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Abstract. The 3-decay properties of the neutron-deficient nudigFi and 2P have been investigated at the
GANIL/LISE3 facility by means of charged-particle andray spectroscopy. The decay schemes obtained and the
Gamow-Teller strength distributions are compared to shelilel calculations based on the USD interactiBGT')
values derived from the absolute measurement ofstukecay branching ratios give rise to a quenching factor ef th
Gamow-Teller strength of 0.6. A precise half-life4s.7 (6) ms was determined fot® P, the 3— (2)p decay mode of
which is described.

PACS. 29.30.Ep Charged-particle spectroscopy — 29.30.Kv X- @wmdrga-ray spectroscopy — 23.90.+w

1 Introduction whereC is a constant and wherg, andg4 are, respectively,
the vector and axial-vector current coupling constantteelto
1.1 Generalities the Fermi and Gamow-Teller componentsiodlecay. ando

are the isospin and the spin operators, respectively. Hémee

Over the last decades;decay properties of light unstable nuomparison of the measurgdvalues and the computed Fermi

o clei have been extensively investigated in order to prokeé& thE;BglS;r\r/]v(;v\\/lg;iIéiii?r?;réﬁﬁ:eimigtzr?(flﬁﬁwagz:I)f?aer‘r?eg;)'d test of
1_single-particle nuclear structure and to establish théoprand the role of the overlap between initial and final nuclea{resirggs
@ neutron drip-lines. Hence, compilations of spectroscppip- P

"= erties are available for manyl shell nuclei [L{P[H]4]5] from gfléiaiéze ﬁgc\fé%‘gratt'\zg ?I)s(ltg?n%i:z: u(;gcgaltri]o?\f;rﬁgtrﬁ?g' d&|u9
> which nucleon-nucleon interactions were derivigd [Blecay X ' y

S studies of nuclei having a large proton excess are therefae predictions show the Iimitation_ofourtheoretical undansting
E ful to test the validity of these models when they are apgttied and treatment of fundamental interactions. They are regas
)
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very unstable nucle. the mirror asymmetry anomaly i¥ decay[,] and the
Moreover, in the standarti—A description ofs decay, a '

quenching of the Gamow-Teller strengft],
“Odirect link between experimental results and fundamermtad ¢
stants of the weak interaction is given by the reduced ttiansi
probability f¢ of the individual allowed3 decays. This param- Mirror asymmetry in 3 decay: This phenomenon is re-
eter, which incorporates the phase space fattord the partial lated to the isospin non-conserving forces acting in thenato
half-life t =T, o/ BR (T} /> being the total half-life of the de- nucleus. If nuclear forces were charge independentgthe
caying nucleus and R the branching ratio associated with th¢ 2C) and the3~ decays of analog states belonging to mir-

(3 transition considered), can be written as follows: ror nuclei would be of equal strength. The deviation frons thi
simple picture is characterized by the asymmetry parameter
ft K § = (ft*/ft~ — 1), where the+ and— signs are associated

- g2 | < flTli> 2+ g% | < floT|i>|2 (1) with the decay of the proton- and the neutron-rich members of
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Gamow-Teller strength functio®(GT) = (ga/gv)?|o7|?,
/I which translates the global response of the wave function to
13,1=3/2) spin-isospin excitations occurring jp decay, is a useful link
=7i1=3/22 1 between experimental results and theoretical predictonist

can be used as a comparative tool.
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Experimental development: Withthe developmentof sec-
ondary radioactive beams and other experimental techsique
1 like the combination of helium-jet transport systems wélet

! ~ +‘ scope detector§ [H4]J5]26], a large set of neutron-definien
% clei has been investigated since thelelayed proton emission

1 was first observed forty years a@[Z?]. Axzc values are
oy increasing while nuclei become more exotit;- p and 3 —
10 5 20 % 80 35 spectroscopic studies of neutron-deficient nuclei giveape
portunity to probe the Gamow-Teller strength function up to
Fig. 1. Systematics of the experimental values of the asymmetry p@rore than 10 MeV in excitation energy. Hence, the whole en-
rameters for nuclei with A <40. Only allowed Gamow-Teller transi- ergy window open |rﬁ decay can be covered both by spectro-
tions withlog(ft) <6 are considered. scopic studies and charge exchange reactipr}s [28]. Therefo
the theoretical description of nuclear structure as welbas
understanding of the weak interaction can be tested far from
the stability line. As an illustration, we will report in tHel-
lowing on thes-decay properties of two neutron-deficient light
nuclei, namely?> S; and?6 P.
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the mirror pair, respectively. Figuﬂa 1 presents an updsyed
tematics of values measured for mirror nuclei with < 40.

39 allowed Gamow-Teller mirror transitions witlag(ft) <6
pertaining tol4 pairs of nuclei are analyzed (see r[14] for
details). They lead to a mean deviation of ab®0§ for these

nuclei lying in thep and sd shells. The asymmetry reache
11 (1) % if only p shell nuclei are considered, which stress : 25 i
the( ir)1terplay between the Coulomb and the centrifugal baﬁz‘l Studies of =51

ers. . . With a lifetime of 218 ms and & g¢ value of about 13 MeV,

It was often attemp'ged to explain the.ml_rror asymmetrtyleTzzig nucleus?® Si has been studied several times since
anomaly in thep she_ll e|ther_|n terms of b'”d'“9 energy ef'the end of the 1960’s. These previous studies will be usdtkin t
fects @[P or by mtro_ducmg the concept OT §ec0nd sla resent work to validate the analysis procedure implenteote
currents” [1p} 1j7, 18], which are not allowed within the fmmderive theB-decay properties of P. However, none of these

of the standard V-A model of the weak interaction. None of the, | .o« 1 aasured the decay-bgmission of excited states fed
theoretical approaches were able to reproduce the measur the 3 decay ofSi

values. Shell-model calculations are currently perfortogdst The most recen;é—delayed proton emission study $fSi
the isospin non-conserving part of the interactiofy iecay by |, -« performed by Robertscet al. [P€]. It updates the first

studying the influence of isospin mixing effects and of rhd"'i’nvestigation of Reedeet al. in 1966 ]_ In both experi-

overlap mismatches of nuclear wave functions on the Gamoe (s “the individual proton group intensities were mezsur

TeI:]erllma:jrlx ?Lerger;]tsl.lThre]se callt_:utl)?tlons zlire pe':_f(irmeluiell relative to the most intense one, emitted by the isobarie ana
pshelland in thea Shell, where refiable singie-particie nuc eafog state (IAS) in?>Al. The absolute3-decay branching ra-

wave functions are now availablg [7]. tio of 12.2 % towards this state was derived from the associ-
atedlog(ft) value {og(ft) = 3.28), calculated assuming a
pure Fermig transition from the ground state &tSi. It led
Gamow-Teller quenching: The axial-vector coupling con- to a summed feeding of proton-unbound states?8fAl equal
stantg, involved in 3 transitions of the Gamow-Teller type isto 38.1 (15) %. This normalization procedure is supported by
not strictly constant and it has to be renormalized in order the measurement of Hatoet al. [[L2]. In this work, absolute
reproduce the't values measured experimenta[ly][19]. The ebranching ratios fo decay were determined by counting the
fective coupling constanta . s f = g*g 4 is deduced empirically total number of3 particles emitted with the half-life 3°Si and
from nuclear structure experiments and shows a slighttiania the 3 feeding of the IAS ir?® Al was indeed found to be equal
over a wide range of masseg=0.820 (15) in thep shell [20], to 14.6 (6) %, giving rise to alog(ft) value of3.19 (2). The
¢=0.77(2) in the sd shell (giving a quenching facte® summed feeding of th& Al proton-emitting states was mea-

s1.2 Previous studies

of 0.6) andg=0.744 (15) in thep f shell [22]. sured to bet0.7 (14) %, in good agreement with Robertseh
Different theoretical approaches have been used in oragér
to derive the renormalization factor from core polarizatéi- As mentioned above, in none of the experiments, ghe

fects (due to particle-hole excitations), isobar curramis me- delayedy decay of?> S was observed. As a consequence, the
son exchangelIiS]. Despite all these efforts, the origirhef t 3-decay branching ratios towards the proton-bound states of
guenching effect is not very well understood. Neverthelss 2° Al were tentatively estimated taking into account the summed
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3 feeding and assuming that the relatiye values of these Energy loss lon idmp'a”taﬂon y-detection
states were equal to those of the mirror state®if g. The /\‘ / anddecay ~
weak point of such a procedure is that an averagsymmetry Germanium
of 20 % had to be taken into account for all proton-bound state, M Clover
which was assumed to be equally shared by the proton-boun
states disregarding their individual quantum charadtesis E1E2 E3 E4 E5 '\

