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Low-lying levels of '“Tc have been investigated with the reaction 'Mo(p,n7y)'®Tc in the energy range 4
MeV < E, < 6.8 MeV. Gamma-ray cascades have been studied by means of y-y coincidences. Two isomeric
states have been identified, namely the 200.6 keV (4%) state with 7,, = 11.84+0.1 ps and the 243.9 keV
(6%) state with 7,, = 4.7+0.3 us. An upper limit 7,, <4 ns has been assigned for the mean life of seven

other levels.

NUCLEAR REACTIONS '™Mo(p,ny), E, =4-6.8 MeV, pulsed beam; measured
E,, vY-v coincidences, delayed y. Two '%Tc isomers observed, deduced life-
times. Enriched target.

I. INTRODUCTION

Among the odd-odd isotopes of technetium the
one of mass 100 possesses singular properties,
at variance with the systematics of the three iso-
topes from °*Tc to *®Tc. This fact appears to be
related to the closure of the vd;,, subshell ex-
pected at N=56. If the next available shell for the
valence neutron is g,/,, the ground state configura-
tion (7g,/,)°® (vg,/,) is expected to include states
(of the lowest seniority) with J" from 1* to 8", with
a ground state 1% according to the Nordheim rule.
In fact, from the results’’? obtained with the
®Tec(d,p)'*°Tc reaction and with the **Tc(z,y)'°Tc
reaction, the spin sequence 1%,2% 4% (27),6",3", 5"
has been found for the lowest states. As a con-
sequence no isomeric transitions with high multi-
polarity are likely to exist in '®Tc, while they have
been observed in the lower mass Tc isotopes.® On
the other hand E2 transitions within states belong-
ing to the ground state configuration are expected
to exhibit relatively long lifetimes due to the close
level spacing.

This paper concerns the measurement of the
mean lives of '°°Tc low-lying levels, by means of
the reaction '°°Mo(p,7n)'®°Tc and with a pulsed pro-
ton beam at energies ranging from 4 to 6.8 MeV.
The pulse duration and repetition rate was varied
from ~1 ns at 1 MHz to 20 us at 10 kHz to cover a
wide interval of possible lifetimes. Two isomeric
levels have been observed at 200.6 keV and 243.9
keV with mean lives 7,=11.8+0.1 and 7, =4.7+ 0.3
us, respectively. The values of the mean lives
have been derived from the time spectra of the
primary decay products (the 43 keV y rays for the
244 keV level and the 25.7 keV L-conversion elec-
trons for the 200.6 keV level) and also from the
time spectra of the y transition deexciting the

daughter level at 172 keV.

Moreover, an upper limit 7, <4 ns has been es-
tablished for the mean life of seven more levels.

A preliminary result concerning the mean life of
the 200.6 keV state, obtained in the early stage of
this work, has been published elsewhere.” This
mean life has also been measured by Bartsch e/
al.” and by Martin and Wender® whose results are
in good agreement with the present one.

In addition to the lifetime measurements, direct
spectra of prompt y rays and of -y coincidences
have been studied at £,=4 MeV. The results fit
well with the level scheme obtained from neutron
capture?® and from *°Tc(d,p)'®Tc reaction.'

II. EXPERIMENTAL PROCEDURE

Measurements were performed at the 7.5 MV
Van De Graaff accelerator of the Laboratori Naz-
ionali di Legnaro. The target consisted of a ~100
wg/cm?® molybdenum oxide layer, 97.42% enriched
in '®Mo, evaporated either onto a graphite back-
ing for y measurements, or onto a thin carbon
foil, for electron measurements. A self-support-
ing molybdenum foil, 88.7% enriched in Mo, was
also used for the time measurements performed
at the highest beam energy E,=6.8 MeV.

