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Absolute branching ratios for th decay of 5’Cu to excited states up to 3.3 MeV itiNi have been
determined, including the’-forbidden Gamow-Teller transition to the first excited stat®iNi. Four transi-
tions to excited states at 0.768, 1.113, 2.443, and 3.007 MeV are observed in addition to the superallowed
decay to the ground state 8fNi. The measured branching ratio to the ground state is 8@8% and the
branching ratios to the four excited states are G:98.09%, 8.6+ 0.6%, 0.17+ 0.03%, and 0.35- 0.04%,
respectively. In addition we have measured Yf@u half-life and find it to be 196.3 0.7 ms, which is in good
agreement with the most recent measureni(®T) values have been extracted from the new results and are
compared to shell model calculations.

PACS numbds): 23.40-s, 21.60.Cs, 27.48.z

. INTRODUCTION an/-forbidden GT decay can be measured for nuclei whose
low-lying levels can be represented, to good approximation,
The nonrelativistic mean field approach to nuclear strucas single-particle states. In the shell model, the low-lying
ture, as embodied in the nuclear shell model, has been quitevels in these nuclei are dominantly single-particle states
successful in predicting the properties of low-lying states ofhuilt on the N=Z nucleus **Ni which has the ®,, shell
nuclei. Extra-nucleonic effects, such as meson exchange cuiitted. While this is not a shell closure associated with a
rents and nucleon excitation into th&1232 resonance, are principal quantum number, the strong spin-orbit coupling
not explicitly included in this approach to nuclear structurejowers the energy of thef@,, orbital considerably relative to
calculations. However, they are included implicitly when ex-the 0f5, and 1ps,—1py, orbitals, thus producing a large
perimental data are used either as input into the calculationsnergy gap between them. The ground state$'dii and
or to fit parameters. Consequently, it has been surprisingl¥’cu are Py, states and the first two excited states in
difficult 'to find unambiguous signatures for these extra-57Nj at 0.768 and 1.113 MeV are predominantlys§ and
nucleonic effects. 1py, configurations, respectiveljd]. The dominant decay
Adelberger etal. [1] pointed out that/-forbidden  mode for 5’Cu is the superallowed ground state to ground
Gamow-Teller(GT) g decay is a sensitive way to determine state transition. Decays to both excited states’Ni are
the contribution to low-lying states from these extra-allowed GT transitions by the usual angular momentum se-
nucleonic effects. Arv’-forbidden GT decay is one that is lection rules, but the 4—Of transition is/-forbidden. Pre-
allowed by the usuallJ*™ selection rules but is formally vious work on they decays and lifetimes of excited states in
second-forbidden for the standard one-body operators acting/Ni indicates that some configuration mixing is present for
on the single-configuration wave functions where the orbitathese level§3,4]. Thus it will be necessary to have a large
angular momentum changes between the initial and finabasis shell model calculation to account for this effect. The
states. The problem is simplified when the parent and daugliecay of?°P to 2°Si is, in principle, similar to that oP’Cu to
ter states in thgg decay can be represented as single-particle€’Ni, with 2Si serving as the @/, closed shell core. How-
or -hole states outside of a closed shell. Even in these casasyer, the shell gap a&= 28 is considerably smaller than for
the effect of core polarization can produce nonzero matrixA=56 as indicated, for example, by the excitation energy of
elements from the normal one-body operators through thehe first 2" state in each nucleus and the single-particle and
connection of multiparticle, multihole configurations in the -hole states in the neighboring nuclei. Consequerti@i
parent and daughter nuclei. The only system where such agould be expected to represent a poorer approximation to a
/~forbidden transition has been measured is in the decay aflosed shell core thar®Ni.
39Ca to an excited state i#?K, [1,2] which is represented, in Prior to the work reported here, the extent of our knowl-
the single-particle shell model, by alf);— 1s;,; transition.  edge of the decay of’Cu came from its measured mass
The mirror nuclei,>'Ni->'Cu, offer another system where excesg5-7] and two different determinations of its half-life.
The first half-life measurement was done by detecting the
B-delayedy decay of the second excited state ¥Ni and
*Present address: Department of Physics and Astronomy, Univethe second one was carried out by observingAlse from a
sity of North Carolina at Chapel Hill, Chapel Hill, NC 27599. mass separated source, using plastic scintillator detectors.
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SCALE (METERS) Beam Swinger

FIG. 1. A schematic layout of the recoil mass spectrometer MARS. The prififAliybeam entered from the right, interacted in the
cryogenic H, gas cell located at the center of the target chandhethen stopped in a Faraday cup located beyond the dipdleThe
57Cu recoil nuclei were dispersed horizontally Byl. After passing through the energy selection slit located in front of the quadrupole
Q3, they were deflected b3 andD2 to produce an achromatic beam at the entrance to the velocity filter. The velocity filtéd 3and
deflected the’’Cu recoils vertically, producing a first-odét/Q focus in the box located behin@5. The various detector arrangements
shown in Figs. 3, 5, and 7 were placed here.

