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Relativistic Compton Profile of H-like Ions

WAN Jianjie
( College of Physics and Electronic Engineering, Northwest Normal University, Lanzhou 730070, China)

Abstract: The Compton profiles of the electron in the ground and excited states of H-like ions have
been calculated systematically with one-electron Dirac radial orbitals by using the proper Fourier trans-
formation. Taking the H atom and Xe®3™ ion as examples, the effects of relativity and finite nuclear size
on Compton profile have been discussed. Furthermore, the dependence of one-electron Compton profile
on the principle quantum number n, orbital quantum number [, angular quantum number j and nuclear
charge Z has also been discussed. It is found that the relativistic effect can expand the distribution of
the Compton profile and split the orbital more and more obviously for given nl(l # 0) as increasing Z.
However, the relativistic effect can gradually weaken with the increase of the principal quantum number
n and orbital quantum number [. Furthermore, the Compton profile of the orbital with quantum number
nl; has certain number of platforms that is n —{. In addition, the nuclear finite size hardly affects the

Compton profile for H atom and Xe®37T ion.
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1 Introduction

Compton scattering is an effective and special
way to obtain the information on the electron momen-
tum distribution (EMD) in atoms/ions, molecules and
(51 From the theoretical point of view, the dif-
ferential cross section is proportional to the Compton

surface

profile in the so-called impulse approximation

J(p=) =”p(px,py,pz)dpxdpy ; (1)

where p(pz,py,p-) is the electron probability density
in momentum space in target before scattering, p, is
the component of the electron momentum along the
scattering vector. It is stated that the distribution of
electron momentum can be used to reveal many inter-
esting features which are not obviously shown in spa-
tial distribution of electron even though they are in
accordance with each other in many literatures. The
Compton profile J(p,) is directly related to the mo-
mentum density p(psz,py,p=), on the other hand, so
the Compton profile can supply a way to check the
accuracy of wavefuntion. Furthermore, J(p.) can be
measured in experiment and the Compton profile of
atom or molecule determines the envelope of the differ-
ential cross sections, for example, in radiative electron
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capture (REC) and resonant transfer and excitation
(RTE) processes in ion-atom/molecule collision besides
the Compton scattering. In REC and RTE, the pro-
jectile ions can capture the electron in the bound state
of target atoms/molecules, and then the combined sys-
tem radiates a photon or photons. Therefore, the in-
formation of electron energy and momentum in target
atoms/molecules can be revealed through the envelope
of the radiative spectra.

In the last decades, there are much typical theoret-
ical work. Currat et al.l® carried out the calculations
of the core contributions to the Compton profiles for
Li, C and Al by using excited-state one-electron con-
tinuum wavefunctions evaluated in the ground-state
Hartree-Fock-Slater potential of the nucleus and re-
maining electrons. Their results were in good agree-
ment with the impulse approximation. Pant et al.l”
calculated the Compton profiles for atomic Ne, Ar,
and Kr by using a variationally optimized effective-
potential model. The Compton profiles of Ne, Ar,
and Kr were also calculated from ground-state energies
and wavefunction using the Kohn-Sham self-consistent
scheme in the local-density approximation (LDA) by
Tong et al.®. They found their results are closer to
the experimental values from Hartree-Fock results and
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there are some numerical problems in the calculation
for large atoms. Mukhopadhyaya et al. 1 obtained the
atomic Compton profiles of Ne, Na, Mg, Al, Si and Ar
in the form factor or exact hydrogenic approximation
with nonrelativistic Coulomb functions in the spheri-
cal polar coordinates. In the work by Parr et al.[lo],
the phase-space distribution function corresponding to
a gound-state density of a many-electron system is ex-
plored as a means for generation of momentum-space
properties through density-functional theory. Holm!™"!
discussed a rigorous relativistic treatment of the dif-
ferential cross section for Compton scattering from
bound electron states and found a simple expression
with the help of relativistic central-field Hartree-Fock
wavefunctions. Karim™? ¥ calculated the orbtial and
total Compton profile of the ground states of O and
Ne and their ions in different stages with Hartree-
Fock (HF) wavefunctions. Li et al™ used discrete
variation method to study the momentum profiles of
atomic He, Ar, Na and K based on density functional
theory (DFT). Harbola et al*® studied the Comp-
ton profiles of closed-shell atomic He, Be and Ne in
their ground state and the singlet excited state for
He, with employing DFT. Jaiswal and Shukla*® com-
puted the total Compton profiles of He, Ne, Ar, Kr,
Xe and Rn in ground states, using the Dirac-Hartree-
Fock formalism with kinetically balanced Gaussian ba-
sis functions. Mou et al'™ calculated the single-
electron momentum density distribution and the to-
tal Compton profiles for He (1s2), Ne (1522s%2p%), Ar
(1522522p°3523p®),  Kr ' (15225%2p53523p°3d'%45%4p")
and Xe (1s%25%2p°35%3p°3d'94524p°4d'°55%5p%). In
their work, the single-electron radial wavefunctions in
coordinate space are obtained from Hartree-Fock with
relativistic corrections (HFR) method.