An intrinsic germanium detector (IG) of 0.5 cm?
volume and energy resolution 0.5 keV at 100 keV
was used to investigate the low energy gamma-ray
spectra. In addition, a 60 cm® Ge(Li) counter of
energy resolution 2.5 keV at 1333 keV was used
for measuring y-y coincidences. Radioactive
sources of '**Ba and '**Eu and the x rays of molyb-
denum, lead, and tantalum present in the y spec-
trum, together with '°F and '*°Mo Coulomb exci-
tation y rays, were used as reference lines for en-
ergy calibration.
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Conversion electrons have been studied by means
of a small magnetic spectrometer’ with a momen-
tum resolution Ap/p =0.07. The electrons coming
from the target were focused on a 3 mm thick
Si(Li) detector, cooled at —70°C, with an energy
resolution of ~4 keV at 26 keV.

A data acquisition system consisting of an HP
2116 B computer and up to three analog to digital
converters (ADC) working in a multiparameter
mode, were used for y-y coincidences and for life-
time measurements. The relevant information
from thedifferent ADC’s was stored sequentially in
the memory and transferred to magnetic tape for
further analysis.

The y-y coincidences were performed by using
the IG detector and the Ge(Li) counter placed at
9, =+100° and 9, =+ 20° with respect to the beam
direction. The electronic chain was a conventional
fast-slow system.

For the mean-life measurements two different
techniques have been used:

(1) Delay spectra of signals from the IG counter,
with respect to the bursts (FWHM ~1 ns) of the 1
MHz-pulsed proton beam, have been collected at
4 MeV proton energy. The usual fast-slow coinci-
dence system was used.

(2) The time spectra of the 172 keV and 43 keV
v rays and of the L-conversion electrons of the
28 keV transition have been measured with the con-
tinuous proton beam chopped by means of a fast
electrostatic deflector® placed halfway between the
output slits of the analyzing magnet and the target.
In the different series of measurements the “beam-
on” period was chosen in the range from 6 us to
20 us while the corresponding “beam-off” period
ranged from 35 us to 80 us.

The electrostatic deflector synchronization sig-
nal, correlated by means of an adjustable delay to
the beginning of the beam-off period, was used to
start a time-to-amplitude-converter (TAC). In
some measurements the stop signals for the TAC
were derived from one (or more, working in OR)
timing single channel analyzer which performed
the desired energy selection. The “valid stop”
signals of the TAC were used to validate the cor-
responding energy signals.

Other measurements were performed with the
standard fast-slow system; in this case the TAC
stop signals were obtained by means of a constant
fraction discriminator. The time scale was de-
termined by means of an ORTEC 462 time calibra-
tor. Energy signals were shaped at 1 us with a
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FIG. 1. Typical y-ray spectrum from the reaction '®Mo (p, 2y)!%Tc, obtained with a 0.5 cm? intrinsic germanium

detector. The y-ray energies are given in keV.
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TABLE I. Coincident y rays observed in the 1Mo (p,
n) 197¢ reaction at E,=4 MeV. The values in parenthe-
ses indicate possible coincidence.

Gate v rays in coincidence
E, (keV) E, (keV)

71.6 91, 124, 172, 263

90.7 (172), 180, 299

91.4 (71), 91, 172, (176)

92.0 (63), 104, 263

103.6 92

113.2 169

127.5 172, 176

168.7 172, (180)

172.1 71, 91, 127, 169, 180, 252, 287, 349, 398
180.12 (63), (71), 90.7, 172, 299
223.5 (222), 276, (355), (455), 486
263.6 71, 92

276.6 223

299.5 90.7, (172), 180

2This line appears to be a very close doublet which
cannot be completely resolved in the coincidence mea-
surements.
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simple delay-line differentiator to avoid a pileup
effect in the counting periods, starting 1 us after
the end of the beam bursts.

In these measurements a °"Co y-ray source was
placed near the detector to produce pulses uncor-
related with the on-off status of the beam in order
to verify the flatness of their delay spectrum.

