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« dependence of transition frequencies for ions Si, Crii, Fell, Nili, and Zni
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We perform an improved calculation of thedependenced=e?/hc) of the transition frequencies for ions,
which are used in a search for the variation of the fine-structure conatantspace-time. We use the
Dirac-Hartree-Fock method as a zero approximation and then the many-body perturbation theory and
configuration-interaction methods to improve the results. The important problem of level pseudoc@ssing
function of «) is considered. Near the crossing point the derivative of the frequencycovaries strongly
(including a change of signThis makes it very sensitive to the position of the crossing point. We propose a
semiempirical solution of the problem, which allows us to obtain accurate results.
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I. INTRODUCTION a=0, while Eq.(1b) to the expansion atv=aq. In both
cases parametersi(z) and q; appear due to relativistic cor-
Recently there was an intensive discussion of the possiblections.
space-time variation of the fine-structure constante?/hc For a fine-structure transition the first coefficient on the
at the cosmological scale. The first evidence of such variaright hand side of Eq(1a) turns out to be zero, while for
tion was reported if1-6] from analysis of astrophysical optical transitions it does not. Thus, for the case of a fine-
data. These results are to be compared with the number atructure and an optical transition one can write
experimental upper bounds on this variation obtained from
other astrophysical observatiofsee, e.g.[7-9]) and from w0 .
precision laboratory measuremenf$0-12. Recently, a o 0% +0(a), @)
number of other laboratory tests have been propdsed,
e.g.,[13]). The analysis of the microwave background radia-ypile for two optical transitions andk the ratio is
tion can also give some restrictions on the time variation of
a as suggested inl4-14. Implementations of the space- PN (V)
time variation of the fine-structure constant in the theory of L= ﬁ +(
fundamental interactions are discussed, e.g., in RE¥s:23 @k oy
(see also the discussion and referenceS]h _ . @) ) .
The most straightforward way to look for the variation of Quite often the coefficienta;*’ for optical transitions are
a is to measure the ratio of some fine-structure interval to aPout an order of magnitude larger thazm the corresponding
optical transition frequency, such as(npy,—nps;) and coefflme_nt_s for flne—st_ructure tran5|t|om§s) (this is because _
w(n’sy,—Npsp).t This ratio can be roughly estimated as the relatl_vlsnc correction to a ground_state_ e_zlec'Fron energy is
0.2a272, whereZ is the nuclear chargg24]. Therefore, any substantially larger than the spln-o_rb|t.sp!|tt|ng in an excited
difference in this ratio for a laboratory experiment and astate[25,26)). Consequently, the rati®) is, in general, more
measurement for some distant astrophysical object can easignsitive to the variation of than the ratio(2). It is also
be converted into the space-time variatiomofHowever, as important that the signs of the coefficient§” in Eq.(3) can
was pointed out in25], one can gain about an order of vary. For example, fos-p transitions the relativistic correc-
magnitude in the sensitivity to the variation by comparing tions are positive while fod-p transitions they are negative.
optical transitions for different atoms. In this case the fre-This allows us to suppress possible systematic errors that are

quency of each transition can be expanded in a serieg:iin independent of the signs and magnitude of the relativistic
correctiong 25]. On the other hand, for many cases of inter-

wi:wi(0)+wi(2)a2+ . (1a) est, the underlying atomic theory is_ much more complicated
for Eq. (3). In particular, the most difficult case corresponds
5 to transitions to highly excited states of a multielectron atom,
=it qiX+ - X=(alag) 1, (I \where the spectrum is very dense. And this happens to be a
typical situation for astrophysical spectra, in particular, for
wherea, stands for the laboratory value of the fine-structurelarge cosmological redshifts. Corresponding atomic calcula-
constant. Note that Eqla) corresponds to the expansion at tions have to account very accurately for the electronic cor-
relations, which may affect such spectra quite dramatically.
Earlier calculations of the coefficientsfrom Eq. (1) for

0@ @

) a?+0(a?). ®)
k

*Electronic address: mgk@MF1309.spb.edu transitions suitable for astronomical and laboratory measure-
n fact, the frequencys(npy,—Npsy,) is not measured directly, ments were done in Ref$25-28. Here we present im-
but is found as a differences(n’s;;,— NP3 — @(N'Syp—NPysy). proved calculations of the coefficiengsfor the transitions,
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TABLE I.. Final results fqr parametenqsfrom.Eq. (2) for Siun, —1/8,%,=0, andx, =1/8. That allows us to determing
e Tl e oer 563 R—4{u(x.) ()], and afo o esimate the second de-
' rivative 9w/ 9x?|,_o. A large value of the latter signals that
lon Transition wo (cm™ Y q(em™1) interaction between levels is strorigpvel pseudocrossing
This work [3] and there is a risk of large errors. For these cases further
analysis was done as described below.

