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The relativistic configuration interaction method is employed to calculate the dielectronic recombination (DR)

cross sections of helium-like krypton via the 1s2lnl′ (n = 2, 3, . . . , 15) resonances. Then, the resonant transfer excitation

(RTE) processes of Kr34+ colliding with H, He, H2, and CHx (x = 0–4) targets are investigated under the impulse

approximation. The needed Compton profiles of targets are obtained from the Hartree–Fock wave functions. The RTE

cross sections are strongly dependent on DR resonant energies and strengths, and the electron momentum distributions

of the target. For H2 and H targets, the ratio of their RTE cross sections changes from 1.85 for the 1s2l2l′ to 1.88 for

other resonances, which demonstrates the weak molecular effects on the Compton profiles of H2. For CHx (x = 0–4)

targets, the main contribution to the RTE cross section comes from the carbon atom since carbon carries 6 electrons;

as the number of hydrogen increases in CHx, the RTE cross section almost increases by the same value, displaying the

strong separate atom character for the hydrogen. However, further comparison of the individual orbital contributions

of C(2p, 2s, 1s) and CH4(1t2, 2a1, 1a1) to the RTE cross sections shows that the molecular effects induce differences of

about 25.1%, 19.9%, and 0.2% between 2p–1t2, 2s–2a1, and 1s–1a1 orbitals, respectively.
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1. Introduction

Dielectronic recombination (DR) is an important

atomic process which affects the ionization balance

and radiation energy in high-temperature plasmas

produced in the laboratory or in astrophysics.[1] DR

can be regarded as a two-step process. First, a free

electron with a certain energy is captured by an ion,

forming a doubly excited intermediate state. This in-

termediate state can then decay into a nonautoion-

izing state by emitting a stabilizing photon. Similar

to the DR process, the resonant transfer excitation

(RTE) process in collisions of highly charged ions with

atoms or molecules can also be regarded as a two-step

process, but the ion captures a binding electron in

the atom or molecule target instead of a free electron.

Therefore, one can test the theoretical model for the

RTE process and obtain information about the mo-

mentum distribution of bounded electrons in the tar-

get atoms or molecules. In recent years, there has been

a lot of work[2−6] related to the RTE process and the

theoretical results are in general agreement with the

experimental results. However, the Compton profiles

of atoms and molecules in the previous reports[5,6] are

obtained from experimental measurements, and de-

tailed studies on the RTE cross sections for various

targets are scarce.

In the present work, we perform a detailed theo-

retical study of RTE processes for helium-like kryp-

ton with H, He, H2, and CHx (x = 0–4) targets

since krypton has been proposed as a coolant of fu-

ture tokamak[1] and H, He, H2, and CHx (x = 0–4)

are often the components in the plasma edge or the di-

vertor of a tokamak.[7] The required Compton profiles

are obtained from the wave functions calculated by the

Hatree–Fock method with different basis sets 6-31G,[8]

cc-pVTZ,[9−11] and cc-pVQZ.[9−11] The Compton pro-

files are found to be sensitive to the choice of basis
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functions in the small momentum region. The DR

cross sections for Kr34+ ion are calculated by using the

Flexible Atomic Code (FAC)[12−14] with the relativis-

tic configuration interaction method, which has been

successfully used to calculate the DR cross sections

and rate coefficients of Ne-like Au ions.[15] Our DR

results accord well with other calculations.[16] Then,

the RTE cross sections in collisions of Kr34+ ions with

H, He, H2, and CHx (x = 0–4) targets are investi-

gated for the first time, and the dependence of the

RTE cross section on target is analysed.

The rest of this paper is organized as follows. In

Section 2 we briefly outline the theoretical method

used in calculations of the Compton profile and the

DR and RTE cross sections. The results and discus-

sions are given in Section 3. Our conclusions are pre-

sented in Section 4.

