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M1-E?2 interference in the Zeeman spectra of Bi I
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Studies of the M1-E2 interference effect in the mixed-type forbidden lines 461.5, 647.6, and 875.5 nm of
Bi1 are reported. A special computer program considering the interference effect was designed to obtain the
predicted contours of the Zeeman structures of the lines. By variation of free parameters describing the line
shapes and the electric-quadrupole admixtures, the calculated profiles were fitted to the recorded spectra. The
E2 admixtures found are (7.84+0.14)%, (17.5%+0.4)%, and (0.70=0.11)% for the 461.5, 647.6, and 875.5
nm lines, respectively. Our results are compared with recent theories and other experiments.
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I. INTRODUCTION

The 65%6p° ground configuration of bismuth gives rise to
five levels "S5, 2P3/2’1/2, and 2D5/2’3,2 (see Fig. 1). Since
electric-dipole (E1) transitions between states of the same
parity are forbidden, all the levels of the 6s°6p> configuration
are metastable. Weak magnetic-dipole (M1), electric-
quadrupole (E2), and transitions allowed for both M1 and E2
types of radiation are permitted in second-order radiation
theory.

When various components (corresponding to different
M ,M') of the atomic line of mixed M1+E2 character are
separated as to wavelengths, an interference effect between
different multipole radiations can be observed. In the theory,
the intensity of Zeeman components AM==*1 is not a
simple sum of intensities of the pure E2 and pure M1 radia-
tion, but includes a cross term caused by the interference.
The interference term can be positive or negative; it has dif-
ferent values for different components and changes with the
direction of observation. The term reverses its sign when the
observation is changed from parallel to perpendicular to the
field.

This interference in the Zeeman effect was observed for
the first time by Jenkins and Mrozowski [1]. The M1-E2
interference does not change the state of polarization of the
emitted radiation, but in emission spectra, the effect produces
a difference between the intensities of AM = = 1 Zeeman pat-
terns observed in the longitudinal and transverse directions.
This phenomenon was used in a series of experiments for
precise determination of the electric-quadrupole admixture in
the forbidden lines. At the beginning of these studies, using
photographic photometry, the intensities of separated groups
of Zeeman patterns taken from the spectra obtained in lon-
gitudinal and transverse directions of observations (for o and
7 polarizations) were compared with calculations for varying
E2 admixture. The magnetic field and Fabry-Pérot spacers
were selected in such a way that no overlap of different
groups of Zeeman components was present [2-4]. Later, the
photographic photometry was replaced by a simple visual
comparison, to find the best match between the experimental
microphotometer trace and a series of calculated profiles for
varying E2 admixtures [5-7].
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The M1-E2 interference in BiI lines has been observed
also in absorption by means of the Faraday effect [8—10].
These measurements were connected with atomic parity non-
conservation experiments [11].

The E2 admixture measurement in forbidden lines is a
very sensitive test for the theory, and because of the large
discrepancy between experimental data [5,6] and theoretical
predictions [12] we reexamined three mixed multipole lines
of Bi1 shown in Fig. 1.

II. EXPERIMENT

A standard experimental arrangement for observation of
the Zeeman effect of forbidden lines was used. An electrode-
less discharge tube powered by a rf generator (55 MHz) was
the source of forbidden lines. The high-resolution spectral
apparatus consisted of a silver-coated Fabry-Pérot étalon and
Carl Zeiss Jena PGS-2 grating spectrograph (651.5 grooves/
mm, resolution 0.8 nm/mm in the first order) combined with
a charge-coupled device (CCD) detector (Hamamatsu model
S$7032-0906 with head device model C7042).

A Glan prism was used to separate the o and 7 compo-
nents. Observations were performed only for perpendicular
view and 7 polarization.
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FIG. 1. Energy levels of the 65’6p? ground configuration of Bi 1,
with the observed mixed M1+ E?2 transitions.
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The light source was placed in a gap of a magnet produc-
ing fields up to 2 kG. The magnetic field was measured with
an accuracy of 2% by the use of a gaussmeter (Applied Mag-
netics Laboratory model GM1A). Using the strong 605.9 nm
(6p8p Py— 6pTs °P,) line of Pb1, we have calibrated the
gaussmeter output to an absolut precision of 1%. In the cali-
bration procedure we used the following set of data:
A(6p7s >P)=293.60(5) mK [13], g,(6p7s *P,)=1.349 [14].

