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a b s t r a c t 

Transition lines of neutral arsenic atom (As I) have been observed in the spectra of stellar and sub- 

stellar objects. Accurate and reliable data of oscillator strengths of those transitions allow differentiat- 

ing between different evolution models of those objects. We have measured branching fractions for As 

I (4p 2 5s-4p 3 ) transition lines in 180–310 nm spectral range with higher increased accuracy using light 

source powered by inductively coupled radio frequency plasma (RF-ICP) source – not earlier applied in 

studies of atomic arsenic. The measurements were performed for 7 excited states of As I and compared 

with data from the literature. We combined them with the selected lifetime values reported in the lit- 

erature. The transition probabilities for 26 spectral lines are obtained and compared with other experi- 

mental and theoretical data from literature. The absorption oscillator strengths for two As I (4p 2 5s-4p 3 ) 

resonance transitions (197.3 nm, f = 0.127, and 193.8 nm f = 0.059) are also reported. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The spectra from neutral atoms of various elements have been 

bserved for different stellar and sub-stellar objects. Spectra can be 

seful for the prediction of the galactic chemical evolution. Such a 

rediction heavily relies on the accuracy of the oscillator strength 

easurement data of the observed transitions, since inaccurate 

tomic data leads to uncertainties in differentiating between differ- 

nt evolution models. Among the elements suitable for improved 

aboratory study is arsenic, rarely observed but important for un- 

erstanding the production of light neutron-capture elements. 

The absorption lines of atomic arsenic (As I) were firstly re- 

orted in studies of binary star Chi Lupi during the first mission 

f Hubble Space Telescope launched into low Earth orbit in 1990 

1] . Later, As I lines were detected in a couple of metal poor stars 

2–4] and in interstellar space [5] . The abundance of this element 

as calculated by analysing the atomic absorption lines. The oscil- 

ator strengths of observed atomic transitions are critical for accu- 

ate determination of the quantitative parameters required for the 

hosen evolution models. Currently, the theoretically determined 

scillator strengths are available for quite a large number of As 

 lines. However, up to now only the results of two experiments 

ave been reported [ 6 , 7 ], which have been obtained from one set

f branching fraction measurements in hollow cathode discharge 
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amp [6] . In order to find and rule out possible systematic errors 

hat could occur using one particular method and experimental 

quipment, additional measurements with other equipment with 

ifferent experimental approaches is needed. A wider range of ex- 

erimental data will also give more confidence in the tests of pre- 

ious theoretical calculations [ 8 , 9 ]. 

The uncertainty in determination of branching fraction depends 

n measurement data error, the calibration error of the spectral 

esponse of experimental system, and from the impact of self- 

bsorption in resonance lines corresponding to transitions from the 

xcited state to the ground state. In the present work, we used 

n experimental setup containing previously unconsidered major 

lements [6] : the RF-ICP powered arsenic spectral line source, 

onochromator, detector and calibration sources. The lifetimes of 

s I excited states from other studies [ 7 , 10 ] were used to convert

he measured branching fractions to the transition probabilities or 

instein coefficients. They have been measured by using the beam 

oil method [10] and by short pulse laser induced fluorescence de- 

ection [7] . 

. Experimental arrangements 

Lifetimes, branching fractions, transition probabilities and oscil- 

ator strengths are interconnected parameters for each specific ele- 

ent of the periodic table. The branching ratios or branching frac- 

ions (b ul ) are the relative transition probabilities from the upper 

evel “u” to all lower energy levels “l” allowed by selection rules. 
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Fig. 1. Schematic of the experimental set-up. 
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he sum of them is normalized to one: 

l b ul = 1 (1) 

The absolute values of transition probabilities or Einstein coeffi- 

ients are determined by normalizing them to the inverse radiative 

ifetime ( τ u ) of corresponding excited state: 

l A ul = 1 / τu (2) 

For abundance determination the oscillator strengths values 

f lu ) are used. They can be calculated from transition probability 

A ul ) by using the following expression: 

 lu = 1 . 5 ×( g u / g l ) λ
2 A ul ×1 0 

−18 , (3) 

here λ is the wavelength in nanometres and gu and gl are the 

tatistical weights for corresponding levels. 

The uncertainty in determining transition probabilities values 

epends on errors in both: the lifetime and branching fraction val- 

es. The relationship between the above values, as well as a de- 

ailed description for the calculation of measurement errors, are 

iscussed in [11] , in relation to oscillator strengths measurement 

ethod for applications in astrophysics. 

