complex heavy atom5],
why individual autoionizing resonances in electron recombi-and ions[19]. In particular, in Ref.[19] we performed a
nation on AG>" could not be resolved experimentall¥9]. jimited study of configuration mixing in A" by diag-
However, the large density of multiply excited states is onlyonalizing the Hamiltonian matrix for two out of many con-
a “kinematic” reason behind the experimental observation figurations close the ionization threshold, namely,
because we have not yet proved that the electron can actualerg/z4f§/25pl/25p3/2597/2 and 4fg/24f%25p1/25d3/25f7/2 [26].

be captured in these states. In what follows we analyze thehese two configurations alone produce a total of 143 360
dynamics of electron capture and show that the residual Cou-

: 1
lomb interaction between the electrof., that beyond the many-electron states withbetween; and 17%. Even for

mean field makes for an efficient capture and accounts forgivenJ the size of 'Fhe+Halrmltonian mgtrix s large, e.g., there
the observed enhanced recombination rate. are 1254 states with™ =3 (neglecting the 2+ 1 degen-

Taking into account this interaction is the key problem ineracy. This calculation has shown that the configuration

many-electron processes. In general, this can be achieved ByXINd in this system is essentially complete, since the

; ; : ight of each configuration in every eigenstate is close to
constructing a basis of many-electron statgsfrom single- e(:g . . i
particle (e.g., Dirac-Fock orbitals, and solving the eigen- 50%. We have also obtained a value for the spreading width

Lo . ~ . in Au?**, T'y,~0.5 a.u., which allows one to estimate that a
problem for the Hamiltonian mat”bdik:@‘m'q)k)' which typical eigeﬁlstate near the ionization threshold contains
ylelds( )the eigenvalues E,, and_ mg_enstqtes |\va.> ~2x 10" principal components.
=3, C7|®,) of the system (configuration interaction
method. For open-shell systems with a few valence elec-
trons, e.g., rare-earth atoms, this becomes an increasingly [Il. RECOMBINATION
difficult task. The density of states grows very rapidly with I .
the excitation energy, and finding the eigenstates requires. For low-energy electrons the cont_r|bu_t|on of the autoion-
diagonalization of ever greater matrices. izing stategresonancedgo the recombination cross section is

On the other hand, when the level density is high and th@'Ven by(see, e.g., Ref27])
two-body interaction is sufficiently strong the system is
driven into a regime ofmany-body quantum chaowhere -
the effect of configuration mixing can be described statisti- o= E
cally. This regime is characterized by the followif2¢,25. ke v

23+1 rired
2(23i+1) (g—g,)2+T%4’

4
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wheree =k?/2 is the electron energy; is the angular mo- tron capture process. Since these states are not the eigen-
mentum of the initialground target stateJ are the angular states of the system they have a finite energy wicith.

momenta of the resonances,=E,—1 is the position of the The wave function of a doorway state can be
vth resonance relative to the ionization threshold of the comeonstructed using the creation-annihilation operatdpg)
pound (final-statg ion, andT''®, I'", andT',=T'+T®  =alala |®;), wherea=n,l ,j,m, and =nl 5j ;m are

are its autoionization, radiative, and total widths, respecexcited single-electron states, apen,| j,m, corresponds
tively [28]. When the resonance spectrum is demsezan be  to a hole in the target ground stat®lote that we are using
averaged over an energy interv@k which contains many relativistic Dirac-Fock orbitalsnljm.) Of course, to form

resonanced) <Aes<g, yielding doorway states with a gived the angular momenta of the
electrons and ionic residue must be coupled into the total
_ 247 2J+1 rinr@ angular momenturd. However, the 2+ 1 factor and sum-
T=Na % 2(23,71D \ T+ 1@ | * ) mation overJ implied in Eq. (9) account for all possible
v v couplings, and we can simply sum over the single-electron

excited statesy,8 and hole statey, as well as the partial

where(. - -) means averaging. If the fluorescence yield waveslj of the continuous-spectrum electrenAs a result,

=rO/r"+r@®y fluctuates weakly from resonance to

A we have
resonancédsee beloy, one can writer, = o, Where
2
_ 7 r
-y 2 6 " T
= — —_— ey ‘|' — -
o 2 % (23,+1D (6) Brli (e—e,—epte,)+g, /4

| o s @BV yeli)
is the energy-averaged capture cross section,[4fldis the - N+ 1
average autoionization width.