The results of the two measurements were 2336 ms[8]  dard stainless steel flanges with a cryogenic epoxy, which
and 199.4+ 3.2 ms[9], with the more recent result differing has a thermal expansion coefficient that closely matches that
from the earlier measurement by about two standard devissf stainless stee]12]. The window flanges were then at-
tions. No experiment has been carried out with sufficientached to the body of the gas cell with standard copper gas-
sensitivity to search for the’-forbidden 8 decay. The kets. The windows were pressure tested to over 2000 torr.
branching ratio of the allowed GT decay to the 1.113 MeVThe gas cell typically was operated at about 760 torr, which,

state was estimated to be 3t71.7%]8], by comparing the  at 77 K, corresponds to a hydrogen target thickness of 2.8
y-ray yield to theg decay yield beyond thé&*Co end point, mg/cnt?.

after using a time window to subtract the contribution to the Using the cold gas cell at 760 torr as the targéi2*

: 58

observeds decay yield from™Cu. ions comprised less than 20% of the yield in the charge state
We report_below the first measurement of the ab_som%istribution. The primary charge states were found to be

branching ratios for the decay GfCu to several low-lying 26" and 27", which had comparable yields. In contrast,

YT ; ; i
levels in NI, including allowed and” f_orbl_dden GT de over 80% of the beam was observed to be fully stripped
cays. In addition, a new half-life determination was made by

directly measuring the positrons from thg decay. These wh_en It passeo_l through a 10 mg/€rpolyethylene target
measurements determine tfievalues and hence the matrix which resulted in a _comparable energylloss for the beam as
elements for the decays. The results are compared to recetr'?t? gas cell. By adgjmg als mg/éml f0|llafter.the Havar
shell model calculations. The allowed GT decays providefXit Window, the yield of fully stripped ions increased to
new information about the quenching of GT strength in me-2bout 70% of the primary beam. The gas cell was thus run
dium mass nuclef10,11]. The implications on the role of With this added stripper foil, so that the preponderance of the
extra-nucleonic effects in the transitions between low-lyingyield of >’Cu recoils was in the 29 charge state.

nuclear states of these mirror nuclei are discussed. Recoil ions were analyzed by the momentum achromat
recoil spectrometer, MARS. A schematic layout of MARS is
Il GENERAL EXPERIMENTAL FEATURES shown in Fig. 1. Detailed descriptions of the optics of MARS

can be found elsewhefé3,14. MARS was designed to be

Three different measurements were performed to detemsed for a wide range of reactions that utilize inverse kine-
mine the transition strength of thé-forbidden decay from matics. In the present set of experiments, MARS was oper-
the ground state of’Cu to the first excited state 6fNi: (1)  ated at 0°. The reaction kinematics strongly focuses the re-
the branching ratio for the’-forbidden decay was obtained coil ions resulting in essentially 100% collection efficiency.
relative to the allowed GT decay that occurs to the secondhe first three MARS quadrupole®1, Q2, andQ3, along
excited state of°’Ni; (2) the absolute branching ratio for with the dipolesD1 andD2 form a momentum achromat.
decay to the second excited state was determif@dthe  Recoil ions are dispersed in energy near the entran€g3to
lifetime of %’Cu was measured. Two other excited statewhere an energy selection slit is locate@l, Q2, andD1
branches were observed concurrently with the relativgproduce a horizontal crossover near this point. In the present
branching ratio measurements. Details of the individual measetup, the rigidity of the recoil ions was about 7% lower than
surements are discussed separately below. that of the primary beam. A Faraday cup was offset from the

All of the measurements were carried out with sources ofentral magnetic rigidity by the appropriate amount to inter-
57Cu that were obtained from theH(%Ni, >’Cu)2n reaction  cept the fully stripped beam. The recdifCu ions were
using primary 5®Ni'"* beams between 29 and 31 MeV/ spread in energy by about 3%, primarily due to differential
nucleon from the Texas A&M University K500 supercon- energy loss in the gas target. The energy selection slit in front
ducting cyclotron. A H gas cell, cooled ta. N, temperature, of Q3 was set to transport essentially 100% of tH€u
was used as the primary production target. Havar entrancecoil ions, but it was kept narrow to minimize the intensity
and exit windows of 5um thickness were glued onto stan- of other recoil ions, notably’*’Co and *8Cu, reaching the
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FIG. 3. The experimental setup that was used to measure the
1550 relative branching ratios for the decay 8fCu. The two plastic
scintillators that formed the sides of th® detector box are not
shown. See text for details regarding the detector hardware.
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photons and high energy positrons that were produced by

FIG. 2. A spectrum of energy vs position obtained in the Si StripaCtIV_ItleS stopped at the slit. The. production and transgeort of
detector at the MARS focal plane. The major particle groups ard€cOils through MARS resulted in about 1 kHz B.WCUZ
identified on the figure. A slit in front of the detector stopped otherfor €ach particles nA of primary beam on target with a target
particles that were transported to the focal plane. thickness of 2.8 mg/cth

