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Abstract. The recent theoretical and experimental studies show that the Breit
interaction plays a dominant role in the dielectronic recombination for some
particular transitions. The detailed mechanism of why the Breit interaction is
dominant for such a process is still unknown. In this work, we performed a
simulation and decomposed each individual term in the transition matrix level and
found that the Breit interaction is dominant when the leading term (1/r> with
r> the larger of 71 and r2) contribution of the two-electron Coulomb interaction
is vanished. Based on this mechanism, we explained why the dielectronic
capture strength to 152522171/2 Jq = 1 state is much stronger than the one to
15232p§/2 Jq = 1 as well as why the Breit interaction plays a dominant role
in the anisotropic parameters. Furthermore, the present finding may guide us
to search some physical processes in which the Breit interaction is dominant by
simply analyzing the coupling coefficients for a given isoelectronic sequence.
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anisotropic parameter
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Mechanism of dominance of the Breit interaction... 2
1. Introduction

Since the discovery of the Breit interaction [I 2], its contributions to the atomic
structure have been studied extensively and systematically with various theoretical
methods [3, 4, [5], also as reviewed by Grant [6]. Although the Breit interaction is
getting important for high-Z atomic ions, its contribution to the total energy is still
much smaller. Namely for nobelium (Z=102), the Breit contribution to the total
energy is just of the order of 1073 [7]. For total energy, the dominant contributor
is the electron-nucleus Coulomb interaction, then the electron-electron Coulomb and
Breit interactions. Thus, in most cases, the Breit interaction is treated perturbatively
or simply ignored even for high-Z atoms [§]. The Breit interaction does not only
contribute to the total energy but also to dynamical processes involving two-electron
interactions, like Auger decay or its inverse process dielectronic capture (DC). For
such a dynamical process, the Breit interaction directly competes with the electron-
electron Coulomb interaction and in most cases, the Breit interaction may modify the
process quantitatively not qualitatively. The Breit interaction plays an important role
for high energy electrons colliding with a highly charged ion [9, 10, 1] as well.

The effect of the Breit interaction on dielectronic recombination (DR) has been
studied in highly charged ions and it was found experimentally [12] that the Breit
interaction is comparable to the Coulomb interaction in lithium-like ions [12] for the
autoionization state 152322p1/2 Jq = 1. Although the Breit interaction is important
in such a DR process, the conclusion — the DC strength to 182322p1/2 Jq =1 state is
much stronger than the one to 15252p§ 5 Ja = 1 state either with or without taking
the Breit interaction into account — is still hold.

Later on, Fritzsche et al., [I3] found that the Breit interaction may change the
angular distribution of the emitted X-ray in the lithium-like DR process involving the
autoionization state 152522p; /2 Ja = 1in a theoretical study. For example, for lithium-
Like Au ions, without the Breit interaction, the emitted X-ray is mainly along the
electron beam direction while with the Breit interaction, the emitted X-ray is mainly
along the perpendicular direction to the electron beam. This theoretical prediction
was confirmed by experiment [14].

Now the question is why the Breit interaction plays such a dominant role in
these processes or under what conditions the Breit interaction could be important.
To answer these questions, we performed a systematic study on the DR processes
involving the captures to 152s*2p; ;5 Jg = 1 and 132$2pf/2 Jg = 1 two states. Instead
of just analyzing the DR rates and anisotropic parameters obtained in the simulation,
we also analyzed each term of the transition matrix elements and found that the Breit
interaction is important when the leading term (1/rs with r~ the larger of 1 and
ro where r1 and ro are the space coordinates of electron 1 and electron 2 involved in
the DR transitions) contribution of the two-electron Coulomb interaction is vanished.
We call this leading term the Coulomb monopole. Based on the mechanism, we can
explain the experimental observations where the Breit interaction is important for
both the DR rate and the anisotropic parameter.

2. Theory

Theory on atomic dielectronic recombination can be found in many literatures
[15L [16] 17, 18] and the DR rates can be calculated by commonly used atomic packages,
like, GRASP (a general-purpose relativistic atomic structure package) [5]. Here we
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Mechanism of dominance of the Breit interaction... 3

only present the necessary equations which will be used for the discussion in this
paper. Atomic units A = m, = e = 1 are used throughout unless otherwise stated.

