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a b s t r a c t 

Iodine has been an element of recent interest for commercial use as fuel in electrostatic propulsion sys- 

tems. A lingering problem when investigating ionized iodine using non-perturbative, laser-based tech- 

niques is determining the spectral width, i.e., the species temperature, of iodine. To this end, the hyper- 

fine structure must be well understood to develop a spatially resolved diagnostic technique capable of ion 

flow and temperature measurements. Previous work investigated the lineshape of the transition between 

the 5 D ◦4 and 
5 P 3 states of singly-ionized atomic iodine (I II) with laser induced fluorescence (LIF), but 

the hyperfine structure of the transition was unresolved in those measurements [ Steinberger and Scime , 

Journal of Propulsion and Power, 34, 2018]. In this work, an intermodulated LIF technique is used to mea- 

sure an enhanced lineshape of the same I II transition. A linear least squares fitting algorithm is used to 

fit the transition lineshape, where hyperfine transition locations and theorized relative amplitudes are 

constrained by theory. A lineshape model that incorporates hyperfine transition amplitude enhancement 

introduced from an intermodulated laser technique is implemented into the fitting function, as well as a 

nonlinear laser saturation effect. We report converged hyperfine coupling coefficients for these I II states. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

The spectrum of singly ionized atomic iodine (I II) has been 

 topic of scientific investigations dating back to the 1930 s when 

acroute [1] and Murakawa [2,3] studied the spectra of I II, clas- 

ified the hyperfine structure of many of the transitions, and de- 

ermined the nuclear spin of iodine to be 5/2. Those studies were 

xpanded upon by Martin and Corliss [4] with a broad survey of 

early 2400 I II fine structure transitions observed in electrodeless 

amp discharges, though Martin and Corliss did not report mea- 

urements of the hyperfine structure. A decade later, molecular 

odine was investigated using a intermodulated saturated spec- 

roscopy technique [5] . Radiative lifetime measurements of the ex- 

ited states were provided by Kono and Hattori [6] . Additional in- 

estigations of I II spectra have focused on developing better mod- 

ls of the absorption spectrum of large atoms and ions as well as 

n applications in optogalvanic instruments and electric propulsion 

7–16] . 

Hargus et al. [13] examined a variety of hyperfine transitions 

f I II and proposed several transitions appropriate for laser in- 

uced fluorescence (LIF) measurements. Using LIF, Steinberger and 
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cime [15] validated one of those transitions, from the metastable 
 D 

◦
4 
state to the 5 P 3 state, and observed a clear hyperfine structure 

n the measured lineshape. However, those measurements lacked 

ufficient resolution to precisely determine the magnetic dipole 

nd electric quadrupole hyperfine coupling coefficients. The hyper- 

ne structure of multiple I II transitions in the range of 12,0 0 0–

4,0 0 0 cm 

−1 , which includes the transition studied by Steinberger 

nd Scime , was catalogued by Ashok et al. [17] using Fourier trans- 

orm spectroscopy. We note that the magnetic dipole and electric 

uadrupole hyperfine coupling coefficients they report for the 5 D 

◦
4 

o 5 P 3 transition yield a lineshape very different from what is re- 

orted in this work. A direct comparison of measured lineshapes 

or the 5 D 

◦
4 
to 5 P 3 transition is not possible as the measured line- 

hape itself is not provided in that work. 

Here, we provide direct measurements of the lineshape of the 
 D 

◦
4 

to 5 P 3 transition in I II using an intermodulated LIF tech- 

ique. The existence of the hyperfine structure in the transition is 

lear and the intermodulated LIF technique provides enough reso- 

ution to suggest sets of values of the magnetic dipole and electric 

uadrupole hyperfine coupling coefficients. The remainder of this 

ork is organized as follows. Section 2 describes traditional LIF and 

he necessity for a modified technique as a result of broadening of 

he hyperfine transition lineshape. Section 3 details the experimen- 

https://doi.org/10.1016/j.jqsrt.2021.107960
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2021.107960&domain=pdf
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Fig. 1. LIF scheme for the singly ionized atomic iodine transition probed in this 

work. The pump transition to the metastable excited state is shown by the solid 

line, and the fluorescent transition to the lower state is shown by the dashed line. 
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al configuration. Results are presented in Section 4 . Finally, a brief 

ummary is given in Section 5 . 

