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Observation of the exotic nucleus145Tm via its direct proton decay
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Proton emission from145Tm was observed for the first time via the92Mo( 58Ni,p4n) reaction, using the
Holifield Radioactive Ion Beam Facility Recoil Mass Spectrometer in conjunction with a double-sided Si strip
detector at the focal plane. The measured energy of the emitted proton is 1.728~10! MeV and its half-life is
3.5~10! ms, the shortest ever observed for ground-state proton radioactivity. When compared to the calculated
WKB half-life for an l 55 transfer, the spectroscopic factor is 0.51~16!, which is consistent with the value of
0.64 calculated via the BCS approximation for a spherical nucleus. Also, the half-life of113Cs was determined
with a greater precision than previously available to be 16.7~7! msec.@S0556-2813~98!50803-5#

PACS number~s!: 23.50.1z, 21.10.Jx, 21.10.Tg, 27.60.1j
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Nuclei that are energetically unbound to the emission o
proton are located beyond the proton drip line. Observa
of protons emitted from these isotopes allows us not only
establish the limits of stability for a given element, but al
gives information on the structure and mass of the pa
nucleus. The emitted proton tunnels through the Coulo
and centrifugal barriers, and the decay probability depe
strongly on the energy of the proton and on its angular m
mentuml . Because of this, thel value of the emitted proton
can often be determined. The decay of odd-Z, even-N parent
nuclei usually occurs to the ground state of the daugh
even-even nucleus, hence providing the mass of the pa
state relative to that of the daughter even-even nuclide.

A simple spherical WKB calculation of the expected ra
of the tunneling process does not take into account the
tails of the nuclear structure effects. Therefore the differe
between the calculated and experimental half-lives is du
nuclear structure effects~the overlap between the wave fun
tions of the parent and daughter states! and is known as the
spectroscopic factor. This is defined by McFarlane a
French@1# as

Sp
th5~2I i11!21^I i ia†~ j !i I f&

2, ~1!

wherea†( j ) is the creation operator for a proton in orbitalj ,
and I i and I f are the angular momenta of the parent~initial!
and daughter~final! states, respectively. The ratio of the ca
culated half-life to the measured value is defined as the
perimental spectroscopic factor:
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Sp
exp5

T1/2
calc

T1/2
exp, ~2!

whereT1/2
exp is the total half-life divided by the fraction of the

decay that goes by proton emission, andT1/2
calc is the half-life

determined using the WKB approximation for a spheric
nucleus.

Recently, attempts@2,3# to understand the spectroscop
factors for known proton emitters have been undertaken
one assumes that in the 65,Z,82 region the active proton
orbitals are 2s1/2, 1d3/2, and 0h11/2, and that these orbitals
are degenerate, a low-seniority shell model@2# predicts that
the spectroscopic factors scale asp/9, wherep is the number
of proton pairs belowZ582. Experimental values for thos
proton-emitters that decay from the 0h11/2 orbital ~but not the
1d3/2) seem to follow this trend well. Åberget al. @3# have
calculatedSp

th via an independent quasiparticle BCS appro
mation @4#; their Sp

th values for proton decay from a 0h11/2

parent state are;75% of the values obtained with thep/9
relationship@2#.

A comparison ofSp
th values with experimental ones i

rather inconclusive for nuclei withZ,72, because the
known proton emitters in this region have either large er
bars for their branching ratios„as is the case for147Tm:
15~5!% @5#…, or theb-decay branch is unknown (146Tm @6#
and 150,151Lu @7#! and is estimated from the grossb-decay
theory of Takahashiet al. @8#. If the estimate is in error by a
factor of 2 or more, its use would result in a correspond
uncertainty in the spectroscopic factor. These nuclei lie
R1042 © 1998 The American Physical Society
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FIG. 1. ~a! Shows the two-dimensional histogram of time~between recoil implantation and decay! vs the energy of protons emitted from
113Cs. ~b! Shows the corresponding one-dimensional energy spectrum.
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the neutron-deficient side of theN582 closed shell, so tha
the major competition with proton emission isb rather than
a decay. Becauseb-decay branching ratios are difficult t
measure accurately, large uncertainties exist in the co
sponding partial proton half-lives. With this in mind we b
gan a search for145Tm which was expected to have a proto
half-life far too short forb-decay to compete, resulting in
100% proton branching ratio.