Besides, there have also been some systemati-
cal good calculations. For example, Biggs et al1®
used the HF and relativistic Dirac-Hartree-Fock (DHF)
wavefunctions to calculate the orbital and total Comp-
ton profile in the ground states of atoms with Z =
1 ~ 36 and Z = 36 ~ 102, respectively. Thakkar et
alM calculated the first three coefficients in each of
the small p Maclaurin and large p asymptotic expan-
sions of the spherically averaged electron momentum
densities of the ground states of the 103 neutral atoms
from H through Lr, 73 cations from LiT to Rat and
41 anions from Li~ to I, with employing the nonrela-
tivistic self-consistent-field (SCF) wavefunctions. The
coefficients can be used to analyze the experimental
20,21 calculated the

Compton profile of He and constructed the numeri-

Compton profiles. Koga et al.l

cal Hartree-Fock momentum densities for the neutral
atoms from H to Lr (Z=1~103).

As is known, the available Compton profiles were
almost calculated from the electron radial orbital gen-
erated in central field approximation and were aimed
at near-neutral ions and atoms. In fact, one-electron
radial orbitals can also consider the electron corre-
lation through multiconfiguration self-consistent-field
methods indeed. However, only the single-electron
properties have been focused on in the present calcu-
lation because of the lack of a systematic analysis on
one-electron Compton profile in past years. As such,
the one-electron Compton profiles in the ground and
excited states have been calculated systematically for
H-like ions, taking examples of H atom and Xe®** ion
because of their frequent use in experiments, and the
relativistic effects, as well as the nucleus volume ef-
fects, on them have also been discussed, where the nu-
cleus volume effects can be extracted by comparing the
present results with the analytic relativistic Compton
profile. In Sec. 2, we provide a detailed description of
the theoretical method and computational procedure.
In Sec. 3, firstly, the Compton profiles are shown for H
atom and Xe®3T ijon. Then, extensive comparison with
other theoretical results were given in detail, while the
dependence on the principle quantum number n and
relativistic orbital quantum number s or I; and those
effects from relativity and the nucleus volume men-
tioned above have also been found and analyzed in
detail. Finally, some concluding remarks and outlook
are summarized in Sec. 4.

2 Theoretical method

In the relativistic central field, a particular nl or-
bital breaks up into two orbitals, one with j = lf%
and the other one with j = l+% except for s orbital,
to which only the latter can exist. Therefore, a sub-
script j or k is usually added in order to specify the
orbital completely. The relativistic one-electron wave-

functions are usually written as in the form!?% 24

Paw(r)xum (6,9) ) R
iQui(r)x~wm (6,)

For either of the nx orbitals, the radial wavefunc-

¢nnm(ra97¢) = l (

s

tion is described by two components: P, (7), a large
component that looks very much like the nonrelativis-
tic wavefunction for the atoms and ions with low Z,
and Qnx(r), the small component. Both of them can
be obtained by solving Dirac equations with Fermi
two-parameter model describing the distribution of

[22, 23]

nuclear charge K is the (relativistic) angular

momentum quantum number, i.e. k = £(j+ 3) for
ji= qu% and the functions xxm (0, ) are spinor spher-
(22]

ical harmonics For this form, the normalization
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condition is and
| ae + @uerpar =1 ) VE[ @uteritatoryrar, =+
° Vi (P) = %
In the impulse approximation[l’ 39 16], the calcu- iJ Qnr(r)ji—1(pr)rdr, j=1— %
lation of Compton profiles can be carried out by using 0 (9)

the following expression in atomic units, i.e.

