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Observation of Nuclear Excitation by Electron Transition in 197Au with Synchrotron X Rays
and an Avalanche Photodiode
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We have succeeded in observing nuclear excitation by electron transition (NEET) in 197Au by a new
method. Monochromatic x-rays of synchrotron radiation were used to ionize the K shell of gold atoms in
a target foil. The internal-conversion electrons emitted from excited nuclei were detected with a silicon
avalanche photodiode. At a photon energy of 80.989 keV, the NEET probability in 197Au was determined
to be �5.0 6 0.6� 3 1028 from a comparison of the event number per photon between NEET and the
nuclear resonance at 77.351 keV.

PACS numbers: 23.20.Nx, 25.20.Dc, 27.80.+w, 82.80.Ej
Nuclear excitation by electron transition (NEET) occurs
during atomic inner-shell ionization if the nuclear and
electron transitions have nearly the same energy and a
common multipolarity [1]. For 197Au, the NEET condi-
tion is satisfied in the K ! M1 hole transition (1S1�2:
80.725 keV ! 3S1�2: 3.425 keV [2]) and the 3�21 !
1�21 nuclear transition (0 ! 77.351 keV; half-life:
1.91 ns [3]). The energy difference between the atomic
and nuclear transitions is only 51 eV. The common
multipolarity is M1. Calculations of the NEET probability
per K-shell hole have been executed by applying different
theoretical models [4–8]. The maximum probability is
3.5 3 1025 [4] and the lowest value is 1.3 3 1027 [8].
Fujioka et al. [9] have performed the only previously
reported measurement on NEET in 197Au. They used
100-keV pulsed electron bombardment and a stroboscopic
electron spectrometer to detect 63-keV L-conversion elec-
trons [10]. In the experiment, the NEET probability was
estimated to be �2.2 6 1.8� 3 1024, which was recently
corrected to �5.1 6 3.6� 3 1025 [11]. It seems that the
experiment had a large uncertainty in determining the
efficiency of the system and, however, a small efficiency
of about 1026. The difference between the experimental
value and the recent calculations is still large, more than
2 orders of magnitude. Therefore, a new experiment has
been strongly desired to confirm whether the NEET phe-
nomenon is detectable or not and to determine accurately
the NEET probability.

In this paper, we report on an observation of NEET in
197Au by a new method. We adopted photoionization by
monochromatic x-rays of synchrotron radiation, instead of
electron bombardment. The x-ray beam was tuned to an
energy just above the gold K level. X-ray pulses of 50 ps
long (FWHM) periodically excited the gold atoms and nu-
clei in a target, using a several-bunch operation of a storage
ring. A simple system with a silicon avalanche photodiode
(APD) recorded time spectra of the radiation (mainly L
internal-conversion electrons) emitted from excited nuclei.
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The APD was located close to the target for a large effi-
ciency. By tuning the x-ray energy, we also observed the
nuclear resonance at 77.351 keV with the same setup as in
the NEET measurement. If we use the same size of the in-
cident beam and the same target, we can consider that the
ratio of the event numbers per incident photon equals the
ratio of the cross sections for NEET and the nuclear reso-
nance. Since the NEET probability is given by the ratio
of cross sections for NEET and the K photoionization, the
probability can be precisely determined from the measured
ratio of the event number per photon and from the known
values of the cross sections for the nuclear resonance and
the K photoionization. An exact estimation of the detector
efficiency is not necessary for our method.

An experimental difficulty lies in the intense radiation
promptly generated from the target by atomic processes.
Detector pulses caused by the prompt radiation often pile
up and become huge, interfering with signals of the conver-
sion electrons that rapidly decay with a lifetime of 2.76 ns.
Thus, we had to inhibit the measurement during the first
few ns after the prompt pulse. For decreasing the dead
time, we used the APD that had a ns-width pulse and a
sub-ns time resolution [12]. Another difficulty is that a
background in a time spectrum is made from the prompt
radiation due to residual bunches of electrons in a stor-
age ring. Between the main buckets of electrons, there are
some buckets that are spaced 2 ns apart and are not com-
pletely empty. Although the intensity associated with these
electron sub-bunches is usually less than 1026 of the main
bunch, the background rate is often the same as or higher
than that of the weak signals due to the nuclear deexcita-
tion. Evaluating the background is important to determine
the event number of the nuclear deexcitation. We thus
measured the spectrum at an energy slightly different from
that at which the nuclear resonance or NEET occurs.