In our measurements, the method described in previous stud- 

es of selenium [12] and tellurium [13] atoms was used. The As 

 emission lines were obtained from the laboratory-made light 

ource powered RF-ICP generator [14] . Light sources - two sealed 

amp bulbs - were made of high quality silica of 18 mm diame- 

er spheres filled with As + Xe and As + Xe + KBr. In the manufactur-

ng process, bulbs were attached to a high purity vacuum pumping 

ystem and a high purity Xe gas inlet system that ensured the fill- 

ng of gasses in lamp bulbs with a precision of a few mbar. The 

ulb inner surfaces were repeatedly cleaned via discharge in Xe 

nvironment. Bulbs were pumped out to reach a vacuum higher 

han 10 −6 torr before lamp body was filled with few micrograms of 

rsenic and 100 mbar of Xe. Then bulbs were sealed off from the 

acuum system. In order to test the branching ratios in different 

ischarge plasma conditions, a few micrograms of KBr was added 

n the second lamp. The lamp bulb was placed inside the coil of 

enerator and the plasma discharge was powered by 54 MHz fre- 

uency of RF-ICP generator with external voltage supply ( Fig. 1 ). 

The spectral lines of As I were analysed by a double mirror 

igh quality silica prisma monochromator SPM-2 (Carl Zeiss Jena) 

nsuring high resolution and high quality of spectra in the 200–

00 nm range [15] . Working with a reasonably opened slit al- 

owed the capture of very weak light-source signals. Intensities of 

ach spectral lines were detected using photomultiplier tube PMT 

9A [16] that is effective in far UV attached at the exit slit of 

onochromator. Photocurrent was amplified and measured using 
2 
 voltmeter. The calibration of spectral response of the system was 

erformed using a hydrogen lamp DBC-25 [17] , and a deuterium 

amp made and calibrated in Vavilov State Optical Institute [18] . 

sing the calibration curves for both above mentioned lamps we 

stimated the uncertainty of the detection system being below 15% 

n the area 190–300 nm. 

. Results 

Photocurrent detected for each spectral line is directly propor- 

ional to the radiation intensity. The measurement of individual 

ines were performed by tuning the monochromator to the needed 

avelength and by adjusting the reading on maxima. In order to 

xclude the influence of possible instabilities of the line source, 

easurements were performed for pairs of lines with common up- 

er level. At the constant DC power supplied to the RF genera- 

or the photocurrent measurements were repeated by sequential 

hanging from the first line to the second one. In order to investi- 

ate the influence of self-absorption, the measurements were per- 

ormed at different powers in the area where intensities of spectral 

ines changed in the range of two orders of magnitude. After each 

hange of DC power an intensity of a spectral line was stabilized 

uring a few minutes before measurements were performed. The 

atio of measured photocurrents “i 1 “and “i 0 “is transformed to the 

atio of spectral line intensities I 1 /I 0 by taking into account the cal- 

bration curve of the experimental setup. 

It is worth noting that the influence of self-absorption was ob- 

erved only at increased power for resonance lines 197.3 nm and 

93.7 nm, while reabsorption was absent for other lines for the 

hole range of power used for feeding arsenic lamps. Branching 

ractions were calculated from intensity ratios I 1 /I 0 , at a condi- 

ion where self-absorption did not take place. In order to obtain 

est results the intensity ratio for two lines was evaluated from 

ore than 10 individual measurements with two lamps at differ- 

nt powers. The scattering of data was within 2%. Therefore, the 

ncertainty in the intensity ratio was dominated by the above- 

entioned 15% calibration error. The ratio of branching fractions 

 1 /b 0 were calculated from the measured intensity ratios - the 

hoton energies were taken as inversely proportional to wave- 

ength of each spectral line. 

 1 / b 0 = ( I 1 / I 0 ) × ( λ0 / λ1 ) , (4) 

here λ 0 and λ 1 are wavelengths for each of measured lines. 

The intensity ratios were measured for several line pairs at 

east one time including each line from the same upper level. The 

ranching fractions were evaluated for all transitions from the fol- 

owing system of equations (5) and presented in Table 1 together 
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Table 1 

The measured branching fractions for As I (4p 2 5s-4p 3 ) lines. 