2. Theoretical approach

2.1.Dielectronic recombination

For the ground state of helium-like krypton, the

DR process has the form

Kr34+(1s2)i + e− → Kr33+(1s2lnl′)∗∗j

→ Kr33+(1s2n′′l′′)k + hν, (1)

where Kr34+ ion in the initial state i(1s2) captures

a free electron with a specific energy εij , and forms

a Kr33+ ion in the resonant doubly excited state

j(1s2lnl′)∗∗. The DR strength, which is the integra-

tion of the DR cross sections on incident electron ener-

gies, can be written in the isolated resonance approx-

imation as[5]

Sij,k =
π2~3

(meεij)

gj
2gi

Aa
ji

Ar
jk∑

k′
Ar

jk′ +
∑
i′
Aa

ji′
, (2)

whereme is the electron mass, gi and gj are the statis-

tical weights of initial state i and the doubly excited

intermediate state j, respectively.
∑
k′
Ar

jk′ and
∑
i′
Aa

ji′

are the total radiative and Auger rates of state j,

respectively. The FAC is employed to calculate the

energy levels, Auger and radiative transition rates,

in which the relativistic configuration interaction ap-

proximation is used to calculate the bound–bound

transition processes and the autoionization processes

are treated in the first-order perturbation theory us-

ing distorted-wave approximation for the continuum

electrons.[16]

2.2.Resonant transfer excitation

Similar to the DR process, the RTE process of

helium-like krypton can be written as

Kr34+(1s2) +B → Kr33+(1s2lnl′)∗∗ +B+

→ Kr33+(1s2n′′l′′) +B+ + hν′, (3)

where B represents the target atom or molecule. The

weakly bounded electrons of the target B are analo-

gous to the free electron in the DR process. When

the velocity of projectile ion is much larger than the

orbital velocity of the target electron and the distor-

tion of the projectile resonance state by the target

nucleus is small, the impulse approximation[17] can be

employed to calculate the RTE cross section for a fixed

projectile state i. The RTE cross section has the form

σRTE =
∑
j,k

Sij,kJ(q)

[
M

2E

]1/2
, (4)

where M is the mass of the projectile, E is the pro-

jectile energy in the laboratory frame, and J(q) is the

Compton profile of the target electron.

2.3.Compton profile

For an atom, the Compton profile can be obtained

by integrating the momentum distribution probability

of the target electron as[18]

J(q) = 2π

∫ ∞

|q|
pn(p)dp, (5)

n(p) = |ψ(p)|2 , (6)

where p is the magnitude of the electron momentum;

ψ(p) can be obtained through Fourier transmation in

polar coordinate as[19]

ψ(p) =

∫ ∞

0

∫ π

0

∫ 2π

0

e−(2π i/h)pr cos θ

×ϕ(r)r2 sin θdrdθdφ; (7)

q is the momentum of target electron which can be

deduced by the energy conservation law as[5]

q =

(
Ej + Et −

me

M
E

)(
M

2E

)1/2

. (8)

Here Ej is the energy of the intermediate doubly ex-

cited state and Et is the binding energy of the target

electron. Et can be ignored in Eq. (8) since it is very

small in comparison to the value of (Ej − meE/M).

Then equation (8) can be reduced to

q =

(
Ej −

me

M
E

)(
M

2E

)1/2

. (9)
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As for a randomly oriented molecule, n(p) should

be replaced by the orientation averaged momentum

distribution probability n(p), which can be approx-

imated with the electron momentum spectra of the

relevant molecular orbital σEMS and expressed as

n(p) ≈ σEMS = C

∫
dΩ |ψ(p)|2, (10)

where ψ(p) is the electron wave function in the

momentum space of one electron momentum p =

(px, py, pz), C is a kinematic term which is con-

stant if symmetric non-coplanar scattering geometry

is used,[20] and it could be determined by the normal-

ization of the Compton profile∫ ∞

−∞
J(q)dq = 1 for each electron. (11)

For atoms and molecules which have multiple or-

bitals, the measurement of Compton profiles involves

both summation of individual orbitals as well as inte-

gration over the momentum distributions.[21]

3. Results and discussion

3.1.DR cross sections

The DR strengths of helium-like krypton ions via

the 1s2lnl′ (n = 2, 3, . . . , 15) resonances calculated by

the FAC are given in Table 1 and compared with the

results of Biedermann et al.[22] using the HULLAC

code. The deviations between the two results are less

than 5%.

Table 1. DR strengths of Kr34+ for KLL (1s2l2l′),

KLM (1s2l3l′), KLN (1s2l4l′), and KLO (1s2l5l′) reso-

nances (10−20 cm2·eV).