Sin 2P9, — 2Dg, 55309.337 520 (300 530
. 2?5, 65500449 50 (300 70
Cri °Sy, — 5Py, 48398.868 —1360 (150 —1290 A. Relativistic calculations of multielectron ions.
- ZP§/2 48491.053 —1280 (150 —1200 In order to accurately account for the dominant relativistic
. - GPZ)/Z 48632.055 —1110 (150 —1060  gfects we use the Dirac-Hartree-Fock approximation as a
Fel "Dgp — GDg/Z 38458.987 1330 (150 1450 starting point for all calculations of atomic spectra. Although
- 6D07/2 38660.049 1490 (150 1620 most of the calculations were done for the Coulomb poten-
- 6':101/2 41968.064 1460 (150 1640 tial, we have also estimated Breit corrections by including
— Fop 42114833 1590 (150 1780 the magnetic part of the Breit interaction in the self-
— P9, 42658240 1210 (150 1420  consistent field29)]
- :Fg/z 62065.528 1100 (300 1210 The ions we are dealing with in this paper have from one
o - ZPZ/Z 62171.625 —1300 (300 1280 g pine electrons in the open shells. For one valence electron
Nin “Dsp, — °F7, 57080373 —700 (250 —300  jn zny the Dirac-FockVN~! approximation already gives
— ’Dg, 57420.013 —1400 (250 ~—700  yather good results. In the next step the core-valence corre-
— ’Fgp 58493.071 -20 (250 800 lations can be accounted for by means of many-body pertur-
Znu %Sy, — 2PY, 48481077 1584 (25 1577  pation theoryMBPT). Already the second order MBPT cor-
— ?P3, 49355.002 2490 (25 2479 rection allows us to reproduce the spectrum with accuracy

better than 1%, which is more than sufficient for our current
which are currently used in the analysis of the astrophysicaPUrposes.

data. A full list of these transitions was given[i8]. We have Other ions of interest to us have at least three valence
not recalculated here the lightest and simplest atoms Mg anelectrons. Here the dominant correlation correction to transi-
Al, where the previous calculatid25] should be sufficiently  tion frequencies corresponds to the valence-valence correla-
accurate; we focus on more complicated ions,&ril, Fell,  tions. This type of correlations can be accounted for with the
Ni1l, and Zni. Our final results for them are given in Table configuration-interactioiCl) method. If necessary, the core-

| Note that here we use the single parame#rstead of tWo \51ence correlations can be included within a combined Cl
parametersq, and g, used in earlier works, and +MBPT technique[30]. This usually provides an accuracy

E&w/&x|x:0=q1+2q2. 0
For comparison, in the last column of Table | we presentOf the order of 1% or better for the lower part of the spectra

the results of the previous calculatiof25,26,28 (the results  ©f 8toms and ions with two or three valence electrf3(-
were summarized in Refi3], which also contains some 32]. However, the accuracy @b initio methods decreases

Origina| Ca|cu|ation)5 The improved calculations in the with inCI’eaSing number of valence electrons and with exci-
present work agree with the old results for the majority of thetation energy. Indeed, for a large number of valence electrons
transitions. However, there are several important exceptionsind/or sufficiently high excitation energy the spectrum be-
The coefficienty for the 62172 cm? transition in Fel has  comes dense, and levels with the same exact quantum num-
changed its sign. This is because the excited level in thigers strongly interact with each other. The part of the spec-
transition was incorrectly identifiedn [35] it was errone-  trym of Fell above 55000 cm® and, to a somewhat lesser
ously assigned to the configurationi3lp). There are also  extent, the spectrum of Nirepresent this situation. Accord-

significant changes to the Nitransitions. In[28] the accu-  jngly for these ions we developed a semiempirical fitting
racy in theab initio calculations of the energy levels agd rocedure. which is described below.

