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“\/(p,y) thermonuclear reaction rate relevant to **Ti production in core-collapse supernovae:
General estimates and shell model analysis
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The lack of knowledge of thé>V(p, y) reaction rate has been shown to contribute a large uncertainty to the
production of*Ti in core-collapse supernovae. By considering likely contributions from resonances associated
with 46Cr states that are the isobaric analog of state®Tiy we have determined that the currently accepted
value of the*®V(p,y) reaction rate is unlikely to be inaccurate by more than an order of magnitude. These
conclusions are confirmed by the shell model calculations with the FPD6 effective interaction.
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. INTRODUCTION all the constituents necessary to make thé(p,y) 6Cr re-
action important in determining the ultimaféTi abundance.

The isotope*Ti is of interest in astrophysics because of  The reaction rates would normally be determined in these
the evidence for its production in supernovae. Recent studiescenarios through a statistical model approach. However, al-
[1,2] estimate the mass dfTi that can be produced in core- though the level density in this mass region near the Gamow
collapse supernovae could approach 48olar masses. The window would be expected to be sufficiently high to make
very high abundance d¥Ca in the present solar system can averaging over resonances a good approximation, strong iso-
be attributed almost entirely to the synthesis*®fi progeni- lated resonances can nevertheless enhance the cross section
tor nuclei[3]. In addition, silicon carbide meteoritic samples Within a narrow range of energies. Therefore, it is interesting
have been shown to have large excesse¥®a[4,5]. These to identify possible states that.could produce strong reso-
are thought to be condensates of presolar supernovae ejecfiaIces, based on spectroscopic data, and then to examine

forming within a few years after the supernovae and henc eir effgct on the reaction rates. The prfasent stu_dy utilized
reflecting the initial Ti abundance6]. Recently, gamma- information about the known states fl{Ti to predict the

ray astronomy using several satellite based observatorielocatlon’ spin-parity quantum numbers, and spectroscopic

most significantly CGRO surveys witoMPTEL [7—9], have Pactors of excited states iffCr that are likely to be popu-

directly observed the 1.157 MeV gamma ray that signifie ated via -the45\/(p,y) reaction, and frof“ this to ca_lculate
the decay of**Ti he reaction rates. Unfortunately, despite there being many

These observations, coupled with the successful efforts tE)eIevant experimental studies, the spectroscopic information

determine the half-life of“Ti [10—14, provide a most strin- IS far from complete in the region of excitation that is of
gent test of supernova models. Of course there exist man'{)tereSt here. : I .
However, an extensive examination of the literature made

significant uncertainties in the theoretical models used, in: o . . h

. . o it clear that there was sufficient information available to at

cluding the electron fractiof15] and the possibility that | K ud f whether th | ¢ )

nearly fully ionized**Ti might be expelled from the core of east make a judgment of whether the analogs of states in
46T are likely to contribute strongly enough ftfCr to alter

the star, thus extending its mean half-life6]. Uncertainties significantly the current estimate of the astrophysically im-
in the hydrodynamics, equation of state, and effects of mag- 9 y phy y

netic fields could also play a role in téTi production. — P2Cedt 20 TSR R, 8 AP e

However, there are also possible uncertainties in the =~ : Y e L
. Culation of low-lying levels of positive parity in a nuclear

nuclear reaction rates that could affect the amount“ai svstem with A=46 using the effective isospin-invariant

produced. Thest al. [17] recently performed a systematic F)I/DDG interaction success%ull tested earlier forp this region of

variation of the reaction rates used in one such network Calfhe nuclear chart y 9

culation. They found that the uncertainty in the amount of '

44Ti produced in the alpha-rich freeze-out phase of a core-

collapse supernova showed appr(_auable sensitivity to four”. ESTIMATES OF S FACTORS AND REACTION RATES

reaction rates. Of these, the dominant one Wa#(p,y).