Unlike complex multiply excited state¥,, the initial , [
state of the recombination process is simple. It describes an —(2A+1) 2 (—DM +1[)\, ja j ]
electron with the energy incident on the ground statk; of N By

(a,BIV\lly.elj)

the target, which is often dominated by one configuration. _
For example, in the ion of interest it is AU 48, J.=6 [19]. X(a,B|Vy lelj, 7|, (10)
The autoionization width is given by perturbation theory as
F(a)=27r|<\lf |V|¢' )2 wheree,, , 5, ande,, are the orbital energies, the two terms
v v v in square brackets represent the direct and exchange contri-
butions, and«, B||V,||y,elj) is the reduced Coulomb ma-
=273 U C(®y 5ol V|0 K@ VD 52), trix element
kK’
@ (. BIVAll7,8)
whereV is the electron Coulomb interaction, and the con- =V(2j,+1)(2j+1)(2],+1)(2j5+1)
tinuum stateg are normalized to unit energy interval. Aver- v j
i (a) i i ~ @ 5
agingl'}” over the chac_mc stateswith E, ~I| + ¢, we make X (11 5+ N)E(1 g1, +\) 0 _1 1)
use of the fact that their components are random and uncor- 2 2
related, which leads to S
A JB J'y
Xl o _1 1 Ry(a,B;v,6). (11

F(a)ZZTFEK [CLP DIV D ;e )
Here&(L)=[1+(—1)"]/2 is 0(1) for an odd(even L, and

Being a two-body operatol?( can move only two electrons

at a time. Therefore, a nonzero contribution{® is given rk

by the basis states that differ from the initial stafg ;) by Rk(“’ﬂ;%é):J Jr)\_+1[fa(r)f5(r)+ga(r)gﬁ(r)]

the positions of two electrons, and in €§) we need to sum -

over doubly excitedbasis statesPy only. With the help of X[Fa(r")f,(r")+gg(r')g,(r’)]drdr’
Eq. (3) the capture cross sectidf) becomes (12)

S 12
;CZE 2 23+1 FSP'277|<(I)d|V|q)i o)l () is the radial Coulomb integraf,and g being the upper and
k2@ 2(2Ji+1) (Eq—1-e)?+T2 /4 lower components of the relativistic orbital spinors.
Equation(10) is directly applicable to targets with closed-
This form makes it cleafcf. Eq. (4)] that the two-electron shell ground states. If the target ground state contains par-
excitations®y play the role ofdoorway stategor the elec- tially occupied orbitals, a factor
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configurations expressed by E@{.0) does take place natu-
) (13 rally within the system. It is not enforced as a calculation
tool by the researcher.
wheren,,, ng, andn,, are the orbital occupation numbers in It is important to compare the radiative and autoionization
the ground stated;, must be introduced on the right-hand Widths of chaotic multiply excited states. Equati¢h4)
side of Eq.(10). Steps similar to those that lead to Eg0)  Shows thaf™(") is comparable to the single-particle radiative
were used to obtain mean-squared matrix elements of oper#idths. On the other hand, the autoionization wilit®, Eq.

n n
Y B
2jy+1 1

!  2jp+1

S 2j,+1

tors between chaotic many-body staf@s,29. (8), is suppressed by a facti(” |2~ N1 relative to that of
The chaotic nature of the multiply excited statés can @ typical dielectronic resonance. A comparison of E@s.
also be employed to estimate their radiative widi§).  and(9) also shows thaf® is suppressed d3/I',. There-

Electron-photon interaction is described by a single-particldore, in systems with dense spectra of chaotic multiply ex-

dipole operatord. Any excited electron in¥, may emit a cited states the autoionization widths are small. Physically

photon, thus leading to radiative stabilization of this state NS happens because the coupling strength of a two-electron

