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ABSTRACT

Optical emission spectra from high-purity Np-237 were generated with a
glovebox—enclosed inductively coupled plasma (ICP) source. Spectra

covering the 230 - 700 nm wavelength range are presented élong with general

commentafy on the methodology used in collecting the data.
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- INTRODUCTION

, The Ames Laboratory Nuclear Safequards and Security Program has been
chargéd with the task of developing optical spectroscopic methods to analyze
‘the composition of spent nuclear fuels. Such materials are highly radioactive
even after prolonged "cooling" and are chemically complex. Neptunium (Np) is a
highly toxic by-product of nuclear power generation and is found, in low
abundance, in spent nuclear fuels. This atlas of the optical emission spectrum
of Np, as produced by an inductively coupled plasma (ICP) sﬁectroscopic |
source, is part of a general survey of the ICP emission spectra of the
actinide elements. A |

The ICP emission spectrum of the actinides originates almost
exclusively from the electronic relaxation of e#citgd, singly ionized species.
Spectral data on the Np ion emission spectrum (i.e., the Np II‘SPectrum) have
been reported by Tomkins aﬁd'Fred [1] and Haaland [2]. Tomkins and Fred
excited the Np II spectrum with a Cu spark discharge and identified 114 Np
lines in the 265.5 —A436.3 nm épectral range. Haaland, who corrected some
spectral line misidentifications in the work of Tomkins and Fred, utilized an
~ enclosed Au spark discharge to excite the Np II spectrum and reported 203 Np
lines within the 265.4 - 461.0 nm wéveiength range. . |

Fred, Tomkins, Blaise, Camus, and Verges [3] publiShed a
comprehensive listing of the atomic spectrum of Np (i.e., the Np I spectrum)
‘in the 257.5 - 2630 nm wavelength range excited by an electfodeless discharge,
and Bovey and Stéeré [4], who alsd used an electrodeless discharge tube to
excite the Np I sPectrum, recorded the prspectrum over the 890 - 2240 nm

range.



To our knowledge, a comprehensive listing of the Np spectral emission
lines produced by an 1CP excitation source has not been reported in the
literature. Work has been done at various laboratories to determine the mosf
sensitive Np emission lines from an ICP source. During an early stage of this -
work, one of the authors obtained information [5] about the detection limits
of several 1ntense Np lines emitted by an ICP source operated at Rockwell

Hanford Operations, Richland, WA.
APPARATUS and PROCEDURES
Apparatus: The data presented herein were collected with an ICP apparatus

specially adapted for glevebox operation [6,7]. The ICP operating conditions

are listed in Table 1.

- TABLE 1. ICP OPERATING CONDITIONS

Forward R.F. Power 900w

Reflected Power - <5w

Argon Flow Rates ,
Outer Gas 17 1/min
Intermediate Gas For ignition only
Nebulizer Gas 0.95 1/min

Sample Uptake Rate 0.25 ml/min

Observation Height 15 mm above load coil

Integration Time , see text below

Some of the operating conditions were dictated by the limitations of
glovebox operation rather’than by spectroscopic considerations. For example,
the power applied at the ICP torch was restricted to 900w forward power to
minimize the heat input to a nearby air filtration dev1ce, and the torch—to—

slit distance was set at ~1.7 m to permit the further 1solat10n of the



enclosed ICP in a separately ventilated room. A concentric nebulizer with a
nominal solution uptake rafe of 0.3 to 0.5 ml/minute was chosen for this
work. A peristaltic pump was used to further limit the solution uptake rate to
0.25 ml/min and thereby to reduce the amount of liquid wasté generated during
ICP operation.

The instrumentation used is described in Table 2. A schematic diagram
of the experimental lay-out is included here as Fig. 1. The imaging optics

resulted in an image demagnification at the entrance slit of "3X.