. Laser induced fluorescence 

LIF is a non-perturbative absorption spectroscopic technique 

rst introduced in plasmas by Stern and Johnson [18] . LIF uses a 

pecific wavelength of light to excite an electronic transition of 

n atom or ion, commonly from a metastable state to a higher 

nergy state. As the electron relaxes from the excited state to a 

ower energy state, a photon is emitted and collected as LIF sig- 

al. In a plasma, the particles will possess some random thermal 

otion which causes a Doppler-shift in the laboratory reference 

rame transition frequency. As a result, the measured lineshape is 

roadened around the rest absorption frequency. When the par- 

icle motion is purely thermal in nature, the measured lineshape 

s a convolution of a Maxwellian lineshape (a thermal contribu- 

ion) and a Lorentzian lineshape (a non-thermal contribution). In 

 Doppler limited regime, the non-thermal, homogenous lineshape 

an have a spectral width of hundreds of MHz. The ability of LIF 

o measure ion velocity distribution functions (IVDFs) makes it a 

iable diagnostic for non-perturbatively measuring iodine ion flow, 

on temperature, and relative state density in a thruster using io- 

ine as its propellant. 

The LIF scheme investigated here for I II was first proposed by 

argus et al., [13] who performed initial investigations with pas- 

ive emission spectroscopy, and later validated by Steinberger and 

cime [15] . Laser light tuned to 696.0964 nm (vacuum) excites the 

etastable 5 D 

◦
4 

state to the 5 P 3 upper state, which then decays 

o the 5 S ◦
2 
state, emitting a photon of wavelength 516 . 264 ± 0 . 001

m [15] . A partial Grotrian diagram of the LIF scheme used in this 

ork is shown in Fig. 1 . 

.1. Hyperfine structure of singly ionized atomic iodine 

An atom’s spectrum of electronic energy levels is naturally split 

nto a fine structure by spin-orbit coupling and relativistic correc- 

ions to bound electron orbital motion. The interactions between 

he nuclear magnetic dipole and electric quadrupole moments 

ause hyperfine splitting of electronic states [19] . The presence of 

sotopes also causes hyperfine splitting due to differences in the 

uclear mass and spin. However, the only naturally-occurring iso- 

ope of iodine is I 127 , which allows the hyperfine structure of the 

ransition probed here to be parameterized solely in terms of the 

agnetic dipole and electric quadrupole interactions for the upper 

nd lower states [13,15] . 

When describing the hyperfine structure of an atom, it is conve- 

ient to work in the basis which couples the interactions between 

rbiting electrons and the nucleus. In this basis, the nuclear spin 

f iodine, I = 5 / 2 , is added to the total electronic angular momen-
2 
um J of each state, to yield the total angular momentum for each 

yperfine state, F [15,19] . Both the 5 D 

◦
4 
and 5 P 3 states are split into

 I + 1 = 6 hyperfine states, each with a unique F , which take on

alues of F = J + I, J + I − 1 , . . . , | J − I| [13] . 
Each hyperfine state is shifted in energy from the original state 

s described by 

E/h = �ν = 

A 

2 
C + 

B 

4 

3 
2 
C(C + 1) − 2 I(I + 1) J(J + 1) 

I(2 I − 1) J(2 J − 1) 
(1) 

here h is Planck’s constant, C = F (F + 1) − I(I + 1) − J(J + 1) , A

s the magnetic dipole coupling coefficient, and B is the electric 

uadrupole coupling coefficient. Following the selection rule �F = 

 , ±1 , the original transition is a composition of 15 allowed hyper- 

ne transitions. Table 1 lists each transition and their respective 

asimir coefficients, as well theorized relative intensities calculated 

rom Russell-Saunders coupling. The numerical values of the en- 

rgy shifts for each split state cannot be calculated until the cou- 

ling coefficients for the upper and lower states are known [13] . 

or quick reference, we label the upper state’s coupling coefficients 

s A U and B U , and the lower state’s coupling coefficients as A L and

 L . These values are typically determined experimentally. 