Z Time of flight N B—coincidence

Fig. 2. Schematic view of the identification and detection set-tip. |
includes a germanium detector and five silicon detectorsniteol
. . . in close geometry, where selected ions were identified bynmeé&
Due to itsT; value of —2 and its short lifetime of less thanenergy-loss and time-of-flight measurements. The last teteators

100 ms, 2° P has not been investigated in detail so far. Compjgere used to observe the charged particles emitted in deeaysein
lations only report the observation by Cakleal. of 5-delayed  the implantation detectdt4.

proton and two-proton emission from this nucle[id [2b,30]. A
half-life of 202 ms was deduced from the observation of the

1.2.2 Studies of 26 p

most intense proton group. It led to/feeding of the IAS nucleus production contamination implanted ions
in 265i equal t01.9773 % using a calculatedog(ft) value rate (pps) %) (*10%)
of 3.19 (assuming a pure Fermi transition). Only three pro- g 1 102 ( 1
ton groups were observed linking the IAS to the two lowest e 300 < 92 (1)
P 65 ~ 13 2180 (70)

states of® Al (3 —p decay) and to the ground state 6f\/ ¢

(8—2p decay). The two decay modes of the IAS were reportggble 1. Production rate, contamination and total number of sedecte

to be of similar magnitude. However, the lar@g;c value of ions during the experiment.

18 M eV together with a proton separation energyaf M eV

for the daughter nucle#§Si are indications that thé-delayed

charged-particle spectrum may be rather complex, invglain

large number of proton groups. device ], the high angular acceptance and focusing prope
ties of which increased the selectivity of the fragment sapa
tion operated by the LISE3 spectrometer. The latter indude

1.3 Present measurements a shapede degrader (thickness 1066) at the intermediate
focal plane and a Wien filter at the end of the line to refine the

In our experiment, we determined the absolute branching Rglection of the separated fragments.

tios for 2°Si and*P by relating the intensity of a given proton ~ lons of interest were implanted in the fourth elem&ntof

or v line to the number of isotopes of each type implanted @silicon stack (figurf| 2). The ion identification was perfedn
our set-up. Fof®Si, this measurement constitute a first unanky means of time-of-flight and energy-loss measurements wit
bigous determination of branching ratios also for protowid  the silicon detector&’l to £4 (2 + 300 m and2 x 500 prmn in
levels. We will use the decay 8%Siin part to test our analysis thicknessg x 600 mm? of surface). It led to a precision in the
procedure, however, our study yields also new results fer tigounting rate of better than% for °Si and abous % for the
nucleus, in particular for the decay of its3-decay daughter. more exotic*® P nucleus. The production method in associa-
In the case ofSP, we deduce for the first time the feeding folion with the high selectivity of the LISE3 spectrometer gav
other states than the IAS and their decay by proton emis- fise to a very low contamination rate of the selected spdnjes
sion. Therefore, we could establish a complete decay schePd/ a few isotones (see talfle 1).

for branches with more than about 1% feeding for both nuclei Protons were detected in the implantation deteétdr in
for the first time. coincidence with the observation Gfparticles in the detector

E5 (with a thickness o mm and an area 0600 mm?). A
segmented germanium clover was finally used to studysthe
delayedy decay of implanted ions.

2 Experimental procedure

2.1 Fragment prOdUCtion and detection Set-up 2.2 ﬁ_delayed proton Spectroscopy

In addition to?>Si and ? P, the 5-delayed proton and two- Contrary to previous experimen{s[£4] P, 26] in which ioesev
proton emitters? Al [@] and?’s [@] have been studied dur-deposited at the surface of an ion catchiedelayed protons
ing the same experimental campaign. Theelayed proton are emitted inside the implantation deteckt. As a first con-
emitter?! Mg [E] and thes3-delayedy emitter?* Al [ were sequence, the proton spectrum rises on a lgrgpackground
also produced for calibration and efficiency measurement pand the identification of low-energy, low-intensity protores
poses. is difficult. Secondly, the energy deposit in the detedidrof

All nuclei have been produced in the fragmentation of a 3 emitted proton cannot be disentangled from the energg/-lo
MeV/u3¢Art8+ primary beam with an intensity of abojtAe  contribution of the associatetiparticle and the recoiling ion.
delivered by the coupled cyclotrons of the GANIL facility. A To minimize these effects, ions were implanted in the last
357.1mg/em? *2C production target was placed in the SISS100 um of the detecto4 and a3 coincidence with the thicker



4 J.-C. Thomas et al.: Beta-decay propertie¥’ i and*® P

3
=

PP

w0
b=

80
70 |
60 | —
60 | \\
o
40 i
)

2 s 4 5 s 7 8 9w
Proton energy (MeV)

Proton detection efficiency (%)

Fig. 4. GEANT simulation of the proton detection efficiency of the im
plantation detectoF 4. The error bars on the plotted data are deduced
(T || from different parametrizations of the ion implantatiorofiles. An
1000 2000 3000 4000 5000 GO%Ongr()OO (Eg\(/))o uncertainty due to the detector thickness is not includgd,ia of the
e same order of magnitude as the uncertainty of the implamtgtiofile.

2 see text for details).
§400; —, — 35 keV ( )
350
300;— Ep=4 MeV, Q=10 MeV produced by means of a GEANT simulati[34], as shown in
: - TR the lower part of figur<E|3 for a representativ@elayed proton
250F peak. It could also be shown that the energy shift is roughly
2000 B-coincidence with E5 independent on the proton apdparticle energies but linearly
} dependent on the implantation depth of the ions, that isytp sa
150F on the distance thg particles travel in the detectds4 before
; leaving it to enter the coincidence deteckds. The energy cal-
1001 ibrations of the detectdf4 for the settings oA M g, 2557 and
sof 26 p were therefore assumed to differ only by a shift propor-
: tional to the implantation depths of the ions.
0

003500 40500 A0 20D, o0 The calibration parameters for the settings were deduced
E, (keV) from the identification of the major proton groups expected a
1315(9), 1863 (2), 2037 (4), 2589 (9), 4908 (3) and 6542 (3)
Fig. 3. The upper part of the figure shows the influence of the .1 for the decay of' Mg @] and at02 (1), 1925 (3), 2169
coincidence conditionK5 > 0) on the energy spectrum delivered by(7), 2312 (4), 3472 (10), 4261 (2) and5630 (2) keV for the de-
the detector E4 for the setting 8ASi. The lower part of the figure cay of235i [§]. The proton group energies were recalculated
presents a GEANT simulation of the effect of the coincideocs- sing the excitation energies of the proton-emitting stated

dition on the shape of &-delayed proton emission peak. The dotte ; ; : ;
lines show the35keV energy shift due to thg pile-up, i.e. sdMel € proton separation energies reported in a compllaﬂpn [4

proton peak is in fact observed at an energy.085M eV . This shift
depends on the implantation depth and varies for the differaclei

studied in this work. The coincidence condition does ne&frahis shift ) o
significantly. 2.2.2 Proton detection efficiency

detectorE’5 was requested in the analysis. As shown in the u INce 1ons were |m_pl_anted at the end Of f[he deteEt@rthe
roton detection efficiency, is very sensitive to the implan-

per part of figurd]3, th particle energy deposit in the coinci-;, -

dence spectrum was strongly reduced and proton peaks ¢ }{]on profile of the emitting ion and to the proton energyeTh

be easily identified and fitted with the help of Gaussian di election effliciency for protons betwe@s and10 MeV was

tributions. The energy calibration of the detectot as well Computed by means of GEANT simulations. Following exper-

as the measurement of the proton group intensities were g}(_antal ot_>servz_it|0_ns,_|mplgntat|on proflle_s were apprtmafd
formed on the basis of thi4-E5 coincidence condition. y Gaussian distributions in the beam direction (with a stan
dard deviation o0 um) and with a two dimensional square

shaped function in the orthogonal plafe][35].