III. THEORY

The probability of a mixed M1+E2 transition between
Zeeman states |y,J',I,F' ,M}) and |y,J,I,F,Mg) can be ex-
pressed as

total (1) 2
aM;,MF ( ;_:1 |b (0)| |SqMFM |
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The CX/IFF coefficients can be obtained by diagonalization of
the Hamiltonian matrix consisting of two contributions: the
hyperfine interaction of the nucleus with the electron shell
and the energy of the atom in an external magnetlc field [17]
In Eq. (1) the products |b 1)(6) , and [b ©
X(G)b(l)(a)] which connect the states of polanzatlon of the
emltted light with the direction of observation, can be written
as

Y2 = 6(leo) (1 - 22), @)
|b(0)1|2 3[|~‘31|2 |82|2 2+ 1(8182—8281)X] (5)
SOI1? = 30(|e1 ) (1 = x2)22, (6)

|b(1)1|2 5[|81|2(2x - 1)2+|82|2 2+ 1(8182 8281)
X (2x% = 1)x], (7)
651,17 = 5(1 = x2)[[s] 4>

+eo* xi(ele, — &38))x], (8)
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piOp) = V’T5{|81|2(2x2 —1) +|e))%* * ix[e]e,
- 8;8](2)(2 - l)]}9 (9)

where x=cos 6 (x=0 for transverse and x=1 for longitudinal
directions of observation, respectively).

In deriving Egs. (4)—(9) we used the coordinate system
with the Z axis directed along the magnetic field and the unit
vectors of photon polarization ¢ and propagation 7 deter-
mined by

-

n=ysin 6+ Z cos 6, (10)

¢ =g,%+¢&,(Zsin 6—7 cos 6), (11)

where 6 is the angle between the direction of the magnetic
field and the direction of observation, and the parameters &,
and &, are introduced in order to distinguish the contribu-
tions due to the two mutually orthogonal directions of polar-
ization. For perpendicular observation and 7 polarization
(AM==1), we have 6\, P=3,  [b". =5, and
by ps ==

Expressmn (l) shows that different magnetic and electric
multipoles interfere. Therefore the transition probability for
mixed transitions is not a simple sum of independent terms
describing well-known pure multipole radiation of electric
and magnetic types:

M1 4

Ayy= 3h(dme 0c2)< ) Ky (|| (12)

B2 _ 1

R 2

However, the cross term vanishes after integration over pho-
ton polarizations and directions of observation. Then the in-
terference can be observed only when various components of
atomic line (corresponding to different M’ , M) are separated
with respect to wavelength by means of the magnetic field.
Let us define the electric-quadrupole admixture in a
mixed transition by
TAMI, R
7ITArg

Next, as a final step one may express the relative transition

probability a;;l, n,=a tmal /(A AL J) according to
a ——{ 1-D)B(OPIS,,,
MMy MM
+DIby)(OPIS) P
= 2D(1 - D)[B; V(OB (0)]S,; b
FM
(15)

where g=M .—Mp.
The relative intensities of Zeeman patterns observed in
the experiment are directly proportional to the relative tran-

rel
sition probabilities a, MM,
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The sign of the interference term in (1) can be predicted if
the wave functions of the electronic states involved in the
transition are known. It is determined by the sign of the
product of the two reduced matrix elements {y'J'||,||y/)

and (y'J'[|Q4l| 7).

The phase (sign) of the interference term in (15) deter-
mines which of the calculated profiles corresponds to the 7
view and which to the L view. Our computer simulations
show that the sign is negative for the Zeeman components of
the 875.5 nm line and positive for the components of the
647.6 and 461.5 nm lines, in agreement with the signs of
matrix elements calculated in [18]. This observation is in
opposition to the phase rule expressed in [6]: for transitions
between levels with hyperfine splitting constants A of the
same signs the phase factor is positive, and for transitions
between levels with A of opposite signs the phase factor is
negative.

IV. COMPUTER SIMULATIONS

A direct observation of separate hfs Zeeman components
is practically unachievable for conditions under which the
hyperfine splitting is barely resolved. The number of Zeeman
components runs into hundreds and interferes with hyperfine
structure. What can be observed is an envelope of partially
overlapping lines.

