
 

 

This is an accepted manuscript of a paper intended for publication in a 
journal. This document was prepared as an account of work sponsored by 
an agency of the United States Government. Neither the United States 
Government nor any agency thereof, or any of their employees, makes any 
warranty, expressed or implied, or assumes any legal liability or 
responsibility for any third party’s use, or the results of such use, of any 
information, apparatus, product or process disclosed in this report, or 
represents that its use by such third party would not infringe privately owned 
rights. The views expressed in this paper are not necessarily those of the 
United States Government or the sponsoring agency. 

 
 

Prepared for the U.S. Department of Energy 
Office of Nuclear Energy 

Under DOE Idaho Operations Office 
Contract DE-AC07-05ID14517 

 
 

INL/JOU-15-36251 
Accepted Manuscript 

Hybrid 
interferometric/dispersive 
atomic spectroscopy of 
laser-induced uranium 
plasma 
 
 
 
 

Phyllis K. Morgan, Jill R. Scott, Igor 
Jovanovic 
 
 

 

February 2016 
 
 
 



Hybrid Interferometric/Dispersive Atomic Spectroscopy
of Laser-induced Uranium Plasma

Phyllis K. Morgan

The Pennsylvania State University, University Park, PA 16802, USA

Jill R. Scott

Idaho National Laboratory, Idaho Falls, ID 83415, USA

Igor Jovanovic1

The Pennsylvania State University, University Park, PA 16802, USA

Abstract

An established optical emission spectroscopy technique, laser-induced break-

down spectroscopy (LIBS), holds promise for detection and rapid analysis of

elements relevant for nuclear safeguards, nonproliferation, and nuclear power,

including the measurement of the isotopic ratios. One important application of

LIBS is the measurement of uranium enrichment (235U to 238U ratio), which

requires high spectral resolution (eg. 25 pm for the 424.4-nm U II line). High-

resolution dispersive spectrometers necessary for such measurements are typ-

ically bulky and expensive. We demonstrate the use of an alternative mea-

surement approach, which is based on an inexpensive and compact Fabry-Perot

etalon integrated with a low to moderate resolution Czerny-Turner spectrome-

ter, to achieve the resolution needed for isotopic selectivity of LIBS of uranium.

Spectral line widths of ∼10 pm have been measured at a center wavelength

424.437 nm, clearly discriminating natural from highly enriched uranium.
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1. Introduction

Laser-induced breakdown spectroscopy (LIBS) enables nearly instantaneous

material composition analysis with high spatial resolution and essentially no

sample preparation. Rapid, real-time detection, along with elemental and iso-

topic characterization of materials relevant to nuclear security and nuclear power5

applications is desirable. LIBS is advantageous in such applications because it

is both unaffected by ionizing radiation and compatible with measurements at

a large standoff. For example, measurements such as as X-ray fluorescence

spectroscopy can be affected by the presence of gamma radiation [1]. Further-

more, LIBS can be used to make measurements in high radiation areas where10

radiation detection systems may experience significant losses due to dead time,

and can also be used to measure non-radioactive sources. Liquid, solid and

gas samples can be analyzed using LIBS. Filamentation LIBS can be used to

conduct measurements over long distances, in situations where the laser beam

focusing onto a surface can be challenging [2]. One limitation of the technique15

is that it requires the surface of the material to be accessible. Therefore, LIBS

is suitable for use in situations when the surface that is analyzed is exposed and

representative of the entire material of interest.

To date, LIBS has been applied to elemental analysis of nuclear materials

and their surrogates [3]. The potential for use of LIBS for analysis of nuclear20

fuel composition, waste storage and reactor process monitoring has also been

explored [4, 5, 6]. Experiments have also been conducted to study the effects of

experimental parameters on LIBS of nuclear materials [7, 8].

One of the challenges when making isotopic measurements by LIBS is the

physical broadening of emission peak widths, which can approach or exceed the25

isotope shift. In LIBS plasma, Doppler and Stark broadening are the predomi-

nant mechanisms of peak broadening and are influenced by the gas environment

surrounding the plasma [9]. Another important challenge is of technological na-

ture. Isotopic measurements usually require high-resolution spectrometers and

temporally gated detectors to resolve the isotopic shift. In previous LIBS stud-30
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ies the isotope shift between 235U and 238U of 25 pm at the 424.4 nm atomic

emission line has been measured. In the study of uranium by Pietsch et al., a

1 m focal length spectrometer was used with a single channel detector and a

boxcar integrator, operating as a monochromator scanning in 1 pm increments.