2.2.1 Energy calibration of the implantation detector Results are shown in figuf¢ 4. An uncertainty on the detec-
tion efficiency of less thaf % was obtained. This uncertainty

The g particle energy deposit leads to a shift in energy of thveas determined by varying the implantation depthtby0 pim,

Gaussian-like part of the proton peaks. This effect coultebe which is roughly the width of the implantation distribution
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2.3 y-ray spectroscopy

'g [ 25
82000 [- S — %o S— As shown in figurd]2, a segmented germanium clover detector
i o 20 ° was placed at 0 degree, a few centimeters away from thersilico
1750 - 1000 20 stack. To reduce the dead time of the acquisition systemy-the
B - 150 ray signals were not used to trigger the data acquisitiora As
1500 [ a0 0 , consequence, the probability to observedgecay depended on
i * i the type of radioactivity event that had triggered the asiqui
1250 |- P Teewten 7 T endvgen tion system. Since the energy loss of a protofvihwas larger

than a few hundredeV/, a trigger signal was obtained each
time a proton was emitted. Subsequemhys were then auto-
matically detected, depending only on the Germanium detect
efficiency.

On the other hand, most of the particles emitted with-
out accompanying protons did not lose enough energy4n
to trigger the acquisition system. As a consequence, thgdri
efficiency for3-y events was given mainly by the fraction of

the total solid angle under which the large silicon deteéior
T 8000 is seen fromF4. This efficiency was determined by means of
Energy (keV) 24 Al which decays by3-v emission. The absolute intensities

of the two mainry lines at1077 and1369 kel were measured

Fig. 5. High energy part of theg-delayed proton spectrum in the de-and compared with the expected valugs [4]. Thiigger rate
cay of > Si. The areas of the two main proton peaks abéVe'eV  was then derived, taking into account the intrinsic efficien
obtained with (inset) and without (main figure) coincidercedition  of the Germanium detector, which was obtained with conven-
were used to extract an average normalization fakioj for the set- tional calibration sources. The overaidetection efficiency in
ting on*"57. the 300 to 2000 keV range was about to 3 %, with a relative
uncertainty of abou20 %. The s-trigger efficiency was equal
t0 35.0 (45) %.

To a large extent, corrections due to true summing effects
[] were included in the calculategttrigger rate. However,
this effect was not under control when the acquisition wigs tr
The absolute intensit§, of a given proton groupwas derived 9€red by the detection of protons, where the trigger eff@ien
from the following relation: was 100%. Hencey-ray intensities could not be determined re-

liably for 6—p —~ decay events and therefgfedecay branch-
. ing ratios towards proton-emitting states could not be sros
= Sep ) checked by means of spectroscopy.
p Kep % Nigpl % &}

1000 |-

750 |

-~

250 [

o

2.2.3 Absolute intensities of the observed proton groups

whereSc! is the area of the proton peak observed in the coin-

cidence spectrun¥ > 0), K ¢, the normalization factor to be 3 Experimental results
taken into account due to the coincidence conditigp,,, the

number of ions implanted if’4 and £, the proton detection

efficiency for a given proton energy. The s-decay properties of Si are compared in the following
The extraction of the factoK ¢, is illustrated in figurd]S to the results obtained in previous work. For the two sestioig

for the setting ort>Si. Several proton peaks were fitted in thé®Si and on?6 P, the relative intensities of the identified pro-

high energy part of thé&’4 energy spectrum, where tieback- ton groups are given as well as the deduced absphattecay

ground is low enough and where proton peaks are well sefpaanching ratios towards the proton-unbound nuclearstate

rated. TheK ¢, coefficients were deduced from the average réhe daughter nuclei. The analysis/@ielayedy spectra gives

tio of the areas of thg-delayed proton peaks obtained with andse, for the first time, to the measurement of the absol@gd-fe

without coincidence condition. For the coincidence spentr ing of the proton-bound states. The decay schemes are then

peaks were fitted by means of Gaussian distributions onarlinproposed and compared to calculations performed in the full

background (see inserts of figLEIe 5) leading to;ﬁa:g values. sd shell by Brown ] with the OXBASH codeL_[ISS] using the

For the unconditioned energy spectrum, fit functions camvol USD interaction [[5]. Finally, the Gamow-Teller strengtistri

ing a Gaussian distribution and an exponential tail on top bfitions are compared to those expected from the mitroe-

an exponential background were used. For each ion of inferesays and to those extracted from the calculdtedft) values.

the parameters of the exponential tail were fixed regardiessThe main characteristics 8f P are given, including a precise

the proton peak energies. Tléc, coefficients obtained were measurement of its lifetime as well as a derivation of itd@mo

aboutl13 %, with an uncertainty of to 2%. separation energy, and of its atomic mass excess(? P).
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1573 (7) and1592 (20) keV. The proton group &t326 (6) keV
was observed at the same energy as in the work of Hetati
and corresponds most likely to the transitior8ad2 (15) keV'
in reference[[26]. All other transitions identified were raeeed
at energies differing by less tha® keV with respect to the
work of Robertsoret al.

High-energy proton group©nly one of the three high en-
ergy transitions reported by Zhai al. [@] was identified at
— 6802 (7) keV. Its relative intensity 0.2 (5) % is significantly
1028 higher that the values given in referen [12] and [39] cwhi

500 1000 1500 2000 2500 3000 3500 4000 might reflect an underestimation of the proton detection effi
ciency at high energies in the present work.

New transition A new proton transition at077 (14) keV
(label 13) was observed but could not be attributed. Due to
its low intensity 0f0.25 (11) %, the transition could not be as-
signed neither by means oféa— p—- coincidence nor by any
other means.

Assignment of proton transition&part from the transition

! »Si

Counts

ml at 3326 keV which, according to Hato®t al,, originates from

I T T R BRI B na | | 11 ; P25

4000 2500 5000 5500 6000 6500 7000 7500 8000 the5597 k‘eV excited I_evel ir?® Al, all identified proton groups
Energy (keV) were assigned following the work of Robertseinal. The de-

duced energies and absolytedecay branching ratios of the
Fig. 6. 8-delayed proton spectrum obtained in coincidence with-a sigroton-unbound states 8f Al are presented in tab[¢ 3. The
nal in E5 in the decay of®Si. The peak labels correspond to the peaRbtained excitation energies are compared to the data of the
numbers used in tablgf 2 afjd 3. compilation [$]. Large discrepancies of more th#ikel are
found for the proton groups &080, 3899 and5407 keV. The
IAS of 2° Al was found at an excitation energy@§92 (2) keV/,

3.1 3-decay study of 255i in agr%ment with the value @896 (6) reported by Robertson
et al.[R§].
3.1.1 -delayed proton emission The overall agreement between the thyedelayed pro-

o ] ) ~ ton decay studies df Si is reasonable, leading to a summed

The j-delayed proton emission spectrum obtained in coingi-decay branching ratio towards the proton unbound states of
dence with the detectdt5 is shown in figuréd]6 for the setting 25 4; equal to35 (2) % (this work),38 (2) % [2§] and41 (1) %
on ?>Si. Most of the proton groups reported in previous Worffi3]. The difference originates for a large part from theedet
by Robertsoret al. [R€] and Hatoriet al. [IL3] have been identi- mination of the absolute intensity of the least energetitq
fied. Their center of mass energies and their relative iftteBs group at about00 keV in the center of mass. This proton tran-
are compared in tab(g 2 and discussed in the following. sition is reported in the previous work to compete with de-