We assumed that the observed contour is described by the
following intensity distribution function:

I.
! s 16
1+ a%(v— )% + ag(v— AN (16)

I(v) = Io(v) + 2

where I,(v) describes the background noise, I; is the intensity
of the ith Zeeman component directly proportional to the
transition probability (15), 7;=v;+v, is the position of the
component on the frequency axis (v, shifts the whole con-
tour either left or right), and the parameters «; and «, de-
scribe the shape of the line. The function (16) is a convolu-
tion of Cauchy, Gauss, and approximate Airy functions
[19,20]. The Cauchy and Gauss functions describe the radia-
tive and Doppler broadenings of the atomic line, whereas the
Airy profile is connected with the instrumental broadening.

In the computer simulations the least-square-fitting proce-
dure was used. The simulated structure was fitted to the ex-
perimental curve recorded in the digital form. In our compu-
tations we used the set of data for hfs constants and
experimental g; factors presented in Table I.

The actual Fabry-Pérot pattern has a variable dispersion,
especially near the center of the fringe system, but the simu-
lated structure is calculated with a linear dispersion. In order
to avoid this difficulty the experimental profile was linear-
ized. Care was taken to keep the area under the interferomet-
ric curve constant. After linearization the profile was normal-
ized. Then, by variation of the D value and line shape
parameters «; and «a,, the simulated contour was fitted to the
experimental data.
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TABLE 1. Values of the hyperfine structure constants A and B
(in mK) and Landé g; factors used in our computations.

A B 87
2P 376° 0 0.6654(2)°
D), 83.56(3)° 1.3(6)° 1.20°
’Dy)5 -40.92(4) -20.58(33)¢ 1.225°
482 ~14.90803(3)° -10.17582(7)° 1.6433(2)"

“Reference [21].
PReference [22].
“Reference [23].
dReference [24].
“Reference [14].
fReference [25].

V. RESULTS

A. The 461.5 nm line

The 461.5 nm line is the strongest of the forbidden lines
of Bil. The observations of the Zeeman effect were per-
formed at four field values: 0.98, 1.23, 1.48, and 1.72 kG for
the transverse direction of observation and 7 polarization.
We used a 4 mm Fabry-Pérot spacer. Figure 2(a) shows the
recorded Zeeman structure of the line at 1.48 kG field. The
observed line contours were analyzed using the least-square-
fitting procedure described in Sec. IV. Black dots represent
the experimental results and the continuous line is the com-
puter best fit described by formula (16). The “error” curve at
the bottom of the picture presents the differences between
the calculated and experimental contours. Figure 3(a) pre-
sents the computer simulations of Zeeman patterns for vary-
ing values of the electric-quadrupole admixture D. It shows
the sensitivity of the shape of the generated structure to the D
parameter changes.

We analyzed five interferometric orders for each value of
the magnetic field. In order to generate a predicted pattern
comparable with the recorded trace a simulation of overlap-
ping of Fabry-Pérot orders had to be added to the computer’s
procedure.

All the results for D grouped into four runs are summa-
rized in Table II. As an example Fig. 4(a) shows that a his-
togram of 99 measurements for set I1I (1.48 kG) is well fitted
by a Gaussian curve.

The «; parameter values obtained from the fitting proce-
dure varied from 0.07 to 0.09 c¢cm™!, and the values of a,
varied in the range 0.1-0.3 cm™'.

The weighted mean value from all our experimental re-
sults for different magnetic fields was determined to be
D=(7.84=*0.05)%. Because the spread of the results for D is
large, the x? test gives a value 8, which is much higher than
1; the uncertainty should be multiplied by \x*. Then the final
result is D=(7.84 +0.14)%.

The final experimental value agrees with, but is somewhat
lower than, our previous percentage admixture measurement
[26] of (7.7%=0.4)%. In [26], the D value was obtained by
simple hfs observation combined with the computer simula-
tion technique. The Zeeman profile is much more sensitive to
the E2 admixture changes [see Fig. 3(a)] than the hfs profile
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FIG. 2. Recorded Zeeman patterns: 7 views at 1.48 kG mag-
netic field for (a) 461.5 nm line with 4 mm spacer, (b) 647.6 nm line
with 4 mm spacer, and (c) 875.5 nm line with 8 mm spacer. At the
bottom of each figure is presented the residual curve describing
deviations between calculated and observed profiles.

of the line [see Fig. 2(b) from [26]]. The present result, ob-
tained by observation of the M1-E2 interference effect, is
substantially more accurate.