The total photoemission rats!) can be estimated as a cotioh B0 BN S0 T B ER e he o
weighted sum of the single-particle rates, P Py 9 ' '

diative width may dominate the total width of the reso-

403 nancesI(">T® making their fluorescence yield close to
F(VV)ZZ ﬂka”a”mp unity. Our numerical results for the recombination of?Au
3c? presented in Sec. IV, confirm this scenario.
The resonance recombination cross section should be
Ng _ @ compared with the direct radiative recombination cross sec-
X = 1- = , 14 *
2jpt+1 2] t1) ) tion
wherewg,=¢,—¢,>0, (al|d|B) is the reduced dipole op- 327 727 | Z,
L “ i i oy=————In| — (15
erator between the orbitals and 8, and(- - - ),, is the mean d 3\/§c3 k2 ngk

occupation number factor. Sin¢k, have large numbers of

principal components|, their radiative widths display small ptsined from the Kramers formula by summing over the
1/yN fluctuations. This can also be seen if one recalls that @rincipal quantum number of the final stdte9]. HereZ; is

chaotic multiply excited state is coupled by photoemission tGne ionic charge Z,= 25 for Al’>"), andn, is the principal
many lower-lying states, and the total radiative width is thequantum number of the lowest unoccupied ionic orbita) (
sum of a large number ofstrongly fluctuating partial  — gy Note that the direct and energy-averaged resonance
widths. A similar effect is known in compound nucleus reso-recompination cross sections of E@s5) and(5) have simi-
nances in low-energy neutron scatter{ig)]. lar energy dependences. Therefore, for the purpose of com-
There is a certain similarity between Eq30) and (14)  paring with experiment we can evaluate the cross sections at
and those for autoionization and radiative rates obtained in ga jow energy, say=0.5 eV. This energy is much greater
so-called configuration-average approximati@0]. In both 21 the thermal energy spread of the electron bg&inand

cases the answers involve squares or products of two-bodye ¢ross sections can be compared directly to the experiment
Coulomb matrix elemen{see the direct and exchange termspqy

in Eq. (10)], or single-particle dipole amplitudg&q. (14)].
However, there are a number of important differences be-
tween the present results and the configuration-average ap-
proximation. The latter considers dielectronic recombination Numerical calculations of the cross section from HG$)
and introduces averaging over configurations as a means @hd(13) involve summation over the orbitals shown in Fig. 1
simplifying the calculation. The DR cross section is averagednd electron partial waves up bg,,,. Here we also use the
over an arbitrary energy intervdle, and only the configu-  fact that the A&°" ground state is to a good approximation
rations within this energy range contribute to the averagedescribed by the # configuration. The latter is true because
Effects of configuration mixing as well as level mixing this configuration is separated from any excited state con-
within a configuration are neglected. figurations by an energy gap greater than the spread of the
On the other hand, our method applies to compigpen- 48 configuration itself. This ensures that admixtures of

shel) systems with an extreme degree of configuration mixtigher-lying configurations to the ground state are small
ing. The dielectronic states involved in E(LO) are only  [32].

doorways to the more complicated multiply excited reso-
nance states that mediate recombination. The averaging PeLo3w 10726 e ate =05 eV. A comparison with Eq(6)

formed n derl\(lng Eqs(5) or (10) is done over an ENergy  shows that the sum, which contains the autoionization width,
interval Ae which contains several resonances. It is small;

owing to very small spacings between the resonances, anla

does not appear explicitly in the final formula. In the regime K2 (23+1)T®
of strong configuration mixing characterized by, the ;C_: R e,
weighted averaging over a number of two-electron doorway m? 7 (23;+1)D

IV. NUMERICAL RESULTS

As a result, we obtain the capture cross sectEp

=0.305. (16)
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It is worth mentioning that direct terms in the suh0) TABLE I. Electron orbitals that give the leading contributions to
dominate strongly over the exchange terms, their respectivée low-energy electron recombination on?Al.
contributions to Eq(16) being 0.3185 and-0.0138. Com-

bining the resul{16) with D=3x10"° a.u. and taking into Orbitals’
account that about ten differeditand two parities contribute . Direct AES
to the sum, we obtaif®~5x10"7 a.u. On the other a B Y elj contributior? (a.u)

hand, a numerical calculation of Eql4) gives I'("=3
’ 7s Af 4d 0.0094 0.062
X 1075 a.u. ThereforeI'V>T® and w¢~1. Hence, the 751/2 4f7/2 4d5/2 Sl/z 0.00% 0062
resonance recombination cross section is essentially equal tq, vz 5f7’2 4f5’2 p3’2 0.0142 0.202
3/2 5/2 5/2 3/2 . - Y.