Although that reaction occurs somewhat to the proton-rich The states of interest will be near an excitation*icr

side of the centroid of the alpha-rich freeze-out path, the higlequal to the proton separation enelgy890 Me\j plus the

temperature environment of alpha-rich freeze-out providegnergy region of the Gamow window. In the case of the
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*\/(p,y) reaction, for temperatures of about TABLE I. Selected positive parity levels iffTi, their possible
1000 000 000 000—2 000 000 000 000 Ky 1 or 2), which spins, and the proton partial decay widths of tH&Er analogs.
are thought to be the temperatures at which the cooling

alpha-rich freeze-out material falls out of nucleaz statistical Ex(*T) (MeV) J lee I'p (MeVv)
ZE;L:IAZHEE’};"ASAS{/? range of excitation energies*icr of 5 080 2 ord 1 16 10_194
Since currently nd*V(p, y) “°Cr experimental data exist 5.080 2or4 s 9.& 10_9
in this region, we have attempted to determine the likely 5321 2 L 2. 1079
location and nuclear properties of the relevai@r states by 5.363 2 1 8. 1077
calculating where the isobaric analog states in the well- 5.363 2 3 4.510
known nucleus*®Ti would occur in“éCr. We also attempted 5.515 2 1 2810’
to infer which of the possible analog states might be impor- 5.515 2 3 2.410°°
tant to the*>V(p, y) “Cr reaction. Since likely nuclear con- 6.025 2or4 1 1.910°"
figurations in “Ti consist of a **Ti core with two extra 6.118 2 1 4.x10°*
nucleons located in thép shell, naive shell model argu- 6.118 2 3 1.%107*
ments suggest that only positive parity states of spinl 6.424 2or4 1 291073
—6 and orbital momentum transfer bf=1 or 3 need be 6.550 2or4 1 5.%10°°
considered. In reality, the positive parity level density at ex- 6.550 20r4 3 1.x10°3
citation energy higher than 3 MeV iffTi is only by a factor
of 2 higher than that of negative parity. However, due to a
strong suppression of the electric dipole transition in the 3h26§kV\/{
lower part of the spectruntsee below the presence of the Ab:Wv (1)

negative parity levels should not significantly change our

estimates. Given the proton energies considered pesve  where 6, is the reduced width of the statethe wave num-
scattering is most likely and this, together with the 7&pin  per, R the nuclear radiusy the reduced mass of the system,
of the ground state of*, further limits us to typical spin  and W, and W, the Whittaker function and its derivative,
parities of 2°,3",4", and 5. Furthermore, one would ex- respectively, as a function &,, |, , k, andR.

pect states of interest to be strongly populated in one- and Sjmilarly, the level shift of an unbound state in the analog

two-nucleon stripping  reactions, such @ScCHed),  nucleus, from the energy by which it is unbou, (in this
®Sc(*Hett), and “’CaC’He,n), while pickup reactions will case equal to the the excitation energy“iCr minus the
populate these states mUCh IeSS Strongly. proton Separation energ%r , iS given by

Since relatively high resolution is needed to provide the
required information, probably the best data that exist for our 34262
purposes are thé°Sc(*He,d) data of Banu and Guptdl8] A=— —;P,(F|F|’+G,G,’), 2
and of Bromen and Pullefil9]. From comparison of these 2uR

data with measurements from other reactions, we have iden—h i th q d width of th b q d
tified eight states that appear to have the right character to B¥N€re ¢r Is the reduced width of the unbound state, an

included in this study. The most notable of these other datk!+ Fi » Gi, and G/ the regular and irregular Coulomb
sets are the®CaCHen) data of Eversetal. [20], the —Wave functions and their derivatives, which are functions of

#53c(*Heyt) data of Priest and Vincenf21], and the Er:li, K, @andR The Coulomb penetrability factdp, is
48Ti(p,t) data of Kouzest al. [22] and of Rapaporet al. ~ 9iven by

[23]. Our criteria for selection included the above arguments,

together with a requiremeriin the absence of spectroscopic p— kR 3)
factor information that the measured cross section for the ' F2+G2

population of a state was significant.

Hence, the method used to determine the excitation of a state
in “éCr is to pick a state irf®Ti and guess where its analog

o } ) _will appear. One then calculates, and A, and tests the
The excitation energy at which these states will occur ingquajity

46Cr can be calculated from the energies of their analogs in

“6Ti using the formalism of Thomas and Ehrm{@a], which E,—E,=Ap,—A,, (4)

takes into account the different spatial distributions of the

protons within a nucleus compared to the neutrons in theimodifying the excitation in*®Cr until agreement is found.

isobaric analog. Table | lists the deduced properties of the eight states we
Following this prescription, the level shift of a bound have determined as being of possible interest, subdivided

nucleon-nucleus state ift°Ti, A,, from the energy by into the spin and transferred angular momentum combina-

which it is bound E,, (in this case equal to the neutron sepa-tions allowed for these states by the experimental data. In-

ration energy minus the excitation of the statefffi), is  cluded are the predicted proton partial decay widths, calcu-

given by lated using the relation of Blatt and Weisskd@b],

A. Thomas-Ehrman shift calculations
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2hP, 6}, ( ZE) 172 . S(E) (23+1)
TR\ ® 2+ D(2j,+1)
In the calculations we také,~ 6, = 6,,; we slightly modify r,r,