TABLE 2. INSTRUMENTATION

A. POWER and NEBULIZER SYSTEM
' Generator
Nebulizer
Torch
~ Spray. Chamber
Peristaltic Pump
Mass Flow Controllers

B. SPECTROMETER
Grating

Entrance slit’
Filter

C. ‘SIGNAL DETECTION ELECTRONICS
OoMA
PDA Detector

D. COMPUTER SYSTEM
CPU
Graphics Terminal
Operating System
Software
Plotter

Type HFS 3000D (Plasma-Therm)

TR-50-C0.5 (Meinhard)
T1.5 (Plasma—Therm)

- (Plasma-Therm)
Minipuls 2 (Gilson Med. Elec)
(3-channel) (MKS)

1.50 m, £/14 THR1500 (Jobin-Yvon)

2400 groove/mm (Jobin-Yvon)
(Master holographic grating)
0.015 mm ’

Schott #GG 400 for 500-700nm

Model 1450 (EG&G/PAR)
Model 1453 (EG&G/PAR)

1173 (Digital Equipment)
Model 550 (Visual Technology)
RT-11 V.5.2 (Digital Equipment)

Ames Laboratory
Model 98728 (Hewlett Packard)
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Reagents: High purity 237Npoz, obtained from Oak Ridge National Laboratory,
was dissolved in HNO3 to prepare a 0.4 mg/ml 237Np solution. This solution was
introduced,into the’iCP torch to generate the emission spectra contained in
this report.

Analysis of the starting material by spark source mass spectroscopy
at Oak Ridge National Laboratory indicated that the Np sample contained less

than 65 ppm total impurities (see Table 3).

TABLE 3. Np-237 IMPURITY ANALYSIS

Boron 0.1 ppm
Calcium 2 ppm
Chlorine 10 ppm
Chromium 0.3 ppm
Iron 3 ppm
- Potassium 0.3 ppm
Sodium 2 ppm
Phosphorus 0.4 ppm
Plutonium <3 ppm
Sulfur 3 ppm
Silicon 3 ppm
Thorium <3 ppm
Uranium 5 ppm
Zinc 0.3 ppm
Zirconium 0.2 ppm

Even though the radioactive decay of the Np-237 atom is primarily through
alpha-particle emission and Np-237 has a relatively long half life of 2 X 10°
years and hence has a low specific activity, it was found that our sample

emitted gamma radiation. This was from Pa-233, a short-lived daughter product



of Np—237; that was in secular equilibrium with thebparent nucleus; To reauce
operator exposure to the penetrating gamma—radiatidn, ﬁhe bottle containing
the Np stock solution was placed into a Pb.covering. Laboratory personnel were
also issﬁed dosimeter badges to monitor exposure to gamma radiation. The gamma
radiation dose rate in the immediate viéinity of the glovebox was measured by

Health Physics personnel and was not deemed to be a health hazard (see Table

4).
TABLE 4. ALPHA FACILITY RADIATION SURVEY
ISOTOPE; Np-237/Pa-233 : INSTRUMENT; PUG
ROOM BACKGROUND; - .02 MR/H
BOX WINDOW- CENTER AT 4" FROM BOT; A .30 MR/H
LEFT GLOVE PORT AT SURFACE; ‘ .20 MR/H
BOX BET L AND M PORT AT SURFACE; .18 MR/H
CENTER GLOVE PORT AT SURFACE : » .43 MR/H
CENTER GLOVE PORT AT 3" IN; .80 MR/H
BOX BET M AND R PORT AT SURFACE; .30 MR/H
RIGHT GLOVE PORT AT SURFACE; .27 MR/H
BOX TOP AT SURFACE; .04 MR/H
EXHAUST FILTER AT SURFACE; .14 MR/H
2ND EXHAUST FILTER AT SURFACE; .02 MR/H
LOWER REAR OF BOX AT SURFACE; .15 MR/H

Procedures: A photodiode array, optical multichannel analyzer (PDA-OMA) was
used to record the optical emission of Np from 230 to 700 nm. This device was
mounted on the photographic exit port of'the-THRlSOO monochromator and,

because this port was located perpendicular to the usual optical path, a



mirror was used to divert the dispersed‘radiétion to the PDA. The
monochromator was used in the "single-pass" mode. In this mode, with a 2400
grooves/mm grating, the resolution of the system was "6 pm (at 300 nm) and the
spectral coverage was ~‘6 nm. The maximum useful integration time per
measurement was determined to be 1 seédnd; the photodiode detector saturated
for integration times greater than 1 s. The final OMA spectra were prepared by
summing a number of individual 1 second PDA exposures for each wavelength
range recorded. The exposure conditions used for the various wavelength ranges
are collected in Table 5. Two lens positions were used to-focus the image of
the plasma source onto the spectromefer entrance slit, one for the visible
spectrum and the other for the ultraviolet spectrum. Spectral line intensities

were relatively insensitive to changes in the lens position.