Dielectronic recombination involves two steps: a free electron is captured by an
atomic ion with exciting another inner-shell electron to an excited state and forming
an autoionization state, followed by the radiative stabilization (RS) by emitting a
photon from the autoionization state. The first step is an inverse process of Auger
decay. The Auger decay rate can be expressed as

Ra =21 (U, |[V|¥ 4 (1)
lj

with U, the wave function of the initial state for the N-electron system, ¥ ;, the wave
function of the autoionization state of the (N+1)-electron system and 1/;; the continue
electron wave function with angular moment [ and total angular momentum j. V is
the two-electron interaction, which includes the electron-electron Coulomb and Breit
interactions. The autoionization state (or intermediate state) ¥, can decay to a final
state W, radiatively by emitting a photon. J;, Jg, J; are the total angular momenta
of the initial, intermediate and final states, respectively. The angular distribution of
the emitted photon is written as

do ot

aQ  Arx
with op the total DR cross section, 6 the angle between the emitted photon and
the electron beam directions, and Py(cos#) the second order Legendre polynomial.
Note here we focus on the dipole transition and the general expression for multipole
transitions can be found in Refs. [I9] [20]. The anisotropic parameter j3 is given by

(1+ BPa(cosb)), (2)

1/2 (2)
B = (~1)iHets [W}/{l A RN
0 )
2 o Ja Jp f PO
with
() _ ()T o e [ LU L)
P = arrny 20 BIRRET g g g [ b
VRN
Ja Ja L
X{ jd j(/i Ji }<‘1’Jd||V|\‘1’Ji1/)lj><‘I’Jiwz/,jfIIVH\I/Jd>,

where the Wigner 37, 65 symbols are used. Here we focus on two transition lines of lithium-like
isoelectronic ions. They are

Line a: |1s*2s¢;;) % |152522p1/2(Jd =1)) R—S> 11s*25%(J; = 0)),

Line b: |15%2s¢y;) be, |15252p7 )5 (Jq = 1)) RS, |15%252p1 /2 (Jy = 0,

For Line b, due to the selection rule, the initial continue state can only be an s partial wave
and thus the anisotropic parameter (3 is zero. For Line a, the anisotropic parameter can be
explicitly expressed as

1(2vV2Vi4Va) - Vs

= —_—-—— 5
b=="varw (5)

with
Vi=Vy,, = (1525°2p1 /2 (Ja = 1)||Ve + Vareit||15”2sep1 j2) = Vi + Vi%(6)

Vo = Vp,,, = (152521 j2(Ja = 1)||Ve + Vireit||15°2seps ) = vy + VP(T)

P3/2
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Figure 1. (Color online) Reduced matrix elements of dielectronic capture for
Lines a and b. V,© (thick solid line), V. (thick dashed line) and V¢ (thick dotted
line) are defined in Eqgs. @— with the Coulomb interaction only. VIB (thin solid
line), VB (thin dashed line) and VB (thin dotted line) are defined in Egs. @—
with the generalized Breit interaction only.

Here Vo, VBreir are the electron-electron Coulomb and Breit interactions. Note that the
anisotropic parameter depends on the DC process so we will analyze the DC transition
matrix Vi, V2 in detail. For the convenience of discussion, we also give the reduced transition
matrix element for Line b as

V=V, = (13232p§/2(Jd =1)||Ve + Vareit||15°2s€s1 2) = Ve rvE (8)

S1/2
3. Results and discussion

We first calculated the single-electron wave function from the relativistic density functional
theory with the self-interaction correction [2I] and then calculated the reduced matrix
elements. The coupling coefficients were calculated by using the ANCO package [22] and
the detailed numerical method can be found in Ref. [23]. The reduced matrix elements were
calculated using the single configuration approximation as well as configuration interactions
and the two results are close to each other within two or three digits. Therefore to simplify
the discussion, we only present the results from the single configuration simulation. We also
present the results from the generalized Breit interaction (GBI) [24] and the Breit interaction
(BIO) in the zero-frequency limit. To study lithium-like atomic ions systematically, we
calculated all the ions with Z = 40— 100. Note that to calculate the reduced matrix element,
there is an arbitrary phase factor and we chose the phase factor in such a way that V€ is
positive.

3.1. Reduced matriz elements for dielectronic capture

Figure [1|shows the reduced matrix elements for the Coulomb interaction only and the GBI
defined in Egs. (@-. From a scaling law, the Coulomb interaction is scaled by atomic
number Z and the GBI is scaled by (Z%/c®) with ¢ the velocity of light. Indeed, V¥ is
the largest one among the transition matrix elements and it increases monotonically as Z
increases. Vi increases rapidly and is comparable but still smaller than Vi€ even for very
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Table 1. Coupling coefficients of the reduced matrix elements of dielectronic

captures for Lines a and b.

