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Measurement of the 40Ca„3He,t…40Sc reaction
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Levels in 40Sc below 2.5 MeV excitation energy have been populated in a high-resolution study of the
40Ca(3He,t)40Sc reaction. Three new states have been observed at energiesEx51703, 1871, and 1925 keV.
Correspondence of the observed40Sc levels with knownT51 states in40K and 40Ca are based on predictions
provided by the isobaric multiplet mass equation. Our results confirm recently estimated stellar reaction rates
for proton capture on39Ca.

PACS number~s!: 21.10.2k, 25.55.Kr, 26.30.1k
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In stellar hydrogen burning at temperatures in excess
T50.1 GK, initially abundant nuclei are gradually tran
formed to heavier isotopes by proton capture reactions
b1 decays@1#. It was pointed out previously@2# that at suf-
ficiently high stellar temperatures, the abundance flow w
reach the isotope39Ca. Depending on the magnitude of th
39Ca1p reaction rate as compared to theb-decay rate of
39Ca, the subsequent flow could continue via the reac
sequence 39Ca(b1n)39K( p,g)40Ca(p,g)41Sc or by
39Ca(p,g)40Sc(p,g)41Ti(b1n)41Sc. The former path is ex
pected to slow down the abundance flow towards hea
isotopes because of the longb-decay half-life of
39Ca (T1/25860 ms), the slow40Ca1p reaction, and a
possible (p,a) reaction competing with the (p,g) reaction
on 39K. Consequently, a quantitative estimate of the ste
reaction rate for39Ca(p,g)40Sc (Q50.54 MeV) could be
important for modeling the nucleosynthesis in the Ca m
region and beyond.

Large-scale reaction network calculations of explos
hydrogen burning nucleosynthesis have been performed
cently by Iliadis et al. @3#. The results indicate that th
39Ca1p reaction plays a minor role at temperatures typi
for nova outbursts (T<0.35 GK) since the abundance flo
does not reach the calcium region. Similarly, network cal
lations performed for a x-ray burst model that achieved
peak temperature ofT51.5 GK indicate only a small influ-
ence of the39Ca1p reaction rates on the resulting nucle
synthesis. This is because the inverse photodisintegratio
40Sc will compete with the proton capture reaction on39Ca
for such high temperatures. As a result, a large amoun
material accumulates at39Ca and the abundance flow wi
depend mainly on the reactionQ value rather than on the
reaction cross section. However, at intermediate temp
tures of T50.4–1.5 GK that are, for example, typical o
stable hydrogen burning on the surface of accreting neu
stars@4#, the 39Ca1p reaction rate will most likely have an
impact on nucleosynthesis.

A direct measurement of the39Ca1p reaction requires
the use of a radioactive ion beam. However, the low39Ca
beam intensities produced at present-generation radioa
ion beam facilities are not promising for direct cross sect
measurements. Therefore, indirect experimental techniq
have to be applied in order to estimate the reaction rates.
most recent calculation of39Ca1p reaction rates is pre
sented in Iliadiset al. @3#. In that work, contributions of four
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resonances and the direct capture process have been
into account. Resonance energies were calculated by u
40Sc excitation energies measured in the40Ca(3He,t)
charge-exchange reaction@5#. Furthermore, proton andg-ray
partial widths have been estimated from measured spec
scopic factors and mean lifetimes of the corresponding st
in the mirror nucleus40K. According to Ref.@3#, the result-
ing statistical uncertainties of39Ca1p reaction rates amoun
up to one order of magnitude for stellar temperatures be
T52 GK.

The estimated reaction rate depends sensitively on
values for the excitation energies of the first two levels abo
the proton threshold and on the analog state assignmen
isospin triplet states inA540 nuclei. Precise40Sc excitation
energies belowEx52.5 MeV have been reported in onl
one study@5#. Analog state assignments are complicated
the fact that for several known40K levels the corresponding
states in40Sc are missing@6#. In the present work, we hav
reinvestigated the40Ca(3He,t)40Sc reaction with special em
phasis on the measurement of precise excitation energies
on detecting the missing40Sc levels.

The 40Ca(3He,t)40Sc reaction was studied using3He
beams provided by the TUNL FN tandem Van de Gra
accelerator. The target was composed of 47mg/cm2 of
natCa evaporated onto a 22mg/cm2 carbon backing. Outgo-
ing reaction products were detected using a positi
sensitive avalanche counter@7#, located in the focal plane o
an Enge splitpole magnetic spectrometer. Data were take
u lab510° and 15° so that states arising from target conta
nation or from deuterons misidentified as tritons could
distinguished from the states of interest. A second run
u lab510° was carried out in order to check the results fro
the first run. The beam energies for the two runs w
26.064~2! MeV and 26.076~2! MeV. These values were de
rived from an intercomparison of states populated by
27Al( 3He,d)29Si and 27Al( 3He,t)29Si reactions atu lab55°,
10°, and 15° and the quoted uncertainty includes the dif
ences in energy lost by the deuterons and tritons within
27Al target.

