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5Be and 8C level widths
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R-matrix formulas are used to calculate the two-proton decay widths ofBleeand®C ground states and
of the Be first excited state. The calculated widths for fike states depend strongly on the values taken for
the energy and width of theLi ground state; agreement for tfi@e ground-state width can be obtained for a
reasonable choice ofLi parameter values, and the same choice gives good agreement f8Béhexcited-
state width and branching ratio féHe decay. FofC, contributions from two of the possible decay channels
give an appreciable fraction of the experimental width.
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The latest compilation of “Energy Levels of Light Nuclei, channel definition of the partial observed widtﬁ% (herec
A=5-7"[1], gives the width of the 0 ground state ofBe ~ =s or d for sequential or diproton decgybut using the
as 92+6 keV. It mentions two published experimental valuesnotation of Refs[12,13, we may write the total observed
of 95+28 keV[2] and 89-6 keV [3]. An earlier published width as
value was 1440 keV [4], while an unpublished value of
126+15 keV [5] was mentioned in an earlier compilation o :2 o (1)
[6]. The compilation[1] also gives the width of the 2 first g e
excited state ofBe as 1.16:0.06 MeV, with the branching
ratio for decay of this state via the emission &fle [T
=1, S=0] as 0.6@:0.15. The width value comes from the
average of many measuremefdse Ref[7]). The branching 1"2:— Fc:27§cpcv 2
ratio is from a single measurem€i@]; however, this paper 1+2 ),2 g
actually gives the fraction of diproton emission as about 20% ¢
[and of this fraction(60*=15% hasS=0].

For 8C , the latest compilatiof9] gives the 0" ground-
state width as 23650 keV. This value was obtained by fit- _ (Qp
ting a Gaussian to an observed pg¢aR]; the same authors PC=J P1c(Qzp—U)p(U)dU, 3)
also found a width of 18356 keV by using a Breit—Wigner
peak shapgl0]. An earlier published value was 228 keV T dS. (E—U
[11]. = f [L‘)

We here use previously publisheld-matrix formulas dE
[12,13 to calculate the widths of th&Be and C ground
states and of the first excited state %Be. Here

The ground state ofBe decays by two-proton emission
to the ground state dfHe, with an available energy of 1.371 ', (U)
MeV [1]. The decay can be by diprot¢fHe) emission, or it pe(U)=c 1 *
can occur as sequential emission of the two protons through [U=Qipc—Ape(U) ]+ ngc(U)
the low-energy tail of the unstabRei ground stateR-matrix
formulas have been given for two-proton sequential decayyhich can be written for théHe channel in the form of Eq.
[12] and for He decay[13], where they were used to calcu- (3) of Ref.[13]. Also
late upper limits on the observed widths for the sequential

with

where

} pc(U)dU. (4)
E=Qy,

©)

and ?He decay of the”O ground state. The partial observed [(U)=273.P,c(U),
widths as defined in Ref§12,13 are, however, not additive, 6)
as each is based on a one-channel approximation; rather, the Ay(U)=— 7§c[SZC(U)_SZC(Q1pC)]'

corresponding formal widths should be added to give the

total formal width and the total observed width obtainedWe note that the suffixes 1 and 2 refer to the first and second

from this, with the factor containing contributions from both decays, althougl,,. andQ,, refer to one-proton and two-

decay channels. Alternatively, with the origifdl4] multi- proton decay energies. We apply these formulas to°Be
case. Because théBe ground-state width is reasonably
small, one would not expect much difference between the

*Email address: frederick.barker@anu.edu.au FAX: 61 2 612%bserved width and the full width at half maximuFWHM)
4676. as obtained experimentally. One h@s,=1.371 MeV. Un-
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less otherwise mentioned, we use conventional values of the Values of the’Li ground-state energy and width obtained
channel radiug=a(A}*+ A}, with a=1.45 fm[15]. from some of these 20 reactions are given in the latest
We first consider’He decay. The wave function for the Ajzenberg-Selove compilatiofi8]; they are essentially val-
5Be ground state is taken from the shell-model calculationsies of the peak energy and FWHM of the peak, which are
of Ref.[16]: not necessarily the same as the resonance energy and either
the formal or observed width, though the FWHM is expected
®°Be(07)=0.934[2]%5))-0.358[11]*F;).  (7)  to be closer to the observed width. The compilatid]
_ 4 . gives the energy as 1.97 MeV, based on an atomic mass
Then the spectroscopic factor f6Be decay to'He+ “He is  gycess of 11.68 MeV, and the width a4.5 MeV. This value
S45=(0.934F X 9/8=0.981, where 9/8 is the c.m. correction of the mass excess was given originally by Everlistgal.
factor [17]. For this decay, the single-particle dimensionlessi1g] where it is derived from seven nuclear-reaction results
reduced width, calculated from E¢L6) of Ref.[12] using  cqjiected by Van Patter and Whalifig0]. These results give
Woods-Saxon(WS) parameter valuesro= :.L-172 fm, @& 5. ground-state energy values ranging from 815
=0.72 fm, andrc=1.30 fm as in Ref[13], is 65,=1.13.  MeV from the reaction®Li( p,d)5Li to 2.06=0.2 MeV from
Then ¢?=1.11 andy?,=2.03 MeV. Also P4=0.0347 and  3He(d, y)°Li, with a weighted mean of 1.740.06 MeV,
§é:0_320 MeV L. corresponding to a mass excess of 11.45 MeV. It is not clear
The formulas of Ref[12] are used to calculate the con- how Everlinget al. [19] obtained a mass excess of 11.68
tribution to the total width of the’Be ground state due to MeV; thus the compilatioi18] energy of 1.97 MeV is sus-
sequential decay. These formulas assume a one-levBECt. It may be noted that the compilations in 1959 and ear-
R-matrix approximation for the ground state %fi, which is ~ lier [21-23 took the energy as 1.80 MeV. The width value

