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Observation of Electromagnetic Radiation from Deexcitation of the?2°Th Isomer
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Experimental measurements of ultraviolet and visible emission from two samples cont&ifing
suggest the deexcitation of a reported 3.5 eV isomeric levef?fih. The unique phenomenon
of ultraviolet y-ray emission was observed from this level. Results are consistent with theoretical
arguments suggesting that the nucleus can also deexcite via an inelastic electronic bridge mechanism.
These observations indicate the exotic phenomenon of nuclear emission in the optical band, and open
new areas of physics related to nuclear-atomic interaction. [S0031-9007(97)03785-X]

PACS numbers: 23.20.Lv, 27.90.+b, 32.30.Jc

High precisiony-ray spectroscopy measurements utiliz-so radiative processes should dominate (it is not clear,
ing 2 sources have suggested the existence of a lowhowever, how internal conversion may proceed via elec-
lying I™ = 3* level (assigned) [631] Nilsson state) in tronic states in a chemical compound.) Figure 1 shows
the nucleus?®Th only 3.5 + 1.0 eV above thd™ = %+ the Feynman diagrams for the electronic bridge process.
It is essentially like the internal Compton effect, except
1t_hat the electron is excited to a discrete atomic level
instead of the continuum of levels. The researchers in
Ref. [3] suggest that the deexcitation of a 3.5 eV level in

22 » X
cleus. This low excited state is the lowest known of all °Th can proceed by exciting the thorium atom from the

nuclei, and is of importance as it represents the only cai%dsg 9\;°”_?ﬂ stat; ;‘]C?ﬁthépl/z Stateith'rt]h arr: energy of
in which nuclear excitation energies are similar to atomic ev. & redshifteq rays wou €n have an en-

or molecular excitation energies, suggesting nuclear deeﬁrgylgyh ~3.5 eV _I 1.28her =b2.225eg/0. Suchhph;)tons
citation by emission of optical photons via a1 transi- would have a wavelength of about nm, which oceurs

tion. This level opens unique possibilities for studies of" the gr?ﬁn pt"’r‘]rt OLth% V|S|bliedspect|;qm. hD![re,cten}ls—b i
atom-nuclear interactions including nuclear excitation viaS'gz' ont e:[ho er a?t ’ Wolut resuit in photons ot abou
atomic electrons. The purpose of this Letter is to report thg>4 nm, in the near ultraviolet.

results of experimental measurements designed to obser}/eTh?h exdperlmer]lt?rlw program to detelpt ?F:;'%al tEhotonZ
the emission of optical photons from samples~t). rom the decay of the 1Somer IS complicated by Ihe nee

The low-lying excited state if2Th is populated ap- for optically suitable sources and the confound!ng fact that
proximately 2% of the time in thex decay of 233U many uranium compounds. (Q.g., those containing ura_myl
through y-ray transitions and internal conversions from'ons) are fluorescent, emitting a well-known greenish
higher levels [2]. Theoretical considerations have SungIuprescence as obs_er\_/ed In antique canary glass. Hence
gested that such a low-lying nuclear level can deexcitd! 1S necessary to distinguish between such effects and

via an inelastic electronic bridge mechanism [3], which

has been observed as a small effect in the decay of the
30.7 keV (> = 13.6 yr) level in ®*Nb, which deexcites

mainly by internal conversion of af4 transition [4]. e
Calculations of the branching ratio between the direct
v-ray emission and the electronic bridge mechanism for
%Nb agree with the experimental results to within an or-
der of magnitude [5]. The electronic bridge mechanism
has also been observed in the decay of the 80.3 keV iso- n* N N* N
meric level in %r [6]. Details of the calculations in-

volved in the electronic bridge mechanism can be found a b

in Refs. [3-5], and references therein. In the case o'f: . : : N
229Th the second-order effect of internal conversion i IG. 1. Feynman diagrams for the inelastic electronic bridge
' B Smechanism. (a) Direct diagram; (b) exchange diagram. Double
apparently not allowed for such a low level [3], as thejines indicate the deexciting nucleus{ solid lines indicate an
ionization potential of the thorium atom is about 6.1 eV, atomic electrond), and dashed lines indicate the photay).(