Spectra of states observed in40Sc are displayed in Figs. 1
and 2. The observed energy resolution was approximately
keV. The energy dispersion of the focal plane was de
mined using well-known states populated in t
12C(3He,p)14N, 27Al( 3He,p)29Si, and 28Si(3He,p)30P reac-
©2000 The American Physical Society01-1
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FIG. 1. Triton spectrum measured with th
40Ca(3He,t)40Sc reaction atu lab510°. Back-
grounds from oxygen are labeled as B. At th
angle, the 2370-keV state is obscured by one
these lines.
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tions, measured at the same magnetic field and detecto
sition as for the40Ca(3He,t)40Sc reaction. This information
was then used to calculate the difference in triton energ
between the excited states in40Sc and the ground state. Ex
citation energies were determined from these energy dif
ences. Because of a nonlinearity in an ADC module, t
procedure had to be slightly modified for the data from
second run atu lab510°. In this case, the excitations energi
aboveEx51.6 MeV were determined relative to our valu
for the 895-keV state, derived from the previous run.

Excitation energies of40Sc measured in the present wo
at detection anglesu lab510° and 15° are listed in the firs
column of Table I and the weighted average is given in c
umn 3. Altogether we have observed three new40Sc states at
energiesEx51703, 1871, and 1925 keV. The tabulated u
certainties include contributions from the beam energy, p
centroids and the dispersion calculation. Systematic er
associated with drifts in the magnetic field or motion of t
beam on target have a negligible influence on the ene
difference and therefore have been ignored. Similarly,
energy difference is insensitive to uncertainties associa
with energy losses in the targets. Previously compiled res
@6,8#, which have been adopted from measurements of R
@5,9#, are listed in column 4 for comparison. It can be se
that the agreement between the present results and tho
Ref. @6# is excellent. The last column of Table I lists th
weighted average of the two data sets.

In Table II we list isospin triplet states (T51) in A540
nuclei. The information for40K and 40Ca, including analog
state assignments, is adopted from Ref.@6#. The assignments
of 40Sc levels is not straightforward since theJp values for
most states are unknown. Analog state corresponde
based on experimental excitation energies alone are un
able because of the possibility of considerable Coulomb
placement energies. In this work we have used a met
described in Ref.@3# to which the reader is referred for de
tails. In brief, measured excitation energies of40K and 40Ca
levels, for which the spins and parities are well known,
used together with the isobaric multiplet mass equat
~IMME ! @10# in order to calculate excitation energies of40Sc
analog states via
02880
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Ex~
40Sc!52Ex~

40Ca!2Ex~
40K!12@c2c~g.s.!#. ~1!

The coefficient c is a measure for the isotensor Coulo
energy of a specific isobaric triplet. It was shown in Ref.@3#
that for T51 states inA528, 32, 36, and 40 nuclei the las
term in Eq.~1! can be neglected in a first-order approxim
tion. Using this procedure, excitation energies in proton-r
nuclei have been predictedon averagewithin 50 keV @3# of
their actual values. Possible analog assignments of40Sc lev-
els are then found~i! by minimizing the difference betwee
measured40Sc excitation energies andEx values calculated
with Eq. ~1! and~ii ! by matching experimentally determine
spin-parity restrictions with well-known quantum numbe
of the isobaric triplet.

Measured 40Sc excitation energies andEx values esti-
mated with the IMME are listed in columns 5 and 7, respe
tively, of Table II. The analog assignments for the first thr
excited 40Sc levels atEx534 (31

2), 772 (21
2), and 894

keV (51
2) are unambiguous, with the latter two states cor

sponding to the lowest-lying resonances in the39Ca1p re-
action. The state atEx52283 keV has been observed
b-delayed proton decay studies@11,12# and selection rules

FIG. 2. Triton spectra atu lab510° and 15° showing states th
energy rangeEx51500–2000 keV. The solid lines are fits to th
data.
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BRIEF REPORTS PHYSICAL REVIEW C 61 028801
for Gamow-Teller transitions imply an assignment of 11
1 .