factors was not high. In the present work we h_ave rad_|call In order to have additional control of the accuracy of our
improved this accuracy. To increase our confidence in th%l method we performed calculations for most of the ions
final results, we have performed calculations using two dify i 1vo different computer packages. One package was
ferent computer codes, which give close valuesgforhere- used earlier in Refs30,32,33 and the other was used in
fore, we believe that our values are more accurate and relhefs.[3,25—28,31 The %orr’ner package allows one to con-
able the_m the old ones. . . . struct flexible basis sets and optimize configuration space,
. D_eta|ls of the_ calculations and discussion _Of the accuraty hije the latter allows for a larger Cl space as it works with
IS given belpw n 'Sec.. lll. Before that we briefly address ay,q pock of the Hamiltonian matrix, which corresponds to a
few theoretical points in Sec. II. particular total angular momentum of an atdmNhen there
were no significant differences between two calculations, we
only give results obtained with the first package. Neverthe-

In order to find the parameters= dw/dx|y—o in Eq. (1)  less, our final results presented in Table | are based on both
we perform atomic calculations for three valuesxofx_ = calculations.

II. THEORY
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B. Semiempirical treatment of the strong interaction of levels: C. Semiempirical treatment of the strong interaction of levels:
Pseudocrossing Multilevel case

In the nonrelativistic limita— 0, all multielectron states Equation (7) can easily be generalized to a multilevel
are accurately described by thé&-coupling schemeE,_,,  case, as it simply gives the slope of a physical levels a
=EpnLss, Wherep==*1 is the parity anch enumerates weighted average of the mixed levels. Thus, if the levean
levels with the samep,L,S, and J. For sufficiently small be expressed as a linear combination of some unperturbed
values ofa the LS coupling holds, and the energy has thelLS statesy s,
form

@)= Culv, s). 8

_ (0
Ep,n,L,s,J—EE),r)w,L,s”L

a\? 1
P ConLst EAp,n,L,s[J(J+1)
the resultant slope, is given by

—L(L+1)—-S(S+1)]], (4)

Qa=§n: Cﬁqn- 9

where the first term in the large parentheses gives the slope

for the center of the multiplet, and the second term gives thélere again we neglect weak dependence of the interavtion

fine structure. With growingr the multiplets start to overlap, onxin comparison to the strong dependencé:éfon X near

and when levels with the samp and J come close, crossing points.

pseudocrossing takes place. Equation(9) allows us to improve thab initio coeffi-
Near the pseudocrossing the slope of the energy curvedentsq if we can find the expansion coefficien, in Eq.

changes dramatically. If this crossing takes placex=a®d, (8). That can be done, for example, by fittiggactors. The

wherex is defined by Eq(1), i.e., near the physical value of magnetic moment operatqe=gy(L+2S) is diagonal inL

a, it can cause significant uncertainty in the values of theand S and, for this reason, does not mix differdrfs states.

parameters). Consequently, in th& S basis the resultarg factor for the
Let us first analyze the behavior of the slopgg) in the  statea has exactly the same form gg:

vicinity of the pseudocrossing in the two-level approxima-

tion. Consider two level&; andE,, which cross ak=x.:
L i 9a=2 Cign- (10
E1=01(X=Xc), (58 ,
If the experimenta) factors are known, one can use Et0)
Ep=Qa(X—Xo). (5b) to find the weight<C;, and then find the corrected values of

the slopesy, .

Sometimes, the experimental datagfactors are incom-
%Iete. Then, one can still use a simplified version of E@s.
and (10):

If the interaction matrix element between these two levels i
V, the exact adiabatic levels will be

Eap=12 [(A1F02) (X—Xc) = V(01— 02) *(X—%c)*+4V7]. 0 — Ja—0
(6) g.=C?’ga+(1-C*g=C?=——=, (113
g f—