described in terms of its resonance ene@y,s above the of ~1.5 MeV given in the compilatioi18] can be traced
“He+p threshold and reduced widt2, for decay to*He back to the measurement of Frost and Haf@#, and ap-

+o. Y 5 i pears in all compilations from 19922] to 1988[18]. Other
is Ziv'lt;fr:eb(;/t[)lsi]rved Width25(Q1ps) OF the "Li ground state values of the FWHM have been givga8], ranging from

1.18+0.13 MeV from “He("Li, ®He)°Li to 2.6+0.4 MeV
3 5 . .
9% (Q1pd =Ts(Q1p)/[1+ ¥2(dSy(U)/dU) 0. ], from “He(d,y)°Li, while a more recent value of 0.2
2sh<ips 2si<ips aeimTEs v les(8) MeV from H(a,y)5Li is given in Ref.[1]. Values 0fQ; s
and y5 are given directly in a two-leveR-matrix fit to data
so that values of/%, can be obtained from experimental val- from reactions in whictPLi is formed as an unstable product
ues of either the formal or observed width. The formulas alsducleus{25]:

depend on the reduced widti;ﬁs for the ®Be decay to Q,,.=1.861 MeV
5Li(g.s)+p, which depends slightly 0Q;,s. tps ' (10
Widely varying experimental values have been given for ¥5s=(0.952 Me\#?)2=0.906 MeV,

the energy and width of théLi ground state, in part due to _

the use of different definitions for the energy and width of anfor @,=5.5fm [and B=S(Qy,g]. These values give
unbound level. In the compilatidit], the recommended pre- I'9s(Qips) =1.30 MeV.

scription based on the extend&matrix method uses the  In view of the wide spread of values for téi ground-
complex energy of a pole of tl®matrix, giving the energy state energy and width, we initially calculate the sequential
as 1.69 MeV above théHe+ p threshold and the width as contribution to the®Be ground-state width using one set of
1.23 MeV. It is, however, not obvious ho@,s and y5,can Vvalues and consider the sensitivity of the results to changes
be obtained from these values. From a conventi®alatrix N these values. From the conventiofamatrix prescription
prescription, using definitions as in Lane and Thorfed,  [1], we take the valueg9). We calculatey using the®Be

the compilatior{1] gives the resonance energy as 2.08 MeVvdescription (7), giving the spectroscopic factafs;=1.88
and the observed width as 2.11 MeV, for a channel radius<6/5=2.25. Using conventional WS parameter valugs

a,=2.9 fm. These values give =125fm and ay;=0.65fm as in Ref [12],
, we find ¢,=0.433, giving $*=0.975 andy;,=3.15 MeV.
Q1ps=2.08 MeV, y3,=11.9 MeV. ©  The formulas of Ref[12] also give P¢=0.0404 andS;

=0.278 MeV . From Egs.(1) and (2), the total observed

The values above all come from a comprehensive multilevel, .~
multichannelR-matrix analysis of reactions in theli sys- Width is

tem, including all possible reactions for the two-body chan- o 2(2.03x0.0347+3.15<0.0404

nelsdfr3He%p_+4H§, andp+ 4H.e for c.m. energies corre- L= 1572.03<0.320- 3 150 278 MeV=157 keV.
sponding to°Li excitation energies less than 23 MeV. They (11)
take no account of reactions in which tRki ground state is

observed as a particle-unstable product nucleus. The complhis is significantly bigger than the experimental FWHM
lation [1] lists 20 such reactions, while in only one of the values, which is not surprising as the val& =11.9 MeV is
reactions included in th&matrix analysis p+ “He elastic  very large. It leads ta&,,=2.27, based 0W§p=0.848 MeV
scattering is the °Li ground state expected to contribute sig- from Eq. (16) of Ref.[12]. Most models for°Li(g.s) would
nificantly. give §,;<1.25 (as 5/4 is the c.m. correction facjoiThese
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values use,=2.9 fm as in Ref[1]. If we fit the observed 5Be(27)=0.833[2]°%D,) +0.553[11] *P,).
width 2.11 MeV given in Ref[1], using the conventional

channel radiusa,=3.75 fm, we findy5,=3.98 MeV and  For 2He decay, one haS,,= (0.833}x 9/8=0.780, and¥?,