Thulium-145 was produced via the92Mo~58Ni,p4n) reac-
tion. A 0.91-mg/cm2 thick target of92Mo ~97% enrichment!
was bombarded with 315-MeV58Ni ions ~307 MeV at the
target midpoint! extracted from the Oak Ridge Holifield Ra
dioactive Ion Beam Facility~HRIBF! Tandem Accelerator
with an average beam current on target of;15 particle nA
over a period of 50 hours. Recoil nuclei of interest we
separated spatially according to their mass/charge (A/Q)
values through the HRIBF Recoil Mass Spectrometer~RMS!
@9,10,11#, which was tuned to accept recoils of mass 1
with a charge of 27 and an energy of 103 MeV. A gas-fill
position sensitive avalanche counter~PSAC! at the focal
plane was used to identify the recoils. In similar reactio
the RMS transmission efficiency for the central ion has b
determined to be 3–4 %@12#. Following the PSAC, only the
central ions were implanted into a 64-mm-thick double-sided
e-

5

,
n

silicon strip detector~DSSD! @13# with 40 horizontal and 40
vertical strips. This strip arrangement results in a total
1600 pixels, each acting as an individual detector. For e
event in the DSSD, the time~from a continuously running
clock!, energy, and event type~recoil or decay, depending o
whether it is in coincidence with the PSAC or not! were
recorded. By using this time information, the half-life of th
decaying nuclide could be determined. Individual strips w
gain-matched in software through the use of~i! an external
241Am source,~ii ! 147Tm and 147mTm protons@7,14# pro-
duced in the92Mo~58Ni,p2n) reaction, and~iii ! protons from
113Cs @15,16,17# produced in the58Ni~58Ni,p2n) reaction at
a beam energy of 230 MeV.

The shortest time observable between a recoil and its
sociated decay with our setup is determined by the recov
time of the amplifiers after overload due to the implantati
of the high-energy recoil. This effect causes decay eve
coming shortly~,;30 msec! after the implant to have a
slightly worse energy resolution because each amplifier’s
sponse is somewhat different. In the present experim
145Tm proton decays were observed.10 msec after the re-
coil event. The effect on the resolution is illustrated in F
1~a! which shows the experimental two-dimensional his
gram of time~between recoil and decay! versus the energy o
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protons emitted from113Cs. Figure 1~b! shows the corre-
sponding one-dimensional energy spectrum.~Degrader foils
located in front of the DSSD were used to keep the rec
energies at;35 MeV for both the production of113Cs and
145Tm.) Based on the data from113Cs, we were able to
correct for this effect in our145Tm measurements. Energ
calibration of the DSSD was accomplished by using
well-characterized decay energies of113Cs, 146Tm, 147Tm
and 147mTm.

Figure 2~a! shows the total decay spectrum accumula
in the 58Ni1 92Mo irradiation. One observesa-decay peaks
of nuclei produced in reactions on isotopic impurities who
A/Q value is similar to that of the central ion. The low
energy side of the spectrum is dominated by a broad di
bution of ‘‘escape’’ events resulting froma decays in the
backward direction, i.e., only part of the energy is deposi
in the DSSD. Also visible is a peak at 1.12 MeV which w
attribute to protons from146Tm @6,18#, and which provided
us with an internal energy calibration. Figure 2~b! shows

FIG. 2. ~a! Total decay spectrum observed in the DSSD dur
307-MeV 58Ni bombardments of92Mo. Thea peaks above 3 MeV
arise from nuclei formed in reactions on isotopic impurities pres
in the 92Mo target.~b! The same spectrum gated onA5145 recoils,
with a time between decay and recoil implantation of,50 ms. ~c!
The spectrum in~b! with corrections to the resolution resulting from
the amplifier overload of each strip.
il
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only those events that had a time between implantation
decay of,50 ms. In this spectrum, a peak with an energy
1.728~10! MeV is clearly seen. We assign it to the proto
decay of 145Tm as no other nucleus withA5145 andZ
,69 is proton unbound@19#. Since all the events in this pea
came at very short times after recoil implantation, the ene
resolution is poorer than what is normally observed for d
cays with longer half-lives. By correcting for the overloa
effect of the amplifiers, the resolution of this peak was i
proved as shown in Fig. 2~c!. If the overall detection effi-
ciency of the RMS is taken to be 3%~for this charge state
fraction!, the production cross section for145Tm is estimated
to be 500 nb.