ground state (assignei:i[633] Nilsson state) [1]. These
measurements involved taking appropriate sums and di
ferences ofy-ray energies of tens and hundreds of keV
observed from??°Th following a decay of the?**U nu-
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the electronic bridge effect. Therefore part of this workmonochromator slowly scanne@0(nm/min) from 850
involved attempts at exciting fluorescence in uranyl nitratéo 100 nm. An Oxford PCA-IIl multichannel analyzer
and uranium glass using ultraviolet light and intensecard was used in sample voltage list mode to monitor
y radiation from a ®Co source. Similar excitation the analog output of the Oriel 7070 readout for data
experiments were attempted on th8U samples. These collection. The monochromator was usually used with
samples had been prepared fpray measurements and very wide (6 and 3 mm) slits for maximum light gathering
were not necessarily the best for this study, but wereapability, and the samples (which were extended over a
available from the Idaho National Engineering Laboratorydiameter of about 1.5 cm) were simply placed near the
(INEL, operated by Lockheed Martin-ldaho Technologies,entrance slit in the acceptance cone of the monochromator
Inc.), where the low-lying level was discovered [1]. (f# 3.5) with no intervening optics. The monochromator
Two samples, on@00 wCi (sample 1) and on800 «Ci  had a calibrated wavelength scale which was confirmed
(sample 2) were used in this study. Sample 1 consistedith a HeNe laser and mercury lamp. For purposes of
of a deposit of?*U containing a brownish material on ultraviolet irradiation of samples an Ultraviolet Products,
Kaptan and covered with transparent tape. Sample thc. Blak-ray long-wave ultraviolet lamp was used by
consisted of a light-yellowish deposit on a filter paperallowing the uv to illuminate the samples in a chamber.
(probably UQ - 2H,0), taped down to Kaptan. The A 1 mCi %’Co source was used to irradiate samples with
Kaptan films were taped to an aluminum support cardy radiation by placing the small source (consisting of a
The chemical composition of these materials was nofl cm diameter palladium foil implanted with the isotope)
certain at the time of this writing, but as part of this directly behind the samples. Samples consisting of uranyl
study it was determined that they are not fluorescent (sesitrate, ground uranium glass, and zinc sulfide were also
below). The transparent tape covering the samples hagrepared for irradiation studies.
good transmission in the visible part of the spectrum, Figure 3 shows the results of measurements made on
but not in the ultraviolet. Therefore measurements weré®U sample 1. As postulated, optical emission in the
performed with the source material exposed by removingiltraviolet part of the spectrum was observed. The mea-
the protective tape, with appropriate care taken to preverdurements involved several separate runs which individu-
contamination. ally took 2250 s during which the Oriel 7070 output was
Figure 2 shows a block diagram of the experimental
apparatus used in this work. The Bausch & Lomb
high intensity monochromator contained a grating with T I , I | T
1350 grooves per mm and a 300 nm blaze wavelength,

with a reciprocal dispersion of.4 nm/mm. The Oriel

photomultiplier had a responsivity of abdut< 10* A/W

over the range of interest. Measurements were made

by simply monitoring the photomultiplier current as the a
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FIG. 3. Results of optical measurements 88U sample 1.
FIG. 2. Block diagram of the optical spectroscopy apparatuga) 6 mm entrance slit; (b) 3 mm entrance slit. Solid lines are
for investigating the deexcitation of the low-lying level 3#Th. drawn between adjacent data points to guide the eye.
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sampled every 400 ms, resulting in 5625 data points from [ T T | | T
850 to 100 nm. These data were then reduced to 112 data
points by simply averaging in groups of 50 points. Note
that the data plotted arB”/(E) as a function of energy

in eV, wherel(E) is the photocurrent per unit energy.
Figure 3(a) shows the spectrum of th@0 uCi sample 1 a
with a 6 mm entrance slit, resulting from 16 separate runs
which have been added, showing a peak near 3.5 eV in
agreement with the results of Helmer and Reich [1]. We
note that the researchers in Ref. [1] purposefully doubled
the uncertainty in their determination of the energy sepa-:
ration of the excited state and ground state to account for
possible unrecognized systematic errors, and so a value o
3.5 = 0.5 eV for the isomer is not too conservative and &
our results are still in good agreement. Figure 3(b) shows# b b
the spectrum for the same sample with a 3 mm entrance

slit resulting from 16 separate runs. This spectrum, ob- ﬁ

units)
1

b.

tained with better resolution but a poorer signal-to-noise o
ratio, suggests that the ultraviolet part of the spectrum
consists of a series of lines, indicating some sort of fine
structure. This width to the spectrum may also limit the
precision of the techniques used in Ref. [1] for determi-
nation of the energy of the low-lying level. Also note a ' ! | L ' |
weak peak near 2.4 eV which may be due to the inelastic ! 2 B 3 4 3 6

. . . nergy (eV)
electronic bridge mechanism.

Figure 4 shows the results fo?3U sample 2. Data FIG. 4. Results of optical measurements 8fJ sample 2.
are the result of 16 separate runs. As with sample 1(a) 6 mm entrance slit; (b) 3 mm entrance slit. Solid lines are
sample 2 shows emission in the ultraviolet near 3.5 eV(.ﬂraW” between adjacent data points to guide the eye.
Note the prominent emission near 2.4 eV, much larger
than in sample 1. The various components in the ultra- ) ) )
violet part of the spectrum in Fig. 4(b), which are at thenot include pos.s[ble effects dye to different attenuation
same energies as in sample 1, are possibly correlated wifff the uv and visible photons in the two samples, which
somewhat broader components at 1.3 eV lower energy iAPPear to be chemically different. For examplei It was
the visible part of the spectrum, in agreement with theofound that the total emission from sample 1 is abpuf
retical suggestions by Strizhov and Tkalya from Ref. [3]that from sample 2, as compared Wﬁhas one would ex-
that the nuclear deexcitation takes place via an inelagect from the relativex activities, suggesting that about
tic electronic bridge in which th&ds,, thorium atomic half as many photons, mainly visible, are able to escape
ground state is excited to thgp,/, state. Confirmation from sample 1 as compared to sample 2. Hence it may be
of this correspondence will require better data with finerthat the inelastic electronic bridge mechanism dominates
resolution and a better signal-to-noise ratio. Note that one both cases. It should be noted that samples 1 and 2
would also expect to see photons with energy 1.28 eV folapparently had different molecular forms, and the exact
lowing deexcitation of the thorium atom, but such a wave-energy of the7p, , state in the thorium atom may depend
length (about 970 nm) is not observable with the presentn the molecular environment, thus leading to the slightly
apparatus. different peaks in the two samples, as well as different