6, in order to get the resonance energies corresponding to exp(2my), (6)
the same state irf°Ti equal for bothl=1 and|=3. This
adjustment will affect mostly =3 shifts by no more than

few hundred keV. This will have a negligible effect on the

(p,y) cross sections, as thhe=3 proton captur_es zare grgatly proton, andy is the Sommerfeld parameter. The total width,

hindered compared with=1 captures. Assuming,=0.1in | i assumed to be the sum of the proton and gamma partial

all cases one gets the proton widths listed in Table 1. Al-yecay widths. Following the method of Rolfs and Rodney

though this is a_sorr_lewhat arbitrary choice, it was deemed t[)30], the value calculated by this equation at the resonance

be.reasonable in view of the number of stateslO) over energy,S(E,), can then be used in conjunction with energy

which the strength appears to be shared. dependent gamma and proton partial decay widths to deter-
mine an energy dependegtfactor,

X—
(E—E,)?+T2%4

whereJ is the spin of the state in the compound nuclguss
the spin of the target nucleus, is the spin of the projectile

B. Direct capture

In the regime of well separated narrow resonances, direct exd2mn(E)] TI'n(E) T'(E)
capture will contribute significantly to the cross section be- S(E):S(Er)exqzw,?(Er)] T.(E,) I (E,)
tween the resonance energies. Since we do not assume nar- P 7
rowly spaced resonances priori, we have to consistently [T(E,)]?%/2

)

include the direct capture contribution. Due to the lack of
information on bound states iff Cr, as well as on spectro-
scopic factors, we limit ourselves to an attempt to estimate
an upper limit of the direct capture contribution.
Assuming the first two excited states fiCr to be the

(E-E,)2+[T(E)]?/4

A rough estimate of they widths may be inferred from
the results of severat®Sc(p,y) works. In particular, Rah-

. pra . manet al. [31] and Mollaet al.[32] have looked at gamma
analogs of the corresponding states‘ffTi and setting the decays in*Ti up to around 6 MeV excitation. Typically they

(Epl’ yézspecdt'r\?icoplc; fac;tozﬁ to 1'0(’]' V\tlet calcdu![?]te? q{'[emfind E1 or E2 transitions of 2—-3 MeV, which for th&l
» £, an capture to e ground state and € TIFSt oy, itions would be consistent with decays to the two known

excited states. The calculation was similar to that of Raus- . . . .
cher et al. [26], which utilized a folding potential27] but Egﬁaélr\]/grg; :ﬁ)ﬁ{&srtiates that occur at just above 3 MeV excita-

d_etgrr]mrl]ns(éft[hzes]open parameterwith the parametrization For comparison to our results, we use the statistical model
g'VA : ditional effect aken int ¢ which cancalculations performed with theon-SMOKER code[33,34,

N addiional efiect was taken into account which can, i, js an improvement of the well-knowsMOKER code
prove important in stellar plasmas. As the target nucleus is 'TSS 36. Among other changesyoN-SMOKER features im-
thermal equilibrium with ‘its environment, not only  the roved optical potentials and level densitj83]. The statis-

ground state but also low-lying excited states can be popu: ; )
lated. This effect is usually included in the calculated stellarICaI model [38] assumes a number of overlapping reso

rates whereas laboratory measurements can only measure ances, which allows the use of average resonance
. ) erties. Although this requirement is usually satisfied for
rate with the target being in the ground state. In the case ﬁ‘%p 9 q y

. ; . . uclei in this mass region, strong and widely spaced analo
4y, the first excited state will still be populated half as 9 g y sp 9

resonances could contribute significantly.
strongly as the ground state at a temperaturél gf 1.5. Figure 1 shows, as an example, the calculd®ddctors

Therefore, we also included capture on the first excited statﬁ)r the analog to the 5.515 MeV state fATi, assuming
: ) tr

of the target, assuming equal potentials and spectroscoplg1 or 3, and for 3.0 Me\EL or E2 gamma decay transition

_factors as for the target bei_ng i_n the ground state but wei_gh probabilities; for comparison, the prediction mbN-SMOKER
ing the cross section contribution by the thermal populatlonIS also shown. The solid curve shows the predicted astro-

ne;hseegfizl::t'g?nggiﬁte?:?:gengegft'gﬂrgztriéf ;;]tc;"\gnn'ggﬂfg ysicalS factor assuming th&1 transition proceeds with a
' P rength of 10° W.u. which is typical for this scenario.