MARS focal plane. A mass analysis of the recoil ions 0Ccurs |, pETERMINATION OF THE RELATIVE BRANCHING
after the second magnetic dipolB2. This part of MARS RATIO

consists of a crossed electric and magnetic field velocity fil-
ter, which produces a vertical velocity dispersion around the The ®’Cu recoil ions that passed through the slit and lead
central velocity, followed by a vertical bending magnet, collimator system described above exited the vacuum system
D3, and two quadrupole magne€@4 andQ5. The action of through a 25.m Kapton foil and were stopped in a 0.15 cm
D3, which was set to bend the recoil ions by about 5°, is tahick Al catcher foil. The slit was closed to about 5 mm,
cancel the velocity dispersion from the velocity filter by pro- which allowed full transport of the’’Cu recoils. A small
ducing a momentum dispersion with the opposite sign. Tha@umber ofN=Z recoils were also allowed to pass through
last two quadrupoles then focus the mass dispersed ions ontioe slit. AB-y coincidence experiment was set up to measure
the MARS focal plane. the rate of decays to th&-forbidden first excited state of

A position sensitive Si strip detector was used to detec’Ni relative to the allowed Gamow-Teller decay to the sec-
the recoil ions at the focal plane. The detector was 100®nd excited state. The layout of the detector system for this
pum thick with an active area of 5 cnx 5 cm. It was measurement is shown in Fig. 3. Five plastic scintillators,
mounted on a linear motion feedthrough so that it could beeach of which were 3 mm thick and shaped to fit the geo-
moved out of the beam and later reinserted into the beametric constraints imposed by the detectors, were placed
without breaking vacuum. The front plane of the detectoraround the catcher foil to form a five-sided box. Their geo-
was segmented into 16 resistive strips. For each strip, onmetric solid angle was over 90% ofrsr. The thresholds for
end was read out by a charge-sensitive preamplifier, whiléhe outputs of the thin detectors were set for minimum ion-
the opposite end was terminated by a @0fesistor. An en- izing electrons using &°Sr source. Three high purity Ge
ergy signal was read out from the back plane of the detectodetectors from the HERA arrdyt 5] with 20% efficiency and
The position along a strip was determined from the ratio ofCompton suppression were located just outside the plastic
the signal read out from a strip to the total energy signal. Ascintillators in a close geometry to optimize the solid angle
spectrum of position versus particle energy is shown in Figcoverage. Lucite cones were inserted into the front part of
2. It is clear from the figure that th¥Cuw?®", with anM/Q  the Compton shields to prevent positrons from contaminating
= 1.97, is well isolated from the nearby groups with-Z  the Ge spectra.
and hence aMM/Q = 2.00. The resulting mass resolution, The electronics for the measurement recorded coinci-
expressed a8M/M, was 0.5% FWHM and the mass disper- dences from any3 detector with anyy detector. Tennelec
sion was 0.4 cni®%SM/M). Three different recoil ion spe- TC454 constant fraction discriminators were used to opti-
cies are easily identified in tHé=Z group, **Co, °®Ni, and  mize the timing resolution of the plastic scintillators and Ge
%8Cu. An adjustable slit was located at the MARS focaldetectors. The coincidence time was recorded in a LeCroy
plane which could be set to transport a single particle groupLR2228 TDC, set on the 250 ps/channel range, with ghe
After the MARS optics were tuned and the slit set, the Sidetector output providing the start signal for the TDC. Five
detector was moved up out of the beam to a position behindDC channels also were used as latches to identify which
the top slit. A lead collimator, through which the recoils 8 detector was hit in each coincidence event. The analog
passed, was placed behind the slit to reduce the yield of botsignals from the Ge detectors were read out by an ORTEC
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the decay of"?Fe. Both%?Fe and*®"Mn were produced off
the gas cell windows.

Additional data were obtained using a pulsed beam in
order to verify that the lifetime of the four transitions that
were identified as coming from the decay YCu were in-
deed the same. Three time bins were used to store the data.
Each bin was approximately 0.25 s in duration, correspond-
ing to about 1 mean life for thé’Cu decay. During the first
' time bin, the beam was on target a”fCu recoils were col-

700 800 900 1000 lected at the end of MARS. For the succeeding two time

bins, the beam was removed by a deflector system located in

By D the injection beam line between the electron cyclotron reso-

C F nance ion source and the cyclotron. With the beam chopper

E g on, there was no measurable beam current on the MARS
i i } ‘ .
"hWanHil | l 1

