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Observation of the exotic nucleus**Tm via its direct proton decay
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Proton emission from“5Tm was observed for the first time via tfféMo( *Ni, p4n) reaction, using the
Holifield Radioactive lon 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 ig1D7R&V and its half-life is
3.510) us, the shortest ever observed for ground-state proton radioactivity. When compared to the calculated
WKB half-life for an|=5 transfer, the spectroscopic factor is @B, which is consistent with the value of
0.64 calculated via the BCS approximation for a spherical nucleus. Also, the half-i{éax was determined
with a greater precision than previously available to be ®.4sec.[S0556-28188)50803-5

PACS numbgs): 23.50:+z, 21.10.Jx, 21.10.Tg, 27.66}

Nuclei that are energetically unbound to the emission of a Teale
proton are located beyond the proton drip line. Observation SpP= Top! 2
of protons emitted from these isotopes allows us not only to 1z

establish the limits of stability for a given element, but also _ e g .
gives information on the structure and mass of the paren\fvhereT‘jfZ‘Ns the total half-life divided by the fraction of the

nucleus. The emitted proton tunnels through the Coulomi§i€cay that goes by proton emission, a@m is the half-life
and centrifugal barriers, and the decay probability dependdetermined using the WKB approximation for a spherical
strongly on the energy of the proton and on its angular mohucleus. _
mentuml. Because of this, thevalue of the emitted proton Recently, attempt$2,3] to understand the spectroscopic
can often be determined. The decay of @ldevenN parent factors for known proton emitters haye been updertaken. If
nuclei usually occurs to the ground state of the daughtePn€ assumes that in the €Z<82 region the active proton
even-even nucleus, hence providing the mass of the pareffbitals are 3,,, 1dg;,, and (hyy,, and that these orbitals
state relative to that of the daughter even-even nuclide. ~ are degenerate, a low-seniority shell mog&l predicts that

A simple spherical WKB calculation of the expected ratethe spectroscopic factors scalef8, wherep is the number
of the tunneling process does not take into account the def proton pairs belowZ =82. Experimental values for those
tails of the nuclear structure effects. Therefore the differenc@roton-emitters that decay from thé{},, orbital (but not the
between the calculated and experimental half-lives is due t3ds2) seem to follow this trend well. Abergt al. [3] have
nuclear structure effectéhe overlap between the wave func- calculatedS}' via an independent quasiparticle BCS approxi-
tions of the parent and daughter statasd is known as the mation[4]; their S})h values for proton decay from ah@,,,
spectroscopic factor. This is defined by McFarlane andparent state are-75% of the values obtained with thE9
French[1] as relationship[2].

A comparison ofSE)h values with experimental ones is
rather inconclusive for nuclei withiz<72, because the
known proton emitters in this region have either large error
bars for their branching ratios is the case fot*Tm:
wherea’(j) is the creation operator for a proton in orbifal  15(5)% [5]), or the3-decay branch is unknown'{Tm [6]
andl; andl; are the angular momenta of the parénttial)  and °%*5}.u [7]) and is estimated from the grogsdecay
and daughte(final) states, respectively. The ratio of the cal- theory of Takahashet al.[8]. If the estimate is in error by a
culated half-life to the measured value is defined as the extactor of 2 or more, its use would result in a corresponding
perimental spectroscopic factor: uncertainty in the spectroscopic factor. These nuclei lie to

Sp=(21+ 1) X1la ()2, @)
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FIG. 1. (a) Shows the two-dimensional histogram of tifitween recoil implantation and deg¢ass the energy of protons emitted from
11%Cs. (b) Shows the corresponding one-dimensional energy spectrum.