Missing transitionsNine of the thirty-two proton groups excitation of the associated nuclear state, but no evidease
reported by Robertsoet al. were not observed in the presenfound in they-decay spectrum for such a decay mode.
work. Six of these transitions (see tafle 2) were alreadphet Regarding the absoluté feeding of the IAS i?® Al, the
served in the work of Hatogt al. and it is therefore plausible y4jye 0f12.8 (8) % obtained in this work is in good agreement
that they are due to the decay @p contaminants in the ex-yjth the theoretically expected value 1.2 % used by Robert-
periment performed by Robertset al. The three remaining sonet al. and is significantly lower than the one measured by
missing transitions have a relative intensity lower th&and  Hatori et al. It leads to alog(ft) value of3.25 (3) for the 3
it may be that the residual background in the spectrum Conecay 0f255; towards the I1AS in2 Al. This result confirms
ditioned by E5 is too large in the present experiment to allowhe assumption that the involvetitransition is almost purely

for their identification. of the Fermi type, since &g(ft) value of3.28 is expected in
Identification of the observed proton groupdl the ob-  this case[[Z6].

served proton groups were attributed to proton transitiens

ported in the work of Robertsoet al. on the basis of their

measured center of mass energies. Two group8sit(9) and 3

3899 (2) keV were tentatively identified as being the same trar%—'l'2 p-delayed  decay
sitions as those &@021 (9) and 3864 (20) keV by Robertson _ . i |
et al. although the energy differences are aboite). The '€ y-ravﬂspectrum obtained in the decay6fi is shown

; in figure|]. The foury lines at452 (absolute branching ra-
proton group att01 (1) in the present work corresponds mos{’
likely to the 382 (20) keV group of Robertsoret al. because U0 Of 18-4(42) %), 493 (15.3 (34) %), 945 (10.4(23) %) and

of their high relative intensities. The transitionlat’7 (6) keV 1612 kg;/ (15.2 (32) %) were assigned to theé-delayedy de-
was attributed to an emission from the IAS %84/ and was €& Of 5% Tfe lasty line is a doublet of twoy rays from the
therefore identified as the transitionlab6 (20) kel of Robert- decay of thef | states at612.4 kel in > Al and atl611.7 keV/
sonet al. The same is most likely true for the transitions &t its daughter nucleu® Mg [. Taking into account the ex-
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This experiment Robertsoret al. [@] Hatoriet al. ['_2]
pPeak| C.M.Energy| Relative Absolute Peak | C.M.Energy| Relative C.M.Energy| Relative
(keV) intensity ¢0) | intensity %) (keV) intensity (%) (keV) intensity (%)
1 401 ( 1) 49.8 (48) 4.75 (32) 1 382 (20) 73.7 (3) 403 (1) 57.7 (63)
2 555 (11) 7.2 (27) 0.69 (25) 2 550 (25) < 2.5 (1)
3 943 ( 2) 17.1 (24) 1.63 (20) 3 9434 (—) 17 (1) 945 (2) | 115 (24)
4 1040 (20) 1.53 (3)
4 1268 ( 6) 6.1 (18) 0.58 (17) 5 1272 (20) 2.26 (7)
5 1377 ( 6) 4.3 (12) 0.41 (11) 6 1396 (20) 2.89 (5)
6 1489 ( 7) 5.0 (15) 0.48 (14) 7 1501 (20) 2.90 (5)
7 1573 ( 7) 4.3 (13) 0.41 (12) 8 1592 (20) 1.46 (3) 1586 ( 3) | 21(9)
9 1685 (20) 0.93 (6)
8 1804 ( 8) 6.1 (14) 0.58 (13) 10 1805 (15) 6.73 (6) 1791 ( 3) 5.4 (10)
9 1917 ( 2) 23.5 (27) 2.24 (21) 11 19252 (—) 27.4 (1) 1925 ( 3) 17.6 (13)
10 2162 ( 4) 18.1 (26) 1.73 (22) 12 2165 (10) 17.2 (1) 2169 (' 7) 12.8 (11)
11 2307 ( 4) 16.5 (25) 1.57 (21) 13 2311.4 (—) 14.1 (1) 2312 ( 4) 11.2(9)
14 2373 (20) 2.02 (3)
15 2453 (25) 0.40 (2)
16 2486 (25) 0.96 (2) 2483 (7) <14
17 2608 (25) 0.39 (5) 2636 (10) 0.5(2)
12 2980 ( 9) 1.7(7) 0.16 ( 7) 18 3021 (15) 3.74 (9) 3022 ( 9) 5.0 (14)
13 3077 (14) 2.6 (12) 0.25 (11)
14 3231 ( 8) 5.4 (13) 0.51 (12) 19 3237 (15) 4.15 (5) 3243 (10) 2.4( 6)
15 3326 ( 6) 5.9 (12) 0.56 (11) 20 3342 (15) 6.57 (6) 3356 (30) 44.7 (48)
16 3463 ( 3) 28.1 (34) 2.68 (26) 21 3466 (10) 34.5 (1) 3472 (10) ‘
17 3610 (11) 5.9 (18) 0.56 (17) 22 3597 (10) 10.86 (8) 3608 ( 5) 13.3 (18)
18 3899 ( 2) 3.4(7) 0.32( 6) 23 3864 (20) 1.15 (7) 3852 ( 8) 3.9 (12)
19 4252 ( 2) 100 (10) 9.54 (66) 24 4258.3 (—) 100 (2) 4261 ( 2) 100
25 4303 (20) 3.32 (7)
20 [ 4545(10) | 6.6(18) [ 0.63(17) 26 4556 (20) 1.28 (5) 4552 ( 8) 1.3( 6)
27 4626 (25) 0.25 (1) 4612 (10) 0.4 ( 4)
21 4850 ( 6) 10.3 (17) 0.98 (15) 28 4853 (15) 7.29 (7) 4841 ( 5) 16.7 (18)
22 4986 ( 8) <49(9) | <047(38) 29 4992 (15) 2.30 (4) 4977 ( 5) 1.4( 4)
23 5407 ( 7) 36(7) 0.34( 6) 30 5394 (20) 1.98(5) 5366 ( 6) 0.8(3)
31 5549 (15) 3.19 (6)
24 [ 5624(3) [ 25.1(27) [ 2.39(20) 32 5630 (10) 16.9 (2) 5630 (2) [ 2L.1(15)
[ 25 [ 6802(7) | 22(5) | 0.21 ((4) ] ref. @] [ 6520 (10) | 0.72(4) [ 6795(17) | 0.7(3) |

Table 2. 3-delayed proton emission 6f Si. The center of mass energy and the relative intensity ofdetified proton groups are compared
to previous experimental data. The relative and absoltéagities of the3-delayed proton transitions obtained in this work are a¢gmrted.

pected contribution of this second transition®M/ ¢, the ab- ing ratio towards the proton-bound excited state$%fl of

solute intensity of the612 keV ~ ray in 2°Al was deduced to 41 (5) % (see tabl(ﬂ4 for details). Taking into account the pre-

be equal td4.7 (32) %. viously determined summe@decay branching ratio towards
The~ lines at493 and945 keV are associated with the de-the proton-unbound state35((2) %), this leads to an absolute

excitation of thegir state a945 keV in 2° Al towards itsgl+ /3 feeding of the?> Al ground state 024 (7) %.

ground state and towards tléé excited state at52 keV. The
intensity ratio of the two lineg,, (945)/1,(493) = 68(26) %
is in agreement with the value @ (6) % obtained in an in-
beam experimenf]4].