Resonance KLL KLM KLN KLO

HULLAC[21] 54.2 30.4 12.3 6.1

This work 55.9 31.1 12.7 6.4

The DR cross section can be obtained from the

DR strength convoluted with the Gaussian distribu-

tion of the incident energy resolution ∆ε[14] as

σij(ε) = SDR
ij

2

∆ε

√
ln 2

π
exp

(
− 4 ln 2

(ε− εij)
2

∆ε2

)
.(12)

In Fig. 1, the DR cross sections in an incident

energy region of 8.5 keV–13.5 keV are plotted with

∆ε = 50 eV, the same as that in Ref. [16]. It can be

seen that our results are in good agreement with the

results calculated by FAC in Ref. [16].
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Fig. 1. DR cross sections for Kr34+ in an energy region

of 8.5 keV–13.5 keV.

3.2.Compton profile

To obtain the Compton profiles of He and H2, we

first calculate the wave functions by the Hatree–Fock

method. The basis 6-31G, cc-pVTZ, and cc-pVQZ

are adopted to check the convergence. The internu-

clear separation of H2 is set to be 1.4 a.u. (atomic

units). Our calculation results are compared with ex-

perimental ones,[18,23−25] as shown in Figs. 2(a) and

2(b).

It can be seen that as the electron momentum q

increases, the Compton profiles of both H2 and He de-

cline to zero as q → ∞. This can be understood by the

integral relation of Eq. (5). In the large momentum

region, the differences between Compton profiles cal-

culated from different basis sets are small. However,

there are obvious differences in the small momentum

region between 6-31G and cc-pVTZ/cc-pVQZ basis,

which means that the calculations of wave functions in

6-31G basis without the polarized functions are not ac-

curate. In the whole momentum region, the Compton

profiles based on cc-pVTZ and cc-pVQZ differ from

each other slightly. Thus, it can be concluded that

the cc-pVQZ basis is large enough to obtain accurate

Compton profiles of H2 and He, which will be used in

the RTE calculations.

The Compton profiles of H, H2, and He are com-

pared in Fig. 2(c). It is easy to find that the Compton

profile of H2 is less than twice the Compton profile

of H, because of the interaction between two hydro-

gen atoms in the hydrogen molecule. On the other

hand, although both H2 and He have two electrons,

their Compton profiles are quite different. When

q ≤ 0.61 a.u., the Compton profile of H2 is greater

than that of He. And for q ≥ 0.61 a.u., the situation is

reversed, which is also reported in earlier experimental

work.[25] It indicates the difference between the atomic

wave function and molecular wave function for the iso-

electronic system. For H and He atoms, the Compton
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profile of He becomes larger as the number of electrons

in atoms increases since the Compton profile reflects

the electron momentum distribution.
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Fig. 2. Compton profiles of H2 (a) and He (b) under dif-

ferent basis sets, and the comparison of Compton profiles

of H, H2, and He with the basis of cc-pVQZ (c).

In Table 2, we give the bond lengths of CHx

(x = 1–4), which are obtained from the optimization

calculation of GAUSSIAN 98[26] in the cc-pVQZ ba-

sis. We use point group symmetry Cv for CH, C2v for

CH2, C3v for CH3, and Td for CH4. Comparison with

NIST data[27] shows that our calculations are reliable.

Table 2. The C–H bond lengths of CH, CH2, CH3, and CH4

(bond length is in 10−10 m).

Level/Basis set CH (Cv) CH2 (C2v) CH3 (C3v) CH4 (Td)

B3LYP/cc-pVQZ 1.122 1.109 1.077 1.087

NIST[27] 1.120 1.085 1.079 1.087

The Compton profiles of H and CHx (x = 0–4)

are plotted in Fig. 3(a) for comparison. One can find

that the Compton profiles of CHx (x = 0–4) are quite

similar in line shape, and they increase as x increases.

However the increased value is less than that of the

Compton profile of H in the small momentum region

because of the binding interaction of molecules. When

the electron momentum q ≥ 2 a.u., the Compton pro-

files of CHx (x = 0–4) are very close, since the Comp-

ton profile of H approaches to zero in the large mo-

mentum region.
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Fig. 3. (a) Comparison of Compton profiles among H and

CHx (x = 0–4); (b) Compton profiles of individual orbitals

of CH4; (c) the Compton profiles of individual orbitals of C.

In order to investigate the molecular effect on the

orbital electrons, we examine the Compton profiles
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of individual orbitals of CH4 with ground state elec-

tron configuration (1a1)
2(2a1)

2(1t2)
2(2t2)

2(3t2)
2 and

C with 1s22s22p2 as shown in Figs. 3(b) and 3(c), re-

spectively. The ionization energy of each individual

orbital is summarized in Table 3, and there exist ob-

vious differences between 2p–1t2 and 2s–2a1 orbitals.