The time-spectroscopy experiments were carried out
at undulator beam line BL09XU of the SPring-8 when
the ring was operated in a 116-bunch mode (bunch
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period: 42 ns). Figure 1 illustrates the experimental
setup. The third-order x rays from a Si(111) double-
crystal monochromator were used to obtain high energies
of 77–81 keV, while the first-order x rays were attenuated
to �1025 by 26-mm-thick aluminum plates. An x-ray
beam of V 1.5 mm 3 H1.0 mm was passed to a vacuum
chamber through a beryllium window. The beam intensity
was monitored by a pair of silicon PIN photodiodes
(PDs) having a 5 mm 3 5 mm area of 500-mm thickness
without a thick dead layer. PD currents were processed by
current amplifiers and voltage-to-frequency converters. In
the chamber, the x-ray beam was incident on a gold metal
foil (8 mm in diameter and 3 mm thick) inclined by 30±

to the beam axis. The radiation emitted from the target
was detected by a silicon APD having a sensitive area
of 3 mm in diameter and a depletion layer 30 mm thick.
The APD was located about 2.5 mm above the target.
We used a fast amplifier (bandwidth: 100 kHz–1.8 GHz,
gain: 100) to obtain fast negative pulses of the APD
outputs, which were processed with a constant fraction
discriminator (CFD). The outputs from the CFD were
used as the start signals into a time-to-amplitude converter
(TAC). Here the outputs were inhibited by veto signals,
except for a time region of 4.5–20 ns after the prompt
radiation during a period of 42 ns. The veto signals into
the CFD and the stop signals into the TAC were supplied
through some divider and delay modules by 508.58-MHz
signals from the accelerator. The time spectra of the
resonance and NEET were recorded by the TAC and a
multichannel analyzer. Before the observation of NEET,
we found a nuclear resonance at 77.351 keV from a peak
of delayed events by the APD while scanning the u angle
of the monochromator. A time spectrum was measured
at the peak of 77.351 keV. The background spectrum
was recorded at 77.455 keV. A maximum of the APD
count without the veto signal was obtained at 80.989 keV
and the APD count reached a minimum at 80.415 keV,
in an x-ray absorption measurement around the K edge
under a low beam intensity. According to this result,
the time spectra were measured at 80.989 keV for the
NEET observation and at 80.415 keV for evaluating the
background. Except for the incident x rays, both spectra
were taken under the same condition as in the resonance
measurements. The beam size was not changed.

FIG. 1. Schematic of the experimental setup.
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Figure 2 shows the radiation that the APD detected. The
energy spectra were measured at beam line BL-14A of the
Photon Factory using x rays of �106 photons�s. The ar-
rangement and the applied voltage to the APD were the
same as in the time-spectroscopy experiment, although a
charge-sensitive preamplifier was used instead of a fast
amplifier. The CFD threshold level for the APD outputs
corresponded to a pulse height of �35-keV radiation when
using the fast amplifier. Thus, the photoelectrons mainly
contributed to the count of the prompt radiation while L
x-rays were not counted except in the piling prompt pulses.
No peaks of fluorescent K x-rays were observed even at
80.989 keV. This is due to a poor efficiency, less than
0.2%, of our APD for the K x-rays, although the fluo-
rescence yield for the gold K shell is high, 0.964 [13].
Auger electrons increased the APD count at 80.989 keV,
which was 15% over that at 80.415 keV. In an energy
spectrum using 77.35-keV x rays, as a model for detect-
ing L-conversion electrons, �70% of L photoelectrons had
energies higher than 35 keV. From an intrinsic efficiency
of .80% for the electrons [14], more than 60% of the
L-conversion electrons irradiated to the APD would be
measured by the time-spectroscopy system.

Figure 3 shows the number of delayed events measured
around 77.351 keV as a function of the monochromator
energy. We approximated a peak profile at 77.351 keV
to a triangle, after subtracting the background fitted by a
straight line, as shown in the lower side of Fig. 3. The
full width at half maximum (FWHM) of the resonance
peak was 19 6 2 eV, which corresponded to the energy
width of the incident x rays from the monochromator. The
time spectrum for the resonance, measured at the peak dur-
ing 7466 s in one injection period, is shown in Fig. 4(a).
The time of 0 ns is the timing of the prompt radiation,
measured without a veto signal. The conversion electrons
produced a decaying structure after the prompt radiation.