Jm(q)zljoo Inn(p) g,

5| ()

where ¢ is a certain value with expressed in atomic
2
me

units of , and the single-electron Compton profile

must satlsfy the condition

ZJ Jnk(g)dg=1.
0

()

In the present calculation, the maximum momentum
of 200 a.u. was chosen as the upper limit for numerical
integration; the larger it was, the more accurate Comp-
ton profile we obtained. From the physical picture, the
most general form for g is given as the projection of
the initial electron momentum p on the momentum
transfer k. That is

£, (6)
Ik (p) is the electron momentum density for electrons
of momentum p, which is given as

= [V )%+ (vie (0)%]0° (7)

where v2.(p) and 7S, (p) are defined as the Fourier

In (p)

where j;(pr) is a spherical Bessel function of the first
kind. Note that in the nonrelativistic limit v (p) be-
comes the momentum transform of the radial nonrela-
tivistic spatial wavefunctions and 'yf;)n (p) goes to zero.
In other words, the relativistic Compton profile Eq. (4)

also goes over to the correct limit!*®,

3 Results and discussion

3.1 Compton profile of the ground state 1s
in H atom and Xe®3t ion

Table 1 lists the values of Compton profiles for the
ground state 1s of H atom and Xe®®" jon. In Table 1,
the present results have been given by three methods
labelled as a, b.and c, respectively. The calculation a is
that the Compton profile was calculated from the rela-
tivistic radial orbitals obtained by solving Dirac equa-
tions numerically with two-parameter Fermi nuclear
model. The calculation b shows the Compton profile
calculated with analytical relativistic radial wavefunc-
tion Eqgs. (12) and (13) as below. The calculation ¢
gives the Compton profile calculated with analytical
nonrelativistic Compton profiles Eq. (11) from Eq. (10)
as below. From the table, the present Compton pro-
files of 1s of H atom are in good agreement with the
available nonrelativistic results™®.