the neutron-deficient side of tHé=82 closed shell, so that silicon strip detectofDSSD [13] with 40 horizontal and 40
the major competition with proton emission fsrather than  vertical strips. This strip arrangement results in a total of
a decay. Becaus@-decay branching ratios are difficult to 1600 pixels, each acting as an individual detector. For each
measure accurately, large uncertainties exist in the corresvent in the DSSD, the timdrom a continuously running
sponding partial proton half-lives. With this in mind we be- clock), energy, and event tydeecoil or decay, depending on
gan a search fot**Tm which was expected to have a proton whether it is in coincidence with the PSAC or hatere
half-life far too short forg-decay to compete, resulting in a recorded. By using this time information, the half-life of the
100% proton branching ratio. decaying nuclide could be determined. Individual strips were
Thulium-145 was produced via tH8Mo(®8Ni,p4n) reac-  gain-matched in software through the use(idfan external
tion. A 0.91-mg/cn thick target of%Mo (97% enrichment ~ 2*Am source, (i) *"Tm and **™Tm protons[7,14] pro-
was bombarded with 315-MeVNi ions (307 MeV at the  duced in the®Mo(°8Ni,p2n) reaction, andiii) protons from
target midpoint extracted from the Oak Ridge Holifield Ra- %s[15,16,17 produced in the’®Ni(*®Ni,p2n) reaction at
dioactive lon Beam Facilit{HRIBF) Tandem Accelerator, a beam energy of 230 MeV.
with an average beam current on target~af5 particle nA The shortest time observable between a recoil and its as-
over a period of 50 hours. Recoil nuclei of interest weresociated decay with our setup is determined by the recovery
separated spatially according to their mass/chamy&Qj time of the amplifiers after overload due to the implantation
values through the HRIBF Recoil Mass Spectromé&RvS) of the high-energy recoil. This effect causes decay events
[9,10,11, which was tuned to accept recoils of mass 145coming shortly(<~30 useq after the implant to have a
with a charge of 27 and an energy of 103 MeV. A gas-filledslightly worse energy resolution because each amplifier’s re-
position sensitive avalanche countd?SAQ at the focal sponse is somewhat different. In the present experiment,
plane was used to identify the recoils. In similar reactions,'**Tm proton decays were observedlO usec after the re-
the RMS transmission efficiency for the central ion has beerwoil event. The effect on the resolution is illustrated in Fig.
determined to be 3—4 9d.2]. Following the PSAC, only the 1(a) which shows the experimental two-dimensional histo-
central ions were implanted into a @émn-thick double-sided gram of time(between recoil and decpyersus the energy of
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10° TABLE I. Comparison of the**Tm half-life with calculated
(&  All Decays 150 51 values.

Ohyyp T12 (WKB) 2sy,
Ep Tl/2 (A|:5) 1d3/2 (A|=2) (AIZO)