FIG. 2. Energy spectra of the radiation emitted from gold
foil, measured with the APD. The energy of the incident
x rays was 80.989 keV for the solid circles and 80.415 keV for
the open circles. The crosses indicate the difference between
them. The data were normalized to the beam intensity. M, N ,
and L photoelectrons (,80 keV and ,69 keV) and L x-rays
(9–13 keV) were observed at 80.415 keV. KLL-, KLM-Auger
electrons (,57 keV and ,67 keV) were additionally observed
at 80.989 keV.
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FIG. 3. Number of delayed events measured by the APD
as a function of the monochromator energy: the data with
the background (solid circles; upper) and the background-
subtracted data (open circles; lower). The energy of the hori-
zontal axis was determined from the peak at 77.351 keV and
from the scanning angle of the monochromator. A straight line
was assumed as the background structure. The peak profile was
approximated to a triangle with DE �FWHM� � 19 6 2 eV
by least-squares fit.

Figure 4(b) shows the background spectrum, recorded at
77.455 keV during 4655 s of the same run. The back-
ground consisted of a tail structure formed by the prompt
radiation and of peaks with a 2-ns interval caused by the
electron sub-bunches. Figure 4(c) indicates the spectrum
subtracted the data in Fig. 4(b) from those in Fig. 4(a). The
subtraction was carried out by considering the number of
incident photons, which was obtained from the current of
the PD at the backside. A correction for the absorption in
the target, and a calibration to the photon rate using tung-
sten absorbers and a scintillation detector, was applied for
the PD current. Figure 5(a) indicates the time spectrum ob-
tained at 80.989 keV during 16 091 s of another injection
period. The decaying structure is clearly seen. The spec-
trum, obtained at 80.415 keV during 8076 s of accumula-
tion under the same conditions as at 80.989 keV, is shown
in Fig. 5(b). The tail and the residual bunch structure exist
similarly in Fig. 4(b), although the count rate in the re-
gion of 4.5–20 ns was 0.3 3 1027, less than 1.3 3 1027

in Fig. 4(b), compared with that in the region involving the
main bunch. We obtained the data plotted in Fig. 5(c) by
subtracting the data in Fig. 5(b) from those in Fig. 5(a),
considering the difference in the incident photon number.
The bunch structure of a 2-ns interval slightly remains
in Figs. 4(c) and 5(c). This may be due to a change in
the x-ray intensity from the sub-bunches, relative to that
from the main bunch, during measurements of (a) and
(b) spectra.

We obtained the event numbers of conversion electrons
from the background-subtracted spectra. The event num-
bers between 5 and 15 ns were NR � 9878 6 169 counts
during 7466 s in Fig. 4(c) and NNEET � 2994 6 101
counts during 16 091 s in Fig. 5(c). Here we neglected
the data in the regions of 4.5–5.0 ns and 15–20 ns in
order to eliminate the effects of the prompt radiation
FIG. 4. Time spectra observed for (a) the nuclear resonance
at 77.351 keV during 7466 s and for (b) the background at
77.455 keV during 4655 s. We obtained the data plotted in (c)
by subtracting the data in (b) from those in (a), considering the
number of incident photons. The solid line in (c), an exponen-
tial decay curve fitted for the data of 5–15 ns, gives a lifetime
of 2.68 6 0.14 ns.

and of low quality in statistics, respectively. The num-
bers of incident photons during each measuring time
were given by IR � �5.04 6 0.06� 3 1013 and INEET �
�10.54 6 0.10� 3 1013 for the resonance and NEET
measurements, respectively. An exponential decay curve
was fitted for data of 5–15 ns in Fig. 4(c) or for those in

FIG. 5. Time spectra observed for (a) NEET at 80.989 keV
during 16 091 s and for (b) the background at 80.415 keV during
8076 s. We obtained the data plotted in (c) by subtracting the
data in (b) from those in (a), considering the number of incident
photons. The solid line in (c) indicates an exponential decay
curve fitted for the data of 5–15 ns, which gives a lifetime of
2.80 6 0.29 ns.
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Fig. 5(c), shown by the solid line. The lifetimes t were
obtained as t � 2.68 6 0.14 ns and t � 2.80 6 0.29 ns,
respectively, both of which satisfied t � 2.76 ns for the
77.3-keV level within the error.