Term E] XF Term E] XF
Vi (252p1/2|13€p1/2) 0]-1/2 | Va: (252p1/2|13€p3/2) -1/3
Vi (282p1yo|lsepiya) | 1| -1/6 || Va: (252p1 alepsels) | 1| 1/3
1
0

—_

Vi: (252py)olepijols) -1/3
Vi (2p7,|1s€s) 1/2 Vi (2p7,|1s€s) 1] 1/2

high Z ions. This means that for the DC strength, the Coulomb interaction is still a dominant
contributor for Line a. V& follows the trend of V;® but smaller than Vi and V2 is almost
zero. Interestingly, Vo, VC are almost constants and smaller than V. Especially for Vi, it
has an opposite sign with Vi. The absolute value of V& is smaller than Vi© for low Z atomic
ions and reaches the same magnitude at Z=73 , then is larger than V¥ for high-Z atomic ions.
Overall, from the reduced transition matrix elements, we see that the Coulomb interaction
is a dominant contributor to the DC process and the GBI contribution is comparable but
still smaller than the one of the Coulomb interaction. The key step to understand why the
Breit interaction plays a dominant role for anisotropic parameters is to understand why Vi
is smaller.

Both the Coulomb and Breit interactions are two-elecron operators and they can be
evaluated as a product of coupling coefficients and radial integrals as

(VrnllVellWsdy) =Y X" Re, (9)
k

(W, [VBreit| [V d;) = > X" - R, (10)
k

where X* is the coupling coefficient which is independent from the atomic number Z and
R]é, RY are the radial integrals for an irreducible tensor operator of rank k. Note that we
followed the convention of the ANCO program [22] and the coefficients are listed in Table
For the Coulomb interaction, RE is decided by the integration of the operator

1 T< k 1
Vo=—"= S iy o)
c Ir1 — 1o Z < ) ~ e (cos )

x>
k
_ r<) 1 4= E GOV (§
_%:(m) rs 2k+1§y—m(“)ym(r2)’ (1)

where r< (r>) stands for the smaller (larger) one of |r1|, |r2|, Pk the k-order of Legendre
polynomials, v the angle between ri,r2, and Y* the k-order of spherical harmonics. R can
be written as

R& < al|Y¥|le >< b||Y*||d >, (12)

where a, b, ¢, d are the four orbits involved in the two-electron operator as (ab|cd) in Table
. For example, the Coulomb contribution of V2 can be evaluated as

1 - -
vy o *§<28|\Yk H[1s)(2p1 /2 l1Y T [eps2)
1 - -
+§<28|\Yk Hleps/2) (2p1 /o] Y [|els) (13)
1 = =
=§<2$HY’c Hllepsy2)(2p1 ]|V fels). (14)

The first term of right hand in Eq. is zero because (2s||Y*=!(|1s) = 0.
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Mechanism of dominance of the Breit interaction... 6

For the generalized Breit interaction [24], RkB is decided by the integration of the
operator
cos(wr) cos(wr) — 1

+ (a1 - Vi)(az - V3) o2

; (15)

where r = |r1 — ra2| and w is the virtual photon energy divided by ¢, and ¢ the Dirac matrixes.
If we choose w = 0, we get the Breit interaction (BI0) in the zero-frequency limit. Similar to
RE. RY can be evaluated as

RY < al|T*||e >< b||T"||d >, (16)

VBreit = —01 - 2

with T* the tensor of rank k. The general expression of T* is complicate and can be found
in Ref. [3] for details. The tensor operator of the first term of right hand in Eq. can be
written

" =" av" (17)
k/

as a vector spherical harmonics of order of k [25]. For example, the Breit contribution to
V2 involves the tensor product of « (tensor of rank 1) with the space tensor Y (spherical
harmonics) and it dose not vanish for Y*=0_ This should be the largest one for the Breit
interaction.

Generally speaking, for Coulomb interaction, the high order (k) multipole contributions
are getting smaller because (< /r~ )" decreases as k increases. For V¥, the monopole (k = 0)
contribution is not vanished and it is the major contributor to the DC transition matrix
elements as shown in Table [1] For Vi, the monopole is vanished and this results in smaller
value of V€. Although the coupling coefficient of V is not zero for k = 0, the reduced matrix
element of the Coulomb interaction is zero because for a single electron irreducible tensor
operator of rank 0, s — pi/o ({2p12||Y°||ls) ) matrix element is zero due to the parity
conservation. For Breit interaction, the leading contribution should be the transition matrix
elements with the tensor of rank k = 1 with the spherical harmonic of k" = 0. From above
analysis and the simulation data shown in Fig. [1} we conclude that the relative weak strength
of Line b comparing with Line a is due to the lack of Coulomb monopole contributions.