It is easy now to calculate the energy derivative with respect 5 0 y—
to x in terms of the mixing anglep between unperturbed 0a=Cga+(1-C9a. (11b

states 1 and 2: . . . .
Here C? is the weight of the dominaritS level in the ex-

perimental data, and the overbar means averaging over the
JEab ) - . N X
> 2 = (coSp)qy o+ (SIP)qy ;. 7) mixing levels. Of course, there is some arbitrariness in the
X , :

calculation of the average?;sanda However, the advantage

. ) of Egs. (11) is that only one experimentaj factor is re-
Note that at the crossing the angpevaries from 0 on one quired.

side, throughw/4 in the center, tor/2 on the other side,
which leads to a change of slopg(x)=dE,/dx from q4
through @4+ q»)/2 to g,. The narrow crossings with small
are particularly dangerous, as the slopes change very rapidly As we mentioned above, we performed calculations of
within the intervalAx~V/|q,—q,|. Thus, even small errors energy levels for three values of the parameterx_=

in the position of the crossing poirt, or the value of/, can  —1/8, x,=0, andx, = 1/8. All three calculations were done
cause large errors ig, , . In this model we assume that the at the exact same level of approximation, to minimize the
nondiagonal ternV = const. For the real atod>=a?. How-  error caused by the incompleteness of the basis sets and con-
ever, if the crossing regiodx<<1, we can neglect the de- figuration sets. From these calculations we found two
pendence oV on a. approximations forqg: q_=8[w(Xy)—w(x_)] and q.

Ill. DETAILS OF THE CALCULATION AND RESULTS
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TABLE II. Transition frequencies and parameterfor Znn (in TABLE lll. Transition frequenciesw from the ground state
cm™1). Calculations were done in four different approxi- 2PS,, fine-structure splittingd (s, and parameterg.. for Sin (in
mations: Dirac-Hartree-Fock-CoulomiDHFC), Dirac-Hartree- cm 1).

Fock-Coulomb-Breit (DHFCB), Brueckner-Coulomb(BC), and

Brueckner-Coulomb-BreitBCB). Expt. [35] Theory
— @ Ags @ Aps q- q-+
Transition Expt. DHFC DHFCB BC BCB

2P 287 287 293 293 295 291
Transition frequencies Py 44080 41643 453 451
4sy, — 4py, 48481.077 44610.1 44608.1 48391.2 48389.44p,, 44191 111 41754 111 565 564
— 4py, 49355.002 45346.9 45330.0 49263.8 49244.64p,, 44364 174 41935 181 746 744
Parameters|= (g +q-)/2 2Dy, 55304 54655 509 507
4sy; — 4pyp 1362 1359 1594 1590 2p,, 55320 16 54675 20 530 530
— 4p3p 2129 2109 2500 2479 25 , 65495 65148 40 39

terest are 83p? and ¥%4s. We made a Cl calculation in the
Coulomb approximation on a basis set that included

. : . 1s-8s, 2p-8p, 3d-8d, and 4f,5f orbitals(we denote it as the
where thel S coupling should be adequate, and |dent|f|cat|onbasis se{8spd5f]). Note that we used virtual orbitals,

is straightforward. The noticeable difference betwgerand hich were localized within the atof84], rather than Dirac-

g, signaled the possibility of a level crossing. In these case . . .

we applied the semiempirical procedure described in Sec. II.OCk ones. This provided fast convergence. Cl included all

to find the corrected values for otherwise, we simply took smgle-doubIg(SD) _and partly triple excitations from three

the averageq=(q, +q.)/2 ’ valence configurations listed above. The results of these cal-
=(q.+q_)/2.

culations are given in Table III.
A Zn As in Zn, the left and right derivativeg_ andq, are
close to each other, and all levels with exactly equal quantum
Znii has the ground state configuratiphs®. - -3d'%4s,  numbers are well separated. Astrophysical data exist for the
and we are interested in thes4-4p; transitions. As the |evels °S;,, and °Ds,. The former corresponds to thep3
theory here is much simpler than for other ions, we usetl Zn _, 4s transition and has small slopg while the latter corre-
to study the importance of the core-valence correlation corsponds to the 8— 3p transition and has a much larger posi-
rection and Breit correction to the slop@sThe former cor-  tive q. That is in agreement with the fact that relativistic
rection was calculated in the Brueckner approximation:  corrections to the energy usually decrease with increasing
principal qguantum numbear and increasing orbital quantum
[Howet+ 2 (E) ¥ =EV, (12) number |. Consequently, for thens—np transition one

with the self-energy operatd (E) calculated in the second Should expect large and positieg while for np—(n+1)s

order of MBPT (the perturbation here is the difference be-there should be large cancellation of relativistic corrections

tween the exact and the Dirac-Hartree-Fock HamiltonianstO the upper and lower levels, resulting in smatieisee the