The overall measured lineshape is modelled by the function 

f (ν) = a + b 

i =15 ∑ 

i =1 

(
I ◦,i 

1 + I ◦,i /I sat 

)
( 

exp 

[
−γ

(ν − ν ′ 
◦ − νh f,i ) 

2 

T Dp 

]
+ c 

(
1 
2 
�int 

)2 
(ν − ν ′ ◦ − νh f,i ) 2 + 

(
1 
2 
�int 

)2 
) 

(2) 

here a is a DC offset from detecting electronics, b is a global am- 

litude, I ◦,i is the theorized relative amplitude of the i th hyperfine 

ransition, I sat is a saturation intensity, ν is the relative scanning 

requency of the laser, in GHz, γ = 

mc 2 

4 kν◦ , with the mass m of I II

n kg, the speed of light c in m/s, Boltzmann’s constant k in J/K, 

nd ν◦ is the predicted rest frequency of the unsplit transition, 
′ ◦ is a global frequency offset that accounts for errors in absolute 

avelength tabulation, in GHz, νh f,i is relative transition center of 
he i th hyperfine transition in GHz and is a function of the hy- 

erfine coupling coefficients ( A U , A L , B U , B L ), T Dp is an effective ion

emperature of the Doppler pedestal, c provides the ratio of the 

ntermodulated Lorentzian amplitude to the strongest Maxwellian 

yperfine transition (i.e., 1), and �int is the spectral width of the 

arrow, Lorentzian intermodulated contribution of the measured 

ineshape. In Eq. (2) , I ◦,i / (1 + I ◦,i /I sat ) is a nonlinear saturation ef-

ect [20] of the hyperfine transition amplitudes. The saturation ef- 

ect described in Ref. [20] is strictly only correct for applications 

o Zeeman-split subcomponents, but is applied to hyperfine com- 

onents as a suitable approximation and is incorporated into the 

nalysis in this work. For very strong saturation, I sat → 0 , and for 

ittle to no saturation, I sat → ∞ . Intermodulated laser spectroscopy 

 Section 2.2 ) enhances signal from particles at or near zero veloc- 

ty. Specifically, an increase in amplitude at rest frequency is ob- 

erved in addition to a background Doppler lineshape. To model 

his effect, a narrow Lorentzian feature is introduced in summation 

ith the Doppler-broadened hyperfine transition, with the ampli- 

ude of this feature representing the ratio of the Lorentzian contri- 

ution to the Maxwellian contribution. Eq. (2) has a total of 11 free 

arameters: a , b, I sat , ν′ ◦, T Dp , c, �int , A U , A L , B U , and B L . It is noted

hat contributions from cross-over signals [21] are not accounted 

or in this model. 

.2. Intermodulated spectroscopy 

At the scale of hyperfine structure energy shifts, Doppler broad- 

ning observed in traditional LIF results in several overlapping hy- 
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Fig. 2. Diagram of the experimental apparatus. A diode laser beam tuned to 696.0694 nm is monitored with a wavelength meter and sent through a beam splitter which 

creates two equal intensity beams which are modulated at two different frequencies. The modulated beams are sent antiparallel along the mechanical axis of the quartz 

iodine cell, exciting iodine ions emitting light which is collected and filtered before being amplified by a photomultiplier tube. The microwave cavity shown is driven at 2.45 

GHz and used to maintain the source plasma. The chilling finger is used to regulate the plasma partial pressure. 
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erfine transitions, which makes it difficult or impossible to re- 

olve individual hyperfine transitions. This was clearly evident in 

he initial LIF measurements of I II [15] . Therefore, an intermodu- 

ated LIF technique [5,22,23] is implemented to better resolve each 

f the 15 hyperfine transitions probed in this work. 

Intermodulated spectroscopy intersects two laser beams from 

he same source at a point in the plasma, with each beam mod- 

lated at a frequency which is not a harmonic of the other. The 

otal LIF signal at the sum of the two modulation frequencies is 

ecorded. In this technique, ions at or near zero velocity see an in- 

rease in laser intensity at the sum frequency, enhancing the sig- 

al from particles at rest and reducing the effective Doppler width 

f the measured lineshape. While this technique is referred to as 

Doppler-free” in literature, it does not generally produce a true 

oppler-free lineshape since the signal is also enhanced from par- 

icles with equal magnitude, oppositely directed velocities that si- 

ultaneously interact with the individual laser beams. A ”Doppler 

edestal” created from velocity-changing collisions has also been 

bserved [24] and is characterized by T Dp in Eq. (2) The net effect 

s an enhancement in the emission at the rest frame transition be- 

ause of the larger number of rest ions compared to ions in mo- 

ion. Therefore, the lineshapes presented in this work are enhanced 

round zero velocity and show clear hyperfine peaks compared to 

he traditionally measured I II lineshape. 