The Compton profiles of 1t2, 2t2, 3t2 are in full coin-

cidence in Fig. 3(b). In a small electron momentum

region (q < 1.2 a.u.), the 1t2, 2t2, and 3t2 contribute

to the major part of the total Compton profile. When

the electron momentum is greater than 1.2 a.u., the

1a1 contribution dominates. Then, at a large electron

momentum (q > 3 a.u.), the total Compton profile

of CH4 is contributed mainly by the Compton profile

of the orbital 1a1 and the contributions of other or-

bitals are near zero. This is because the outer orbital

in the coordinate space corresponds to small momen-

tum in the momentum space, and the inner orbital

corresponds to large momentum. It is consistent with

the energy order in our calculation. For 1t2, 2t2, and

3t2, they are degenerate in energy. Detailed analysis

of the molecular orbitals with GAUSSIAN98[25] shows

that the 1a1, 2a1, 1t2, 2t2, and 3t2 molecular orbitals

in CH4 are mainly composed of 1s, 2s, 2px, 2py, 2pz

orbitals of carbon. Therefore, it is easy to understand

that the Compton profiles of CH, CH2, CH3, and CH4

are quite similar to that of C.

Table 3. Ionization energies of the individual orbitals of

CH4 and C (in units of eV).

Orbitals of CH4 1a1 2a1 1t2 2t2 3t2

Ionization energy 304.8 25.6 14.8 14.8 14.8

Orbitals of C 1s 2s 2p

Ionization energy 309.1 19.7 9.7

3.3.RTE cross sections

Using the DR strengths and Compton profiles, the

RTE cross sections via 1s2lnl′ (n = 2, 3, . . . , 15) reso-

nances can be obtained. Figure 4 shows the RTE cross

section as a function of projectile energy for Kr34+

in colliding with H, H2, and He targets, respectively.

For the Kr34+ + H and Kr34+ + H2 collisions, the

first maximum values occurring at 1.38×109 eV are

6.60×10−22 cm2 and 12.22×10−22 cm2, respectively,

and it mainly comes from the contribution of doubly

excited state 1s2l2l′. The peak position is determined

by the resonance energy and the magnitude relies on

both the DR strength and Compton profile. The sec-

ond maximum values occurring at 1.73×109 eV are

3.55×10−22 cm2 and 6.69×10−22 cm2, which come

from the contribution of 1s2lnl′ (n ≥ 3) resonances.

The ratios of the first peak and the second peak for the

two collision systems are 1.85 and 1.88, deviating from

2, which results from the H2 target molecular effect.

Similarly, the first maximum value of 8.49×10−22 cm2

occurs at 1.38×109 eV for the Kr34+ + He collision,

and the second maximum value of 5.33×10−22 cm2

appears at 1.75×109 eV. Obviously, the difference in

RTE cross section between Kr34+ + H2 and Kr34+ +

He is mostly due to the difference in Compton profile

between H2 and He although they are isoelectronic

systems. From Fig. 2(c), it can be noted that the

Compton profile of He is broader than that of H2,

which leads to a shoulder on the right side of the sec-

ond peak of Kr34+ + H2 RTE cross section. Therefore,

the RTE cross sections display the electron momen-

tum distribution of target electrons.
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Fig. 4. RTE cross sections for Kr34+ + H, H2, and He

collision processes. (The vertical bars indicate the theo-

retical positions and relative heights of the DR strengths,

the notation n = 2, 3, 4 etc. refers the principal quantum

numbers of the intermediate doubly excited states 1s2lnl′).

Figure 5(a) gives the RTE cross sections from the

individual 1s, 2s, and 2p orbitals of carbon. For com-

parison, the RTE cross sections from the 1a1, 2a1, and

1t2 orbitals of CH4 are also displayed in Fig. 5(b).

Because the individual orbital of CH4 is partly com-

posed of the individual orbitals of carbon, it can be

expected that the RTE cross sections for CH4(1a1,

2a1, 1t2) are similar to those of C(1s, 2s, 2p). In-

terestingly, the RTE cross sections for both Kr34+

+ C(1s) and Kr34+ + CH4(1a1) have only one peak

around the projectile energy 1.52×109 eV, because

the Compton profiles of CH4(1a1) and C(1s) extend

to a broad range of more than 5 a.u., where no evi-

dent peak exists, and the RTE peak is contributed by

all doubly excited states 1s2l2l′, 1s2l3l′, and 1s2l4l′.