The IMME predicts the energy of this level to within 16
keV. Below we discuss the analog assignments of other40Sc
levels. These are based on weak arguments and, there
have been placed in parenthesis in Table II. According
Ref. @13#, the measured40Ca(3He,t)40Sc angular distribu-
tions for Ex51797 and 2370 keV suggestsJp values of ei-
ther 32 or 42. These two levels have been assigned pre
ously @13# to 32

2 and 42
2 , respectively. However, note tha

the former assignment is in poor agreement with the exc
tion energy predicted by the IMME~Table II!. Consequently,
we have assigned 33

2 and 42
2 , respectively, toEx51797 and

2370 keV. It was also suggested by Ref.@13# that both the
measured (3He,t) angular distribution and the cross secti
strength for the previously unresolved doublet atEx
51.67 MeV are consistent withJp values of 12122. In
the present work, the doublet has been resolved, resultin
measured values ofEx51671 and 1703 keV~Table I!. We
have assigned 11

2 and 22
2 to these two levels, in reasonab

agreement with the IMME results. The remaining two lev
at Ex51871 and 1925 keV~Table I! have not been observe
previously, and are associated with 01

1 , 21
1 , or 31

1 . Note
that the IMME predicts another40Sc level at'1.45 MeV
~Table II!. A weak indication for this state might be visibl
in Fig. 1, but insufficient statistics precludes an unambigu
identification.

TABLE I. Energy levels of40Sc belowEx52.5 MeV.

Present work Endta Adoptedb

10° 15° Averagec

35.428 34.332 35.116 33.615 34.311
772.528 772.032 772.216 772 2 772.112
896.028 894.032 895.120 892 2 893.514
1672.033 1671.036 1671.619 16674 1670.717
1703.540 1704.050 1703.222 1703.222
1793.032 1800.036 1796.124 17994 d 1797.020
1875.040 1868.036 1871.127 1871.127
1936.040 1930.036 1932.727 1932.727

2430120e 22836 f

2376.050 2376.050 23664 2370.030

aReference@6#.
bWeighted average of columns 3 and 4; all levels, exceptEx

534 keV, are unbound (Qpg5539.104.46 keV @14#! and corre-
spond to resonances in39Ca1p.
cWeighted average of columns 1 and 2.
dThe value 1779 keV given in Ref.@6# is a typographical error; the
correct value is 1799 keV~see Refs.@5,8#!.
eFrom b-delayed proton decay study of Ref.@9#.
fWeighted average ofb-delayed decay studies of Refs.@11,12#.
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In the present work, we have measured excitation en
gies of low-lying 40Sc levels. The energies of the first tw
states above the proton threshold have been measured
precision of<2.0 keV, and are in agreement with prev
ously reported values@5#. These two states correspond
low-energy resonances atER

cm5233 and 354 keV and domi
nate the39Ca1p reaction rates belowT51.0 GK @3#. For
this temperature region, the present results thus confirm
39Ca1p reaction rates recommended recently@3#.

The previously reported@5# doublet atEx'1.67 MeV
has been resolved in the present work, resulting in39Ca1p
resonance energies ofER

cm51132 and 1164 keV. We hav
also observed two more, previously undetected40Sc states,
corresponding to resonances atER

cm51332 and 1386 keV.
Resonances aboveER

cm51 MeV dominate the reaction rate
at T51.0–2.0 GK@3#. The individual reaction rate contri
butions will depend on assumptions for theirJp values. In
the present work we have obtained analog assignments
the corresponding levels by using the IMME. Our results
consistent with previous assumptions@3# and, therefore, sup
port the recommended reaction rates and estimated un
tainties of Ref.@3# at T51.0–2.0 GK.

This work was supported in part by the U.S. Departm
of Energy under Contract No. DE-FG02-97ER41041.

TABLE II. Isospin triplet states (T51) in A540 nuclei (Ex in
keV!.

40K a 40Caa 40Scb IMME c

Ex Jp Ex Jp;T Ex Jp Ex

0 42 @7658# 42;1 0 42 0
30 32 36 32;1 34 42
800 22 767 22;1 772 734
891 52 893 52;1 894 895
1644 01 1748 01;1 ~1871,1933! 1852
1959 21 1906 21;(1) ~1871,1933! 1853
2047 22 1747/1983d 22;1 ~1671,1703! (12,22) 1683
2070 32 1761 32;1 1452
2104 12 1774/1947d 12;1 ~1671,1703! (12,22) 1617
2260 31 2120 3;1 ~1871,1933! 1980
2290 11 2207 1;1 2283 11 2124
2291 32 1945/2011d 32;1 ~1797! (32,42) 1665
2397 42 2391 42;1 ~2370! (32,42) 2385
2419 22 2382 (2,3)2;1 2345

aFrom Ref.@6#; the 40Ca excitation energies are given relative to t
energy of the firstT51 state atEx57658 keV.
bProposed analog state assignments of the present work~Sec. III!.
cEstimated40Sc excitation energies by using the IMME~see Sec.
III !.
dConfiguration-mixed doublets.
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