100 [

Faraday cup, which corresponded to a beam on to beam off
suppression factor of at least 4Q. The four peaks did show
the expected decrease in yield across the second and third
time bins consistent with them beiryCu decays. In con-
1100 1200 1300 1400 1500 {rast, the peaks due t™Co, which has a half-life of 1.46
15 min, had nearly constant yield for all of the time bins.
Several background checks were carried out to verify that
10 the observedy-ray lines were not contaminated by back-
ground sources. The beam gy coincidence rate from
room background was found to be extremely low. The pri-
mary source for potential contamination in the spectra was
background fromg-delayed y decays of recoil ions that
were stopped by the focal plane slit. In order to determine
1500 2000 2500 3000 the size of this background, a run was carried out with dc
Energy (keV) beam and the slit closed. The spectrum obtained from these
running conditions was consistent with that expected from
FIG. 4. A spectrum ofy rays in coincidence Witlﬁ’s from one the reduced solid angle due to the source being Stopped at the
of the three Ge detectors used in the determination of the relativélit location. No spurious events were found in the spectra
branching ratios. The peaks marked on the spectrum correspond tbat would artificially enhance the yields for any of the
decays from%Cu (A), *™Co (B), °Ni (C), 5®"Mn (D), S'Cuy-rays.
0"Mn (E), and *8Cu (F). Note that the top and bottom panels are  In order to determine the decay rate for #ieforbidden
shown with a linear scale, while the middle one is shown with a logtransition relative to the allowed GT transition, the yields to
scale. the two states from thg-vy coincidence data were corrected
for the relative efficiencies of the Ge detectors and plastic
AD413 ADC. Analog signals from the Compton shields werescintillators at the different energies. The energy dependent
stored in an ORTEC AD811 ADC. Data acquisition was donegfficiencies of the Ge detectors were determined using
by event mode recording using tigg system on a VAXsta- spectra from*®%Eu and **¥Eu, where the relative intensities
tion. Software cuts on the Compton shield outputs were thenf the lines are accurately known. The relative efficiency of
used to optimize the signal to noise in thespectra. the plastic scintillator box as a function of positron end point
The primary data for this measurement were obtainegnergy was estimated by a Monte Carlo calculation. Posi-
with a dc beam of°’Cu recoils. They spectra were gener- trons were generated according to the standard allowed
ated from the coincidence data after Compton suppressioshape, with the Fermi function taken frdr6]. Electromag-
and coincidence timing cuts were imposed. An additional cunetic interactions were simulated using EG$4]. The typi-
was made to exclude data in a Ge detector if the plastical positron efficiency was found to be50% after account-
scintillator in front of that detector was hit. This cut reduceding for the reduced acceptance due to the veto on the
the continuum background present in the Ge detectors due &zintillators in front of the Ge detectors. The relative scintil-
positron Bremsstrahlung. It also minimized event losseslator efficiency was found to be 1# 2.0 % larger for tran-
which could depend o end point energy, due to positrons sitions to the 0.768 MeV state and 16 3 % lower for
or annihilation radiation firing the Compton shields. The re-transitions to the 3.007 MeV state, compared to that for tran-
sulting spectrum of they yield in one of the detectors is sitions to the 1.113 MeV state. Geometric effects make the
shown in Fig. 4. The peaks corresponding to allowed GTlargest contribution to the uncertainties in the relative effi-
decays  energies of 1.113, 2.443, and 3.007 M&nhd the  ciencies.
/-forbidden GT decay0.768 Me\j are indicated in the fig- Including the data from both dc and pulsed beam running
ure. Also indicated on the figure are lines from the decay otonditions and all three Ge detectors, we find the branching
severalN=Z nuclei that passed through to the focal planeratio to the 0.768 MeV state relative to the 1.113 MeV state
and a transition from the decay 6fNi, that built up from  to be 10.9+ 0.6 %. The uncertainty in the result is domi-
the decay of°’Cu. The line from®"Mn occurs following  nated by the statistical precision and background in the yield
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o
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TABLE |. Branching ratios andt values for theg decays of duced through MARS as described above, but the slit at the
5’Cu. The5'Ni excitation energies and spin-parity assignments are\JARS focal plane was set at a width of 3 mm to pass only
from [3]. The relative branching ratios are measured with respect t&7c|; ions. A 5 cmx 1 cm X 500 um thick rectangular Si

ghoi /trarllsi_’lt_irc])n to thetl_.lt_ls Mevljct?t:n‘r;ﬁl\gégs?;e“Egﬁtrrilti:ﬂgznir?romsolid state detector, located after the slit and lead collimator,
0 C.l. € uncertainties neg . . .
unobserved transitions to higher excited states above 3.3 MeV. was used to count the |ncom|r'T’§Cu ions. A Ge detector was

placed directly behind the Si detector to count theays
from the °'Cu source embedded in the Si detector.
The experiment was carried out by measuring the source

57Ni final state Branching rati¢%)

J7  E,(MeV) Relatve  Absolute ft value(s) strength with the Si detector and the yieldyfays from the

- second excited state i?Ni in the Ge detector. Both detec-

2 g.s. - 89.9+ 0.8 4671+ 61 tors were operated in singles mode. No Compton suppression
2 0.768  10.9+ 0.6 0.94+ 0.09 (2.73+ 0.29X10°  was used on the Ge detector, since positrons fromahe
3 1113 100 8.60+ 0.60 (2.35+ 0.179x10"  decay could interact in the shield and hence veto real events.
3 2.443 2.0+ 03 0.17+ 003 (42* 0.9X10° A cylindrical lead shield with a 3.81 cm inner radius and 6.5
- 2.578 <03 < 0.03 cm thick wall was placed around the Ge detector in order to
3- 3.007 4.1+ 0.4 0.35= 0.04 (1.20= 0.19x10°  reduce they yield from room background. A 2.54 cm thick