Since the intensities of th€)3 and452 kel y rays were e jine observed at 369 keV corresponds to the de-
found to be equal ywthm their uncertainties, we concludﬁ thexcitation of the first excited state 8fM ¢ populated in the
the 452 keV state is not fed directly in thg decay of?°Ss. 3—p decay of>Si. Due to the quite low-detection efficiency

.SUCh as tranS|t_|0n would be mdeed_a first-forbidden one angnd the weakness of most of the proton transitions feeding ex
is therefore unlikely to be observed in the present expertme .iioq states of1 Mg, neither thet! — 27 nor the2; — 4+

Noyrays were observed %‘15* 1338 and1790 keV. There- ansitions were seen. Only a few counts atfahenergy of
fore, it was assumed that tHg proton-bound state 6P Al at  about4.25 MeV were observed in coincidence with theay
1790 keV [E] is not fed in thes decay of?°Si. Hence, the at1369keV, in agreement with the assignment of the strongest
measurements of the absolute intensities of the thréees proton group to the IAS if° Al. The~ line at1461 keV is the
at493, 945 and 1612 keV led to a summedgi-decay branch- well-known background ray from4° K.
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C.M. proton energieskeV’) in the decay tG* M g states Excitation energies and feeding
(B.R.) of 25 Al proton-unbound stateg
Ground state 1369 keV 4123 keV 4238 keV | This work ref. |E] B.R. %)
1-401 (1) 2672 (1) || 2673.5 (6) 4.8 (3)
7—1573(7) 3844 (7) || 3858.8(8) 0.4 (1)
9-1917(2) 2-555(11) 4189 (2) 4196 (3) 2.9(3)
11-2307 (4) 3—943(2) 4582 (2) 4583 (4) 3.2 (3)
4—1268 (6) 4908 (6) 4906 (4) 0.6 (2)
15—3326 (6) 5597 (6) 5597 (5) || 0.56 (11)
10—2162 (4) 5802 (4) 5808 (6) 1.7(2)
183899 (2) 6170 (2) 6122 (3) 0.32 (6)
12—2980 (9) 6620 (9) 6645 (4) 0.16 (7)
14—3231(8) 6871 (8) 6881 (6) 0.5 (1)
21—4850 (6) 16—3463 (3) 7107 (3) 7121 (6) 3.7(2)
224986 (8) 17—3610 (11) 7255 (7) 7240 (3) || < 1.0(6)
23—5407 (7) 7678 (7) 7637 (6) 0.34 (6)
24—-5624 (3) 19—4252(2) 6—1489(7) 5—1377(6) 7892 (2) 7902 (2) 12.8 (8)
20—4545 (10) 8—1804 (8) 8193 (6) 8186 (3) 1.2(2)
25—-6802 (7) 9073 (7) 9065 (10) 0.21 (4)

Table 3. Excitation energies and feeding of?> Al proton-unbound nuclear states. Absolute branching rétiothe present work, which are
deduced from the absolute intensity measurements gf-ihelayed proton transitions, are given in the last column.

Counts
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Fig. 7.25Si v-decay spectrum. Al lines except the one at 14&EV
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are attributed to the decay &fSs.

3.1.3 3-decay scheme of 2°Si

states populated itf Al | Excitation energykeV) | B.R. (%)
5 0] 25(7)
N 944.8 (4) | 26 (4)
Ir 1612.4 (4) 15 (3)

Table 4. g-decay branching ratios towards proton-bound nuclear
states of® Al.

branching ratio of more tha.1 % are taken into account. In
terms of nuclear structure, the agreement between exparime
tal results and theoretical calculations appears to begyeog,
most of the observed nuclear states being reproduced by the
model within a few hundregleV.

The summed Gamow-Teller strength distribution as a func-
tion of the excitation energy df Al is shown in figur(ﬂg. The
experimental distribution is in good agreement with the one
deduced from the shell-model calculations ugth/eV'. Be-
yond, the model predicts the feeding of a lot of high-energy
excited states by low intensity transitions that are not visible
experimentally. Due to the small phase-space fagtassoci-
ated with such transitions, the relatB¢GT") values are of im-
portance, which explains the divergence at more thafel
of excitation energy. The global agreement below/ eV is
obtained forl1 individual 3 transitions for which the Gamow-
Teller strength is quenched equivalent to a quenching fadto

Figure[B shows thed-decay scheme proposed f8rSi. The about0.6.

experimental branching ratios and the correspondiggst)

At low excitation energy, the Gamow-Teller strength seems

values are compared to shell-model calculations perfotoyedto be close to the one expected from thelecay of the?>Si
[@]. Only excited states predicted to be fed with mirror nucleus, assuming that nuclear forces are isospin in

Brown



J.-C. Thomas et al.: Beta-decay propertie$’sti and?° P 9

Experiment . Theory
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Fig. 8. 8-decay scheme df Si. Experimental results are compared to shell-model caionis performed by Browrﬁi;?] in the fulld shell
with the USD interaction and the OXBASH code. The dottedditentatively connect experimentally determined levelgvels predicted by
theory.

dependentd = 0). Unfortunately, the error for thg-decay 3.2 3-decay study of 26P

branching ratios towards these states is too large (see [fabl

below) due to the uncertainty on thedetection efficiency and 1,0 experimental procedure established and tested %@h

the individual values of the asymmetry paramei@ould not g 1,y applied to’P. The3-delayed proton spectrum condi-

b2€5 der|g/5ed prggsel% for thied =25, 7'=3/2) isospin multiplet tjoned by the detection of particles inE5 is shown in figure

(*"Na,> Mg, = Al Si). fid. The contamination from othet-delayed proton emitters
was determined from energy-loss and time-of-flight measure
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Fig. 9. Theoretical and experimental distributions of the summed

Gamow-Teller strengthX{ B(GT")) for the decay of°Si. Atlow exci-  Fig. 10. 3-delayed one-proton and two-proton spectrum obtained in
tation energy, the distributions are also compared to tleeamtained coincidence with a signal ii£5 in the decay of® P. The peak labels
from the mirror 3 decay of?°Na assuming isospin symmetry. Thecorrespond to the peak numbers used in tEbIe 5.

error of the Gamow-Teller strength distribution as deteediin the

present work is about 20%.

lower pulse-height defect in two-proton emission. In theeca

ments to b@.6 % for 275 and1.2 % for 25.5i. The most intense Of N€arly back-to-back emission of the two protons, the ifeco
proton transition occurring in the decay of the latter nusles has an energy close to ZEro, Wherez_is for parallel emission of
expected at.25 MeV . It was not observed in the present sefl€ tWo protons, the recoil has a maxiumun energy comparable

ting and all identified proton groups were therefore attedu to one-proton emission. As the process of two-proton eomssi
to the decay of® P. is supposed to be isotropic, the average recoil energy istabo

half compared to the one-proton emission value leading to a
lower pulse height defect.

3.2.1 [3-delayed proton emission As described later, the determination of the_excitation en-
ergy of the IAS was used to calculate the atomic mass excess
26 i i i -
The center of mass energies as well as the relative and ak%fw-) Pa'n-l(;ht?]g;icgri;eg:g;?ng?g;ggiﬁgﬁ;ﬁ?ggg?;; t()ye
. " . e , - . 0
lute intensities of the identified-delayed proton or two-proton wards the IAS ir?5.5i led to alog( f¢) value for this state of

transitions are given in tabl¢ 5. The large amount of produc . . ;
nuclei allowed t% performegipfv coingidences Table 5 in- 513 (5). This resultis close to the expected model-independent
’ é/alue 0f3.186.

dicates the energy of therays that were seen in coincidenc e ) _
with the corresponding proton peaks. Allines exceptthe one ~ Emission from known excited states®6fi: Due to their
at1369 keV are assigned to the decay of excited statés df. €nergy, transitions, 8, 12 and13 were attributed to the decay
The~ ray at1369 keV is due to the3-delayed two-proton de- of the previously observed excited states®i at6350 (25),

cay (transitior22, see below) of P towards the first excited 7489 (15), 8570 (30) and8120 (20) keV' []. Although transi-
state oM g. tion 12 is therefore expected to populate the first excited state of

Proton and two proton emission of the IAS #Si: By 2E’A_l, no~ ray atd52 kel was observed in coincidence and the
means of energy considerations afi- p —~ coincidences, assignment of the transition is somewhat questionable.-How
the five transitions labelleg9 to 33 could be assigned to the€Ver, the intensity of this proton peak is rather weak whieh p
proton decay of the isobaric analog stat@isi. Its excitation Vents most likely the observation of a coincidery.
energy was determined to be equall@d15 (4) keV. Based B—p—~ coincidencesy rays occurring in the deexcitation
on this first set of assignments, the two gro@psand28 were of 2° Al states were observed in coincidence with the proton
identified as two-proton transitions from the IAS to the firggroups labelled—7, 9—10, 16—21, 25 and27. Therefore, these
excited state and to the ground state?bl/g. The IAS ex- transitions were assigned to transitions between initidifanal
citation energy deduced from these two transitions is #iigh states based op — ~ coincidences. Noy rays were seen in
higher in energy¥3036 keV instead ofl 3015 keV) due to the coincidence with the transitionls 2 and4, although they are
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Peak | C.M. Energy Relative Absolute | ~ rays observed
(keV) intensity @) | intensity (%) || in coincidence