The measurement was made under 2.67 Pa pressure. Pietsh et al. observed35

a 12 pm linewidth and a 25 pm isotope shift for the U II 424.4 nm emission

line. The spectrum was measured using a 308 nm laser at a delay of 350 ns and

within an environment of 20 mtorr buffer gas. The calculated Doppler width

for this line was 10.6 pm and the Stark width was 2 pm. [10]. Smith et al.

measured the 0.05 nm isotope shift between 239Pu and 240Pu at the 594.5 nm40

emission line, under a 13.3 kPa helium atmosphere, using a 2 m focal length

double-pass spectrometer with an intensified charge-coupled device (ICCD) [11].

A laboratory LIBS system has also been used to detect isotopes of uranium and

hydrogen, in air at atmospheric pressure, using a 0.55 m focal length Czerny-

Turner spectrometer coupled to an ICCD. The individual peaks of the uranium45

isotopes were not resolved in this study. Instead, partial least squares analysis

was successfully applied to describe the differences in spectra to predict a range

of uranium samples with different enrichments [12]. Cremers et al. observed

the uranium isotope shift with a high resolution DEMON spectrometer (LTB

Berlin). Various uranium oxide samples were ablated by 14 mJ laser pulses50

with 7–9 ns pulse duration. At a 5 µs gate delays, the linewidths were found to

span a range of 6–11 pm. This study was based on a compact, portable LIBS

system able to distinguish the isotopes of uranium, hydrogen, and lithium with

careful experimental timing. Two Echelle spectrometers, the DEMON (LTB

Berlin) and EMU-65 (Catalina Scientific Instruments) were compared for anal-55

ysis of five samples of U3O8 at 10, 30, 50, 70, and 93% enrichment (235U to

238U ratio) [13].

Laser ablation has also been used to detect the presence of different isotopes

in molecular species within the laser-induced plasma [14]. Molecular emission

spectra can exhibit greater isotopic shifts than atomic emission spectra, relaxing60

the requirements on spectral resolution. A technique of laser ablation molecular
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isotopic spectrometry (LAMIS) was developed to make isotopic measurements

from molecular spectra [15]. It has also been shown that the use of a non-gated

detector can be sufficient for accurate isotopic characterization in LAMIS [16,

17].65

Recently, Effenberger and Scott proposed an alternative method for per-

forming high-resolution LIBS measurements by integrating a low-cost Fabry-

Perot (FP) etalon with a 0.5 m focal length Czerny-Turner spectrometer [18].

When an FP etalon is coupled to standard dispersive spectrometer, a sample

of the etalon ring pattern on the spectrometer slit is further separated spec-70

trally. High-resolution spectral information is retained in the 2-D interference

pattern sampled by the spectrometer slit. In this way, instrument performance

has been demonstrated using the hyperfine doublet of the 313.2 nm mercury

emission line, which exhibits a splitting of 29 pm, similar to the isotopic shift

of uranium (25 pm).75

2. Experimental

In this study we demonstrate for the first time the capability of a hybrid

interferometric/dispersive instrument to achieve isotopic selectivity in LIBS of

U. The samples used in our experiment were a natural U foil (0.7% of 235U) and

a U foil highly enriched in 235U to 93%. Both samples were provided by the80

Penn State University’s Breazeale Nuclear Reactor. The samples were placed

in a sealed experimental chamber and mounted to a sample holder at normal

incidence to the laser beam. 10-ns laser pulses at a wavelength of 1064 nm were

generated by a Nd:YAG laser (Spectra Physics). The laser pulses were focused

onto the sample through a optical window using a 300 mm focal length lens.85

The emission from the plasma was collected and collimated by a 5 cm focal

length lens mounted off-axis to the laser beam path. A second lens focused the

collimated light into a 400 µm core diameter optical fiber (Ocean Optics), which

transported the light to the broadband etalon (custom built by SLS Optics).