As mentioned above, half-life information can be o
tained by correlating the times of a recoil and the next de
event in a given pixel. The resulting half-life for the145Tm
proton peak is 3.5~10! ms. This represents the shorte
ground-state proton decay measured to date. During
course of calibrating the amplifier’s overload response w
113Cs, we were able to obtain;600 proton events from this
nucleus. The resultingT1/2 obtained is 16.7~7! ms, in agree-
ment with the earlier reported values of 17~2! ms @17#, and
22~8! ms @15# but not with the 33~7!-ms half-life from Ref.
@16#.

A WKB approximation calculation for protons emitte
from the 0h11/2 (D l 55), 1d3/2 (D l 52), and 2s1/2 (D l
50) orbitals of 145Tm was performed with the experiment
Ep as input. The optical potential was taken from the re
part of the optical potential of Becchetti and Greenlees@20#.
The calculated half-lives are 1.820.2

10.3 ms, 0.7~1! ns and
80~12! ps, respectively, forD l 55, 2, and 0. Comparing
these~see Table I! to the experimental value of 3.5~10! ms
clearly indicates aD l 55 transfer and thus an 0h11/2 assign-
ment for the parent state which based on level systematic
this mass region is probably the ground state in145Tm. Tak-
ing the WKB value of 1.8ms for the theoretical half-life
results in a spectroscopic factor of 0.51~16! for this 0h11/2
emitter. The error should be considered as a lower limit si
uncertainties due to the optical potential are not includ
The value forSp

th obtained by Åberget al. @3# using the BCS
approximation is 0.64, which is within one standard dev
tion of the value reported here.

The experimental proton separation energies for147Tm,
146Tm, and 145Tm are compared in Table II with the predic
tions of various mass formulas@21,22,23#. The Möller-Nix
formula @21# gives the closest match to the experimen
data. It should be noted that the predictions from the m
recent work by Mo¨ller-Nix-Myers-Swiatecki@23# ~which al-
lows «3 and«6 to vary! are not as accurate.

In summary, we have observed direct proton emiss
from the 0h11/2 ground state of145Tm with Ep and T1/2 of

t

TABLE I. Comparison of the145Tm half-life with calculated
values.

Ep T1/2

0h11/2

(D l 55)
T1/2 ~WKB!

1d3/2 (D l 52)
2s1/2

(D l 50)

1.728~10! 3.5~10! ms 1.820.2
10.3 ms 0.7~1! ns 80~12! ps
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TABLE II. Comparison of experimental and predicted proton decay energies for147Tm, 146Tm, and
145Tm. All numbers are given in the laboratory frame of reference.

Ep ~MeV!

Mass formula 147Tm 146Tm 145Tm Reference

Möller-Nix 20.96 21.25 21.67 @20#

Möller et al. 20.80 21.08 21.50 @20#

Comay-Kelson-Zidon 20.77 21.09 21.40 @20#

Tachibanaet al. 20.86 20.93 21.44 @20#

Spanier-Johannson 20.77 21.09 21.41 @20#

Jännecke-Masson 20.66 20.72 21.28 @20#

Liran-Zeldes 20.78 20.99 21.44 @21#

Möller-Nix-Myers-Swiatecki 20.55 20.60 20.99 @22#

Experimental 21.054@19# 21.120~10!@19# 21.728~10!
,
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1.728~10! MeV and 3.5~10! ms respectively. This nuclide
the third proton-emitting isotope of thulium~iridium is the
only other element with three known cases@2#!, has the
shortest half-life measured for ground-state proton dec
The experimental spectroscopic factor and an 0h11/2 orbital
assignment are consistent with an overall spherical desc
tion for this nucleus. However, as the best decay energ
predicted by a formula that includes significant deformati
it is possible that145Tm lies at the edge of the region whe
the spherical basis is ap-plicable.
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