'TABLE 5. OMA EXPOSURE CONDITIONS

Wavelength Number of One- Slit Lens Optical

range (nm) Second .Integrations width (u) Focus Filter
230-300 320 50 w none
300-400 160 . 25 w none
400-500 160 25 visible none
500-700 160 25 - visible GG400

To remove second order spectral lines, a sharp cut optical filtef was used for
the higher wavelength exposures. The filter had a transmission of less than
1% for wavelengths below 370 nm and more than 95% for wavelength greater than

500 nm.



»Softwére was written to link the OMA to a laboratory computer and the
OMA spectra were transferred to computer memory after acquisition. The oOMA
output to the computef was in tabular form listing pixel number (from 0 to
1023) versus intensity as ’‘counts’. The counts were linearly related to the
diode photocurrent. These spectra were then permanently stored on flexible 5-
1/4" diskettes. | |

Three aspects of the OMA spectral data presented here should be
noted. First, the PDA sensitivity varied with wavelength and was at a maximum
near 600 nm [8], No attempt was made to compensate for this sensitivity
variation. Second, the 1024 channel photodiode array consists of alteknating
p- and n-silicon regions, both of which are light sensitive. A signal
resulting from light falling on an n-region is divided between the adjacent p-
regions. Therefore, even for situations where the spectral bandpass
. approximated the diode spacing of the detector, as was the. case for this work,
the Gaussian-like spectral line profile covered portions of several diodes.
Thus the measured intensity of a line depended on the position of the line
profile relative the p- and n—regiﬁns. No attempt was made to compensate for
this spectral line-to-diode registry effect, which has been shown to result in
intensity errors of as much as 30% [9]. Finally, the first ~175 photodiodes
(on the low wavelength side of the PDA) were noted to be less light sensitive ,
than were the remainder of the diodeé. This loss of sensitivity was due to a |
small degree of vignetting in the spectrometer. Usually there was sufficient
spectral overlap between successive Np spectral segments so that intensity
information could be collected from lines isolated on the unvignettéd portion

of the diode array.



Spectral calibration: Haaland’s Np line list [2], which includes all of the

verified lines from the list of Tomkins and F;ed, proved to be useful for
calibrating the Np ICP spectrum. For spectral ranges that included lines
reported in Haaland’s study, those lines were taken as wavelength'standards.
If available; three lines were used to calibrate each diode array spectral
segment. A quadratic fitting function was used in the célibration
calculation. When three identified Np lines were not available, a single line
was used in conjunction with spectrometer dispersion values obtained dufing
the preparation of U and Pu atlases [10,11]. For spectral segments that did
not include any of Haaland’s identified lines, the spectral overlap of
adjacent segments was used to provide wavelength markers that could be used
for the calibration. Inaccuracies in wavelength assignments were thus péssed
on to the adjacent segmeﬁt to compound-thé margin of error for that segment.

Many of the 237Np lines show a substantial amount of hyperfine
splitting, in some cases more than 0.05 nm (see Fig. 2). It is not clear
whether the wavelengths of such lines listed by Haaland represent the
| strongest line component, 6r the centroid of the plate blaékening. For this
atlas, we have assigned Haaland’s wavelength Fo the strongest component, or to

the OMA pixel with the highest intensity when hyperfine splitting was not
: resolved. This uncértainty could introdﬁce a bias in 6ur wavélength »
assignments of up to 0.05 nm.

Calibration of Np wavelengths greater than 440 nm, beyond the range
of the ppblished reference spectra, was accomplished by measuring the spectrum
of a mixtufe of 300 wg 237Np/'ml and 160 wg 242Pthd. These spectra were
calibrated using the previously identified Pu lines and lines of H, O, and Ar
[11]. The stronger Np lines were thus assigned wavelength values, which were

subsequently used to calibrate the Np spectral segments. Again, any

-9-
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inaccuracies in the Pu wavelengths would be transferred to the Np lines.
However, the Pu waveléngths a:é believed to be accurate to within 5 pm,
although instances of greater inaccuracy are possible.