1 412( 2) 100.0 (71) 17.96 (90)

2 778 ( 3) 4.3(5) 0.78(7)

3 866 ( 2) 9.5 (10) 1.71(15)

4 1248 ( 2) 8.4(8) 1.51(12)

5 1499 ( 2) 5.5( 5) 0.99( 7) || 493, 945

6 1638 ( 3) 3.6(4) 0.65( 6) || 452

7 1798 ( 4) 1.1( 3) 0.20( 5) || 452, 493

8 1983 ( 2) 13.3 (11) 2.39 (16)

9 2139 ( 4) 3.0( 8) 0.54 (14) || 452, 493, 1338
10 2288 ( 3) 82(9) 1.47 (12) || 1612

11 2541 ( 6) 05(2) 0.09( 3)

12 2593 (13) 1.5(3) 0.27( 6)

13 2638 (18) 06(2) 0.11( 4)

14 2732 ( 4) 2.6 ( 4) 0.47( 6)

15 2855 (17) <08(2) | <0.14(4)

16 2908 (11) 0.3( 3) 0.06 ( 5) || 452, 493

17 2968 ( 5) 1.8( 3) 0.32( 5) || 452, 493

18 3097 ( 6) 1.7( 4) 0.31( 6) || 452,493, 845,1790
19 3258 ( 4) 1.9(2) 0.23( 4) || 452, 493

20 3766 ( 9) 2.0( 4) 0.36 ( 7) || 452

21 3817 ( 6) 0.7( 3) 0.13( 5) || 452, 945

22 3879 ( 3) 4.4( 6) 0.79(12) || 1369

23 3920 ( 5) 6.7(9) 1.21(14)

24 4097 ( 5) <21(3)| <037(4)

25 4719 ( 6) 1.3(2) 0.24( 4) || 452

26 4793 ( 3) 3.0(4) 0.54 ( 6)

27 4858 ( 4) 2.5( 3) 0.44( 5) || 452

28 5247 ( 3) 7.6 (13) 1.37(22)

29 5710 ( 3) 78(7) 1.40 (11) || 452, 845, 1790
30 5893 ( 4) 4.1(8) 0.73(13) || 1612

31 6551 ( 4) 1.2( 5) 0.21( 8) || 452, 945

32 7039 ( 5) 1.0( 1) 0.17( 2)

33 7494 ( 4) 3.4(3) 0.61(5)

Table 5. 3-delayed one-proton and two-proton emissiod®P. The center of mass energy, the relative intensity and thelate intensity of
proton groups identified in figurEllO are given. The last colusports they rays observed in coincidence with the proton peaks. Triansit
22 and 28 are due to two-proton emission from the IAS%&i.

quite intense. Hence, they were assumed to populate giresthereA(26S4) is the atomic mass excess®65i. E*(1AS) =

the ground state of Al. 13015 (4) keV is the previously obtained excitation energy of
Assighments based on energy critefiie excitation ener- the IAS in0Si andA,, ; is the mass excess difference between

gies of the proton-emitting statesifSi derived froms—p—~ @ neutron and a hydrogen atomdE, is the Coulomb energy

coincidences were used to identify the proton groups23  difference between the IAS 8fSi and the ground state & P.

and26 as transitions from these states towards the ground stétean be deduced from the semi-empirical relation given in

of 23 Al (c.f. table[B). reference([40]:

Unassigned proton transition¥he three transitionsl, 15 =
and24 could not be assigned to the decay of excited states of AE, = 1440.8 % ( Zl ) — 1026.3 (4)
2654, Neither a coincident ray could be observed for these 3

proton lines, nor their energy corresponds to an energgreliff
ence of identified levels. The 3 transitions represent lleas t
1.11 % (one-sigma limit) of the measuretidecay strength of

Taking Z = 14.5 as a mean atomic number for the two
A = 26 nuclei, the atomic mass excess®f” was deduced
to be equal td 1114 (90) keV. This value is in agreement with

26
P the mass prediction from Auet al.[21] of 10970(200}V . It
Atomic mass exces$(*° P): The mass excess 8fP was  |eadsto a) ¢ value ofQ pe = A(26 P)-A(26.57) = 18258 (90)
derived from the following relation: keV/.

Search for other charged-particle emission modéds one-
proton separation energy 8fP is given by the relatiors,,(*° P)
A(*°P) = A(*°Si) + E*(IAS) + AE. — A,y (3) =A(H)WHA(*Si)-A(%6P), whereA(H) andA(? Si) are the
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atomic mass excesses of hydrogen &t [@]. The deduced
valueS,(**P)=0(90) keV suggests that’ P can hardly be a

direct proton emitter since the available energy for sucfsa d

integration would not exceeld)0 keV .
In the same way, the relevance @fdelayeda emission

can be discussed. Assuming thaparticles would be emitted

by the IAS 0f?6S4, the correspondin@,, value is given by the
following relation:

Qo = E*(IAS) + A(*°Si) — A(*Mg) — A(*He) (5)

erence
this work, the available energy in suchfadelayeda decay

would be equal t8842 (15) keV. Thea transitions towards the

ground state and the first two excited state$?dfl g are there-
fore energetically possible and would lead to thsiegroups at
3840, 2600 and530 keV, the last two being followed by rays
at 1250 and2060 keV. No evidence for sucl lines was ob-

served and the proton groups whose energy could match with

an o decay to the ground state &fM g (transitions21 and
22 in table[$ andJ6) were convincingly identified #sP (-
delayed one- and two-proton transitions. In addition, ¢hes

Taking into account the atomic mass excesses given in ref-
] and the excitation energy of the IAS measured in
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Fig. 11.y-decay spectrum ¢f P: Backgroundy lines from®°Co and
40K are indicated within parenthesigrays within brackets are due to

transitions would be forbidden transitions. Hence, we 8@  {he contaminating nuclé?Mg and24Al. All other ~ lines are related
that 3-delayed one- and two-proton emission are the only dgrthe 3 decay of°P, except the one at 1285 keV which could not be

cay modes of the IAS iR%Ss.
The excitation energy and thiefeeding of proton emitting
states in?%Si deduced from the present analysis are given

table[fi. The summed feeding #%S: proton-unbound excited at 1461 kel

states is deduced to be equaBi(2) %.

3.2.2 -delayed ~ decay

The~-ray spectrum obtained during tA&P setting is shown in
figure[I]. The six lines at972 (1.27 (54) %), 988 (5.2 (11) %),
1796 (52 (11) %), 1960 (1.32 (34) %), 2046 (1.44 (40) %) and
2342 keV (1.28 (51) %) are assigned to th@-delayedy decay
of 26 P according to referenc|[4]. A newray at1400.5 (5) keV/
(2.82 (69) %) was attributed to the deexcitation of thes4 kel
excited state of%Si to the state aR784 keV. The measured

absolute intensities were combined with previously mesgu

relative~-ray intensities|ﬂ4] to determine absolutdeedings.
The values obtained are reported in tdple 7.

The 3 decay of the ground state 8f5: is followed by
two v rays at830 and 1622 keV. The two lines atl341 and
2307 keV are due to the summing of tts@ 1 keV ~ rays (from

the annihilation of the emitted positrons) with the intense

rays at830 and1796 keV .

attributed.

in

(“9K), and at1173 and1333 keV (6°Co). The~y
ray at 1285:eV could not be assigned.