The FP etalon was aligned to the entrance slit (500 µm width) of the spectrom-90
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eter. A 25 mm diameter lens with a focal length of 150 mm was used to focus

the light transmitted by the etalon onto the entrance slit of the spectrometer.

The detection system used comprised of a 550 mm focal length imaging spec-

trometer (Horiba Jobin Yvon), 1800 mm−1 grating and a 1024×1024 pixel array

iStar ICCD (Andor), with 13 µm pixel size. Instrument alignment and spectral95

calibration was performed using an Hg(Ar) pen lamp (Oriel).

3. Spectral analysis

The etalon transmission can be described by the function

T (θ, λ) =
(
1 + F sin2 (2πdn/λ cos θ)

)−1
, (1)

where θ is the angle relative to the optical axis of the etalon, λ is the wavelength,

F = 4R/ (1 −R)
2

is the coefficient of finesse, R is the reflectivity of the etalon100

mirrors, d is the the separation of the mirrors, and n is the refractive index of

the medium between the mirrors. The etalon used in this study had mirrors

separated by d = 1.25 mm in air (n = 1). Etalon reflectivity was determined

experimentally. Calibration of the angular axis was performed using by fitting

the interference pattern maxima to the known angles that meet the condition105

cos (θ) /λ = kπ/ (2πdn), where k is an integer. The paraxial approximation is

valid and the calibration can be assumed to be linear. The measured instrument

transmission pattern is

Bθ = Tθ,λAλ, (2)

where Tθ,λ is the matrix form of Eq. (1), Aλ is the vector corresponding to

the wavelength spectum, and Bλ is the intensity of the recorded interference110

pattern. The high-resolution spectrum can then be reconstructed as

T+
θ,λBθ = Aλ, (3)

where T+
θ,λ is the pseudoinverse of the matrix Tθ,λ used to calculate a least-

squares solution to this system of equations [cite optics communications paper].

Measured data was processed in the Mathematica framework (Wolfram Re-

search).115
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4. Results and discussion

The hybrid spectrometer was aligned using the 435.84 nm line of an Hg(Ar)

calibration lamp because of its proximity to the U lines of interest. The angular

(θ) axis of the 435.84 nm interference pattern image was calibrated by a linear

fit, as shown in Fig. 1(b). In Fig. 1(c), etalon reflectivity was determined to be120

R = 0.77 by fitting the measured intensity profile of the Hg 435.84 nm line from

a lamp to the FP etalon transmission function, corresponding to a resolution of

6 pm at 424.437 nm. The intensity profile was obtained by summing along the

horizontal (wavelength) axis of the image. Only half the interference pattern

was analyzed due to cylindrical symmetry of the interference rings. The angular125

dependence of the intensity distribution (beam profile) is taken into account by

convolving the fitting function with a gaussian function. Fig. 1(a) represents an

accumulation of 10 spectra, with 1 s exposure each (10 shots), at 24.4% of the

maximum detector gain.

The plasma was generated in ambient atmosphere using 30 mJ laser pulses.130

Fig. 2 shows the spectra of natural and highly enriched U, in the vicinity of the

424.437 nm line, measured using the 0.55 m Czerny-Turner spectrometer with

an entrance slit width of 13 µm. Spectra were collected with an ICCD gate

width of 1 µs at a delay of 5 µs. Each spectrum is the average of 5 repeated

measurements. The sample was translated between each measurement, and135

cleaning shots were made prior to each measurement to remove the oxided U

surface [8]. The resolution of the 0.55 m Czerny-Turner spectrometer used in

this measurement is not sufficient for resolving the isotope shift of U.

Fig. 3 is an example of LIBS of U measured using the hybrid interferomet-

ric/dispersive spectrometer. Each spectrum was collected from 600 laser shots140

(1 min exposure at a 10 Hz pulse rate). The sample was not translated because

of the high rate of acquisition. The gate time was set to 10 µs with 5 µs delay,

and ICCD gain was set to 97.6% of the maximum. The interference pattern was

integrated along the spectral axis prior to being analyzed, and incorporated the

interference pattern jointly produced by the 424.167 nm and 424.437 nm lines.145
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The image of the fringes for natural and HEU are shown in Fig. 3. Calibration

of the angular (θ) axis was based on the interference peaks of the 238U lines.