The spectra in Figs. 3 and 4 have not been correctedranching ratios for direcy-ray emission and the inelas-
for system efficiency, which is maximum in the uv, andtic electronic bridge.
so integrated intensities do not directly indicate branching One might argue that the optical emission observed
ratios. By correcting for the efficiency of the monochro-from samples 1 and 2 is simply some form of fluorescence
mator grating and the responsivity of the detector, weor scintillation, e.g., from uranyl fluorescence. Experi-
have made rough estimates of the branching rafiess  ments designed to account for the optical emission from
w®/w (third-order electronic bridge to first-order di- sources other than the rather exotic mechanisms postu-
rect y-ray emission) for the two samples. Sample 2 hadated were attempted. First, it was found that samples 1
{ = 4, so that the electronic bridge process dominatesand 2 couldhot be excited to fluoresce in ultraviolet light,
as predicted in Ref. [3]. Sample 1, with the very weakalthough such excitation was easily observed in uranyl ni-
visible emission, has a valug= 0.2, suggesting that di- trate, uranium glass, and zinc sulfide, all of which have a
rect uvy emission dominates. However, these values dgreenish fluorescence. Further, both the uranyl nitrate and
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zinc sulfide samples could easily be made to scintillatdight sources [8]. It has also been suggested thatathe
under vy irradiation from the 1 mCi®’Co source, which decay rate of?*Th may be greater by a factor of 3 in the
had no effect on samples 1 and 2 nor on a sample “yellovisomeric level [9]. Such effects could be observable, in
cake” (UQ, - 2H,0). We have been unable to observeprinciple, if sufficient numbers of isomeric nuclei could
any optical emission from other uranium-containing ma-be produced.
terials with activities a substantial fraction of sample 1 In conclusion, we have observed ultraviolet and visible
and 2. The observed emission is also not consistent withhotons from samples ¢f%U suggesting the deexcitation
atomic thorium lines as observed with arc and park methef a 3.5 eV isomeric level in??°Th. Visible emission
ods, which lead to lines between 268 and 319 nm, nois consistent with theory predicting that the isomeric
with uranium which is known to have many lines through-level can also deexcite via the inelastic electronic bridge
out the ultraviolet and visible [7]. mechanism. This exotic nuclear level is the lowest known
Clearly further studies are necessary, utilizing sourcesf all nuclei, and opens new areas of physics related to
of similar activity and chemical composition but with atom-nucleus interaction.
other uranium isotopes, such U which has a half- This work was supported in part by the Faculty Re-
life of 2.4 X 10° yr compared with.6 X 10° yrfor 3.  search Committee at Idaho State University. One of us
Also needed is a detailed chemical analysis of samples (K. H. K.) received grant support from the NASA North
and 2 used in this work. Such studies, as well as studieGarolina Space Consortium and a travel grant from the
of various chemical compounds of uranium, are plannedNEL Office of Academic and Education Relations which
utilizing photon-counting methods and a detection systenenabled him to visit INEL and Idaho State University. We
with better resolution and sensitive to longer wavelengthare deeply indebted to the INEL Nuclear Radiological Sci-
photons. With photon counting techniques, it may beence Group from which th& samples were obtained.
possible to coincidence the optical counts with the weak
vy emission from the 29.1 keV level irf**Th, which
accounts for most of the population of the low-lying level.
This would provide a confirmation that the observed
optical emission is in fact due to the decay of the isomeric
level and not some other source, but the technique Would[z] Y. A. Akovali, Nucl. Data Sheets8, 555 (1989).

not work if the lifetime of the low-lying level is very long. [3] V.F. Strizhov and E. V. Tkalya, Zh. Eksp. Teor. FR9,
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part of the spectrum is not due to uranyl fluorescence). ~and M.A. Ukhin, Zh. Eksp. Teor. FiZ1, 32-35 (1988)
Also studies in which the excited level iR?°Th is [Sov. Phys. JET®7, 16 (1988)]. .
populated from the ground state are planned, which mayl/] D-!- Ryabchikov ‘and E.K. Golbraikh,The Analyti-
lead to measurements of the lifetime of the level, which cal Chemistry of Thorium(The MacMillan Company,
. . ! New York, 1963).

is expected to depend strongly on the environment of the 8] E.V. Tkalya, V.O. Varlamov, V.V. Lomonosov, and
atom [3]. This may be possible via the inverse electronic * * g A Nikulin, Phys. Scr53, 296 (1996).
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