III. EXPERIMENTAL RESULTS: THE LEVEL SCHEME

A y-ray spectrum from the proton bombardment
of Mo at 6.8 MeV is shown in Fig. 1. Most of the
prominent y rays have been attributed to '°°Tc,
Some of them coincide in energy, within 0.1 keV,
with transitions observed in the *°Tc(z,y)'®T¢
reaction.”’ Gamma-gamma coincidence measure-
ments have been performed at proton energy E, =4
MeV. This measurement has also been valuable
in resolving the three y transitions® of energy close
to 90 keV (90.7 keV, 91.4 keV, 92,0 keV). The
coincidence results are summarized in Table I.
The level scheme obtained up to the excitation en-
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FIG. 2. Level scheme of '®Tc. Dashed lines for the transitions indicate uncertain assignments. The open circles
at the tip of a transition arrow indicate observed coincidence with a subsequent Yy ray. Spin assignments are from

Ref. 2.
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ergy of 530 keV is shown in Fig. 2. The level en-
ergies have been deduced on the basis of the coin-
cidence measurement and/or energy balance
(within 0.2 keV) in the y-ray cascades.

However, some intense y transitions do not fit
into the level scheme, namely the strong y cascade
involving the 90.7 keV v, the 299.5 keV y, and at
least one member of the close doublet at 180 keV.
In fact the 299.5 keV line could fit (within 0.1 keV)
the energy difference either between the 500.1 and
the 200.6 keV levels or between the 299.5 keV lev-
el and the ground state; however, neither of the
above assumptions is in agreement with our coin-
cidence results. In addition one of the compo-
nents of the 180 keV doublet, being definitely in
coincidence with the 172 keV y, probably corre-
sponds to the decay of a new level at 352 keV.

Most of the levels shown in Fig. 2 have been
found also with the *°Tc(d,p)'°Tc reaction.! All
the states populated in the (n,y) reaction up to 455
keV have been observed. Moreover, six levels at
299.5, 335.2, 355.6, 459.3, 475.9, and 521.1 keV
have also been found. Owing to their decay prop-
erties they appear to have positive parity and spin
<3 (<4 for the 521.1 keV state). Some of these
levels (namely the 299.5, 335.2, 459.3, and 521.1
keV) have also been recently reported by Martin
and Wender.’

IV. EXPERIMENTAL RESULTS: LIFETIMES

Lifetime measurements in the nanosecond region
have been performed at a proton beam energy E,
=4 MeV. Only the 172 keV y ray, corresponding
to the transition from the first excited to the
ground state, shows, in addition to a prompt part,
a delayed component with a mean life longer than
1 us. The other y lines observed at this beam en-
ergy, as well as the prompt part of the 172 keV y
ray, have a mean life 7, <4 ns. On this basis, an
upper limit has been assigned to the mean life of
seven excited levels as shown in Fig. 2.

The delayed part of the 172 keV y transition
must be attributed to the feeding from higher-lying
isomer states. The first obvious candidate is the
4" level at 200.6 keV (for spin attribution see
Ref. 2). This level is expected to decay with an
E2 transition of 28.5 keV which should be strongly
converted (¢ =115). The corresponding y ray is
weak and lies in a region of the gamma spectrum
disturbed by the x ray background; therefore it is
difficult to measure directly its mean life. The
situation is somewhat better for the conversion
electrons. In fact the L-conversion line corre-
sponding to the 28.5 keV y transition has been
clearly observed during the beam-off period. The
electrons’ energy comes out to be 25.7+ 0.5 keV.
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FIG. 3. Time spectra, during the beam-off period,
for the 172 keV vy transition and for the L-conversion
electrons coming from the 28.5 keV transition, at E,
=5.0 MeV and E, =5.2 MeV, respectively. The time
scale is 0.345 ps/channel.

For the energy calibration the K-conversion elec-
trons corresponding to the 172 keV y transition
and the background peak of photoelectrons pro-
duced into the silicon detector by the x rays of the
lead shielding have been used.

In Fig. 3 are shown the time spectra for the 172
keV y rays and for L-conversion electrons coming
from the 28.5 keV y transition, with proper back-
ground subtraction. The proton energies were
E,=5MeV and E,=5.2 MeV, respectively. The
beam was pulsed 20 us on and 80 us off. From a
minimum x? fit of the time spectra one obtains the
mean-life values: 7, =11.8+0.1 us for the 172
keV yrays,and 7,=12.1+0.9 us for the conver-
sion electrons of the 28.5 keV transition.'® It is
therefore reasonable to identify the parent isomer
state with the 47 level at 200.6 keV and we attri-
bute to it the mean life 7,=11.8+ 0.1 us. This re-
sult compares well with the values recently re-
ported by Martin and Wender® and by Bartsch et
al.’