the capture cross sectioo; ~23x 10 %6 cn?. This value is 7p 4t 4d d 0.0061 0539
in good agreement with the experimentat(®®)=27 5d1/2 5d7/2 4d5/2 dS/z 0.0053 0.740
X 1016 cn? [1], and exceeds the direct recombination cross 6f3I2 4f5/2 4d5/2 dS/z 0'0052 _0 '330
section(15), 04=0.12x 1016 cn?, by a factor of 200. E el g 0.0068 0,364
Note that the relation between the radiative and autoion- ., 2 512 512 312 ' '

. . . . 6f 4f 4d d 0.0091 —0.303

ization widthsI'(">T"(® established in the present calcula- _,"? " 52 202

tion is opposite to the assumption we made in IRE9]. This Sfsp SGap  4Tp  G7e 0.0056 0.247
» 5f5/2 597/2 4f5/2 972 0.0085 0.423

is an important point and we shall discuss it before taking a c
closer look at our numerical results. It is often assumed that 29772
for autoionizing states involving electron orbitals with low 5972

5f,,  4fy, 9712 0.0091 0.297
5fc,  Afcp, Oy 0.0163 0.423

principal quantum numbers the autoionization rate is greater5f7/2 50on 4 9912 0.0062 0.299
than the radiative rate. This understanding is based on the5f7z 5972 4fsz Qo 0.0097 0.474
fact that autoionization is mediated by the “strong” Cou- 5992  Sfzz  4f7z  Qop 0.0112 0.299
lomb interaction between the electrons, while the probability 59s2  Sfsp  4fs2 Qe 0.0201 0.424
to emit a photon depends on the “weak” electromagnetic 6972  4fz2  4dsp  hop 0.0144 1.060
interaction, and is inversely proportional tJ, where the ~ 6o 4f72  4dsp  hip 0.0176 1.062

speed of light is a large numbers=137 in atomic unit$31].

In Au?*t and similar complex open-shell systems the au-a andpg are the excited electron orbitals, apds the ground-state

toionizing states are formed by strongly mixed multiply ex- holg of the dielectronic doorway statdj is the partial wave of the

cited electron configurations, most of which do not have di-L”C.'O'e“t electron. . . .

rect coupling to the electron-target continuum. As a result,Pirect term contributions to the dimensionless sum in Ed),

their autoionization widths are suppressed compared to thosek?/ 7%, as in Eq.(16), with magnitudes greater thanxgl0 2.

of simple dielectronic resonanceﬁ(f‘)oc N~ 1D, see Sec. “AE=g,+t&z—¢, is the mean-field energy of the doorway state

[, while their radiative widths retain the magnitude char-relative to the threshold.

acteristic of the single-particle transitions involved, Etf).

This leads to large fluorescence yields and, as in the case of 02 (V)= V)

Au?** | is important for understanding high resonance recom- Of(vrm):f va(u)exp( - )ex;{ — &)

bination rates. 2kgT, 2kgT)|
Table | lists the most important dielectronic doorway con-

tributions to the dimensionless sum in E40), which also ,

determines the ratio of the autoionization width to the spac- 2mkgT  V27kgT)

ing between the resonances, Ef6). In total they account

for about two-thirds of the total cross section. Although these . - :

transitions have been selected according to the size of theff1ere el IS the average Ionggudmzalll\éeloqty of th.e ele_ctron

contributions to Eq.(16), their energies are close to the P€am refative to the ions,= (v’ +vj) "=k in atomic units,

threshold, as seen in the last column in Table I. Indeed, the1 andv are the transversal and longitudinal velocity com-

spreading of configurations discussed in Sec. Il allows conPONents, respectivelyi, andT, are the corresponding tem-

figurations near the thresholdyE|<T g, to contribute. On peratures of the beam, aikg is Boltzmann’s constant.