The magnitudes of RTE peaks for Kr34+ + C(1s)

and Kr34+ + CH4(1a1) are 3.431×10−22 cm2 and
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3.432×10−22 cm2, respectively, which indicates the

atomic character. For the Kr34+ + C(2s) and Kr34+

+ CH4(2a1) collisions, the first maximum values oc-

curring at 1.37×109 eV are 12.32×10−22 cm2 and

13.14×10−22 cm2 , respectively; the second maximum

values appearing at 1.73×109 eV are 6.69×10−22 cm2

and 7.02×10−22 cm2 , respectively. Besides, the RTE

cross section for Kr34+ + C(2p) has two major peaks:

one peak of 8.05×10−22 cm2 at 1.37×109 eV and the

other peak of 5.45×10−22 cm2 at 1.77×109 eV; sim-

ilarly, for the Kr34+ + CH4(1t2) collision, the two

peaks of 8.25×10−22 cm2 and 5.63×10−22 cm2 occur

at 1.37×109 eV and 1.77×109 eV, respectively. For the

projectile energy between 1×109 eV and 3×109 eV,

the average RTE cross sections for Kr34+ + CH4(1t2),

Kr34+ + CH4(2a1), and Kr34+ + CH4(1a1) change by

25.1%, 19.9%, 0.2% compared with those of Kr34+ +

C(2p), Kr34+ + C(2s), and Kr34+ + C(1s), respec-

tively. The obvious differences in magnitude between

CH4(2a1) and C(2s) and between CH4(1t2) and C(2p)

imply the differences between atomic and molecular

orbitals. It also could be found that the second peak

of Kr34+ + C(2p) is on the right side of the second

peak of Kr34+ + C(2s), which indicates that the con-

tribution of doubly excited state 1s2l4l′ is larger than

that of 1s2l3l′ in Kr34+ + C(2p).
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Fig. 5. RTE cross sections for individual orbitals of (a)

Kr34+ + CH4 and (b) Kr34+ + C.

The total RTE cross sections for the helium-like

krypton with H and CHx (x = 0–4) are plotted in

Fig. 6. Because of the similarity of the shapes of

Compton profiles for CHx (x = 0–4), the RTE cross

sections of Kr34+ + CHx (x = 0–4) are also quite simi-

lar. When the number of H atoms increases, the RTE

cross sections also increase, but the positions of the

two major peaks at 1.37×109 eV and 1.73×109 eV

contributed by the 1s2l2l′ and 1s2l3l′ (n ≥ 3) reso-

nances, respectively, are independent of the number of

H atoms. We also note that as the value of x increases

in the RTE processes of Kr34+ + CHx (x = 0–4), the

shoulder on the right side of the second peak begins

to disappear because of the broader Compton profile

of CHx with the value of x increasing.
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Fig. 6. RTE cross sections for Kr34+ + H, C, CH, CH2,

CH3, CH4 (RTE cross sections for Kr34+ + H has been

multiplied by a factor of 2).

4. Conclusion

Based on the relativistic configuration interaction

method, the dielectronic recombination cross sections

of helium-like krypton via 1s2lnl′ (n = 2, 3, . . . , 15)

resonances are calculated using the FAC. Then, the

RTE processes for Kr34+ with H, He, H2, and CHx

(x = 0–4) targets are investigated in the impulse ap-

proximation for the first time. The required Comp-

ton profiles are obtained from the Hatree–Fock wave

functions calculated by using the GAUSSIAN98 pack-

age. Usually, the RTE cross section has some resonant

structures, and the position of peak is strongly depen-

dent on the resonance energies of the doubly excited

states and the magnitude of peak relies on both the

DR strength and Compton profiles of targets. There-

fore, the RTE cross section can reflect the electron

momentum distribution in the target. Compared with

the atomic and molecular targets, it can be found that

the RTE cross section from the inner orbitals is weakly
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dependent on the molecular character; however, the

RTE cross section from the outer orbitals can be easily

influenced including the peak position and magnitude.

Further experiments are expected to test the present

theoretical results of Compton profiles and RTE cross

sections.
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