At higher beam energy, E,=6.5-6.8 MeV, a new
isomeric transition appears. Figure 4 shows the
spectra of prompt and delayed y rays taken at dif-
ferent delay times with respect to the beam burst.
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FIG. 4. Energy spectra of ¥ rays from ®Mo (p,ny)!"Tc reaction at E, =6.5 MeV. (a) Prompt ¥ spectrum; (b)
delayed v spectrum corresponding to the time interval 3.0-10.5 ps; (c) delayed ¥ spectrum corresponding to the time
interval 10.5-26 us. Delays are measured from the beginning of the beam-off period.

In the delayed spectra a 43 keV gamma is ob-
served in addition to the known 172 keV line. A
weak y transition of 28 keV is also present.

The mean life of the 43 keV transition has been
determined with a 6.8 MeV proton beam pulsed 6
us on and 35 us off [time spectrum(a) of Fig. 5].
The analysis of this time spectrum was complica-
ted owing to the presence of another 43.5 keV y

ray from °*Tc having a mean life'® of 21 us. °*Tc
was produced via the **Mo(p,7)°®Tc reaction on
the °®Mo present in the target at a rate of 3.8%.

In order to subtract from the time spectrum of the
43 keV y line the amount due to the **Tc contami-
nation, we measured the time spectrum of the
%Tc 43 keV transition, with an enriched °*Mo tar-
get, in the same experimental conditions [spec-
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FIG. 5. (a) Time spectrum of the composite 43 keV
line obtained with the !®Mo enriched target at E, =6.8
MeV. (b) Time spectrum of the 43 keV gamma of *¥Tc
obtained with a ¥Mo enriched target in the same ex-
perimental conditions as spectrum (a). Spectrum (b)
is normalized to spectrum (a) to give the same contri-
bution at the long time side. (c) Spectrum difference
between (a) and (b). Spectrum (c) is shifted downward
by one decade for the sake of clarity. The prompt part
of spectrum (c) is due to the 43.5 keV transition from
the (5*) 287.5 keV level to the (6 *) 243.9 keV level of
100pe . The time scale is 0.664 ps/channel.

trum (b) of Fig. 5]. The mean life of the 43 keV
transition of '°Tc has been deduced with a mini-
mum x” fit on the difference spectrum [Fig. 5(c)],
leaving as a free parameter also the percentage
of spectrum (b) to be subtracted from spectrum
(a). A value 7,,=4.7+0.3 us has been obtained.

The delayed 43 keV transition can be identified
with the decay of the 6* level at 243.9 keV to the
4%, 200.6 keV isomeric level. In fact at the beam
energy E,=6.8 MeV the time spectrum of the 172
keV y ray is no longer a pure exponential decay,
but deviates downwards at the short-time side, as
shown in Fig. 6. This is the expected trend if the
isomeric level at 200.6 keV is fed from a higher-
lying isomer of comparable lifetime. The exper-
imental time spectrum, after proper background
subtraction, has been fitted with the four parame-
ter function:

f(t)=Ae /1~ Be~t'T2,

A minimum x° procedure gives the following re-
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FIG. 6. Time spectrum of the 172 keV vy transition
at E, =6.8 MeV. The thick straight line indicates the
exponential decay of the 200.6 keV isomeric state which
feeds the 172.1 keV state through the 28.5 keV transi-
tion. The full points correspond to the difference be-
tween the thick straight line and the experimental spec-
trum of the 172 keV y transition. The thin straight line
through the points represents the fitted exponential de-
cay of the second isomeric transition feeding the 200.6
keV level. The time spectrum of the 122 keV vy ray
from a radioactive source of *’Co is also shown for com-
parison. The time scale is 0.459 ps/channel.

sults for the mean lives of the two isomers:
7,=11.6+ 0.3 us and 7,=4.4+ 1.1 pus.