Transition 

λ, 

nm, 

This 

experiment 

Experiment 

[6] ∗
Theory 

[8] [9] DV [9] DL 

4 P 1/2 −4 S o 3/2 197.262 0.94 (1) ∗∗ 0.907 0.898 0.904 0.939 

−2 D 

o 
3/2 249.294 0.057 (6) 0.0538 0.0898 0.0815 0.0552 

−2 P o 1/2 307.531 0.0016 (2) 0.0342 0.0072 0.00831 0.00208 

−2 P o 3/2 311.959 0.0024 (3) 0.0049 0.0051 0.00676 0.00330 
4 P 3/2 −4 S o 3/2 193.759 0.94 (1) 0.941 0.936 0.926 0.950 

−2 D 

o 
3/2 243.723 0.010 (1) 0.00722 0.0063 0.00893 0.00892 

−2 D 

o 
5/2 245.653 0.043 (5) 0.0314 0.0458 0.0488 0.0346 

−2 P o 1/2 299.098 0.00093 (10) 0.0046 0.021 0.00297 0.00132 

−2 P o 3/2 303.285 0.0039 (4) 0.015 0.0098 0.0136 0.00460 
4 P 5/2 −4 S o 3/2 189.043 0.98 (1) 0.985 0.0213 0.975 0.977 

−2 D 

o 
3/2 236.304 0.00077 (15) 0.00077 0.809 0.00109 0.000742 

−2 D 

o 
5/2 238.118 0.020 (2) 0.013 0.141 0.0236 0.0222 

−2 P o 3/2 291.882 0.00005 (1) . 0.028 0.000082 0.000028 
2 P 1/2 −4 S o 3/2 188.196 0.015 (5) 0.025 0.979 0.0057 0.0142 

−2 D 

o 
3/2 234.984 0.87 (4) 0.804 0.0011 0.757 0.816 

−2 P o 1/2 286.043 0.095 (10) 0.143 0.019 0.197 0.145 

−2 P o 3/2 289.870 0.017 (3) 0.0275 0.0002 0.0403 0.0260 
2 P 3/2 −4 S o 3/2 183.174 0.011 (3) 0.0164 0.010 0.00305 0.00984 

−2 D 

o 
3/2 227.136 0.0051 (5) 0.00342 0.0003 0.00104 0.00157 

−2 D 

o 
5/2 228.812 0.79 (4) 0.684 0.726 0.627 0.718 

−2 P o 1/2 274.500 0.046 (5) 0.059 0.067 0.0815 0.0679 

−2 P o 3/2 278.022 0.15(2) 0.236 0.196 0.260 0.204 
2 D 5/2 −4 S o 3/2 164.432 0.011 0.00430 0.00664 

−2 D 

o 
3/2 199.113 0.11(2) 0.090 0.113 0.1046 0.0973 

−2 D 

o 
5/2 200.335 0.79 (6) 0.813 0.744 0.716 0.765 

−2 P o 3/2 237.077 0.10 (1) 0.0964 0.130 0.175 0.133 
2 D 3/2 −4 S o 3/2 164.379 0.0021 0.00086 0.00171 

−2 D 

o 
3/2 199.035 0.78 (4) 0.778 0.704 0.632 0.686 

−2 D 

o 
5/2 200.255 0.016 (2) 0.142 0.0056 0.00921 0.0172 

−2 P o 1/2 234.402 0.061 (7) 0.0668 0.103 0.134 0.110 

−2 P o 3/2 236.966 0.14 (2) 0.141 0.186 0.225 0.186 

∗In [6] the term “branching ratio” is used instead of “branching fraction”. 
∗∗ 0.94 (1) should be read as 0.94 ± 0.01. 
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ith the data available from literature. 

 0 + b 1 + b 2 . . . + b n = 1 

 1 / b 0 = ( I 1 / I 0 ) × ( λ0 / λ1 ) (5) 

 n / b 0 = ( I n / I 0 ) × ( λ0 / λn ) . 

The relative uncertainties for the branching fractions were ob- 

ained from the errors in the intensity ratio measurements, dis- 

ributed inversely proportional to the branching fraction values. 

hus, the relative error is smaller for a larger branching fraction of. 

or example, in the case of excited state 4 P 1/2 , the measured ratio 

etween the fractions of 197.262 nm line and sum for other 3 lines 

s 0.94/0.06. This results in a relative error for branching fraction 

or resonance line about 1% while for other lines it is about 15%. 

Since we do not perform our measurements in vacuum, the air 

bsorption starts to cut down the intensities of lines at λ< 200, 

m. SPM 2 monochromator allows observation of resonance lines 

own to 183 nm, but not shorter ones. Fortunately, the transitions 

rom 4p 

2 5s 2 D −4p 

3 4 S o states are forbidden by selection rules and 

he corresponding lines should not have any impact on branching 

ractions for other lines starting from 4p 

2 5s 2 D excited states. 