V=H—Hpup). The Hpue was calculated with the magnetic discussion ir}25,26]). The dominant correction to our results

part of the Breit operator included self-consistently. The re-should be from the core-valence correlations. In the recent

tardation part of the Breit operator is known to be signifi- calculations for Mg, which has the same core as,She

cantly smallef29], and we completely neglected it here. core-valence corrections to transition frequen_mes were found
The results of our calculations of the frequenciesand  t0 be about 4%33,36. We conservatively estimate the cor-

the slopesq for two transitions 4—4p;, j=1/2,3/2, are ésponding correction tgf to be 6% of the largeq, i.e.,

given in Table Il. One can see that both Brueckner-Coulomt30 ¢m =

and Brueckner-Coulomb-Breit approximations give very

good transition frequencies, accurate to 0.2%, although the C.Cru

Igtter slightly underestimates the fine splitting. Bre_it COITEC-  Cryi has the ground state configuratiphs?. - - 3p©]3d®

tion to the parameterg does not exceed 1%, while core- ity five valence electrons. The astrophysical data corre-

valence correlations account for the 17% correction. spond to the @— 4p transition, for which one may expect a

In 'I_'able Il we do not give s_eparately thg valuesqgf; negative value ofg. Cl calculations here are much more
The difference between them is close to 1%. Indeed, in thgomplicated than for Si. There is strong relaxation of the

absence of close interacting levels the dependencpouf4x 3d shell in the discussed transition, which requires more
arises from corrections to the energy of the ordemdZ®,  pasicd orbitals. Therefore, we used thespdd6f] basis set.
which are very small. In the CI we included only SD excitations. Some of the
triple, quadruple, and octuple excitations were accounted for
by means of second order perturbation theory. It was found
Sill has three valence electrons and the ground state cothat corresponding corrections to transition frequencies were
figuration[ 1s?- - - 2p®]3s?3p. Excited configurations of in- of the order of a few percent, and were even smaller for the

=8 w(X,)—w(Xy)]. If there were problems with level identi-
fication we performed additional calculations fee=0.01,

B. Si
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TABLE IV. Transition frequenciesw from the ground state E —
8s,,, fine-structure splittingArs, and parameterg for Cri (in (1/em){
cm 1). Cl single-double approximation was used for the Coulomb-
Breit interaction.
70000
Experiment Theory
® Aes @ Ars a-+
Dy, 12148 13123 - 2314
D), 12304 156 13289 165 —2153 !
6 —
°, 46824 47163 1798 65000
5FY, 46906 82 47244 81  —1715
E’Fg,z 47041 135 47378 134 —-1579
°F9, 47228 187 47565 187 —1387
°F3e 47465 237 47803 238 —1148
F0. ) 47752 287 48091 288  —862
°P3; 48399 48684 —1364 60000
6p2, 48491 92 48790 106 —1278 i : ]
GP%z 48632 141 48947 157 —1108 S

0 0.2 0.4 0.6 0.8 1 X+1

) ) ) FIG. 1. Example of the typical interaction of levels in the upper

parameterg. In ggneral, these. corrections did not improve yang of Fai. Levels are shown as functions Oftlicrg)2=x+1.
the agreement with the experiment, so we present only Clevels of the configuration@4p have similar slopes and strongly
results in Table IV. interact with each other. That causes wide pseudocrossings, similar

As we mentioned above, there was strong relaxation ofo the one betweefiFS,,(a) and “DS,(b) shown on the left side of
the 3d shell in the 21— 4p transition. We were not able to the plot. The levefP9,(c) of the configuration @%4s4p moves in
saturate Cl space and completely account for this effect. Bethe opposite direction. A series of sharp pseudocrossings takes place
cause of that, we estimated the error ddnere to be close to near the physical value af, marked by a vertical dotted line.
10%.