Np wavelengths below 265 nm were not previously reported, s0
calibration of the regions from 230 to 265 nm was carried out by using,ﬁhe
monochromator disperéion (known from previous atlas work [11]), and the
central wavelength as indicated by the wavelength counter. For this 35 nm

region, the wavelength calibrations are probably accurate to within 0.2 nm.
RESULTS AND DISCUSSION

Appendix i consists of 115 wavelength—vs—intensity plots of the 237Np
OMA data, corrected for detector dark current. These plots cover the‘spectral
region extending from 228 to 700 nm. |

Tabular data on the pages facing the wavelength-vs-intensity plofs
list the stronger lines, which are marked on the plots with either a dot or an
element symbol (for lines not due:to Np emission). The first column’of the
tables gives the line wavelength in Angstrom units (i.e., 1 Angstrom unit =
0.1 nm). The line positions are generally accurate to within 0.05 nm for the
Np lines. The second column lists the spectral line intensities, in counts.
Theée values have been éorrected for detectof dark current, but héve not been
corrected to account for the variation of instrument sensitivity to spectral
wavelength. An attemptAwas made to estimate this variation by recording the
spectrum of a quartz-halogen lamp over the 250-700 nm range and dividing the

resulting spectrum by the expected "black-body" emission intensity from this

-11-



source. The results are shown in Fig. 3, which must be understood to
represent only an approximation of the actual instrument response function.

Few Np lines were found in the spectral region from 198 to 248 nm,
possibly because of the poor response of the spectroscopic apparatus at those
wavelengths._ To compensate for the poor sensitivity, the entrance slit of the
monochromator was opened to 0.050 mm, and the number of one-second
integrations was doubled to 320.

The spectral regions above 637 ﬁm were smoothed with a running three
point averaging procedure to increase their signal-to-noise ratio. This also
reduced the apparent maximum iﬁtensity of the. spectral 1ines, especially for
the sharp lines. The intensity values in the accompanying tables were
measured prior to the smoothing procedure, and consequently, the tabular
intensities for the regions from 637 to 700 nm may not agree with the spectral
1nten51t1es shown in the smoothed plots

The detection limits of the most prominent Np lines found in this
atlas have been measured with a photomultiplier detector and with the
spectrometer in the double pass mode. This was done previously to determine
the detection limits of several prominent Pu lines [12]. Table 6 lists the 3¢

detection limits for the strongest ICP emission lines of Np.

Table 6. Np-237 ICP DETECTION LIMITS

Wavelength (nm) ' Detection Limit (ug/1)
382.91 ' 25
430.77 , 37
429.08 . ‘ ‘ 48
456.04 , 52
416.44 . 60
386.52 75
410.84 ' - 17
302.66 : 120

405.10 120

-12-



-sdureT jus15JFTP OM3} U3TM Sjusuwainseaw Jo abeisae ayj ST umoys
aAInD *300ZE Jo ainjeradwsay 1oToo petyroads e UYITM ‘vg e pajeiado (DT11303Td
Teiaus ‘[I09/000T0] ‘134 TSPOW) 82INOS uabotey-ziaenb MOOOT © bursn painsesy

‘yybuatasem Y3TM AJTATITSUSS VHWO-I0JBWOIYDOUOW JO UOT3IeTIRA Sjewrxoiddy - ¢ ‘b1a

3SNOdS3IN 3AY —O—
(V)  HLIN3T3FAVM

00SS

000Y ~ oose

e

02

ALIAILISN3S DOSTdHL

—Z W Z 0>

o w J

-13-



REFERENCES

1. F.S. Tomkins and M. Fred} "The Spectra of the Heavy Elements,"
J. Opt. Soc. Amer. 39 (1949) 357-362.

2. J. Haaland, "Wavelength and Iﬁtensity Measurements in the Spark Excited
Spectrum of Neptunium," Report KR-1, Kjeller Research Establishment, Norway,
1959. :

3. M. Fred, F.S. Tomkins, J.E. Blaise, P. Camus, and J. Verges,
"The Atomic Spectrum of Neptunium," Report ANL-76-68, Argonne National
Laboratory, Argonne, IL, May 1976.