states, scattering lengths, and spectroscopic factors, the re-
sulting Sfactors and rates are only approximate. However, as _
will be seen, the contribution is several orders of magnitude D. Thermonuclear reaction rates

smaller than the resonance part of the cross section, a con- The reaction rate is obtained by numerically integrating
clusion that is not likely to be altered by more accurate Orthe Sfactor information with the thermal energy distribution.
sophisticated calculations. The contribution from a single narrow resonance may be

obtained using the equatidB9]
C. Astrophysical S factors

12 -
The astrophysicab factors for each of these states can be N, (gp)= (i) if S(E)exg — E_b dE
determined using the Breit-Wigner single-level resonance ml  (kT)%2Jo kT g2
formula[29], )
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10'2 T T T T
state #1 I=1
state #1 1=3 -----—-
NON-SMOKER --------
1010 L i
108 | 4
T FIG. 1. AstrophysicalS factor calculated us-
© - . . .
3 ing the single resonance formula as a function of
§ proton center-of-mass energy for the resonance in
g 10tf 46Cr corresponding to the firdfTi level in Table
? Il. The results of the statistical codeoN-SMOKER
are included for comparison.
100
1 .
001 1 1 1 1
0 0.2 04 06 0.8 1

Center-of-mass proton energy (MeV)

in cm®s” ! mole™*, whereT is temperature in KelvinE is in  |ected levels. Examination of the knowfTi level structure

MeV, and the parametdr is given by suggests that individual analogs of the states that appear in
o 46Cr might be able to alter significantly th&V(p,y)*Cr
b=(2u)"*me°Z,1Z,1h, ®  reaction rate. To complement and refine this information, in

particular, to minimize the possibility of important missing
states, we have performed a shell model calculation. Such
analyses have proven very effective in predicting the proper-

i " i hether interf ¢ Sties of relatively low-lying nuclear states and transition prob-
way It IS necessary 1o consider whether interierence rom, ;e the region of nuclei between Ca and Ni is currently

many states of the same spin and similar proton decay widtf] | o avtensive studv both experimentally and bv shell
might significantly affect our findings. To judge this to first model prxactititl)vner$4u1 ZZ xpen y y
order, we have considered pairwise interference between The model which c,an be treated with sufficient precision

neighboring states using the simple approximation that th%overs thef ; C . .
L2 ! p major shell consisting dfin increasing energy
total S factor for the pair is then given byi0] f-, Pas, P, ANd fep subshells, The many-body dimen-
S, = E)+ E sions of the relevant Hamiltonian matrices are still tractable,
(100 =51(E)+ S2(E) exactly or with the help of the exponential extrapolation

whereZ; andZ, are the atomic numbers of the projectile
and target nuclei.
In summing the contributions from several states in thi

+2[S1(E)S2(E)]"cog 81— 62),  (10)

TABLE II. Shell model *Ti levels corresponding to resonances
whereSrl(I_E) and_S,z(E) are energy dependeﬁtfactor_s of in the Gamow window irfeCr, selected according to the magnitude
the two neighboring states, and the phase shiftare given  of the spectroscopic factors for relative 1 andl =2 proton waves
by (last two columngs The widthI"y, corresponds to ak1 transition
to a negative parity level (3or 47) assuming a Weisskopf unit for
theB(E1) reduced transition probability., _, , are the shell model
results for the transition widths from the selected states to all other
positive parity states lower than 5 MeV.
whereE, is the resonance energy of each of the two states:

In the vicinity of the peaks, which is the only region Ex (MeV)
which makes a significant contribution to the reaction rate,

L 2(E-E;) =&
S,=tan 1W_ > (11

[
3

Tw(MeV) T, (MeV) ‘g2(1) 633)

Il. SHELL MODEL CALCULATIONS
2.87x10°° 13.94x10°8 0.23898 0.013617

10.02x107° 48.33x10°% 0.26471 0.002699
11.47x10°° 14.30<10°% 0.10239 0.033718

6.180

A quantitative analysis based on the levels included in 6.232
Table | is likely to be inaccurate due to missing information g.373
about the spectroscopic factors, spin, and parities of the se

the interference term makes little difference. Hence we be- 5191 4 211x 107: 1.41x 107: 0.10969 0.024388
lieve it is justified, within the context of the current work, to 5410 3 321 1075 9.98% 1078 0.17326 0.024388
continue by just taking the sum of all the possible contribut- 5528 2" 4.23<10 7.74x107" 0.14431 0.126491
ing states, so as to form an approximate estimate of the 5683 4" 4.72¢10°° 562<10°° 0.19603 0.012338
5.917 28 7.25x10°° 2.96x10°° 0.10968 0.025836
5.917 5 2.07x10°° 16.44<10°% 0.16332 0.077748