We have seen before for dnand Sil that in the absence with our calculations and with the experimentpfactor of

of I(Tlvel hcrossur]]g tEe dlffertlance betyvgen and g is the level withJ=7/2. We checked that all close levels of the
e e s s o a pgongurlon 34p have sinfcanty smallg faciors
calculation presented ir?lTabIe IV we determineci only the This reassngnment has dramatic consequences In terms of
right derivatl?veq In calculations with different basis gets the correspop@ng parametgy as the configurationsdS4p
we checked that+the difference betwepn andqg_ is much (4s-4p trans_|t_|on from _the ground_ ste)t_eanql A°4sap
smaller than the value of the given above th(_aoretical errog'd_4IO transitiory move In the opposne. directions from the
(see Table | round state configurationd84s Whe_nx is changed._lt also
causes a number of pseudocrossings to occur right in the
vicinity of x=0 (see Fig. L
D. Fel Cl calculations for F& were done on the basis set
The Fal ion has seven valence electrons in the configu{6spdf] in the SD approximatiorisee Table V. Triple ex-
ration 3d%4s and represents the most complicated case. Theitations were included within second order perturbation
astrophysical data include five lines in the bandtheory and corresponding corrections were found to be rela-
38000 cm*-43000 cm?® and two lines with frequency tively small. One can see from Table V that for the lower
close to 62000 cm'. The first band consists of three close band both frequencies argifactors are reproduced rather
but separated multiplets with regular fine-structure splittingsaccurately.
The 62000 cm® band is completely different, as the mul-  The first anomaly takes place at 44 000 Ccinwhere the
tiplets here strongly overlap and fine-structure intervals ardevels “D$,, and “F$,, appear in the reverse order. Theoreti-
irregular [35]. The characteristic distance between levelscal g factors are also much further froinS values(1.429
with identical exact quantum numbers is a few hundredand 1.238 That means that the theoretical levels are at a
cm 1, which is comparable to the fine-structure splittings.pseudocrossing, while the experimental ones already passed
That means that the levels strongly interact, and even theit. Indeed, calculations for=1/8 show that the right order of

identification may be a problem. levels is restored, although tlyefactors are still too far from
In fact, in [35] one of the multiplets of interest, namely, LS values.
y 8P°, is erroneously assign to the configuraticaf@'S)4p. The second anomaly corresponds to the band above

It is an obvious misprint, as there is no terf for the 60000 cm®. Here the order of the calculated levels differs
configuration 2. This term appears, however, in the con- from that of the experimental ones. Note that for this band
figuration 3° and the correct assignment of this multiplet only levels of negative parity witd=7/2 are given in Table
should be 8°(’S)4s4p. This assignment is in agreement V. Accordingly, all of them can interact with each other.
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TABLE V. Transition frequenciesw from the ground state 1680
6 ; . g
Dy, g factors, and parametecs. for Fen (in cm). C2=——==0.937, (14)
1.713-¢9
Experiment Theory
® g ® g 9Ly q- g+ 60
6M0 a(°P7p) = —1342. (19
Dg, 38459 1542 38352 1.556 1359 1363
6O
GDg/z 38660 1.584 38554 1586 1587 1522 1510 Equation (15 corresponds to the correctioAgq= +177.
F1y, 41968 41864 1.455 1496 1508  Therefore, for the closest levélFS,, this model gives an
6Fg, 42115 1.43 42012 1434 1615 1631l ogtimate
GF%Z 42237 1.399 42141 1.396 1.397 1738 1737
6p9, 42658 1.702 42715 1.709 1.714 1241 1261 B
“D‘7’,2 44447 140 44600 1.345 1429 1791 1837 q(4|:‘73/2) =qg—69=1120. (16)
4F9, 44754 129 44386 1.327 1.238 1608 1601
8P, 54490 54914 1.936 1.937-2084 —2086 Equations(15) and(16) show that correction for the mix-

4G9, 60957 0.969 63624 0.978 0.984 1640 1640 ing is not very large. That corresponds to the fact that the
“H9, 61157 0.720 63498 0.703 0.667 1296 1247 experimentay factor of the level’P9, is significantly larger
‘DY, 61726 1.411 66145 1.398 1.429 1194 1240 than anyg factors of the levels of the configuratiord®p.