According to table§|6 and 7, the summed feeding‘si
proton-unbound and proton-bound states is equabt®) %
ands4 (12) %, respectively. The spin of the ground state of the
even-even nuclel® S; being equal t®* [E], this state is not
expected to be fed significantly by a second forbiddetecay
of the3™ ground state of® P. The summed feeding of the ex-
cited states of%S; obtained in the present work is therefore
equal to93 (13) %. Taking into account the large uncertainty,
the result is in agreement with the expected valué Gif %.
However, unidentified weak proton groupsydines (see com-

'parison to shell-model calculations below) may also conts

to the missing strength. In addition, it cannot be excludhed t
the 5 feeding of thel 796 keV state was underestimated or that
the v decay of proton-bound states lying in the gap between
4184 and 5929 keV of excitation energy (see decay scheme,
figure[13) was not observed.

3.2.3 Measurement of the half-life of 26 p

The g-delayed one-proton and two-proton decays towards
excited states if® Al and?* M ¢ give rise to the observation of The lifetime of?6 P was determined by means of a time corre-

the~ rays at52, 493, 845,945,1612,1790 kel and1369 keV .
The absolute intensity of thEr90 keV + line, which forms a

lation procedure. The applied technique is schematichbys
in the inset of figurﬂz. It consists in measuring the timéedif

doublet with they line at 1796 keV, was deduced from the ence between the implantation’8fP ions, identified by means

previous determination of the proton-group intensitiesh®
related excited level if° Al. Some of these lines are also
due to the presence of contaminating nuclegs (see chapter
3.1),%4 Al (v rays at1073 and 1369 keV) and** Mg (v ray at

of time-of-flight and energy-loss measurements, and therebs
vation of 3 or 5(2)p decay events.

Decay events that are correlated to the selected implanta-
tion event follow an exponential decay curve, whereas uncor

440 keV). Backgroundy lines are also visible in the spectrunrelated events due to the decay of contaminant ions, dfgto
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C.M. proton energyKeV) from the decay t3° Al states 26,55 proton

B0 dTee 3T fhiee 55w et s
1. 412 (2) 5929 ( 5) | 17.96 (90)
2: 778 (3) 6295( 6) | 0.78( 7)
3:866 (2) 6384( 5) | 1.71(15)
1:1248 (2) 6765 ( 5) | 1.51(12)
8:1983 (2) 7501 ( 5) | 2.39(16)
6:1638 (3) 7606 ( 6) | 0.65( 6)
5:1499 (2) 7962 ( 5) | 0.99( 7)
13:2638 (18) 8156 (21) | 0.11( 4)
14:2732 (4) 7:1798 (4) 8254(5) | 0.67(7)
12:2593(13) 8563 (17) | 0.27( 6)
16:2908(11) 9370 (15) | 0.06( 5)
23:3920 (5) 17:2968 (5) 10:2288 (3)  9:2139(4) | 9433( 4) | 3.54(20)
20:3766 (9) 19:3258 (4) 9725( 7) | 059( 8)
26:4793 (3) 21:3817 (6) 10299 (6) | 0.67( 7)
18:3097 (6) | 10405( 5) | 0.31( 6)
25:4719 (6) 10688 ( 9) | 0.24( 4)
274858 (4) 10827 ( 8) | 0.44( 5)
33:7494 (4)  32:7039(5) 31:6551 (4) 30:5893(4) 29:5710(3) | 13015 (4) | 3.12(20)

C.M. two-proton energykeV) from the decay t3* M g states 2654 two-proton

o 0 oF . 1369 emitting states
1 1o Energy| B.R.(%%)
28:5247 (3)  22:3879 (3) 13036 (4) | 2.16(24)

Table 6. Excitation energies and feeding of the proton-unbound excited stated%i. They are deduced from the data compiled in t{|ole 5.
On the left-hand side, in the top row and in the row last but @reegive the final states on which the one- or two-proton eorisands. Then
we indicate the peak numbers according to fie 10 and thatec of mass proton energy. On the right-hand side, we isefhrmation to
determine the excitation energy of the emitting state®$ 5% as well as thes-decay branching ratio for the feeding of these states.

2694 populated states Excitation energykel)

. x 102
2F 1795.9 (2) 44 (12) 4600
25 2783.5 (4) 3.3 (20) g 26
(37) 3756 (2) 2.68 (68) 8 P
(47) 8842 (2) 1.68 (47) Implantation  radioactivity
2" 4138 (1) 1.78 (75) N
(35) 4184 (1) 2.91 (71) %\
Table 7.3-decay branching ratios towards proton-bound excitedstat t_
of 26.54. : 500 ms:’ e
34001 \ Time correlation intervals

daughter nuclei or due # P implantations other than the one
considered for the correlation are randomly distributekde T
large time correlation window &f00 ms enabled us to estimate
accurately the contribution of uncorrelated events to teag
curve. The half-life ofS P was measured to bg8.7 (6) ms, in
agreementwith the value given by Cabtel.[RF] of 20+32 ms.
We verified that, due to its relatively long half-life (2.2}, the
daughter decay & Si does not alter the fit result.

T, = 43.7 (6) ms

3200O

3.2.4 pB-decay scheme of 26 P

50 100 150 200 250 300 350 400 450 500
Correlation Time (ms)

Fig. 12. Determination of thé® P half-life by means of timing cor-

The propose@-decay scheme o P is shown in figurﬂS.

relations between implantation and radioactivity eventiiw a time

The measured half-life as well as th;- value obtained ex- window of500 ms. The inset shows the correlation of each implanta-
perimentally are reported. The distributior’®5; excited states tion event with each subsequent decay event within/s80

appears to be well reproduced up to an energyfeV by the
shell-model calculations performed by Brown|[37].
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1 3+;T=2 | 3+ T=2
ExXperiment %p 43.7 (6) ms | Theory %p 40.85 ms
I
p Q =18258 (90) kaV g Q =18120keV
EC , EC
[
BR (%) log(ft) i BR (%) log(ft)
3+T=2 1301 53(4) 3.13(5) c-h--34T=2 1337 2026 319

4+ 1267 013 476
3+ 1236 011  4.99
2+ 1211 o016 491
3+ 12.02 010 516
3+ 1185 016 504
2+ 1161 023 495
2+ 1146 011 5.32
3+ 1131 020 511
2+ 1128 028 498
2+ 1068 013 553
4+ 1061 025 526
3+ 1043 024 533
2+ 1042 014 556
2+ 10.28 0.26 534
3+ 975 074 504
4+ 966 017 571
2+ 951 063 517
2+ 947 103 497
3+ 946 021 568
3+ 9.00 042 549
4+ 884 011 611
4+ 867 028 574
3+ 829 027 585

0.44 (5) 5.04 (6)

0.24 (4) 5.35(9)
0.31 () 5.33 (11)

0.67 (7) 5.02 (6)

0.59 (8) 5.24(7)
3.5(2) 454(4)
0.06 (5) 6.3(22)
0.27 (6) 5.88 (13)
0.67 (7) 555 (6)

2+ 137 011(4)  636(25) 2+ 827 o011 oo
0.99 (7) 5.45 (4) 3+ 789 023 602
4+ 782 016 6.8
0+ 0
Ot ¢+ 0 0.65 (6) 5.71(5) 3+ 748 o071 o6l
24 ... 2+ 7.35
Mg + 2 24(2) 517(4)  -- 2+ 735 145 533
g P - 3+ 716 221 519
15(1) 552(4) --+7T 2+ 697 183 531
5/2* '.'! 2+ 6.72 0.13 652
(32-712)* 1.7(2) 554(5) -- 1| 421: g-gg 052 592
g . 0.40  6.06
3/2: 0.78 (7) 5.90 (5) s 3t 65 g3 am
112 180(9) 4603 --; 4+ 589 426 515
512t 4+ 535 069 604
A1+ p (@Y 418 28()  570(14 ! 2+ 528 025 649
] 2+ 4.88 432 533
2+ |4.14 . :
2+ 414 17(7) 5.93(32) 4 4Bl 021 66
(4+) 1384 165 6.00(17) ---}'"" 2+ 442 309 555
£- 4+ 441 034 651
B 11376  26(7) 581(15) --+y'- 3+ 439 828 513
--- 3+ 380 197 584
2+4]]92.78
3.2 (20) 5.87(72) L. 2+ 303 019 oo97
2+94991.80 42 (12) 4.89 (17) : 2+ 181 4965 474
0+T=1y O ! 0+ 0
26 -
*si Si

Fig. 13.25 P 5-decay scheme as deduced from the data presented in thisTwerklotted lines tentatively connect experimentally aebeed
levels to levels predicted by theory.