transform of the spatial wavefunction Pp.(r) and As s Well .know.n, the nonrelat1v1s.t1c single-
. . (11, 18] electron orbital in point Coulomb potential can be
Qnrx(r), and then are given by respectively ) (25]
given by
[2 [~ 7
P _ . _z 2
Yo (P) = 71L P (r)gi(prrdr, (8) Poi(r) = N tle™ 27 F(—(n—1-1), 2142; —r) , (10)
Table 1 Compton profile for the ground state 1s of H atom and Xe®3" ion
H atom Xe?3t jon
q
This work?® This work® This work® Ref. [18] This work?® This workP This work®
0.00 8.4877(—1) 8.4877(—1) 8.4883(—1) 8.49(—1) 1.4672(—2) 1.4684(—2) 1.5719(—2)
0.05 8.4243(—1) 8.4243(—1) 8.4249(—1) 8.42(—1) 1.4672(—2) 1.4684(—2) 1.5719(—
0.10 8.2381(—1) 8.2381(—1) 8.2386(—1) 8.24(—1) 1.4672(—2) 1.4684(—2) 1.5719(—2)
0.15 7.9397(—1) 7.9397(—1) 7.9402(—1) 7.94(—1) 1.4671(—2) 1.468 4(—2) 1.5719(—2)
0.20 7.5457(—1) 7.5456(—1) 7.5460(—1) 7.55(—1) 1.4671(—2) 1.4684(—2) 1.5718(—2)
0.30 6.5543(—1) 6.5543(—1) 6.5545(—1) 6.55(—1) 1.4671(—2) 1.468 3(—2) 1.5718(—2)
0.40 5.4381(—1) 5.4380(—1) 5.4381(—1) 5.44(—1) 1.4670(—2) 1.4682(—2) 1.5716(—2)
0.50 4.3461(—1) 4.3461(—1) 4.3460(—1) 4.35(—1) 1.466 8(—2) 1.4681(—2) 1.5715(—2)
0.60 3.3746(—1) 3.3746(—1) 3.3744(—1) 3.37(=1) 1.466 7(—2) 1.4679(—2) 1.5713(—2)
0.70 2.5662(—1) 2.5662(—1) 2.5660(—1) 2.57(—1) 1.466 5(—2) 1.4678(—2) 1.5711(—2)
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Table 1 (Continued)
. H atom Xe53+ jon
This work?® This work® This work® Ref. [18] This work® This workP This work®
0.80 1.9245(—1) 1.9245(—1) 1.9244(—1) 1.92(—1) 1.466 3(—2) 1.4676(—2) 1.5709(—2)
1.00 1.0612(—1) 1.0612(—1) 1.0610(—1) 1.06(—1) 1.4658(—2) 1.4671(—2) 1.5703(—2)
1.20 5.8440(—2) 5.8440(—2) 5.8432(—2) 5.84(—2) 1.4652(—2) 1.466 5(—2) 1.5696(—2)
1.40 3.2735(—2) 3.2735(—2) 3.2730(—2) 3.27(—2) 1.4645(—2) 1.4657(—2) 1.5687(—2)
1.60 1.8817(—2) 1.8817(—2) 1.8813(—2) 1.88(—2) 1.4636(—2) 1.4649(—2) 1.5678(—2)
1.80 1.1138(—2) 1.1138(—2) 1.1136(—2) 1.11(-2) 1.4627(—2) 1.4640(—2) 1.566 7(—2)
2.00 6.7922(—3) 6.7922(—3) 6.790 6(—3) 6.79(—3) 1.4617(—2) 1.4629(—2) 1.5654(—2)
2.40 2.7486(—3) 2.7485(—3) 2.7478(—3) 2.75(—3) 1.4592(—2) 1.4605(—2) 1.5626(—2)
3.00 8.491 5(—4) 8.4915(—4) 8.488 3(—4) 8.49(—4) 1.4548(—2) 1.4561(—2) 1.5574(—2)
4.00 1.7287(—4) 1.7287(—4) 1.7277(—4) 1.73(—4) 1.445 3(—2) 1.446 5(—2) 1.546 3(—2)
5.00 4.8335(—5) 4.8334(—5) 4.8295(—5) 4.83(—5) 1.4331(—2) 1.4344(—2) 1.5322(—2)
6.00 1.6776(—5) 1.6776(—5) 1.6758(—5) 1.68(—5) 1.4185(—2) 1.4198(—2) 1.5151(—2)
7.00 6.8005(—6) 6.800 1(—6) 6.790 6(—6) 6.79(—6) 1.4015(—2) 1.4028(—2) 1.4952(—2)
8.00 3.095 0(—6) 3.096 3(—6) 3.090 9(—6) 3.09(—6) 1.3822(—2) 1.3835(—2) 1.4728(—2)
10.00 8.2609(—7) 8.2599(—7) 8.2386(—7) 8.20(—7) 1.3373(—2) 1.3386(—2) 1.4207(—2)
15.00 7.398 3(—8) 7.3929(—8) 7.3535(—8) 7.40(—8) 1.196 2(—2) 1.1975(—2) 1.2577(—2)
20.00 1.3286(—8) 1.3284(—8) 1.3164(—8) 1.30(—8) 1.0308(—2) 1.0322(—2) 1.0689(—2)
30.00 1.1853(—9) 1.1833(—9) 1.1605(—9) 1.20(—9) 7.0192(—3) 7.0331(—3) 7.0139(—3)
40.00  2.1702(—10)  2.1390(—10)  2.0684(—10) 2.30(—10) 4.4354(—3) 4.4495(—3) 4.2318(—3)
60.00  1.9799(—11)  1.9543(—11)  1.8178(—11) 4.30(—11) 1.6444(—3) 1,658 5(—3) 1.4088(—3)
100.00  1.0080(—12)  1.0222(—12)  8.4857(—13) 2.60(—11) 2.6088(—4) 2.748 5(—4) 1.808 9(—4)
a Relativistic radial orbitals obtained by solving Dirac equations numerically with two-parameter Fermi nuclear model.
b Calculated with analytical relativistic radial wavefunction Egs. (12) and (13):
¢ Calculated with analytical nonrelativistic Compton profile Eq. (11) from Eq. (10).
22 \1+3
where N,;; = ((2713_1)? (ngﬂ))!mn and F is conflu- £ \/ Z I'(2y+n-+1) ’ (19)
ent hypergeometric function. Then, according to the 2N2(N = k) [[(2y+ 1), !
appropriate Fourier transformation!*" '8, ‘the single- p
. \eho s Fi=F(-n,+1,29+1,2) (20)
electron Compton profile is also expressed analytically N
as follows, taking the nonrelativistic Compton profile Py = F(—np,2y+1; %> _ (21)

of 1s orbital of H-like ion as an example,

87° 1

On the other hand, it is well known that the relativis-
tic radial function for H-like system in point Coulomb

field can be written as!2°!