4F9, 62066 1.198 65528 1.252 1.238 1071 1052 Thus, the interaction for this level is relatively small. On the
6po. 62172 1.68 65750 1.713 1.714-1524 —1514  contrary, the levels of the configuratiod®tp strongly in-
2G9, 62323 64798 0.882 0.889 1622 1605 teract with each other, but corresponding changes of the
slopes are also relatively sma#lince theq values for these
strongly interacting levels are approximately the same

Let us estimate how this interaction can affect the slopes Ve estimate the accuracy of our calculations for the lower
q. Five levels from this band belong to the configurationband of Fel to be about 150 cm', and approximately

— =1
3d%p and have close slopes with the average 300 ¢ for the values(15) and (16).

=1360 cml. Only the level *F9, has a slope, that is
300 cm ! smaller than the average. The remaining level E. Ninl

®P?» belongs to the configurationd34s4p and has a slope  Njy has the ground state configuratiod®3 The spectrum
of the opposite sigmj=—1519 cm*. Its absolute value is js somewhat simpler than for Fe There are also
500 cni ' smaller than for the levetP?,, of the same con-  pseudocrossings here, but they either lie far foomD or are
figuration 3°4s4p. That suggests that the level§9, and  rather wide. That makes their treatment slightly easier. Nev-
®p9,, strongly interact with each other. This is also in agree-ertheless, our results significantly differ from previous calcu-
ment with the fact that these levels are the closest neighborkgtions[28].
both experimentally and theoretically, and that they cross CI calculations were done for the Coulomb potential and
somewhere betweenandx, . included SD and partly triple excitations on the basis set
There is also strong interaction between the level§5spdf]. We calculated the five lowest odd levels wiih
2G9Y,,,%F9,,, and *DY,,. That can be seen if one calculates =5/2 and five levels with)=7/2 for x_, o, andx. , and
the scalar productéoverlaps between corresponding wave used parabolic extrapolation for the interval0.4<x<
functions for different values of, such as(i(x_)|k(x,)).  +0.3(see Fig. 2 Itis seen that the theory accurately repro-
For  weakly interacting levels (i(x_)|k(xo))  duces the relative positions of all levels. The overall agree-
~(i(x_)|k(x4))=~&; x, so large nondiagonal matrix ele- ment between the theory and the experiment becomes close
ments signal that corresponding levels interact. to perfect, if all experimental levels are shifted down, by
Interaction of IeveIsZG$,2,4F‘7’,2, and 4[)%2 does not af- 1000 cm! as is done in Fig. 2. Nq'ge that this shift consti-
fect the slopes) as strongly, as the interaction 6£S, and  tutes only 2% of the average transition frequency. .
6p2_ so we can account for the former in a less accurate The calculatedy factors are generally in agreement with

way, but it is important to include the latter as accurately a§he experimen{35] and noticeably different from tohe pure
possible. LS values(see Table V). However, for the IeveI2F7,2 the

The |eve|6p%2 interacts with some linear combination of theorgticalg factor .is smaller than théS value, while the
levels 2GS,,,*FS,,, and *DS,. The slopes and factors of expenmental one is larger. There are no nearby levels that
the latter are relatively close to each other, so we can simpl ay mix with this one and move t@factor closer to ex- :
take the average for all three: eriment. On the other hand, th_e _dlfferenc_e from the experi-

ment is only 2% and may be within experimental accuracy.
9=1.185, q=1297. (13) Figure 2 shows that the leveldG9,(g) and 2F$(h)
cross atx~0.3, and they already strongly interact>at 0.
The theoretical splitting for these levels is 10% larger than
Now we can use the experimentafactor of the stat€P9,  the experimental one. Consequently, they are in fact even
and Eq.(11) to determine the mixing: closer to the crossing point than is predicted by the theory.
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FIG. 2. Dependence of the odd levels of INon (a/aq)2=x
+1. Solid lines correspond td=5/2 and dashed lines td=7/2. |
The experimental positions of the lines are shown as short horizon- Sill has the smallest coresi: - - 2p® and three valence

tal lines and are all shifted down by 1000 th The assign-
up: ‘DY s4ab),

ment of the levels from bottom
1(32/2,5/2(0,‘1):4F3/2,5/2(eyf): 26‘7’,2(g),2F$,2(h),2D§,2(i),
Fali)-