. Experimental configuration 

Figure 2 shows a diagram of the experimental configuration for 

he measurements presented here. The plasma source consists of a 

rystalline iodine sample sealed within an Opthos Instruments Inc. 

uartz cell at < 10 −4 Torr [15] . The cell is kept stationary and par-

ially inserted into an Evenson microwave resonant cavity which 

s driven at 2.45 GHz. Extending from the cell is a chilling finger 

hrough which an equal-parts mixture of ethylene glycol and water 

s circulated by a Polyscience PD07R-40 chiller that has an operat- 

ng range of −20 ◦ C to 100 ◦ C. Kono and Hattori [6] measured the

odine partial pressure in a similar cell configuration to be 

og 10 (P ) = 18 . 8 − 3594 /T c f + 0 . 0 0 044 T c f − 2 . 98 log 10 (T c f ) , (3)

here P is in torr and T c f is the chilling finger temperature in de-

rees Kelvin, therefore, the internal pressure is controlled via the 

hilling finger temperature. The source was operated between −15 ◦

 and +5 ◦ C (6 . 4 − 52 mTorr) for this work. 

A Toptica Photonics DL Pro single-mode diode laser was tuned 

o the transition wavelength and split such that 10% of the beam 
3 
as directed into a Wavemeter WA-1500 laser wavelength meter 

or realtime wavelength monitoring. The wavelength meter has an 

ccuracy of ±0 . 1 pm [25] . The remaining 90% of the beam is cou- 

led into a ∅ 5 μm single mode optical fiber and passed through a 

econd beam splitter, sending two 50% beam components through 

 chopper with two different fin spacings. The two beams are mod- 

lated such that their sum frequency is 7.1 kHz. The beams are 

hen redirected into the source antiparallel along the mechanical 

 ̂ z −) axis of the cell. Light emitted from the cell was captured by 

 set of collection optics and a ∅ 1 mm multi-mode fiber optic ca- 

le. Collected light is detected with a Hamamatsu HC120-05MOD 

hotomultiplier tube. Spontaneous emission is distinguished from 

he desired LIF emission using a Stanford Research SR830 lock-in 

mplifier referenced to the sum of the two chopping frequencies. 

. Results 

Figure 3 shows a side by side view of typical I II lineshape mea- 

urements performed with traditional LIF and intermodulated LIF. 

oth were measured in the same plasma configuration described in 

ection 3 . For both spectroscopic approaches, the souce was oper- 

ted at 6.4 mTorr. For the traditional LIF measurement (a), a time- 

veraged laser power of ∼ 1 . 54 mW was injected; for the inter- 

odulated measurement (b), time-averaged laser powers of 1.50 

nd 1.54 mW were injected for each beam, respectively. The fre- 

uency axis of these measurements is uncalibrated, but is shown 

o highlight the enhancement of the lineshape when using the in- 

ermodulated LIF technique. 

In an investigation into the hyperfine structure of niobium I 

ith LIF, Faisal et al. [20] introduced a laser saturation effect, orig- 

nally applied to Zeeman-split subcomponents, to their hyperfine 

tructure analysis. This effect is a nonlinear mechanism capable of 

ltering the relative amplitudes of individual hyperfine transitions 

n a measured lineshape. In the present investigation, this effect is 

pproximated by applying the saturation formula to the intensities 

f the hyperfine components (see Eq. (2) ). Strong saturation also 

ntroduces an artificial broadening to a measured lineshape. To de- 

ermine if the measurements here are strongly influenced by laser 

aturation, the overall measured spectral width of the probed tran- 

ition was evaluated as a function of instantaneous injected laser 

ower, which was varied from ∼ 1 mW to ∼ 5 mW. Figure 4 shows 

o observable dependence of the overall measured spectral width 

n injected laser intensity, and therefore this effect is expected to 

e small for the measurements presented in this work, but is in- 

luded in Eq. (2) for completeness. 
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Fig. 3. Side by side comparison of a typical I II lineshape measured with traditional LIF (a) and the intermodulated technique (b) described in Section 3 . While the frequency 

shown in this plot has an uncalibrated offset, the enhancement of the hyperfine structure in (b) is apparent. 