1 3.234 < 0.7 < 0.06 lucite plug was put in front of the detector inside of the

shield. An additional 2.54 cm thick lucite plate was placed
between the Ge detector/lead shield and the Si detector to
to the /-forbidden transition. A small contribution to the stop positrons from thg decay. In order to reduce dead time
uncertainty(1.5% is due to the determination of the relative in the data acquisition system, events in the Si detector were
efficiency of the Ge detectors at the two different energiesprescaled by a factor of 100 before they were stored in the
The same technique was used to determine the relativeomputer. Typical readout rates during data acquisition were
branching ratios of 2.0- 0.3% and 4.1+ 0.4 % for the 11 and 35 Hz for the Si angl detectors, respectively. The Si
decays to the states itiNi at 2.443 and 3.007 MeV, respec- detector was set up so that it could be moved cm, in
tively. In both cases, the uncertainties are dominated by ousteps of 0.25 cm, along its narrow dimension to determine if
knowledge of the Ge detector efficiency at the higher enerany >’'Cu recoils were missing it or were hitting close to the
gies relative to that at 1.113 MeV. No other transitions toedge, which could result in reduced pulse height due to in-
states in®'Ni below 3.3 MeV were observed, including the complete charge collection in the detector. No yield was ob-
excited state at 3.234 MeV which has a 60% gamma decagerved at either extreme of the settings, indicating that the
branch via a cascade through the 0.768 MeV 1¢@&l This  source was fully contained in the Si detector. The effect of
leads to upper limits of 0.3% and 0.7¢80% C.L) for the  incomplete charge collection was obvious in the intermediate
relative branching ratios of the second-forbidden transitionsettings of the detector, but there was no evidence of incom-
to the 7/2" states at 2.578 and 3.234 MeV, respectively. Oumplete charge collection when the detector was centered. In
results for the®’Cu relative branching ratios t&'Ni excited  order to set limits on the horizontal extent of the source,

states are summarized in Table I. Kapton degrader foils of varying thickness were added to
cover the outside 1.5 cm of both ends of the detector. The

IV. DETERMINATION OF THE ABSOLUTE BRANCHING energy loss through the foils was sufficient to easily distin-
RATIO guish recoil ions that passed through the center section from

those that passed through one of the degrader sections. No
By determining the absolute branching ratio for the al-events were observed corresponding to recoil ions that were
lowed GT decay to the second excited state®dfli, the  outside the central 2 cm of the detector width. Also, no
absolute branching ratio for thé-forbidden decay can be counts were observed in the Si detector that could be identi-
obtained since the relative branching ratio between these tWiged as ions coming from the strog=Z group which in-
levels has been determined. The experimental setup that wafudes>8Cu, 3®Ni, and 3*Co.
used to measure the absolute branching ratio of the allowed Figure 6 shows the spectrum obtained from the single Ge
decay is shown in Fig. 5. A pure source d9fCu was pro-  detector in the vicinity of the 1.113 MeV peak. Lines for
both the 1.113 and 0.768 MeV decays®iiNi were observed
P Shield  Lucite in the singles spectrum. Other lines in the spectrum corre-
spond to those from the decays 8f"Mn, °*"Co, and
8Cu which were stopped at the slit’Ni which built up in
the Si detector during the run and room background. The
ratio of yields in the two lines from the decay 6fCu is
consistent with the results obtained in the relative branching
ratio measurement, although the statistical precision is some-
what poorer. A beam on background run for the Ge detector
was made with the slit at the focal plane closed in order to
determine if any of the yield in the 1.113 MeV peak could be
FIG. 5. The experimental setup that was used to measure th@oming from activities stopped at the slit. This spectrum is
absolute branching ratio for the decay YCu to the 1.113 MeV  also shown in Fig. 6. The background yield observed in the
excited state irP’Ni. region of the 1.113 MeVy ray was consistent with the rate
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2 5 | | . FIG. 7. The experimental setup that was used to measure the
= 1100 1120 1140 lifetime of >’Cu. C indicates a 0.15 cm thick Al beam stop for the
O 160 [ 57Cu recoils. The plastic scintillatorsS] and lucite absorberd {
© C are also noted.
140 |
120 from the positrons as they stopped in the lucite in front of the
. b Ge detector and 0.511 MeY rays.
0
80 V. DETERMINATION OF THE LIFETIME
60 The 5’Cu lifetime was determined by counting the
40 B-decay rate as a function of time from a pure source. A
_ schematic of the setup is shown in Fig. 7. The source was
20 ¢ produced by allowing thé’Cu to exit through a Kapton foil
0 n as described in Sec. lll. The focal plane slit was once again