5"

3

4
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10" . T T

1ol0 b J

FIG. 2. AstrophysicalS factor calculated us-
ing the single resonance formula as a function of
proton’s center-of-mass energy for the resonances
in “6Cr corresponding to all terf®Ti levels in
Table II.

S-factor (MeV barn)

10°® I 1 !
0 0.5 1 1.5 2

Center-of-mass proton energy (MeV)

method [41,43. The necessary effective interactions sug-invariant FPD6 effective interaction calculating with the core
gested for this region have been shown to work well. Thuspf 4°Ca the positive parity levels up to 7 MeV excitation
the FPD6 effective interactiof#4] should give a very good energy. The shell model reproduces the collective yrast band

description of nuclear structure in our region of interestin agreement with datigd7] (mean square deviation less than
aroundA=46. 300 keV), and the overall level density is also reasondbhi

: ; " ; . out of the total of 23 positive parity, fully identified states,
n .‘Q}.;_Sr.moﬁg' we desc_r 'b? only positive parity states in, i, ey citation energy lower than 5 MeV, are obtaihed
nuclei *°Ti or ™*Cr. An excitation of negative parity requires Therefore we expect that the average properties of the rel-

the creation of a hole in thed shell. Unfortunately the full evant states within the Gamow window, such as typical
sdfpspace leads to matrix dimensions that are too large fosingle-particle occupation numbers and spectroscopic fac-
direct diagonalization. For applying approximate approache#ors, can be used as representative quantities for reliable es-

one needs to carefully eliminate the spurious excitations adimates of the reaction rates. _ _
sociated with center-of-mass motion. One can calculate a Vith the shell model wave functions we find the spectro-

few low-lying states including only 7w excitations. How-  SCOPIC factorsSy(jl) for the proton c:lpture_ from the con-
ever, the negative parity states corresponding to the Gamof/!uum state {I) by the ground statd”=7/2 '1;62 Ts=1/2
window in the 43V(p, y) reaction are intractable due to the ©f *V with the excitation of the stat@JT) in “Cr as the
very high density of negative parity states at that excitatiorf'iPle-Parred reduced matrix element

energy in the analog nucled€Ti. We can study the potential
implication of the negative parity states by calculating the

_ 1
occupation probabilities of thes?,, and 1d,,, proton single Sp(il) = (2J+1)(2T+1)
particle levels in the ground state 67V. In the calculation

we truncated the 824wsdpf sheII_ model space Up 10 thg requced widths for given final states can be written, after

10000 000m-scheme states, following an ordering proce'averaging over the proton spin, as

dure described in Ref$41,43. As an effective interaction '

we used a combination of FPD6 for tlip shell, USD [45] 1 1

for the sd shell, and a modified form of the Millener-Kurath 9§(|): — 2 [Su(il) 2= _§§(|)_ (13

interaction[46] for the cross-shell part. The resulting occu- 39 3

pation probability is 1.96very close to the maximum value

of 2), and that fords, is 3.9(close to the maximum value of We need the spectroscopic factors and the reduced widths

4). When this strength is spread over many states, it sugges® the individual states for the proton orbital momehtal

that thes- andd-wave spectroscopic factors of typical nega-andl=3. The resulting states of positive parity give rise to

tive parity states in the Gamow window are smaller than, odipole radiation to final states of negative parity oE®and

of the order of, 103. This number supports our approach of M1 gamma transitions to the lower-lying positive parity

keeping only the positive parity states in the analysis of thestates. In Table Il we show the calculated reduced widths for

45V(p, y)*Cr reaction rate. the shell model states at energies close to those selected for
Experimentally, 57 levels are known f4fTi in the exci-  Table I. The reduced widths fdr=3 are smaller than for

tation energy range below 5 MeV and 59 levels between 5=1; the difference can reach two orders of magnitude. The

and 7 MeV. Many levels do not have certain assignments o€olumnI’yy shows the radiation widths for those states in the

spin, although, for the majority, the parity is known. We Gamow window that can decay by a dipole radiative transi-

performed the shell model diagonalization with the isospintion to the analog of the lowest negative parity