The first value is in good agreement with the one

obtained at lower proton energy, while the second
is consistent with the observed mean life of the 43
keV transition.

V. DISCUSSION

Available experimental information concerning
low-lying levels of '°Tc up to 510 keV are sum-
marized in Fig. 7.

From the results of spectroscopic factors in
stripping reactions (Ref. 1) the ground state seems
to correspond to a rather pure configuration
(ngy /2)3Vg7/2 with the valence protons coupled main-
ly to seniority 1. The same configuration contains
levels with positive parity and spin up to 8: In
fact all values of the spin up to 6 are found under
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FIG. 7. Low-lying level scheme of 1% Tc according to Slater and Booth (Ref. 1), Heck et al. (Ref. 2), and to the pre-

sent work.

320 keV, and levels 7* and 8" are not expected to
be reached with the reactions considered. How-
ever, other levels with J"=4", 5% exist in the same
energy range. In addition stripping experiments
show a sizable [, =2 component in the transitions
to the lowest 4%, 6, and 5% states (although an
additional I, =4 component, as large as in the
ground state transition, cannot be excluded). This
fact implies either the presence of the vd;,, con-
figuration in the wave function of these states, or
the presence of vd;,, holes in the ground state of
9Tc and possibly in the lowest 4%, 6, and 5* states
of 1°Tc,

Some additional information can be obtained
from the measured transition strengths. The
B(E2) values for the transitions 6" —~4" and 4%~ 2",
deduced from the measured mean lives (with con-
version coefficients taken from Ref. 13) are:
B(E2)%¥=31.7+0.2 ¢ fm* (i.e.,1.15 W.u.) for the
4"~ 2% 28.5 keV transition, and B(E2)V =443 ¢*
fm* (i.e., 1.6 W.u.) for the 6"~ 4", 43.3 keV tran-
sition. There is therefore no particular indication
of enhancement with respect to single particle
estimates.

Bartsch et al.® assume that the 28 keV transition
corresponds to the single-neutron transition from

the [(7g,/2);- ® (V2d5/2)'1(1/1g.,/2)(2,]4 to the [("g9/2)3=1
® (vgs,)' ], configuration. Calculation of the
transition strength with these configurations
gives, however, very small values for any rea-
sonable assumption on the neutron effective charge
(namely 0.28 ¢® fm“ for e,=1), due to the neutron
spin flip in the transition and to geometrical fac-
tors in the coupling to the spectator proton con-
figuration (mg,/,),-,. Instead, the right order of
magnitude for B(E2) is obtained if a pure config-
uration [(mg,/,); -, ® (vgy/.)] is assumed for both the
initial and the final state. In this hypothesis if
the effective charges for proton and neutron are
taken as e,=1+¢, e, =€ (i.e., the polarization
charge is pure isoscalar), the values of the polar-
ization charge € which reproduces the experimental
transition strengths are'® 0.74 for the 4* - 2* tran-
sition and 1.18 for the 6* — 4" transition. Similar
values (e =1.0 for the 4" — 2" transition and € =1,36
for the 6* -~ 4") would be obtained for transitions
between states belonging to the configuration
(M8os2)3-1 ® (Vds/z)_l(l’gg/z)tzr

Although the present information on the wave
function of the states is not enough to get definite
conclusions, one can note that the values of the
polarization charge obtained with the above simple
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model are comparable with those obtained in the
neighboring nuclei.'®"'®

More information on the nuclear wave functions
would be highly desirable. We can, however, con-
clude that at the present status of knowledge, the
measured E2 strengths appear to be consistent
with current shell model descriptions of this re-
gion of nuclei.

Note added in proof. We have been informed of
new results obtained by J. A. Pinston et al., which
are now published.!” In this paper the authors
confirm all the spin and parity attributions they
gave in a previous report. In addition, they give
values of the mean life of the two isomeric levels

at 200.6 and 243.9 keV, which are substantially
longer than ours (7, =14.7+0.15 us instead of T,
=11.8+0.1 ps and 7, =6.6+ 0.7 us instead of 7,
=4.7+0.3 us, respectively). At the moment, the
reason for the discrepancy is not clear.
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