In the data set for 4p 

2 5s 4 P 1/2 state, we see that our measure-

ents indicate that branching fraction for resonance line 197.3 nm 

s out of range of our error-bars from another experimental study 

6] . We see that the transition corresponding to the 307,5 nm line 

s weaker in our work than in [6] , and it leads to a larger branch-

ng fraction for the 193,7 nm line. Our data for this state are in

ood agreement with the calculated result from [9] performed by 

 dipole length (DL) operator. 
3 
In the data set for 4p 

2 5s 4 P 3/2 state we see good agreement be-

ween our results and the measurement in [6] and calculations for 

esonance line 193.7 nm. For other lines, our results have a strong 

mpact for transitions down to 2 D 

o states and weaker down to 2 P o 

tates, about the same as DL calculation. An even better agree- 

ent is found for the 4p 

2 5s 4 P 5/2 state between our results and 

he other data, if we assume that the calculated [8] data has to be 

aken as they are like given for 4p 

2 5s 2 P 1/2 state. 

For the 4 P 5/2 and 

2 P 1/2 levels, the big difference between the 

alculated branching fraction [8] (in italic) and the correlating ex- 

erimental data is not a serious problem - if we are plotting the 

alculated [8] data for 4 P 5/2 in a table at rows for 2 P 1/2 and vice

ersa, we would obtain an unexpectedly good match between all 

he data marked in table. 

In the data set for branching fractions from 4p 

2 5s 2 P states we 

ee that fractions for resonance lines 188.1 and 183.1 nm in our 

easurements are smaller than in both the other experiment and 

heory. One of the reasons for this could be that the calibration of 

ur experimental system is done by continuous spectra source, but 

easurements are done for narrow spectral lines. 

In the data set for branching fractions from 4p 

2 5s 2 D states 

e see good agreement between both experimental data, they are 

lightly different from theoretical data but close to DL approxima- 

ion. 

In order to convert branching fractions to transition probabili- 

ies we need to select lifetime values from data in literature for all 

 excited states. They are presented in Table 2 . 

Results in Table 2 were based on lifetime measured by time- 

esolved laser-spectroscopy [7] , but for levels 4 P 5/2 , 
2 P 1/2, 

2 P 3/2, 
 D 5/2, 

2 D 3/2 the results are from calculations by the Relativistic Op- 

imised Hartree-Fock-Slater method (Dipole Lengths approximation 
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Table 2 

Selected lifetimes in nsec. 

State 4 P 1/2 
4 P 3/2 

4 P 5/2 
2 P 1/2 

2 P 3/2 
2 D 5/2 

2 D 3/2 

[9] DL 4.7 4.8 4.9 2.6 2.6 3.1 3.2 

[10] 3.6 (4) 3.8 (4) 3.7 (4) 3.5 (4) 3.3 (3) 2.8 (3) 

[7] 4.5 (5) 4.3 (5) 

Selected 4,5 4.3 4.3 3.0 3.0 3.0 3.0 

Table 3 

The transition probabilities (Einstein coefficients) for As I (4p 2 5s-4p 3 ) lines. 

Transition λ, nm, Our data [6] [8] [9] DV [9] DL 

4 P 1/2 −4 S o 3/2 197.262 209 (6) 252 (6) 108 (6) 112 (6) 199 (6) 

−2 D 

o 
3/2 249.294 127 (5) 149 (5) 108 (5) 101 (5) 117 (5) 

−2 P o 1/2 307.531 355 (3) 948 (4) 872 (3) 103 (4) 440 (3) 

−2 P o 3/2 311.959 533 (3) 136 (4) 608 (3) 838 (3) 700 (3) 
4 P 3/2 −4 S o 3/2 193.759 219 (6) 248 (6) 115 (6) 114 (6) 198 (6) 

−2 D 

o 
3/2 243.723 233 (4) 190 (4) 777 (3) 110 (4) 186 (4) 

−2 D 

o 
5/2 245.653 100 (5) 822 (4) 563 (4) 601 (4) 721 (4) 

−2 P o 1/2 299.098 216 (3) 121 (4) 256 (3) 366 (3) 275 (3) 

−2 P o 3/2 303.285 907 (3) 400 (4) 120 (4) 168 (4) 958 (3) 
4 P 5/2 −4 S o 3/2 189.043 228 (6) 266(6) 459(4) 115 (6) 200 (6) 

−2 D 

o 
3/2 236.304 179 (3) 209 (3) 174(6) 129 (3) 152 (3) 

−2 D 

o 
5/2 238.118 465 (4) 371 (4) 305(5) 279 (4) 455 (4) 

−2 P o 3/2 291.882 116 (2) . 612(4) 970 (1) 570 (1) 
2 P 1/2 −4 S o 3/2 188.196 500 (4) 718 (4) 126(6) 201 (4) 536 (4) 