The experimental splitting is equal to the theoretical one fo

and

larger value ofa corresponding tox~0.15. Atx=0.15 the

slopes of these levels are265 and— 590, and foix=
are — 124 and— 812, respectively. Note that the sum of the

0 they

slopes atx=0.15 differs by 80 cm® from the sum atx

=0. According to Eq(7) for a two-level system the sum is
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IV. CONCLUSIONS

In this paper we present refined calculations of the param-
etersq, which determine thex dependence of the transition
frequencies for a number of ions used in the astrophysical
search fora variation. These ions appear to be very different
from the theoretical point of view. Because of that we had to
use different methods and different levels of approximation
for them. The final accuracy of our results differs not only
for different ions, but also for different transitions.

The simplest system is 4n which has one valence elec-
tron. On the other hand, this is the heaviest ion and it has the
largest core, which includes ad¥ shell. That gave us the
opportunity to study corrections tp from the core-valence
correlations and from Breit interaction. We found the former
to be about 17% and the latter to be less than 1%. For lighter
ions the Breit interaction should be even smaller and can be
safely neglected. Other ions also have much smaller and
more rigid cores, so one might expect that core-valence cor-
relations are a few times weaker there in comparison to Zn.
That allows us to neglect core-valence correlations for all
other ions discussed in this paper.

electrons. For neutral Mg, which has the same core, the core-
valence corrections to thes3-3p transition frequencies
were found to be about 4983,36. The CI calculation for
Sill is relatively simple, and the errors associated with in-
completeness of Cl space are small. Thus, our estimate of the
@ccuracy for Si on 6% level seems to be rather conservative.
Cr, Fe, and Ni have the coresi: - -3p® and the core
excitation energy varies from 2 a.u. for Cto 2.6 a.u. for
Nill. In comparison, the core excitation energy foriZis
0.9 a.u. Therefore, we estimate the core-valence correlation
corrections for these ions to be at least two times smaller
than for Znil.

constant. This means that these two levels are repelled from Additional error here is associated with the incomplete-

the lower-lying level*F,(e). Taking this analysis into ac- ness of the CI space. These ions have from five to nine
count, we suggest an average betweerD andx=0.15 as

our final value:q(?F$,,) = — 700(250).

TABLE VI. Transition frequenciesw from the ground state

°D,, g factors, and parametecs. for Niil (in cm™1).

Experiment Theory

® g © g 9LS a- -
2Dy, 1507 1579 0.800 1559 1552
4DY9, 51558 1.420 50415 1.423 1.429-2405 —2425
‘DY, 52739 1.356 51640 1.360 1.371-1217 —1245
4G9, 54263 1.02 53150 1.016 0.984—1334 —1387
4GP, 55019 0.616 53953 0.617 0.571-370 —418
4F9, 55418 1.184 54323 1.183 1.238-1104 —1124
4F2, 56075 0.985 55063 0.986 1.029-332 —334
2GY, 56372 0.940 55284 0.933 0.889 —60 —188
2F9, 57080 1.154 56067 1.128 1.143-911 —713
’DY, 57420 1.116 56520 1.108 1.200-1419 —1438
2F2, 58493 0.946 57589 0.959 0.857 —35 -5

valence electrons and the CIl space cannot be saturated. To
estimate the corresponding uncertainty we performed several
calculations for each ion using different basis sets and two
different computer packages described in Sec. Il. The basic
Dirac-Hartree-Fock orbitals were calculated for different
configurations(for example, for the ground state configura-
tion and for the excited state configuration, etc.
Supplementary information on the accuracy of our calcu-
lations can be obtained from comparison of calculated spec-
tra andg factors with experimental values. The latter appear
to be very important, as they give information about electron
coupling, which depends on relativistic corrections and on
interaction betweem.S multiplets. Our results for Gr ap-
pear to be very close for different calculations and are in
good agreement with the experiment in terms of both the
gross level structure and spin-orbit splittingee Table 1V,
so we estimate our final error here to be about 10-12 %.
The largest theoretical uncertainties appear fon fead
Ni 1, where the number of valence electrons is largest and
the interaction of levels is strongest. Here we had to include
semiempirical fits to improve the agreement between the
theory and the experiment. We took into account the size of
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