Pu(r) = /2= 5&6(3)7e7 3 [=neFi+ (N = r) ),

(12)

Qua(r) == SEE e [, Fy+ (N =) B, (13)
where

p=2Zr, (14)

nr=n-—I|k|, (15)

y=vVKZ—a?Z?, (16)

N=\/(nr+7)*+a222, (17)

€112 (18)

c2 N2

In contrast to the nonrelativistic case, the analytical
form is not given here for relativistic Compton profile
because of its extreme complexity. For simplicity, the
relativistic Compton profile has been calculated numer-
ically and also listed in Table 1. It is shown that the
relativistic effect on the Compton profile is too weak
to distinguish them for H atom in Table 1 and Fig. 1.

1.0
0.8 B4 H
L\ —— This work”
3 06F \ -+ + This work’
f_ii Fo - = -This work’
= 04F Ref. [18
= \ [18]
oo\
02f
I %
\\.
0.0 - D S S
| 1 1 1
0 1 2 3 4 5
g/a.u.
Fig. 1 (color online) Compton profile of 1s orbital of

H atom.



- 246 - IS R /B U S

34 %

For Xe®3T ion, the present results are apparently
different from the values obtained by Eq. (11). It can
be seen in Table 1 and Fig. 2 that the relativistic effect
decreases the Compton profile in the low momentum
region and expands the distribution to the large mo-
mentum. In other words, the probability that 1s elec-
tron in Xe®®** ion has the high momentum can reach
larger value due to the relativistic effect, so that the
relativistic Compton profile must be more diffuse than
the nonrelativistic one. From the point of view of ra-
dial wavefunction in coordinate space, the relativistic
effect can contract the distribution of 1s orbital, so its
Compton profile can expand into the region of high
momentum.

0.016 —
g 0.012 I —— This work'
S 0.008F - - - This work’
= 0.004 - - = - This work”
0.000
1.00005 F
2 099995 F
& 099985 F
0.99975 : —— This work*/This work”
099965 b 1o 4
0 20 40 60 80 100
g/au.
Fig. 2 (color online) Compton profile of 1s orbital of

Xe%3 7t jon.

In addition, with comparison between the calcu-
lation a and b, it is shown that the nuclear volume
effects are hardly embodied especially for atomic H in
Fig. 1, even though the data give some differences in
Table 1. In fact, the differences between the results,
respectively from different calculation a and b, could
be reduced when the accuracy were improved. For
Xe%3T ion, there are some slight differences between
its Compton profile a and b from Table 1, so the ra-
tio between the calculation a and b are also plotted in
Fig. 2. The results show that at the present level of 3
or 4 significant digits, the nuclear volume effects can
be neglected for H atom and Xe®*T ion

3.2 Compton profile of the excited states
nk(n=2~7) in H atom

The Compton profiles of nk (n =2 ~ 7) orbitals
of H atom have been plotted in Figs. 3 ~ 5 for better
understanding. From these figures, it is found that, no
matter what the value of n and &, there are common
property that the Compton profile has some certain
number of platforms likewise nodes in spatial radial
wavefunction. That is, for given [;, the number of
platforms is n—1[ and they are in a sudden decreasing
manner in turn from small to large momentum. As is

well known, the single-electron radial orbitals have the
certain number of nodes in coordinate space, therefore
their corresponding wavefunction and density in mo-
mentum space still have the node structure and then
the integration of node structure results in the plat-
forms in their Compton profiles.