ATlllajll*Vgs). (12
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10000 . . . . T T Assuming for the dipole transitions the summed radiation
1000 [ NON-SMOKER - ] width ", = 103"y, and using the expressiof) and(8) for
the reaction rate we come to the temperature dependence
z 100f 3 shown in Fig. 3. The general behavior of the temperature
g w0k ] curve is similar to that obtained inNON-SMOKER statistical
e calculation. The magnitude of the resulting rate is slightly
= 1F E lower; the difference grows with temperature reaching one
5 oL ] order of magnitude at¢=3.5. The missing negative parity
5 states, whose density is smaller than that of positive parity
B 001 F 7 states only by a factor of 2, can contribute to an additional
§ 0.001 [ ] increase of the total reaction rate, but not by a factor that is
expected to be large. Thus, the first attempt of the shell
10 | 3 model analysis confirms the indications of the simpler ap-
105 proach used in the previous parts of this paper.

4 The shell model results are sensitive to the details of
nuclear structure through gamma strengths and proton spec-
troscopic factors. The inclusion in the analysis of individual

O‘”negative parity states is an important problem of the nuclear
shell model to be considered in the near future.

FIG. 3. Reaction rate as a function of temperature; the soli
curve, denoted ak',,, corresponds to the width &1 transitions
under assumption of I¢ W.u. for theB(E1) reduced transition
probability, and the dashed curve shows the results ofnibie- IV. CONCLUSIONS
SMOKER statistical calculation.

The estimates and calculations presented above show that

37(3059) keV and 4(3441) keV states if°Ti. The dipole  the “V(p,) reaction rate, the uncertainty of which has re-
transitions to the 3 state are estimated assuming the re-cently been.re_cogngfl by Tlee al.[17], as being important
duced transition probability equal to a Weisskopf unit,in the predictions of*'Ti nucleosynthesis in core-collapse
B(E1)=0.064A%%?fm?2. Individual states differ by the Supernovae, is unlikely to be more than an order of magni-

gamma-ray energy and we show the radiation width in MeVvtude away from the predictions of the statistical model code
I'wW(E1)=6.75x 10 8E2 (MeV). The resulting widths NON-SMOKER However, it cannot be excluded that one or
. S :

range from~10"% to 10°5 MeV. It is well known that the More isobaric analogs to states 1Al may contribute sig-
low-lying dipole transitions are considerably overestimatedhificantly to this reaction rate. The first shell model analysis
by Weisskopf units. According to the known System(,mcspe_rf(_nrmed here does not show any states that would lead toa
[48], in the region beyond®Ca the hindrance factor for the striking enhancement of the reaction rate. Of course, addi-
isospin allowed dipole transitions is 16— 107, (It is inter- tignal experiments o identify potential important states in
esting to notice that the isospin forbidden dipole transitions C'» Measure their spins and parities, and determine rel-
in N=2Z nuclei as is*Ti manifest in average the same hin- evant spectroscopic information would be useful. Such ex-
drance facto}.For the measured gamma transitions from theP€riments necessitate radioactive beam facilities. However,

negative parity levels ifTi, the lifetimes vary from 0.05 ps they will be extremely difficult to perform with the current
to 60 ps, which corresponds to the radiation widths fromdeneration thereof. The next problem from the theoretical

108 MeV to 10 1 MeV, in agreement with the above sys- side is the ex.tension of qalculations in this region qf t.he
tematics. Preliminary shell model results in tbepf model nuclear chart in order to _mclude the cross-shell excitation
space are also consistent with this analysis. and levels of negative parity.

The column labeled , _, , in Table Il shows the summed
widths of all transitions allowed by angular momentum and
parity from a given individual positive parity entrance state The authors would like to thank J. @&es for his assis-
to all positive parity states below excitation energy of 5 MeV.tance in several of the computational aspects of this work,
These widths were calculated with the full shell model waveand Y. Motizuki in preparing the manuscript. V.Z. is thankful
functions of initial and final states. The resulting total widthsto H. Schatz for helpful references. This work was supported
vary from 10 ® MeV to 5x10 " MeV. Figure 2 shows the by National Science Foundation Grant Nos. PHY-0070911,
incoherent sum of possible contributions to the astrophysicaPHY-9513893, PHY-9901241, and DMR-9977582. T.R. ac-
Sfactor from the ten resonancesfCr corresponding to the knowledges support from PROFIL of the Swiss NSF, Grant
states in“®Ti indicated in Table 1. No. 2124-055832.98.
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