Fig. 4. Spectral width, in GHz, as a function of injected laser intensity, in W/m 

2 , for 

six different intermodulated LIF measurements. Injected powers ranged from ∼ 1 

mW to ∼ 5 mW. The invariance of the spectral width across the range of injected 

laser intensities suggests that power saturation effects are small in this investiga- 

tion. 
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Fig. 5. Linear least squares fit (red dashed line) to an I II lineshape measured with 

intermodulated LIF (black solid line). Intermodulated LIF introduces an enhance- 

ment in amplitudes at hyperfine transition rest frequencies and is modeled in the 

fit function. A ratio of the unsaturated strongest hyperfine transition to the satura- 

tion intensity of I ◦, 1 /I sat ≈ 1 / 17 is determined from the fit results, suggesting weak 

saturation. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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Figure 5 shows a fit of Eq. (2) (red-dashed line) to an I II line-

hape measured with intermodulated LIF (solid black line). The 

oot mean squared error associated with this fit is 0.012, suggest- 

ng a near “excellent” fit [26] . The location of each hyperfine tran- 

ition with the respective transition relative amplitude is shown by 

he vertical black dashed lines. Under each transition is the corre- 

ponding transition number from Table 1 . The hyperfine coupling 

oefficients and ion temperature of the Doppler pedestal are de- 

ermined from this fit and are shown in Table 2 along with the 

ntermodulated amplitude contribution, the saturation parameter, 

he ion temperature, and the spectral width of the narrow inter- 

odulated feature. 

It should be noted that slight changes in initial guesses for each 

ree parameter in Eq. (2) converge to equally impressive fits to the I 

I lineshape, but with different hyperfine coefficients. However, the 

agnitudes of difference between the magnetic dipole and electric 

uadrupole coefficients remain approximately constant, suggesting 

hat the difference between the hyperfine coefficients of the upper 
4 
nd lower state of the probed transition is what determines the 

yperfine splitting magnitude rather than the absolute values of 

he hyperfine coefficients. 

Using the values for the hyperfine coefficients determined from 

he intermodulated technique, a fit to a traditionally measured io- 

ine lineshape was performed for an iodine operating pressure 

f ∼ 50 mTorr and a microwave power of P MW 

= 30 W. Figure 6

hows the fit (red dashed line) to a lineshape measured with non- 

ntermdodulated, traditional LIF (solid black line). The hyperfine 

oefficients from Table 2 describe the non-intermodulated line- 

hape well and a reliable ion temperature is determined. For this 

easurement, the ion temperature is T = 0 . 127 ± 0 . 002 eV, consis-

ent with xenon ion measurements in similar discharges [27] . Hy- 

erfine transition locations and relative amplitudes are shown by 

he dashed black lines. Similar to Fig. 5 , under each transition is 

he corresponding transition number from Table 1 . The narrow fea- 
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Table 1 

Table of allowed hyperfine transitions between the lower 5 D ◦4 and upper 
5 P 3 states. The frequency difference between the lower and upper hyperfine state in 

each transition is given by �νh f,i in terms of the coupling coefficients, generating a system of 15 equations and 19 unknown quantities. Transition numbers 

in the leftmost column are correlated with their derived locations in Fig. 5 . The theorized relative intensities, calculated from Russell-Saunders coupling, are 

included in the rightmost column. 