Then, it is apparent that at low momentum near
q=0 a.u. the Compton profile increases with the in-
crease of the principle quantum number n if given [;.
On the other hand, the Compton profile decreases as
increasing n at large momentum of especially e.g. ¢ >
0.5 a.u. when [ <3 for H atom shown in Figs. 3~4. In
other words, for given /;, the momentum distribution
of the orbital with large n dominates at low momentum
near ¢=0 a.u.. On the contrary, the momentum distri-
bution of the orbital with small n plays an important
role in the region of large momentum for the orbital
with [ < 3. For [ > 3, it is shown that the order of the
Compton profile is normal for g7 /3 9/2 and hg /3 11,2 or-
bitals at low momentum as mentioned in the situation
for I<3, i.e., J597/2,9/2 (0) < J697/2,9/2 (0) < ‘]797/2,9/2 (0)
and Jeng,, 11/5(0) < J7hy 5 4, ,,(0). But at high momen-
tum it can be'seen only that the Compton profile with
small n supplies the narrow distribution in Fig. 4.

Generally speaking, one orbital with [ can be split-
ted into two orbitals with [;_;_ 1 and [, =i+l due to
the relatvistic effect except for s orbital. Flg 5 gives
the Compton profiles of 4l; orbitals and the ratios
1 (9)

Jz;h() that can be used to describe the extent of
n 1

j=l—3

relativistic splitting. Apparently, the Compton profiles
reduce rapidly for larger orbital quantum number [ for
given principle quantum number n. At the region of
low and high momentum, the orbital quantum number
l larger, the Compton profile smaller for given n, e.g.
‘]48(0) > J4P1/2,3/2 (O) > ‘]4d3/2,5/2 (0) > ‘]4f5/2‘7/2 (0) and
the Compton profile with smaller [ can distribute more
diffusely. But for H atom, it is hardly to show their

10' 5

J(g)/a.u.

Fig. 3 (color online) Compton profile of ns orbitals

of H atom.
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N
3
4
4
4
Fig. 4 (color online) Compton profile of npy /2 3/2, nds/2,5/2, nfs5/2,7/2, Ng7/2,9/2, and nhg sz 11/2 orbitals of H atom.
differences between two orbitals with 4/;_; 1 and
2
4l;_;11. According to the ratio, the relativistic ef-
5 2 A . .
& fects result in the different trends. That is, the Comp-
< ton profiles of the orbitals with j = l—% are smaller
than that with j = [ + % at low momentum i.e.,
Jni. ., (0) < Jpi. ., (0), while in the region of high
1.00002 | o i=l=3 i=lttyg . )
1.00000 [smmsrr S S im momentum ¢, the Compton profiles of the orbitals with
s i A . . . .
PR SN e, j = 1— % are larger than that with j = [+ 3, i.e.,
5 0906f_ _ i .
- --,_.iﬂ”ﬁii: Do Jnlj:l,% (q) > Jnlj:H»% (¢). On the other hand, the dif-
gzzzgi o ﬂ:,y-: Sy ferences between them gradually disappear as increas-
‘ 0;} = = = s 1‘0 ing [ > 0, because the ratio approach one with the in-
' A Cglan A crease of [ > 0 either near ¢ =0 or for large momentum,
Fig. 5 (color online) Compton profile and relativistic which indicates the stronger relativistic splitting takes

effects of 41; orbitals of H atom.

place in those electron state with low orbital quantum
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number [ for given n.

3.3 Compton profile of the excited states
nk(n=2~7) in Xe®3t jon

Figs. 6 ~ 8 show the dependence of the Compton

profiles on the momentum ¢ of nk (n=2~7) orbitals

of Xe® 7 ion. From these figures, as mentioned in Sec.

J(g)/a.u.

3.2, no matter what the value of nl;, there are certain
number of platforms for the orbital with I; of Xe®**
ion. The number of platforms is n—1 that is the same

as in the situation for H atom. However, the Compton

profile is more expanded for Xe®3T ion. It is shown
that the electron momentum is easier to reach high q/au.
value comparing with H atom, in fact, as shown in Fig. 6 (color online) Compton profile of ns orbitals

Figs. 1 ~2. of Xe%** jon.

Jg) au.

T

10-?‘ E " Il 1 1 1 1 E
0 5 10 15 20 25 30 0 5 10 15 20 25 30

g/au.

Fig. 7 (color online) Compton profile of npy /2 5/2, nds/2,5/2, Nf5/2,7/2, Ng7/2,9/2, and nhg s 11 /2 orbitals of Xe%3t ion.
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]00

J(g)/a.u.