B. The 647.6 nm line

The observations of the Zeeman effect were performed at
four field values: 0.98, 1.23, 1.48, and 1.72 kG. We used 4

TABLE II. Observed ratio D=AF2/(AM'+AF?) (in %) of the
461.5 nm line for four field values.

Magnetic field (kG) (D) N?
0.98 8.02+0.07 224
1.23 7.84+0.12 72
1.48 7.83+0.09 99
1.72 7.38+0.11 40
(D) 7.84+0.14
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FIG. 3. Computer-generated contours of BiT lines at 1.48 kG
magnetic field for different values of the E2 percentage admixture
D for (a) 461.5 nm line (D=0%, 7.8%, and 15%), (b) 647.6 nm line
(D=5%, 18%, and 35%), and (c) 875.5 nm line (D=0%, 1%, and
3%). All contours are normalized to the intensities of the highest-
peak maxima.

mm and 8 mm Fabry-Pérot spacers. Figure 2(b) shows the
recorded Zeeman structure of the line with 4 mm spacer at
1.48 kG field.

All the obtained results for D varied in the range 16.00-
18.50% (see Table III). All the results for D grouped into six

TABLE III. Observed ratio D=AF2/(AM'+AF2) (in %) of the
647.6 nm line for four field values.

Magpnetic field (kG) (D) N
0.98 18.39+0.19 121

16.70+0.31 * 60
1.23 16.00 =0.22 54
1.48 17.00£0.19 62

18.50+0.27 * 50
1.72 17.90+0.16 30
(D) 17.5+0.4

N is the number of measurements.

“Results obtained with 8 mm spacer.
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FIG. 4. (Color online) Histograms for distributions of the ex-
perimental data at 1.48 kG magnetic field for (a) 461.5 nm line, for
a total of 99 individual measurements, (b) 647.6 nm line, for a total
of 62 individual measurements, and (c) 875.5 nm line, for a total of
91 individual measurements.

runs are also summarized in Table III. Figure 4(b) shows a
histogram of 62 measurements for set IV (1.48 kG). The «;
parameter values obtained from the fitting procedure varied
from 0.08 to 0.10 cm™!, and the values of a, varied in the
range 0.11-0.70 cm™.

The weighted mean value from all our experimental re-
sults for different magnetic fields was determined to be D
=(17.50%0.09)%. Because the spread of the results for D is
large (x*=20), the uncertainty should be multiplied by y>.
Then the final result is D=(17.5*+0.4)%.

C. The 875.5 nm line

The observations of the Zeeman effect were performed at
four field values: 0.98, 1.23, 1.48, and 1.74 kG. In this mea-
surement care has been taken to avoid detection of parasitic
blackbody radiation from the oven ensemble. However, a
detectable contribution to the dark current was present in the
recorded spectra. This problem was reduced by performing
each run of intensity measurements preceded by the noise
observation. In this measurement the radiation intensity from
both sides of the atomic line signal was recorded. Then the
average dark current was subtracted from the recorded spec-
tra. We used 8 mm Fabry-Pérot spacer. With this spacer the
whole hfs barely fitted into one order without overlap. As an

TABLE IV. Observed ratio D=AF2/(AM'+AF?) (in %) of the
875.5 nm line for four field values.

Magnetic field (kG) (D) N

0.98 0.81£0.12 106
1.23 1.07 =0.06 87

1.48 0.57£0.05 91

1.74 0.65£0.03 118
D)w 0.70+0.11
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TABLE V. Comparison between experimental and theoretical
results for E2 contribution in mixed M1+ E2 transitions in BiT (in
%).