the other hand, the contribution of configurations lying far According to Ref[1], the two temperatures of the beam

away from thresholdAE[>T g, is suppressed. are very d|fferent,kBT.“=1 mQV andkBTizo_.l eV. This
Apart from the 1k? factor, the scale of the energy depen- allows one to do the integral in E(ﬂ.27) analytically for the

dence of the recombination cross sectiaf) is determined Cross section of the formr(v)=A/v*, as that of the reso-

by I'sy. Therefore, for electron energies~1 eV <I'y, ~ Nance recombination, to obtain

the dimensionless sufi6) can be regarded as constant. This

is why the energy dependence of the resonance and direct p= 02

radiative recombination cross sections are similar at low en- a(ve) =AY\ / exr{ rel )

ergies, apart from a weak logarithmic factor in E&5). It is 2kgT, 2kgT,

easy to make a more detailed comparison with the experi-

mental data of Ref[1] by calculating thermally averaged X

recombination rates:

2’7TUJ_dUldUH

17

: (18)

Urel
1“"( Zan)
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107° . , . ‘ . sub-meV electron energy range, and does not have a long
high-energy “tail,” which would enhance the rate at
. ~0.1 eV and above.

V. SUMMARY AND OUTLOOK

In summary, we have shown that a dense spectrum of
chaotic multiply excited states can play a major role in the
dynamics of electron recombination with many-electron
multicharged ions, and possibly other processes, e.g., charge
transfer in collisions between multiply charged ions and neu-
tral atoms. Based on the chaotic nature of these states, we
have developed a statistical theory which enables one to cal-
culate energy-averaged cross sections for processes that go
via such resonances. Applied to the recombination d°Au
FIG. 2. Electron recombination rate on &ii. The solid line is  the theory shows that the contribution of resonances exceeds

the thermally-averaged resonance recombination rate as given %]a.t of direct radiative recomblnatlpn 200 times, which ex-
Eq. (18) with A=0.305¢#° a.u.[cf. Eq. (16)] andT, =0.1 ev. ~Piains the recent experimental findings.
The dashed line is the velocity-averaged radiative recombination A!thOUQh electron recombination with A¥ seems an
rate obtained using Eq15) and multiplied by 190. Solid circles exo.tlc example, th_e occurrence of dense spectra of mu”It|pIy
represent the experimental results of Hé. exuted strongly mixed stateéémany—bpdy guantum chaos
is a rather common phenomenon in atoms and molecules

where @ is the error function[®(0)=0, and d(x)=1 (€& e.9.[33,34), as well as in nuclej24], and, possibly,

2 ) ) mesoscopic solid-state systems such as quantum[@bts
—e /(x\/m) for x>>1]. In particular, forv7=ksT,, EQ.  Therefore, we are dealing with a general phenomenon. The
(18) gives a(ve) =Alvre . The thermal averaging of the di- main theoretical problem here is to describe such states and
rect radiative recombination cross sectid@®) can be done develop a statistical theory that would allow one to calculate
numerically. The corresponding rates are shown in Fig. Zheir properties and obtain observable quantities, e.g., cross
together with the experimental results. Rather than showingections, in a situation where it is impracticable and often
the actual experimental data, which contain hundreds oimpossible to perform exact diagonalization of a huge
points with error bars, we have chosen a relatively small seamiltonian matrix. Over the past few years considerable
of points that traces out the overall energy dependence of therogress has been made toward such a thg#y25,29,36
rate, free from uncertainties and “noise.” However, more work is needed on both the theoretical and

As expected, the energy dependences of the resonane¥perimental sides. . .
and direct recombination rates are very close, although the From this point of view complex multicharged ions can be
latter is about 200 times smaller. There is a good overallgarded as laboratories for studying many-body quantum
agreement between the resonance rate and experimental d§f0S, and the process of low-energy electron recombination
at electron energies above 0 eV. As explained i3], the ~ could be a very useful tool for such studies.
gnhanced expenme_ntal rates at low electron energies are un- ACKNOWLEDGMENT
likely to have anything to do with the electronic structure of
the target ion. Moreover, experiments with bare ions show We thank Professor A. Mier for providing experimental
that this type of enhancement is limited to the meV anddata in numerical form.
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