=
5
[
0.80 F - - - 4p,/4p,, ~—4f, /4f,,
075 PR SR [ TR U ST | | I T N 1
0 5 10 15 20 25 30 35 40 45 50
g/a.u.
Fig. 8 (color online) Compton profile and relativistic

effects of 4l; orbitals of Xe®®T ion.

Further, it can also be seen that the Compton pro-
file increases with the increase of the principle quan-
tum number n for the orbitals with given [; at low
momentum near ¢ =0 a.u., while the Compton profile
goes down with the increase of n at large momentum
over ¢ ~ 30 a.u. roughly when ! < 3 in Figs. 6 ~ 7.
The Compton profile of the orbital with large n domi-
nates at low momentum for the orbitals with given [;,
but the Compton profile of the orbital with small n
shows the main contribution in the region of large mo-
mentum. Likely in H atom, for [ > 3, the order of the
Compton profile is normal for g7 /2 9/2 and hg /3 112 or-
bitals at low momentum as mentioned in the situation
for 1 <3, i.e., J597/2,9/2 (0) < J697/2,9/2 (0) < J797/2,9/2 (0)
and Jong,, 1,5 (0) < J7hg)y 11),(0). However, the Comp-
ton profile is smallest for smallest n at high momentum
in Fig. 7.

For Xe®3*" ion, from Fig. 8, the differences are
easily shown between the Compton profiles of the
orbitals with same [ and different j at low momen-
tum. Likely in H atom, the Compton profiles reduce
rapidly for larger orbital quantum number [ for given
principle quantum number n. At the region of low
and high momentum, the orbital quantum number !
larger, the Compton profile smaller for given n, e.g.
J1s(0) > Jap;(0) > Jaa,(0) > Jay,(0) and the Comp-
ton profile with smaller [ can distribute more diffusely.
However, on the contrary of H atom, the Compton
profile of the orbitals with j =1— % are smaller than
that with 7 = l—l—% in the region of low momen-
tum, i.e., Jnlj:l,%(o) < Jnlj:H%(O)7 while the situa-
tion is just oppsite in the region of high momentum:
J"ljzl,% (¢) > Jnlj:H%(q). The results are similar to
those for H atom. Of course, the differences between
them with same [ and different j still gradually dis-
appear with increasing [ > 0 either near ¢ = 0 or for
high momentum. In addition, Fig. 9 shows the ratios

Jn
zj:H% (9)

7 @ of Xe?®T forn=2—-7and l=1-5. It
"j:*%

1
is clear that the ratio approach one with the increase

of n either near ¢ = 0 or for large momentum, which
indicates the stronger relativistic splitting takes place
in those orbitals with low principal quantum number
n for given [.
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Fig. 9 (color online) Relativistic effects in Compton

profile of ni;(n=2~7) orbitals of Xe**" ion.

4 Conclusions

In this work, the Compton profile of H-like
ions has been calculated systematically by using the
GRASP code® and Fourier transformation. The ef-
fects of relativity and nuclear finite size on the Comp-
ton profile of the single electron have also been shown
in the present results with the help of comparing with
the Compton profile obtained from the analytical rela-
tivistic and nonrelativistic radial wavefunction in point



- 250 -

7 % B

i¥ it

34 %

Coulomb potential. As is well known, the relativistic
effect is apparent for the orbital in atom or ion with
large Z. On the contrary of the spatial wavefunction,
the effect of relativity can expand the distribution of
the Compton profile. On the other hand, the orbital
splits are more and more obvious for given nl(l # 0)
as increasing Z. Of course, likely in spatial wavefunc-
tion, the relativistic effect can gradually weaken with
the increase of the principal quantum number n and
orbital quantum number [. In addition, the nuclear fi-
nite size hardly affects the Compton profile for H atom
and Xe®** ion.

Furthermore, it is found that the Compton profile
of the orbital with quantum number nl; has certain
number of platforms that is n—1I. The momentum dis-
tribution can be more diffused for the ion with larger
Z if given the quantum nl;, which means the orbitals
contribute more momentum distribution for atom or
ion with small Z near ¢ = 0 a.u., while those for ion
with larger Z can dominate the distribution in the high
momentum.

In fact, the present calculation can also be directly
extended to consider the electron correlation effects
on Compton profile, if one-electron spatial orbitals
were obtained by multiconfiguration self-consistent-
field such as multiconfiguration Hartree-Fock' and
Dirac-Fock methods, where the electron -correlation
can be included in one-electron radial orbitals to some
extent.

