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1. Introduction

The dynamics of a core-collapse or thermonuclear superisovdluenced by the electron-
capture rates on pf-shell nuclei [1, 2, 3, 4]. Charge-exghameasurements anftdecay mea-
surements can provide a means to experimentally deterntétcéran-capture rates. As it's not
feasible to measure the B(GYTdistributions for all pf-shell nuclei, theoretical modzliculations
are needed for most nuclei and therefore must be tested. ehtrpaper, Ref. [5], presented re-
sults of a systematic comparison between the electronsepates determined from measured
B(GT") distributions and the electron-capture rates determfrad shell model and QRPA cal-
culations of B(GT") distributions for the following 13 pf-shell nuclef®Sc, 8Ti, 50V, 51V, 55Mn,
SFe, 58Fe, 59C0, %8Ni, ONi, 82Ni, 64Ni, %4Zn. These nuclei were selected because there were
existing charge-exchange measurements of the Bj@iBtributions for each nucleus. The charge-
exchange data sets considered included 11 (n,p) measusenée(d?He) measurements and 2
(t,3He) measurements. The averages of the excitation-enesgjutien of the B(GT) measure-
ments were approximately 1.1 MeV, 120 keV and 260 keV for fined reactions, respectively [5].
These charge-exchange measurements were augmentefl witbcay measurements, which for
four nuclei were used to determine the ground state stredgttitionally, for two nuclei, isospin
symmetry was used to extract strength from (p,n) measursmeéior details of these 25 existing
data sets, we refer the reader to Ref. [5] and the refereheesit.

We compared the measured GT distributions to theoreticdtilolitions calculated with the
QRPA and shell model (two interaction Hamiltonians) forisrals. The GT distributions are briefly
described in Section 2. Electron-capture rates were datedrirom both the measured and cal-
culated GT distributions at two stellar densities (tempees). Section 3 briefly describes these
calculations and compares the EC rates. Finally, in Sedtiwe evaluate the deviations of the the-
oretical rates from those determined from experimentalsm@anents and in Section 5 conclusions
are presented.

2. Gamow-Teller Strength Distribution Calculations

We performed the calculations for Gamow-Teller transgid®=1, AL=0, AT,=+1 corre-
sponding to the3* and electron capture direction. Both of the shell modeldatons were
performed in the full model space. Furthermore, the modatsas restricted to the pf-shell
only and we only considered Gamow-Teller transitions from ground state of the parent nuclei.
The shell model calculations were performed with SHELLX@MSU [6, 7] using the pf-shell
interaction Hamiltonians GXPF1a [8, 9, 10] and KB3G [11].faocilitate comparison with the ex-
perimental measurements, the shell model calculations geenched by the factg0.74)? [12].
The QRPA calculations followed the method of [13] with inpéitom [14]. The QRPA results did
not require quenching [13].

3. Electron-Capture Rates Calculations

The electron-capture rate calculations were performel thie code of Ref. [15] following
the method of Fuller, Fowler and Newman (FFN) [16, 17, 18, 1Bhe electron-capture rates
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were calculated at two stellar densitigsy =10’ g/cn? and pY=10° g/cn? for a temperature
range of 2-1610° K. Within these stellar environments, the electrons are fieami-Dirac (FD)
distribution wither = Ug + mec?, whereUE is the electron chemical potential. The stellar density
influences the electron chemical potential and, at a givesitie the stellar temperature influences
the degeneracy of the electrons. The electron-capturedegiends on the Gamow-Teller state
excitation energyHe) and strength, the electron-capture Q-valQgd) and hence also depends
on the reaction Q-valuegdr = Eex — Qec). An electron capture occurs fag > Qg (see Ref. [5]
and references therein). At the lower density, the elestfiat capture into the low energy B(GT)
states. The rate increases strongly with temperature @etfeneracy decreases and more electrons
gain enough energy to populate the states. At the highdarstignsity the FD electron chemical
potential is larger and hence electrons can populate mdieeds T states. Electron-capture rates
at the higher density have a weaker dependency on the tetugeeead location of the low energy
states, depending more on the total GT strength [20, 21]s,Tlywucomparison, the electron-capture
rates are larger at the higher density than at the lower gei@2e Ref. [5] for a detailed description
along with figures of the electron-capture rates for eacltemsc

For the 13 nuclei considered, we calculated the electrptuoa rate for at least four cases,
rates determined from KB3G, GXPFla and QRPA calculatiorss elactron-capture rates de-
termined from at least one charge-exchange measurementacilitate a comparison among
these rates for different nuclei, we determined the ratiothe electron-capture ratedgc) to
the GXPF1la ratedgc(GXPF1a)) aipY =10’ g/cn? (3x 10° K) and pY =1C° g/cn? (10x10° K).
These temperatures and densities approximately corrdgpdhe conditions of Si-burning [2] and
much later in the evolution before core collapse [4, 22]peetively (see Ref. [5] and the references
therein). The ratio\gc(KB3G)/Aec(GXPF1a) of the KB3G electron capture rate to the GXPFla
electron capture rate @Y =10’ g/cn? (3x10° K) varies by less than a factor of 10 and by less
than a factor of 5 apY =10 g/cn? (10x 10° K) for the 13 pf-shell nuclei considered in Ref. [5].
Hence, the two shell model calculations show good agreemighteach other at both densities
(temperatures).