When a portion of the U 424.167 nm and 424.437 nm ring pattern is integrated,

the isotope shift of the lines are distinguishable (Fig. 4). The isotope shifts of

the 424.167 nm line was measured to be -6 pm and 25 pm for the 424.437 line,150

which agrees with previously observed values [13]. The 5 pm isotope shift of

the U I 424.626 line was not analyzed due to partial overlap of its interference

pattern with the shifted 424.412 nm line. A low-pass filter of the experimental

data was applied prior to reconstruction of the source spectrum to reduce ran-

dom spectral noise. The isotopically shifted spectral lines, reconstructed using155

the inversion method, are shown in Fig. 5. Spectral line widths of ∼10 pm were

measured at 424.437 nm and the 25 pm isotope shift is well resolved, while the

-6 pm shift of the 424.167 nm line is partially resolved, but discernible.

5. Conclusion

LIBS measurements of U isotopes using a hybrid interferometric/dispersive160

spectrometer was demonstrated and high-resolution wavelength spectra of U

spectra were retrieved. With a resolution of 6 pm, the instrument is capable

of detecting the 25 pm isotope shift of 424.437 nm U in ambient air. The

424.167 nm isotope shift, limited by spectral broadening, is partially resolved.

Integrating a Fabry-Perot etalon with a dispersive spectrometer has proved to165

be an inexpensive and effective alternative to 2 m focal length spectrometers or

echelles spectrometers for detection of U isotopes with LIBS.

7



The authors would like to thank Eric Boeldt and Jeff Leavey for their help

with obtaining U samples. Research was performed under appointment to the

Nuclear Nonproliferation International Safeguards Graduate Fellowship Pro-170

gram sponsored by the National Nuclear Security Administration’s Next Gener-

ation Safeguards Initiative (NGSI). Material is based upon work supported by

the U.S. Department of Homeland Security under Grant Award Number, 2012-

DN-130-NF0001-02. The views and conclusions contained in this document are

those of the authors and should not be interpreted as necessarily represent-175

ing the official policies, either expressed or implied, of the U.S. Department of

Homeland Security. Research was also sponsored by the U.S. Department of En-

ergy under DOE Idaho Operations Office Contract DE-AC07-05ID14517. This

work was funded in-part by the Consortium for Verification Technology under

the Department of Energy National Nuclear Security Administration, award180

number DE-NA0002534.

8



References

[1] A. I. Whitehouse, J. Joung, I. M. Botheroyd, S. Lawson, C. Evans,

J. Wright, Remote material analysis of nuclear power station steam gener-

ator tubes by laser-induced breakdown spectroscopy, Spectrochimica Acta,185

Part B 56 (2001) 821–830. doi:10.1016/S0584-8547(01)00232-4.

[2] K. Stelmaszczyk, P. Rohwetter, G. Méjean, J. Yu, E. Salmon, J. Kaspar-
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Figure 1: (a) Measured pattern at the wavelength of 435.84 nm; (b) calibration of the angular

(θ) axis using the location of three constructive interference peaks (black markers) and linear

fit (dashed line); (c) best fit (dashed line) of the measured interference peaks by Eq. (1) yields

the reflectivity of the etalon (R = 0.77). Experimentally measured points are shown as black

markers.
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Figure 2: LIBS spectra from natural U (gray line) and HEU (black line) foils measured using

a 0.55-m Czerny-Turner spectrometer. The gray dashed lines indicate the positions of the of

238U 424.167 nm (I), 424.437 nm (II) and 424.626 nm (III) lines. Spectra was normalized to

compare the differences between spectra.
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Figure 3: Interference pattern measured with (a) natural U and (b) HEU sample in the vicinity

of 424 nm. The first-order interference pattern of the 238U 424.167 nm (I), 424.437 nm (II) and

424.626 nm (III) lines are indicated in (a); in (b) the isotopically shifted (IS) 235U 424.173 nm

(IIS), 424.412 nm (IIIS) and 424.676 nm (IIIIS) peaks are marked.
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424.437 nm lines (25 pm shift). Reconstructed spectra are normalized for comparison.
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