| |
1100 1120 1140 set to pass only’Cu recoil ions(see Sec. IV for detailsA
Energy (keV) 0.6 cm thick piece of brass was attached to the back of the
lower slit to reduce the yield of high energy positrons from
FIG. 6. A section of they-ray spectrum obtained for the deter- the decay of theN=2Z group at the slit. A three-elemeiit
mination of the absolute branching ratio of the decay’@fu to the  detector telescope was set up using 3 mm thick plastic scin-
excited state at 1.113 MeV iA’Ni. The top figure was obtained tillator paddles. Absorber material was placed between the
with the focal plane slit open and the bottom was with the slitpaddles to reduce the background due to coincidences of low
closed(about 40% of the slit open running timéPeaks associated energys decays. A cosmic ray veto paddle was placed over
with *"Co and**"Mn decays on the slits, as well as room back- the telescope to reduce the background rate. The veto paddle
ground(RB) from transitions in the Ra chain, are also noted. a5 shielded from the source by lucite and a lead brick. Data
were obtained with both two- and three-detector coincidence
of ®'Cu ions stopping at the focal plane slit, but with the requirements. The data from the two-detector setup had
severely reduced geometrical acceptance from the distatdrger background but higher counting rates and ultimately
source. By contrast, the yields from the decays ofheZ produced a result with a sensitivity comparable to the three-
ions, in particular the 1.130 MeY ray from ®*™Co, did not  detector telescope setup.
change when the slit was fully closed, further indicating that The °'Cu source was produced with a pulsed beam that
the N=2Z recoils did not contaminate thi&Cu source in the was obtained using the same deflector system which was
Si detector. In measurements of the room background, ndescribed in Sec. Ill. A complete cycle consisted of beam on
peaks were found under the 1.113 MeMay line, although for 0.4 s and beam off for 2 s. The data for the lifetime were
lines from the Ra decay chain were seen nearby. The absthen obtained during the beam off part of the cycle by mul-
lute efficiency of the Ge detector was obtained using a calitiscaling the yield from the coincidences of tifedetector
brated source which containdd®u and*>*Eu. They rays telescope paddles. A PC based data acquisition system with a
in the source ranged from 0.080 to 1.596 MeV, thus spanningrecision internal clock was used for multiscaling the data.
the region of interest. Since théCu recoil ions did not form  The system was checked carefully for linearity and time re-
a point source in the Si detector, efficiency measurementsponse when it was used previously to measure seyeral
were made over a grid of positions to cover the full extent ofdecay lifetimeg18]. The maximum coincidence count rate
the source of recoil ions. The absolute branching ratio for thén the g8 detector telescope was 100 Hz, whereas the elec-
allowed GT decay to the 1.113 MeV statefNi is found to  tronics dead time was< 100 ns/event. Thus dead time ef-
be 8.6+ 0.6 %. This uncertainty includes several contribu-fects in the scaling of the data were negligible. Results from
tions. The statistical uncertainty in the yield of the 1.113the three-detector telescope data are shown in Fig. 8 along
MeV transition was 3%. The uncertainty in the determinationwith a three-parameter fit; two parameters were used to rep-
of the Ge detector efficiency was 5% due to the source caliresent the exponentially decaying sour¢éetime and
bration. Finally, the observed yield was corrected-b¥ + strength and the third was set for a constant background.
3 % to account for pileup losses due both to Bremsstrahlung A number of background checks were performed to verify
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for the decay of°’Cu to the ground state and low-lying ex-
cited states ir°’Ni. These branching ratios are summarized
in Table I. The result quoted for the ground state is based on
the assumption that there is no significant missiidecay
strength to levels irr’Ni above 3.3 MeV. Similarly, the re-
sults for the excited states assume that they have no signifi-
cant cascade feeding from unobsery@ddecays to higher
excited states iff’Ni. The new lifetime and branching ratios
are used to determine thé values for the decays which are
quoted in Table I. The phase space factors for the various
transitions were calculated from the tables[&f], which
assume an allowed GT shape and include @{ex) outer
radiative corrections, and a ground st&ec of 8.769 +
0.014 MeV, the weighted average frdi—7].

Using theft values from Table |, th8(GT) values for the
decays have been deduced, as given in Table Il.fThalue
is related to the transition strength by

103k

Residual

Counts

~ 6146 s
~ (9a/9v)*B(GT)+B(F)

1 1 1 1 1 1 Il 1
0 250 500 750 1000 1250 1500 1750 2000 ft

Time (ms)