−2 D 

o 
3/2 234.984 290 (6) 230 (6) 151(3) 263 (6) 369 (6) 

−2 P o 1/2 286.043 317 (5) 410 (5) 250(4) 686 (5) 550 (5) 

−2 P o 3/2 289.870 566 (4) 786 (4) 298(2) 140 (5) 998 (4) 
2 P 3/2 −4 S o 3/2 183.174 366 (4) 498 (4) 225(4) 109 (4) 377 (4) 

−2 D 

o 
3/2 227.136 170 (3) 104 (4) 780(2) 372 (3) 606 (3) 

−2 D 

o 
5/2 228.812 263 (6) 207 (6) 163(6) 224 (6) 275 (6) 

−2 P o 1/2 274.500 153 (5) 179 (5) 151(5) 291 (5) 260 (5) 

−2 P o 3/2 278.022 500 (5) 717 (5) 441(5) 927 (5) 780 (5) 
2 D 5/2 −4 S o 3/2 164.432 218(4) 912 (3) 210 (4) 

−2 D 

o 
3/2 199.113 367 (5) 312 (5) 220(5) 222 (5) 308 (5) 

−2 D 

o 
5/2 200.335 263 (6) 282 (6) 144(6) 152 (6) 242 (6) 

−2 P o 3/2 237.077 333 (5) 334 (5) 253(5) 371 (5) 420 (5) 
2 D 3/2 −4 S o 3/2 164.379 387(3) 186 (3) 547 (3) 

−2 D 

o 
3/2 199.035 260 (6) 333(6) 131(6) 136 (6) 220 (6) 

−2 D 

o 
5/2 200.255 533 (4) 612 (4) 104(4) 198 (4) 550 (4) 

−2 P o 1/2 234.402 233 (5) 0.0668 191(5) 288 (5) 353 (5) 

−2 P o 3/2 236.966 0.14 (2) 0.141 346(5) 483 (5) 595 (5) 

Table 4 

Absorption oscillator strengths for astrophysically observed As I resonance lines. 

Transition 

4p 2 5s-4p 3 λ, nm Present work [6] [9] DV [9] DL 
4 P 1/2 −4 S o 3/2 197.262 0.127(15) 0.123(17) 0.06 0.11 
4 P 3/2 −4 S o 3/2 193.759 0.059(7) 0.059(8) 0.03 0.06 
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9] were taken into the account). Lifetime data are in good agree- 

ent between [7] and [9] . One can see, that branching fraction 

easurements from [9] correlate well with our experimental data 

ets. Basing on general considerations in our estimation we also 

ook into account the fact that within 3 groups 4 P, 2 P and 

2 D – the

ifetimes has to be about the same. 

From measured branching fractions and selected lifetime data 

e calculated the transition probabilities for all observed lines, 

able 3 . 

The discrepancy between our data and those from previous ex- 

erimental studies [6] are caused by different lifetime data used 

or coupling to the absolute scale. Lifetime data from beam foil ex- 

eriments [10] were used elsewhere [6] . The differences in mea- 

ured branching fractions discussed above also impact the data sets 

or lines 193.7 nm and 307.5 nm. 

The most valuable data for application are the absorption os- 

illator strengths for resonance lines observed in astrophysical ob- 
4 
ects: results in Table 4 are presented together with data from 

ther studies. 

The major part in uncertainties of oscillator strengths in our 

ork are determined by uncertainties in measured lifetime data 

vailable from literature [7] (4.5 ± 0.5 ns for 4 P 1/2 state and 

.3 ± 0.5 ns for 4 P 3/2 state). 

. Conclusion 

We have measured the branching fractions for As I (4p 

2 5s-4p 

3 ) 

ransition lines in 180–310 nm spectral range, and obtained the 

ransition probabilities or Einstein coefficients for 26 spectral lines 

rom 7 excited states 4p 

2 5s electron configuration, and the absorp- 

ion oscillator strengths for two arsenic resonance lines observed 

n astrophysical objects. Our results are in agreement with ear- 

ier reported experimental data and theoretical data calculated by 

he dipole length operator. We compared earlier reported results 

ith our data where smaller uncertainties are present from the use 

f more appropriate (suitable) experimental setups and calibration 

ata source for the particular aims. 

We confirmed previously published values of oscillator 

trengths and added new values to the data set, thereby sup- 

orting published conclusions about the role of arsenic in both the 

nterstellar medium and hot star photospheres. 

The main source of errors in arsenic oscillator strengths is un- 

ertainty in the experimental lifetime data. Therefore, in case more 

ccurate lifetime measurements of As I 4p 

2 5s states are not made 
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