4. L. Bovey and E.B.M. Steers, "The Optical Spectra of Some Rare Earth and
Transuranic Elements in the 1-3 Micron Region, Part IV: The Spectrum of
Neptunium," Report AERE-R3118, United Kingdom Atomic Energy Research
Establishment, Harwell, 1959.

5. D. Lowry, Rockwell Hanford Operations, Richland, WA., Private
Communication. : ,

6. M.C. Edelson and V.A. Fassel, "A New Facility for High Resolution
Inductively Coupled Plasma-Atomic Multielement Emission Spectroscopy of
Radiocactive Materials," in Analytical Spectroscopy, W.S. Lyon, ed.,
Elsevier, Amsterdam 1984, pp. 227 - 233.

7. M.C. Edelson and E.L. DeKalb, "The Ames Laboratory Facility for the

Emission Spectroscopic Study of Alpha-Emitting Radionucleii: The Design and

Operating History," in Enclosed Plasma Spectroscopic Sources for the Analysis

of Toxic and Hazardous Materials (ASTM STP 951), M.C. Edelson and J. Leland
Daniel editors, ASTM, Philadelphia, to be published in 1987.

8. Model 1450 Optical Multichannel Analyzer Operating and Service Manual, Fig.
I-4. EG&G Princeton Applied Research Corp., Princeton, N.J. (1982).

9. R.K. Winge, V.A. Fassel, and D.E. Eckels, "Spectral Line-Diode Registry
Effects with Photodiode Array Detectors," Appl. Spectrosc. 40 (1986) 461-464.

10. M.C. Edelson, E.L. DeKalb, J. Douglas, and V.A. Fassel, "Atlas of Atomic
- Spectral Lines of Uranium Emitted by an Inductively Coupled Plasma," Ames
Laboratory Report, in preparation.

11. M.C. Edelson, E.L. DeKalb, R.K. Winge, and V.A. Fassel, "Atlas of Atomic
Spectral Lines of Plutonium Emitted by an Inductively Coupled Plasma," Report
IS-4883, Ames Laboratory, Ames, IA, 1986.

12, M.C. Edelson, E.L. DeKalb, R.K. Winge, and V.A. Fassel, "Analytical Atomic

Spectroscopy of Plutonium-I. High Resolution Spectra of Plutonium Emitted in
an Inductively Coupled Plasma," Spectrochimica Acta 41B (1986) 475-486.

-14-



APPENDIX I

FIGURES 1-115

~ .
ICP-OMA spectra of a =8+% mg/ml Np-237 solution. The spectra are

corrected for‘OMA detector dark current contributions, are unsmoothed, and
represent the summation of 160 oneéseCOnd integraiions (see text for special
recording condiﬁions for spectra in the 230 - 300 and the 637 — 700 nm
regions). Please note‘that the wavelength axis of these figures is labelled in

Angstrom units, and that 1A = 0.1 nm.
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3831.4170 24987,
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3932,0564 20635,
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39509138 5337,
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4033.7114 19631,
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4037,3655 94708,
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41097964 14805,
4121,0356 47154,
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4350,7949
4351.,0234
4351.994¢4
4352,9087
4334,7910
4358.,774%9
4360,7622
4361,4995
4362,9145
4363.7656
4370.3711
4373.3521
4373,5205
4373.6328
4373.7451
4374,1382

4375.9897

4378,3979
4378.9014
4385,4834
4386.3179
4387,3735
4386,5630
4387,58644
4390.5986
4394, 2925
4395,3154
4398,2495
4403,2684
4405,4268
4411,6729
4413, 4897
4414,8521
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4417,2930
4417,9741
4420,2441
4424,5564
4424,7271
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4425,1812
4426,7129
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4432,4175
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4434,681¢4
4434,8892
4437.5117
4441,3037
4444,34604
4445,4922
4447 .6431
444%,2847
4452.3975
4452,7935
4455.7935
44546,3594
4457.5483
4457,8311
4459.6421
44460,3779
44463, 6045
4466,2080
4472,6602
4474,8110

4478,084%
4479.4438
4487,2290
4488,523¢9
4488,8052
4490,7734
4492,2349
4493.,1333
4493,9194
44946,8921
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4306.9580
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36524,
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4532.3018
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- 4539,5903
4541,5679
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455549756
4556.2012
4557.6138
4559.0264
4560.,0435
4560.4390
4561.5122
4565.0718
43565.7500
4566.4844
4569.,1191
4570.4634
4570,9111
4571.,0791
4571.5273
4575,3911
4577 .,1270
4378,1353
4578.5830
4579.8711
45B83.8472
4587.7671
4390.5112
4592.4130