Transition Experiment Theory
(CP1a—"S3) 20" 10.1°
(461.5 nm) 73+09°¢ 7.3¢4

7.7+04° 23f
8—9 ¢
10+0.8 "
6.5+05"
7.4+041
7.84+0.14 ¥
(*Dsp—"S3) 15%5 ! 20"
(647.6 nm) 17.6+12°¢ 174
18+45™ 34.5°
16+1"1
17.8+1.0"
19.5+0.5°
192+15P
17.5+04 %
(?D3,—*S3)) 225+059 0.67°
(875.5 nm) 1+1" 0.5¢
0.82+0.11" 1.26
0.70=0.11

Reference [29].
°Single-configuration approximation, Ref. [27].
“Reference [30].

dSf:miempirical, Ref. [34].
‘Reference [26].
‘Multiconfiguration HFR, Ref. [12].
£Reference [31].

_hReference [2].

'Reference [5].

JReference [17].

KPresent work.

'Reference [32].

"Reference [3].

"Reference [8].

°Reference [33].

PReference [23].

9Reference [6].

"Reference [24].

example, Fig. 2(c) shows the recorded Zeeman structure of
the line at 1.48 kG field. We analyzed five interferometric
orders for each value of the magnetic field.

All the obtained results for D varied in the range 0.57—
1.07% for magnetic fields 1.48 and 1.23 kG, respectively
(see Table IV). The «; parameter values obtained from the
fitting procedure varied from 0.09 to 0.12 ¢cm™!, and the val-
ues of a, varied in the range 0.11-0.70 cm™'.

The final value from all our experimental results for dif-
ferent magnetic fields was determined to be D
=(0.70%=0.11)% (the measurement uncertainty was multi-

plied by Vx?).
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VI. COMPARISON BETWEEN EXPERIMENTAL
AND THEORETICAL RESULTS

The calculated multipole transition rates are particularly
sensitive to even small modifications to the wave functions
and a careful choice of the theoretical method is required—
very often the theoretical predictions disagree with experi-
ment.

For the BiI spectrum, neither LS nor jj coupling is ad-
equate. The intermediate coupling in the fine structure of the
6s%6p> configuration in the single-configuration approxima-
tion has been studied by several authors [22,27,28]. A com-
plete list of M1 and E2 transition probabilities for the 65%6p*
ground configuration of Bi I has been published in [27]. The
most extensive multiconfiguration calculations of multipole
transition rates have been performed by Biémont and Quinet
[12], by the use of the relativistic Hartree-Fock (HFR)
method.

In Table V our result was compared with theory and ex-
perimental results of other authors. From the table it follows
that our result is consistent with recent experimental data.
These results have been obtained by using different spectro-
scopic methods. The E2 admixtures in papers [26,29,30,32]
have been obtained by simple hfs measurements, the results
presented in papers [5,6,17] originated from observation of
the Zeeman effect, and those presented in papers
[8,23,24,33] are the results of Faraday rotation measure-
ments. The quantity directly measured in the Faraday effect
is the ratio y of amplitudes for the M1 and E2 transitions,
which is related to the electric-quadrupole admixture D by
D=3x%/(3x*+5).

PHYSICAL REVIEW A 77, 023410 (2008)

The measured E2 admixtures can be compared with the-
oretical predictions. As follows from the table, a good agree-
ment can be achieved in single-configuration calculations
presented in [27] and [34]; in paper [34] the intermediate
coupling wave functions from [22] and the experimental
value of the radial integral s, of r* between single-electron
states, sq=8.7ea(2), from [8] were used. However, there is a
large discrepancy between values obtained by us and the
HFR results. The HFR method allows consideration of a
large number of interacting configurations (14 configura-
tions), but only approximately accounts for the relativistic
effects, which are crucial for heavy elements. Nevertheless,
the HFR energies obtained in [12] appear to be in very good
agreement with experimental data.

A comparison between the single-configuration approxi-
mation and the HFR method shows that the situation in cal-
culations of transition probabilities is very complex. In the
case of the ground configuration of Bi1, the effect of con-
figuration mixing is very weak, and limited inclusion into
calculations of admixtures of several selected configurations
does not necessarily give reliable results for transition rates,
even if the calculated energy levels agree very well with
observation.

VII. CONCLUSION

We conclude that our measurement yields very accurate
electric-quadrupole admixtures in multipole lines of Bi I. Our
result is consistent with recent experimental data, but in
strong disagreement with results of multiconfiguration HFR
calculations.
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