As shown in figurﬂ4, the summed Gamow-Teller strenggfion, as it was mentioned before. The summ¥dT") strength
distribution is also well reproduced up to an excitationrgge converges aroun@M eV because of the high-decay branch-
of more thanl0 MeV. It can therefore be concluded that théng ratio towards the excited state5a®3 MeV. Hence, the no-
quenching of the Gamow-Teller strength in thelecay of° P ticed discrepancy may simply originate from a differentraig
is about60 %, as it was the case fér Si. of the 3-decay strength between the two competirigexcited

I ) states a8.76 and5.93 MeV.
At low excitation energy, the experimental Gamow-Teller

strength distribution is in disagreement with the one dstiv
theoretically betweed and6 MeV'. The discrepancy can be  Once again, the uncertainty of thedecay branching ratios
due to the non-observation of populated excited statessmgh to low-energy excited states is too large (see tEbIe 8 betow)
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25 ' ! ] A E*(MeV) J&NT:  JF;Ty | theory ﬁ'] present work
26 :'S
- 2P M Exoeriment 25 0.00 5.8 5+l 1.11 0(40)
20k by PEFIMEN i 0.95 3+ 1 12.39 0(20)
' : ! Theory 1.61 it1 11.23 30(40)
K 11 Mirror nucleus H 2.67 gﬂ% -5.58 48(11)
— 15| Fd 126 181 3t2 ot 50(60)
9 3.76 3t:1 10(40)
m - 4 ] 4.14 2*:1 110(160)
£ 4.18 3*t:1 110(70)
N 1.0 T 5.93 3t:1 -24(11)
i 1 Table 8. Mirror asymmetries for the decay fSi and?°P and their
mirror nuclei to low-lying states in the daughter nucleieTéxcitation
05 7| energies indicated in the second column are those gfthéaughter
| | nuclei. Initial and final spin and isospin values are giverthie fol-
lowing two columns. The experimental asymmetry resultsnfraur
0.0 \ experimental values for thét values of the3™ decay and data from

0 10 the literature ﬂ4]. The theoretical result is from reﬂ. [7here we took
the INC+WS value as one example. The last transition for eziotor

Excita‘tion energy (MeV) pair stems from the measurement gi-alelayed proton branch for the

proton-rich nucleus.
Fig. 14. Summed Gamow-Teller strength distribution in the decay of
26 p. The result of the present experiment (relative error ofiB6%)
is compared to shell-model calculations and to the B(GThefnirror

decay of*®Na assuming isospin symmetry. 4 Conclusion and perspectives

The 3 decay of the neutron-deficient nucteisi and?® P was
studied at the LISE3 facility at GANIL300 and 60 ions per
second, respectively, were produced with contaminatitesra
of less thanl % and of aboutl3 %. The decay scheme of the
two nuclei was obtained, including for the first time the
decay pattern towards proton-bound states. It allowed us to
measure the asymmetry parametéor the mirror states of the
mass A=25 and A=26 nuclei. Unfortunately, the poor preci-
sion in the determination of the corresponding branchitigsa
gave rise to large uncertainties for thes&alues. Compari-
son to shell-model calculations based on the USD intenactio
and performed in the fuld shell by Brown ] revealed two
features: the reliability of such models when they are &bl
to mid-shell nuclei lying close to the proton drip-line, attwe
Sbout60 % guenching of the Gamow-Teller strength of the in-
ividual 3 transitions.

derive precise values for the asymmetry paramétéor the
(A=26,T=2) isospin multiplet { Na,25 M ¢,26 54,25 P).

3.3 Mirror asymmetry of mass A =25, 26 nuclei

The mirror asymmetry parametéris usually determined for
the ground-state transitions as well as for those feedimpth-
lying excited states in the daughter nuclei. Higher-lyitefess
are normally fed with smaller branching ratios which yield
larger errors for thé value. In addition, these states may dec

by proton emission for the proton-rich partner which usual The following properties were derived from the spectro-

reduces the branchlng-rgno precission. . scopic study of these nuclei: i) The half-life fP was mea-

In the present experiment, however, the feeding of lowyred to be equal 8.7 (6) ms. ii) Its proton separation energy
lying states and in turn also of the ground state (its branghias well as the maximum available energy inftslecay were
ratio is determined as the difference between 100% and the gBtermined with a precision 6f) keV . iii) The 5-delayed two-
served branchings) is only poorly determined due to theelargroton emission o#é P towards the ground state and the first
uncertainties of the-ray efficiency of our set-up. Nonthelessexcited state of*1/¢ was observed. iv) More than thirty one-
we give the asymmetry values derived from the present woskoton groups were identified, five of them being emitted from
for the massA = 25 and A = 26 nucleiin tabld:B the isobaric analog state %ﬁS’L

Experimentally, we reach the best precision for the highest Compared to previous studies with a helium-jet technique,
lying state in each mirror couple where tlfé value for the the use of projectile fragmentation in conjunction with ag
proton-rich nucleus comes fromdadelayed proton branch. Inment separator has several advantages, which are that i) the
both cases, a significant effect is observed. This resulti- hadetection of the arrival of an ion allow its identificationdan
ever, is opposite in sign compared to the theoretical vadue Qives a start signal for half-life measurements, ii) vergrsh
the mass A=25 couple. For the other mirror transitions, earcl half-lives can be studied since the separation time is gbort
statement can be made due to the large experimental errorsdier 1 microsecond), iii) the selection process is indepeinaie
the decay of the proton-rich partner. chemistry.
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Nonetheless, the spectroscopic studies presented here auf B.H. Wildenthal, M.S. Curtin, and B.A. Brown, Phys. RE\28,
fer from limitations that should be addressed in future expe 1343 (1983)
ments of the same type. Firstly, the implantation of ion&iea 22. G. Martnez-Pinedo and A. Poves, Phys. Rev. C 53, R2602 (1996)

silicon detector gives rise to a high proton-detection ificy,

23. I.S. Towner and F.C. Khanna, Nucl. Phys. A 399, 334 (1983)

however, due to the energy depositbparticles in the implan- 24. R.G. Sextro, R.A. Gough, and J. Cerny, Phys. Rev. C 8, 258

tation detector, it is sometimes difficult to obseryalelayed

protons with low intensity.

Secondly, concerning the-spectroscopy part, a high e

ficiency is required in order to identify low intensity rays,

and a high precision is needed for the more intense tran
tions. A new detection set-up using segmented silicon tlatec
and four Germanium clovers has therefore been implemen
and the decay properties &fM g, 2°Si and their mirror nu-

clei were investigated recently at the GANIL facilim42]his

(2973)
25. M.D. Cable, J. Honkanen, E.C. Schloemer, M. Ahmed, Jefliff,R

f. Z.Y.Zhou, and J. Cerny, Phys. Rev. C 30, 1276 (1984)

26. J.D. Robertson, D.M. Moltz, T.F. Lang, J.E. Reiff, an€Carny,
Phys. Rev. C 47, 1455 (1993)

. R. Barton, R. McPherson, R.E. Bell, W.R. Frisken, W.ThK,i
and R.B. Moore, Can. J. Phys. 41, 2007 (1963)

. B.D. Anderson, T. Chittrakarn, A.R. Baldwin, C. LeboNradey,
D.M. Manley, M. Mostajabodda'vati, J.M. Watson, and W.M.
Zhang, Phys. Rev. C 43, 50 (1991)

work should lead to the determination of accurate asymmgy p | Reeder. A.M. Poskanzer. R.A. Esterlund. and R. Mc&tin
try parameters, which might help to understand the origin ppys. Rev. 147, 781 (1966)

of isospin non-conserving forces in nuclei.

The author would like to thank B.A. Brown for providing up-tiate
shell-model calculations and C. Volpe and N.A. Smirnovadom-
ulating discussions about the mirror asymmetry questioa.vwuld
like to acknowledge the continous effort of the whole GANHKaf§
for ensuring a smooth running of the experiment. This work aap-
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