1.728100 3510 us 1.833us 071l ns 8012 ps

Counts

only those events that had a time between implantation and
decay of<<50 us. In this spectrum, a peak with an energy of
1.72810) MeV is clearly seen. We assign it to the proton
() T T <50 psec decay of *°Tm as no other nucleus with=145 andz
'/ <69 is proton unbounfil9]. Since all the events in this peak
10 came at very short times after recoil implantation, the energy
resolution is poorer than what is hormally observed for de-
cays with longer half-lives. By correcting for the overload
5- effect of the amplifiers, the resolution of this peak was im-
proved as shown in Fig.(8). If the overall detection effi-
II ciency of the RMS is taken to be 3%or this charge state
I I | fraction), the production cross section f6f°Tm is estimated
c 145 to be 500 nb.
“ Tm WTMT fﬁlﬁfﬁg As mentioned above, half-life information can be ob-
’/ overload corrections tained by correlating the times of a recoil and the next decay
event in a given pixel. The resulting half-life for tHé>Tm
10 proton peak is 380) wus. This represents the shortest
ground-state proton decay measured to date. During the
course of calibrating the amplifier's overload response with
113Cs, we were able to obtain600 proton events from this
0 L 41|lmu_|ul 1 | nucleus. The resulting,,, obtained is 16.77) us, in agree-
0 1.0 2.0 3.0 4.0 50 ment with the earlier reported values of(2V us [17], and
Energy (MeV) [212((3]8) us [15] but not with the 387)-us half-life from Ref.
FIG. 2. (a) Total decay spectrum observed in the DSSD during A WKB approximation calculation for protons emitted
307-MeV *®Ni bombardments of°Mo. The a peaks above 3 MeV ~ from the Chyy;, (Al=5), 1ds, (Al=2), and Z, (Al
arise from nuclei formed in reactions on isotopic impurities present=0) orbitals of 145Tm was performed with the experimental
in the ®2Mo target.(b) The same spectrum gated A 145 recoils, £ as input. The optical potential was taken from the real
with a time between decay and recoil implantation<0 us. (¢)  nart of the optical potential of Becchetti and Greenlg2g;.
The spegtrum irib) with correctlon§ to the resolution resulting from The calculated half-lives are 11“8'2 us, 0.71) ns and
the amplifier overload of each strip. . ; .
80(12) ps, respectively, forAl=5, 2, and 0. Comparing
these(see Table )l to the experimental value of 3B) us
protons emitted from*'3Cs. Figure 1b) shows the corre- clearly indicates &l =5 transfer and thus anhQ,, assign-
sponding one-dimensional energy spectrBegrader foils ment for the parent state which based on level systematics in
located in front of the DSSD were used to keep the recoithis mass region is probably the ground staté4m. Tak-
energies at-35 MeV for both the production of'3Cs and ing the WKB value of 1.8us for the theoretical half-life
5Tm.) Based on the data from'3Cs, we were able to results in a spectroscopic factor of 0(5@) for this Ohyy,
correct for this effect in our**>Tm measurements. Energy emitter. The error should be considered as a lower limit since
calibration of the DSSD was accomplished by using theuncertainties due to the optical potential are not included.
well-characterized decay energies YfCs, 1%Tm, *Tm  The value forsg1 obtained by Abergt al.[3] using the BCS
and #™MTm. approximation is 0.64, which is within one standard devia-
Figure Za) shows the total decay spectrum accumulatedion of the value reported here.
in the 8Ni+ %Mo irradiation. One observes-decay peaks The experimental proton separation energies foirm,
of nuclei produced in reactions on isotopic impurities whose**®Tm, and**Tm are compared in Table Il with the predic-
A/Q value is similar to that of the central ion. The lower tions of various mass formuld21,22,23. The Mdler-Nix
energy side of the spectrum is dominated by a broad distriformula [21] gives the closest match to the experimental
bution of “escape” events resulting frore decays in the data. It should be noted that the predictions from the more
backward direction, i.e., only part of the energy is depositedecent work by Mder-Nix-Myers-Swiatecki[23] (which al-
in the DSSD. Also visible is a peak at 1.12 MeV which we lows €5 andeg to vary) are not as accurate.
attribute to protons from*Tm [6,18], and which provided In summary, we have observed direct proton emission
us with an internal energy calibration. Figur¢bR shows from the Ch;;, ground state of“**Tm with Ep, and Ty, of

Counts

15 1

Counts
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TABLE 1l. Comparison of experimental and predicted proton decay energied*fdm, 4Tm, and
STm. All numbers are given in the laboratory frame of reference.

E, (MeV)

Mass formula Y Tm 146Tm ¥5Tm Reference
Moller-Nix —0.96 —-1.25 —-1.67 [20]
Moller et al. —-0.80 —1.08 —1.50 [20]
Comay-Kelson-Zidon -0.77 —1.09 —-1.40 [20]
Tachibaneet al. —-0.86 -0.93 —-1.44 [20]
Spanier-Johannson -0.77 -1.09 -1.41 [20]
Jannecke-Masson —0.66 -0.72 -1.28 [20]
Liran-Zeldes —-0.78 —0.99 —1.44 [21]
Moller-Nix-Myers-Swiatecki —0.55 —-0.60 —0.99 [22]
Experimental —1.05419] —1.12Q10[19] —1.72810
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it is possible that'*°Tm lies at the edge of the region where DE-FG02-96ER40988University of TennesseeDE-FGO2-
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