Transition F L → F U �νh f,i (A U , B U , A L , B L ) Relative 

Intensity 

1 13/2 → 11/2 �νh f, 1 = 7.5 A U + 0.25 B U - 10 A L - 0.25 B L 100.000 

2 11/2 → 9/2 �νh f, 2 = 2 A U - 0.3 B U - 3.5 A L + 0.2375 B L 75.974 

3 9/2 → 7/2 �νh f, 3 = -2.5 A U - 0.3 B U + 2 A L + 0.29643 B L 56.122 

4 7/2 → 5/2 �νh f, 4 = -6 A U - 0.02 B U + 6.5 A L + 0.10357 B L 40.087 

5 5/2 → 3/2 �νh f, 5 = -8.5 A U + 0.334 B U + 10 A L - 0.19643 B L 27.551 

6 3/2 → 1/2 �νh f, 6 = -10 A U + 0.6 B U + 12.5 A L - 0.49107 B L 18.367 

7 7/2 → 7/2 �νh f, 7 = -2.5 A U - 0.3 B U + 6.5 A L + 0.10357 B L 16.035 

8 9/2 → 9/2 �νh f, 8 = 2 A U - 0.3 B U + 2 A L + 0.29643 B L 14.842 

9 5/2 → 5/2 �νh f, 9 = -6 A U - 0.02 B U + 10 A L - 0.19643 B L 13.994 

10 11/2 → 11/2 �νh f, 10 = 7.5 A U + 0.25 B U - 3.5 A L + 0.2375 B L 9.740 

11 3/2 → 3/2 �νh f, 11 = -8.5 A U + 0.334 B U + 12.5 A L - 0.49107 B L 9.184 

12 5/2 → 7/2 �νh f, 12 = -2.5 A U - 0.3 B U + 10 A L - 0.19643 B L 1.312 

13 3/2 → 5/2 �νh f, 13 = -6 A U - 0.02 B U + 12.5 A L - 0.49107 B L 1.020 

14 7/2 → 9/2 �νh f, 14 = 2 A U - 0.3 B U + 6.5 A L + 0.10357 B L 1.020 

15 9/2 → 11/2 �νh f, 15 = 7.5 A U + 0.25 B U + 2 A L + 0.29643 B L 0.464 

Table 2 

Values derived from a linear least squares fit of the I II lineshape. Uncertainty in 

each value is represented by a 95% confidence interval produced from the fit. It 

is seen that all parameters are well constrained by this technique. It should be 

noted that slight changes in initial guesses produce equally good fits with dif- 

fering hyperfine coefficients. However, differences between the magnetic dipole 

and electric quadrupole coupling coefficients for each state remain approxi- 

mately constant. 

Parameter Value 

A U (MHz) 89 . 8 ± 4 . 6 

A L (MHz) −84 . 2 ± 3 . 5 

B U (MHz) −430 . 0 ± 37 . 6 

B L (MHz) −233 . 8 ± 44 . 0 

I ◦, 1 /I sat 1 / 17 

c 0.41 

T Dp (eV) 0 . 084 ± 0 . 002 

�int (MHz) 506 . 6 ± 31 . 0 

Fig. 6. Linear least squares fit (red dashed line) to an I II lineshape measured with 

traditional LIF (black solid line). The predetermined hyperfine coeffecients are suf- 

ficient to describe the measured lineshape with only modest adjustment of the ion 

temperature. Hyperfine transition locations and relative amplitudes are indicated 

by the dashed black lines with transition number corresponding to Table 1 shown 

under each transition. (For interpretation of the references to colofr in this figure 

legend, the reader is referred to the web version of this article.) 
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5 
ure introduced in Eq. (2) to account for intermodulated amplitude 

s not included when fitting to a traditionally measured lineshape. 

. Conclusions 

An intermodulated laser induced fluorescence technique is 

emonstrated to resolve an enhanced lineshape of singly-ionized 

tomic iodine within a microwave plasma discharge. The hyperfine 

tructure of the 5 D 

◦
4 
and 5 P 3 states is analyzed and possible val- 

es for the magnetic dipole and electric quadrupole coupling coef- 

cients are derived from a fit of the modeled lineshape to the mea- 

ured lineshape. Here we have incorporated a narrow feature into 

he modeled lineshape to account for amplitude enhancements in- 

roduced from an intermodulated LIF technique. The derived hyper- 

ne coefficients are also well-suited to describe an I II lineshape 

easured with traditional LIF. With knowledge of these parame- 

ers, measurements of iodine ion temperatures and bulk flows are 

chievable, providing a viable non-perturbative laser spectroscopic 

echnique to investigate electric thrusters using iodine as a propel- 

ant. 
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