@

with |ga/gy|=1.260[22,23. B(F) is the reduced matrix

FIG. 8. The results of the triple-coincidence measurement of th&!ément of ther.. Fermi operator which only connects iso-
S7Cu lifetime. The solid line represents a three-parameter fit to théaric analog states if isospin is conserved. The precision of
data, including a decaying exponential and a constant backgroun#le experimentalft value for the transition to the’'Ni
The residuals shown in the inset represent the differences betwed@found state required us to make a number of corrections
the fit and the data. when calculating itsB(GT) value. The isospin mixing cor-

rection to the Fermi matrix element was calculated within a
that the data were not contaminated by other short lived acsingle-particle model, using the methods discussed in
tivities or the build-up of longer liveg emitters. The event [24,25. In particular, we calculated the Hartree-Fock radial
rate was checked periodically with the beam off. No indica-wave functions for the valengs, proton and neutron using
tion of a change in this background rate was observed. Thughe SkyrmeM* interaction [26]. The correct asymptotics
the system was effectively discriminating against the lowwere enforced by adjusting the HF potential depth to repro-
energyp’s from the decay of’Ni, which has a 35.6 h half- duce the experimental proton and neutron separation ener-
life [19,20). The beam pulse period was changedts beam gies of °’Cu and>'Ni, respectively. The overlap of the pro-
on and 16 s beam off to look for decays with lifetimes someton and neutron radial wave functions obtained with this
what longer than those 6fCu. No evidence was seen in the calculation gaveSzo=1.4%. The small proton separation en-
data for other components in the decay. Runs with the focagrgy of >'Cu, S, = 695 keV, makes this correction much
plane slit closed produced a spectrum with a yield slightlylarger than inferred from an extrapolation of the calculations
above the room background. The rates and spectrum wefer the well-known 0"—0" B decays(see[27] for a re-
consistent with room background pl®Cu from a distant view). In this simple model, the valence “isospin mixing”
source. Finally, MARS was retuned to pass MeZ group  correction toB(F) is zero. A recent calculation for the
through the slit. The resulting spectrum had a much differen®* —0* decay of*®Zn, which involves the same orbitals as
character and showed evidence for decays®fu, 5Co, the °’Cu to °’Ni ground state transition, concluded that va-
and >*"Co, which have half lives of 3.20 s, 0.193 s, and 1.46lence isospin mixing reduceB(F) by an additional 0.2%
min, respectively. [25]. Therefore, we calculated tH&GT) for the analog tran-

The lifetime that we determine fot’Cu is 196.3= 0.7  sition to the >'Ni ground state with the assumption that its
ms, which is a combination of the lifetimes from the two Fermi strength isB(F)=0.984+0.006, where the uncer-
detector run(195.0 + 1.1 ms, Xf:o,se) and the three- tainty reflects the difference between calculations of the ra-
detector run197.0+ 0.8 ms,y>=1.02. The uncertainty in dial overlap using Hartree-Fock and Woods-Saxon wave

the result is dominated by the statistical precision of the firsfunctions[25]. We also included a 0.57% correction to the
few channels in the decay curve relative to the background@nalog_transitionft value to account forO(Z«?) and
Combining this with the previous measurement that utilizedO(Za®) radiative correction§28].

a mass separated souf€, we find a new lifetime of 196.4 Shell model calculations fok=57 were carried out in the

+ 0.7 ms. We adopt this value below when calculating ex-fp model space in which thef,, 0fs;, 1pz,, and 1py,
perimental transition strengths. orbitals are active. We used the FPD6 effective interaction

[29] which was obtained from a fit of six potential parameter
strengths and four single-particle energies to binding ener-
gies and excitation energies &p shell nuclei with mass
The results from the measurements described in Secs. IA=41—49, for which full space calculations can be carried
and IV can be combined to provide absolute branching ratiosut. While it has recently become possible with the Monte

VI. RESULTS AND DISCUSSION



53 |-FORBIDDEN GAMOW-TELLER 8 DECAY OF 5'Cu 103

TABLE II. Comparison of shell model results with energy levels and Gamow-Teller decay strendtk2B and 57. The experimental
results forA=29 are from[10], while those forA=57 are from this work. Excitation energies are in MeV.

CalculatedE, B(GT)
A N Js E, 3p-2h Full 1p-0Oh 3p-2h Full Effectivé Expt.
29 i+ i 0 0 0 3.000 1.266 0.219 0.150 0.189
3+ 1.27 1.00 1.39 0 0.003 0.026 0.020 0.080
I+ 2.43 6.49 2.63 0 0.113 0.559 0.274 0.2%6
57 3- 3- 0 0 1.667 0.344 0.214 0.20R)
3- 0.77 1.08 0 0.017 0.013 0.0114
- 1.11 0.97 1.334 0.185 0.101 0.162)
3- 2.44 4.13 0 0.012 0.006 0.0®
3- 3.01 471 0 0.012 0.007 0.061
2 4.82 0 0.077 0.042
3- 5.10 0 0.048 0.025

&The results in this column were obtained with the effective GT operator from the row labeled “all GT decay” in Tab[82).of