At the lower density (temperature), thhec(n,p) toAec(GXPF1a) ratio was greater than one
for 10 of the 11 nuclei in the data set, exceeding a factor 6fih@wo cases (See Figure 1(a)). The
average of the excitation energy resolutions for the 11) B(GT") measurements was approx-
imately 1.1 MeV. This poor resolution results in some sttergping assigned to artificially low
excitation energies. Especially at relatively low stetlansities, this leads to a strong overestimate
of the deduced electron-capture rates. The electron4eapites determined from the {He) and
(t,3He) charge-exchange measurements showed better agresitretite Aec(GXPF1a), varying
by less than a factor of 10. Finally, as shown in Figure 1, tRPA electron-capture rates showed
good agreement with the GXPF1a rate for some nuclei butrdidfé&y more than a factor of 100
for other nuclei. As the QRPA B(GT) distributions exhibited more strength and/or strength-co
centrated in fewer states than either of the shell model perxental distributions, the agreement
between the GXPF1la and QRPA electron-capture rates is ocessarily an indication of similarity
between their respective Gamow-Teller strength distidimst (see Ref. [5]).
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Figure 1. The ratio of the electron-capture rates¢) determined from the measured and theoretical
B(GT") distributions to the EC rateAfc(GXPF1a)) determined from the GXPF1la distribution are dis-
played for each of the 13 nuclei at a stellar density (tertpegiiof (a)pY ¢=10" g/cn? (3x10° K) and (b)
pYe=10° g/en? (10x10° K). (Data from Ref. [5].)

4. Discussion

To test the model calculations against the experimentasmeaents, we calculated the aver-
age deviation of the theoretically determined electropiaz ratesX'") from the rates determined
from measurements\ &P) [5]:

_ 1 N Ath )\®<p
Agc = N ZLW (4.1)

The average deviation calculations only included nuclehv8(GT") distributions determined
from high resolution (dHe) and (He) charge-exchange measurements or nuclei with well de-
termined low energy Gamow-Teller states (See Ref. [5]). ERerates derived from the (n,p)
charge-exchange measurements were excluded as thealglatbor excitation energy resolution
(see Section 3) measurements resulted in an artifical dirasgi®n of the (n,p) EC rates for some
nuclei. The results of the average deviation calculatimesdisplayed in Figure 2(a) for seven
nuclei, 48Ti, 1V, 58Ni, 60N, 62Ni, 84Ni and®4zn. For these same seven nuclei, we also calculated
the average absolute deviations (Figure 2(b)) to ensuteliffierences between the theoretical and
experimental rates were not obscured by the averaging @fygoand negative deviationSec [5]:

1 N Ath @(p’

Aec| = N 21

As displayed in Figure 2(a), the GXPFla and KB3G electrgoitca rates deviated less from
the experimentally determined rates than the QRPA EC rdtethe lower density (temperature)
the deviations were less than 40% for the shell model rateypaced to a factor of 29 for the

(4.2)
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Figure 2: The (a) electron-capture rate average deviatlggr) and the (b) electron-capture rate average
absolute deviation|fgc|) are displayed for the seven nucféiTi, v, 58Ni, 6°Ni, 62Ni, 64Ni and 54zn.
The measured B(GT) distributions of these nuclei were determined from higéotetion data or from well
determined low energy GT states. (Data from Ref. [5], seeresfce for a detailed description.)

QRPA rates. While the deviations decreased, as expectdt higher density, the average QRPA
deviations were still considerably larger than those ferghell model calculations.

As displayed in Figure 2(b), the average absolute deviaiiathe electron-capture rates de-
termined from the shell model B(G7J calculations differed by less than 50% at the lower density
(temperature) and by 30% or less at the higher density (teatye). The QRPA average absolute
deviation was large (a factor of 30) at the lower density fierature) and, again, smaller at the
higher density (temperature). However the QRPA deviatiwere still greater than the deviations
for either shell model calculation.

5. Conclusions

We performed a systematic comparison of experimental auwdtical Gamow-Teller strength
distributions for 13 nuclei in the pf-shell. Additionallyye compared ground-state EC rates de-
duced from these strength distributions. It was found thes based on the strengths determined
from the shell model calculations with the GXPFla and KB3teriactions do much better in re-
producing the rates determined from GT strengths of higbluéen experiments than the rates de-
termined from the QRPA calculations. Hence the KB3G and GXR¥etermined electron-capture
rates are preferred as inputs for models of explosive stefigronments.

To further test the theoretical model calculations, we Haegun to expand this initial study to
include the calculation of electron-capture rates fortgsnuclei for which measurements do not
exist and to consider the effect of excited states of thenpameclei on the electron-capture rates.
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