45393.7031

4595.8311
4597.5112
4603.3330
46046.7510
4607.3672
4609.5513

I
35379,
12488,
35953,
16470,
25608
14212,
31447,
10133,
53150,
21697,
10492,
24708,
21629,
20806,
15263,
11147,
436155,
13839,
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11535,
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4616.7368
4619.6436
4622,5503
4626,0161
4435,2397
4635.3516
4463640225
4637 .8672
4640.7739
4645.9165
4645641401
4649.2148
4649.4941
4649.7178
44649.,8857
4435.4756
4455.6992
4656.4258
46546.7056
4657.4321
4660.8682
4661.1465
4664.4888
4664.8228
44665.5469
4665.8252
4666.5493
4667.8862
466843320
4668, 6640
4675.0161
4680,6416
4681.5327
4582,1455
46B4.3179
4701.6406

I
20060,
15117,
34845,
18177,
21089,

9627
29450,
27838.
14663,
9300,
43801,
20295,
15007,
33272,
35032,
29465,
24112,

2126,

8089,
18432,
30907,
10530,

13249,
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47249,
33563,
14995,
12970,
11420,
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4709.,5742
4709.8511
4710,0723
4710,2383
4711.,8438
4714.,5005
4717,1572
4717.4341
4717.6553
4718.8179
4721,4189
4722,0835
4722,6367
4730,4946
4731,6035
4732,2676
4732,7661
4734,7583
 4739,4B844
4742,0093
4743,0610
47464.,6914
4749,3335
4751,5908
4756.2148
4757.9764
4758,1968
4758,4170
4741,4448
4766.7295
4767,2251
4769,1519
4769.4819
4749.9775
4770.8032
4772.4748
4773.4458
4774,3262
4774,4345
4774,9868
4776.4731
4779.8315
4780.2720
4780.8774
4781,0977
4782,0884
4788.8047
4789,5200

I

14771,
6377,
4511,
5641,
5228,
4313,
7454,
5826,
4944,
4039,
4554,
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4815,
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4795,4106
4796.5605
4796.9438
4797.2173
4797.,4345
4800.7212
4801,2139
4801.5972
4801.,9805
4802,7471
4804.8823
4805,3203
4810.3574

4810.,6860

4812.1094
4816.2705

- 4B18.,1865

4820,1577
4820.6504
4822,5117
4823,7710
4824,8115
4833,2427
4834,2285
4834,9946
4834,1934
4840,3B42
4840,9307
4842,7817
4843,0542
4843,2720
4843,4351
4848.4079
4849,1523
4851,5483

4851,6572
4855.5229

4857.2109
4860.0425
4860.3691
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4901.1499
4901.7998
4901.9624
4902,2329
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Safeqguards and Security Division
U. S. Department of Energy

San Francisco Operations Office
1333 Broadway

Oakland, California 94612

Mr. G. Miserendino, Director
Safeguards and Security Division
U. S. Department of Energy
Savannah River Operations Office
P. 0. Box A

Aiken, South Carolina 29801

Mr. Wayne E. Baker, Director
Quality and Materials Division
U.S. Department of Energy
Savannah River Operations Office
P.0. Box A : :

Aiken, South Carolina 29801

Mr. J.A. Bullian, Director
Safeguards and Security Division
U. S. Department of Energy
Pittsburgh Naval Reactors Office
P. 0. Box 109

West Mifflin, Pennsylvania 15122
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Distribution List continued

34, Mr. G. G. Stefani, Jr., Director
Safeguards and Security Division
U. S. Department of Energy
Schenectady Naval Reactors Office
P. O. Box 1069
Schenectady, New York 12301

35, Mr. Walter P. Engel
U. S. Department of Energy
NE-60
Naval Reactors
Crystal City
Washington, D.C. 20585

36. Dr. Ralph Gutmacher
Q-4 Nuclear Safeguards Systems
Los Alamos National Laboratory
P. O. Box 1663
Los Alamos, New Mexico 87545
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