Carlo shell model method to carry out full space calculationsated values for the’-forbiddenM 1 transition. Also included
for nuclei nearA=57[30], at present the method can only be in Tables Il and IIl is a comparison of the data for the
applied to even-even ground states. Thus, in order to makg=29 T=1/2 GT andM1 transitions. As we noted in the
the calculations feasible fok=57, the full fp model space |nyroduction, the structure oA=29 is analogous to the
(with dimensions of the order of 170) must be truncated. We present case oA=57, with the G, core replaced by
will compare the experimental results to those obtained fronbd5/2 and the valence’ Q,, 1psp and Ipy, orbitals re-
the extreme §ing|e-particle model in which thi @ orbital is placed by @, and 1Sy,. In the 1p-Oh limit the allowed
completely f|||_ed (th_e 1p-Oh modgland from a more ex- single-particle transitions aresi, to 1s;,, for A=29 and
tended model in which one or two nucleons are allowed to b(—ip 10 1pg;, and Iy, for A=57. The/-forbidden transi

ited f h ital (th -2h Th I (812 312 12 S C i
excited from the ®,, orbital (the 3p mode! The only gions are B 10 Ody, for A—29 and Dy 10 Ofsy for

change made in the FPDG6 interaction to extend it from the = ; . . :
full-space A=41— 49 region to the truncated-spade=57 A=57. Configuration mixing up to 3p-2h results in a large

case was to readjust the single-particle energies to reprodu&gduction of the allowed transitions and a small but nonzero
the observed energies of thef single-hole state and Vvalue for the/-forbidden transitions. FOA=29 one can
Ofs, 1psp, and Ipy, single-particle states relative to a Carry out th_e calculations in thg fui_id shell-model space,
closed @, shell. The adjusted FPD6 interaction has beeriWhere one finds a further reduction in the allowed transitions
used to describe successfully the low-lyig@ strength in and somewnhat larger’-forbidden transition strengths. The
®6Ni and neighboring nucl€i31]. experimental results foA=29 are in reasonable agreement
In Tables Il and Il we compare the experimenB{GT)  with the full space calculation.

andB(M1) values with those calculated. The agreement be- For thesd shell nuclei, there is also evidence for configu-
tween the calculated and measu@@sT)’s is remarkably ration mixing beyond thed model space, as well as meson
good, in contrast to the results for the measured and calciexchange current effec{82]. These can be accounted for

TABLE lIl. Comparison of shell model results withl 1 decay strengthén x2) and magnetic moments k=29 and 57.

B(M1) or magnetic moment

A J; Js 1p-Oh 3p-2h Full Effectivé Expt.

29 3+ it 0 0.0005 0.012 0.029 0.068°

57 - 3- 0 0.0017 0.012 0.028)°
- 3- 2.33 0.258 0.16 0.28)%4

25i 1 3t —-1.913 -1.226 —0.501 —0.566 —0.555

2P i 2.793 1.974 1.101 1.201 1.235

SNi w 3 -1.913 -0.628 -0.71 (—)0.886)°

SCup 3= 3.79 2.45 2.48

#The results in this column were obtained with the effectit/e operator from the row labeled “moments plMd decay” in Table 2 of Ref.

[32].

bReferencd 34].

‘Referencd3].

dAssumes the transition is puhl.
®Referencd 35].
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phenomenologically by the introduction of effective GT anddecay to excited states up to 3.3 MeVifNi. The resulting

M1 one-body operators, two of which renormalize the spinB(GT) values, including that for the’-forbidden decay, are
and orbital operatorsd and §;) and anothefproportional in good agreement with the results from fm shell model

to Jy) which involves a new operator of the form calculation which includes 3p-2h configuration mixing. Thus
[YP®o],_;. This latter operator allows for the no additional extra-nucleonic effects are needed to under-
/-forbidden M1 and GT single-particle transitions to be stand the results. In contrast, the experimentdbrbidden
nonzero. Empirical values of the parametégs o,, andé, M1 strength is much larger than the prediction. This same
have been obtained from a fit to ti&GT), B(M1) and behavior has been observed in bdtk-29 andA=39. In
magnetic moment data in trel shell (see Table Il 0f32]), those cases, the agreement with experiment was improved
which include among them the-forbidden transition in  substantially when effective one-body operators were added
A=39 [1,2]. These empirical parameters have been comto the normal GT and/11 operators to account for the effects
pared to microscopic calculations of the configuration mix-of meson exchange currents and configuration mixing out-
ing and exchange current contributiof82,33. In order to  side thesd shell. We find the same effective one-body op-
evaluate whether these parameters also represent an appesators improve the agreement between theory and experi-
priate effective operator for thigo shell, they have been used mentinA=57 as well. However, thé, contribution needed

to obtain the results labeled “effective” in Tables Il and Ill. to obtain agreement with the observédorbiddenM 1 tran-

In each case, the effective interaction has been applied to ttsitions is substantially larger than expected based on micro-
full sd shell model wave functions for th&=29 calcula- scopic calculations. Thus, while théforbiddeng decay is
tions and to the 3p-2hp shell model wave functions for the adequately described by the shell modétforbidden M1
A=57 calculations. The main effect of the higher-order con-transitions are still relatively poorly understood theoretically
figuration mixing is to quench the strength of the allowed GT[32,33. More precise measurements of #idorbiddenM 1
transitions to about 60% of the value calculated within thematrix elements irA=57, including the analog transition in
fp shell. The effect of5, turns out to be small for the GT 5’Cu, may help resolve this discrepancy.

transitions, but it is important for thil 1 transitions, bring-
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