3.2. Ratio of the dielectronic capture strengths

Since directly measuring the anisotropic parameters is still difficult in the Tokyo EBIT
(electron beam ion trap) [26], the anisotropic parameter was extracted from the measured
ratio of DC strengths of Lines a and b, and the emitted X-ray at 90° to the electron beam.
Therefore we first analyze the ratio of DC strengths between Lines a and b as shown in Fig.
Without the Breit interaction, the ratio increases slowly from 3 at Z=40 to 9 at Z=100. With
the BIO, the ratio increases rapidly from 3.5 at Z=40 to 23 at Z=100. With the GBI, the
ratio is slightly higher than the one of the BI0. The results show that the Breit interaction
enhanced the ratio by more than a factor of two for a very high Z atomic ion, while in Fig. [I]
Vi€ is always the largest one. The ratio enhanced by a factor of two does not mean the Breit
interaction is the dominant one because the DC strength is proportional to the square of the
reduced matrix elements |V;C + V1B|2 and if Vif is just about 50% of the Vi€, the DC strength
can be doubled. The results are consistent with the experiments [12] [14], 27], which showed
that the Breit interaction enhances the ratio by a factor of two. Although the GBI modifies
the Ratio slightly over the BIO, the ratio of the GBI is more closer to the measured ones.
Discrepancies between the simulation and measurement may call further theoretical studies
as well as experiments with better resolution.

3.83. Dominance of the Breit interaction for anisotropic parameters

The reduced matrix elements in Fig. [I] show that the Coulomb interaction is always the
dominant one for the total DC strengths. For anisotropic parameters, the Breit interaction
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Figure 2. (Color online) Ratios of dielectronic capture strengths of Lines a and
b. Solid line: the theoretical results with the generalized Breit interaction, dashed
line: the theoretical results with the Breit interaction in the zero-frequency limit,
and dotted line: the theoretical results without the Breit interaction. The data
of Exp.(a) are from Ref. [27] and the ones of Exp.(b) are from Ref. [12].

may change the angular distribution of the emitted X-ray from peaked on the forward
direction along the electron beam (8 > 0) with the Coulomb interaction only to peaked
on the perpendicular direction to the electron beam (8 < 0) with the Breit interaction for
high-Z ions as shown in Fig.[3| To understand the mechanism, we approximate the anisotropic
parameter in Eq. as

B V22, (18)

%

because V4 is positive and always larger than the value of |V2| as shown in Fig.[l} In the figure,
we see that the Breit interaction for V2 is comparable with the Coulomb interaction for low-Z
ions and is larger than the Coulomb interaction for high Z ions with Z > 72. This is mainly
because of the vanishing of the Coulomb monopole for Va. For this particular transition, Line
a, the anisotropic parameter is almost linearly proportional to the reduced matrix element
V2, in which the Breit interaction plays a dominant role for high Z ions. Our results of the
Coulomb only (dash-dotted line) and Coulomb plus BIO (dotted line) are in good agreements
with the results (open circles and filled circles) from Fritzsche et al., [I3]. Again, we see that
the BGI modifies the anisotropic parameters quantitatively not qualitatively over the BIO.
Both the BI0 and GBI’s results are in reasonable agreement with the available measurements
(14l 27].

4. Summary and Conclusions

To summarize, we have investigated the mechanism of the dominance of the Breit interaction
in the angular distribution of the emitted X-ray in dielectronic recombination of lithium-
like isoelectronic ions for Z = 40 — 100. By analyzing the reduced matrix elements in
the dielectronic capture when off-diagonal elements are involved, we found that the Breit
interaction could be important when the Coulomb monopole interaction is vanished. Based
on the mechanism, we have explained the anomalous Breit interaction enhanced ratio of
dielectronic capture strengths for Lines a and b as well as the dominance of the Breit
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Figure 3. (Color online) Anisotropic parameters of Line a. Solid line (C+GBI):
the theoretical results with the generalized Breit interaction, dashed line (C+BI0):
the theoretical results with the Breit interaction in the zero-frequency limit, dash-
dotted line (Coulomb): the theoretical results with the Coulomb interaction only;
filled and open circles: from Ref. [I3] . The experimental data of Pr(Z=59) and
Ho(Z=67) are from ref. [27] and the datum of Au(Z=79) is from ref. [I4].

interaction in the angular distribution of the emitted X-ray in dielectronic recombination.
By comparing the results of the generalized Breit interaction and the Breit interaction in
the zero-frequency limit, we conclude that the modification of GBI over the BIO is smaller
and can be neglected in most cases. The present work may provide an effective way to
search a physical process in which the Breit interaction is important simply by examing the
coupling coefficients which are the same for a given isoelectronic sequence under the single
configuration approximation.
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