Using the NEET cross section sNEET , the NEET prob-
ability PNEET is expressed by

PNEET � sNEET�sK , (1)

where sK is the photoelectric cross section of the K
shell. Here sK is given by �2.18 6 0.06� 3 10221 cm2

from the photoelectric cross section at the gold K-edge
�� �2.74 6 0.08� 3 10221 cm2� and from its relative K-
shell contribution �� 0.794� [15]. Considering the narrow
width of the resonance absorption, involved in the energy
width of the incident x-ray beam, we define the effective
cross section for nuclear resonance at 77.351 keV, sR , by

sR � �G�W �fps0 , (2)

where G is the width of the resonance absorption (FWHM),
W is the observed energy width of the incident x rays
(FWHM, 19 6 2 eV), fp is a factor that depends on
the spectral function of the incident x rays, and s0
is the maximum resonance cross section �� �3.86 6

0.05� 3 10220 cm2 [16] ]. Here fp � 1 if the peak shape
of the incident x rays is the same Lorentz form as that of
the resonance absorption. However, the spectral function
of the x-ray beam was approximated to a triangular
form. When the peak height and FWHM of a triangle
are the same as those of a Lorentz form, the Lorentz
form is larger in area than the triangle by a factor of
p�2. Thus, fp is p�2. Since we can neglect the self-
absorption effect when using a thin gold foil, G is taken
to be G � G0, where G0 is the natural linewidth for the
77.3-keV state �� �2.38 6 0.02� 3 1027 eV� [17]. We
obtained the NEET and the resonance events for the same
region of 5–15 ns, as noted above, giving NNEET and
NR , respectively. When they are divided by the incident
photon numbers INEET and IR , respectively, the ratio of
sNEET to sR is given by

sNEET�sR � �NNEET�INEET���NR�IR� . (3)

The probability of PNEET in Eq. (1) is deduced from
Eqs. (2) and (3) as

PNEET � �s0�sK � �G�W�fp�NNEET�INEET���NR�IR�

� �5.0 6 0.6� 3 1028. (4)

The error on PNEET is mostly determined by the error
on W . Table I indicates the calculated and experimental
values for the NEET probability on 197Au. Our value is
fairly close to the result calculated by Tkalya [8], though
it is less than one-half of it.

In conclusion, we observed NEET in 197Au by a new
method. Monochromatic synchrotron x rays were used
to produce holes in the K shell of gold atoms. A silicon
APD enabled us to distinguish the weak conversion
electrons from the intense prompt radiation with a short
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TABLE I. Calculated and experimental values of the NEET
probability on 197Au.

Reference Theory Experiment

Fujioka et al. [9] �2.2 6 1.8� 3 1024

Pisk et al. [4] 3.5 3 1025

Ljubičić et al. [5] 2.2 3 1025

Tkalya [6] 1.4 3 1027

Ho et al. [7] 2.4 3 1027

Tkalya [8] 1.3 3 1027

Shinohara et al. [11]a �5.1 6 3.6� 3 1025

Present work �5.0 6 0.6� 3 1028

aThe estimation of the probability was corrected by using the
same experimental result as in Ref. [9].

dead time of 5 ns in a time spectrum. By tuning the
x-ray energy, we also observed the nuclear resonance of
197Au at 77.351 keV with the same setup as for the NEET
observation at 80.989 keV and evaluated the background
due to the electron sub-bunches in the storage ring. Note
that an energy of 77.351 keV is the highest level in
the Mössbauer nuclides, which has been successfully
excited by synchrotron radiation. From the measured
ratio of the event numbers per incident photon in NEET
and the resonance, the NEET probability was given by
PNEET � �5.0 6 0.6� 3 1028. This value is smaller by
3 orders of magnitude than the previous experimental
value [11] but is much closer to the recent calculations.
Although our experiment does not explain why the NEET
probability is so small, the present result is more reliable
for examining theoretical models.
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[5] A. Ljubičić et al., Phys. Lett. B 272, 1 (1991).
[6] E. V. Tkalya, Nucl. Phys. A539, 209 (1992).
[7] Y. Ho et al., Phys. Rev. C 48, 2277 (1993).
[8] E. V. Tkalya, JETP 78, 239 (1994).
[9] H. Fujioka et al., Z. Phys. A 315, 121 (1984).

[10] H. Fujioka and K. Ura, Jpn. J. Appl. Phys. 24, 1703 (1985).
[11] A. Shinohara et al., Bull. Chem. Soc. Jpn. 68, 566 (1995).
[12] S. Kishimoto, J. Synchrotron Radiat. 5, 275 (1998).
[13] M. O. Krause, J. Phys. Chem. Ref. Data 8, 307 (1979).
[14] T. Tabata et al., Nucl. Instrum. Methods 94, 509 (1971).
[15] E. Storm and H. I. Israel, Nucl. Data Tables A 7, 565

(1970).
[16] J. G. Stevens and V. E. Stevens, Mössbauer Effect Data

Index (Plenum, New York, 1975), p. 36.
[17] D. J. Erickson et al., Phys. Rev. B 3, 2180 (1971).