References:

[1] CHEN C J. Physics, 1980, 9: 350. (in Chinese)

[2) BERGSTROM P M, PRATT R H, Radiat Phys Chem, 1997,
50: 3.

[3] PRATT R H, LAJOHN L A, FLORESCU V, SURIC T,
CHATTERJEE B K, ROY S C. Radiat Phys Chem, 2010,
79: 124.

(4]
(5]
[6]

[7]
(8]
(9]

[10]

MANNINEN 8. J Phys Chem Solids, 2000, 61: 335.
EICHLER J, STOHLKER Th. Phys Rep, 2007, 439: 1.
CURRAT R, DECICCO P D, WEISS R J. Phys Rev B, 1971,
4: 4256.

PANT M M, TALMAN J D. Phys Rev A, 1978, 17: 1819.
TONG B Y, LAM L. Phys Rev A, 1978, 18: 552.
MUKHOPADHYAYA S, RAY S N, TALUKDAR B. J Chem
Phys, 1982, 76: 2484.

PARR R G, RUPNIK K, GHOSH S K. Phys Rev Lett, 1986,
56: 1555.

HOLM P. Phys Rev A, 1988, 37: 3706.

KARIM KR. J Quant Spectrosc Radiat Transfer, 2003, 77:
13.

KARIM KR. J Quant Spectrosc Radiat Transfer, 2006, 98:
68.

LIB, LI G Q, DENG J K, Gao H. Chin J Compt Phys, 2004,
21: 117. (in Chinese)

HARBOLA M K, ZOPE R R, KSHIRSAGAR A, PATHAK
R K. J Chem Phys, 2005, 122: 2041101.

JAISWAL P, SHUKLA A. Phys Rev A, 2007, 75: 022504.
MOU Z D, WEI Q Y, DING K, YE S W. J Atom Mole Phys,
2010, 27: 19. (in Chinese)

BIGGS F; MENDELSOHN L B, MANN J B. Atomic data
and nuclear data tables, 1975, 16: 201.

THAKKAR A J, WONFOR A L, PEDERSEN W A. J Chem
Phys, 1987, 87: 1212.

KOGA T, MATSUYAMA H. Phys Rev A, 1992, 45: 5266.
KOGA T, MATSUYAMA H, INOMATA H, ROMERA E,
DEHESA J S, THAKKAR A J. J Chem Phys, 1998, 109:
1601.

DYALL K G, GRANT I P, JOHNSON C T, PARPIA F A,
PLUMMER E P. Comput Phys Commun, 1989, 55: 425.
PARPIA F A, FISCHER C F, GRANT I P. Comput Phys
Commun, 1996, 94: 249.

GRANT I P. Relativistic Quantum Theory of Atoms and
Molecules[M]. New York: Springer, 2007.

SURZHYKOV A, KOVAL P, FRITZSCHE S. Comput Phys
Comm, 2005, 165: 139.

BURKE V M, GRANT I P, Proc Phys Soc, 1967, 90: 297.



52 WAN Jianjie: Relativistic Compton Profile of H-like Ions . 251 -

KB FRVEX LR E G B

FHEAR"
(PEARIMR R S i LR AR, 22 730070)

WE: AT HOFAMNEE Dirac R HHLE, FERE LN Fourler RHAZUHE T REAB TR THESFEY
TR B UHEFA Xt BF A, FiTTHARREARFEEHRERYEA EEFREFR TN R, F
M, FERXTERTREVRENEETEn, REETHI. LR TEANEETH  MEEFHZ NE B
Ro HREH, MAREETUT RREGREH A I EELEnl WHERE Z W o REAXRAL, A
M, MARBNELLEEEETHAnPMREETHINE MTRF. BN, T ol e, LREFRELEA n-I
MEEMEN. 4, RIZEHERERLERLEHHREFR X T H FHRETHRE.

KA RS ML, BTHESM; KA T

s HER: 2016-06-08;  1E2¢HEA: 2016-09-18

EEWA: EFRARPAEEHTFFREEETH (11204243); HAH H AR LS T ERBOTRI(1506RIYAL31); PHALITE K 224)
5 LT AR B S BRI A1 41 BA 5 E )

1) E-mail: wanjj@nwnu.edu.cn.