I'2,=93 keV in good agreement with experiment. In this =0.520, giving y2,=0.742. Also P4=0.272 and §é
case, the spectroscopic factorig=1.46. =0.260 MeV . For sequential decaySs;(s=1)=1.693
We consider how sensitive this agreement is to changes ifindS;,(s=2)=0.551(wheres is here the channel spiand

the assumed values of parameters and input data, using the _) 516 |eading tov2.=4.46 MeV. AlsoP.=0.256 and
results fora,=3.75 fm as standard. Changing the WS pa-_—° " " 1 g toris=4- ' s
rameter values has little effect on the calculated width—1096> — 0-200 Me\fo B

changes iy, a,, andr ¢ produce at most a few keV change _ 1hese givel' =

(13

1.29 MeV, and the branching ratio for

in the width. Decreasing from 1.45 to 1.35 fm increases
'Y, by 7 keV. If the simplest.S-coupled shell-model de-
scription is used for théBe ground statéentirely [2]°'S,,
so thatSs;=1.600, Ty, is increased by 4 keV.

For the sequential decay, the calculated value§soﬁre

sensitive to the values assumed for the energy and width of_ 0]

the °Li ground state. If we retaiQ,,s=2.08 MeV, as above,
but reduce the width from 2.11 MeV to 1.91 MeV, corre-
sponding toS,;=1.25, its expected upper limit, th(:‘l?{)Ot is
reduced by 10 keV. From the value€lO) (with a,
=5.5 fm), which correspond t6,,=0.97, we findF?ot=69
keV. If we usngS(les)=1.30 MeV as derived from Egs.
(10), but then use the conventional channel radas
=3.75 fm, we findy3,=2.48 MeV (corresponding taS,;
=0.94 and 'y, =79 keV. KeepingQ,,s=1.861 MeV and
a,=3.75 fm, and taking"%, (Q1,9) =1.57 MeV correspond-
ing to Sy;=1.25, we findy3,=3.32 MeV andl',=95 keV.
With conventional values of all parameters, includig

2He emission is 15.0%. An estimate of the corresponding
FWHM (using a density-of-states function for sequential de-
cay only gives a value about 7% less than the observed
width—i.e., about 1.20 MeV. There is therefore good agree-
ment with the experimental FWHM of 1.1#8.06 MeV and
branching ratio of “about 20%of which (60+15)% has
—we have assumed that tHéle emission is entirely
S=0.

With the simplest shell-model description of thiBe ex-
cited state, one findE>,= 1.16 MeV and a branching ratio
of 26.3%. If we use the parameter valué€®, with a,
=2.9 fm, we obtain",= 1.66 MeV with a branching ratio
of 12.5%.

Csdo [26] calculated an excited-state width of 0.87 MeV,
the small value in this case being associated with a calcu-
lated energy that is 230 keV too logwith Csdo’s energy,
our procedure gived'S,=1.02 MeV). His wave function
contains 59.99%6=0, L=2 compared with 69.4% from Eq.
(13).

=3.75 fm, interpolation of the above values shows that the The 8C ground state decays by the emission of four pro-

experimental FWHM of 92 keV may be fitted witl§,;
=1.25 andQ;,s=1.91 MeV or, alternatively, witk5,,=1.20
and Q;,s=1.86 MeV (or with other combinations with
smallerS,, and smallerQ,,¢). As an example, we take the
values

a,=3.75 fm, Q,,s=1.86 MeV, y5,=3.18 MeV,
(12)

which give S;;=1.20, T3 (Q;,9 =1.53 MeV, andl'g,=92
keV. These values seem to be not unreasonable.
From a three-cluster microscopic model #Be, Csdo

tons to the ground state dHe, with an available energy of
3.513 MeV[9]. The decay can proceed in various ways—by
direct emission of a four-proton clustetBe), which seems
unlikely, or by sequential decay involving the unstable
ground states ofLi, ®Be, and ’B. We consider only two
contributions to the total width of thC ground state?He
emission to the ground state 8Be and single-proton emis-
sion to the low-energy tail of théB ground state, which then
decays to®Be+p. In both contributions, we neglect the
width of the ®Be ground state. Then the available energy for
decay of5C to ®Be+2p is Q,,=2.142 MeV[9]. From Ref.
[1], we take the energy and width dB ground state as
Qips=2.21 MeV andl' (Q1p9) =1.4 MeV. The procedure

[26] calculated a ground-state width of 160 keV, the large <P

value probably being due to the calculated energy of the stat

being 150 keV too highif we use Csto's energy for the
state, we find", =145 ke\). It is of interest that his ground-
state wave function contains 87.8%40, L=0, compared
with 87.2% from Eq.(7).

The 2" excited state of®Be at an excitation energy of

s similar to that for°Be above.
From Ref.[16], the relevant shell-model wave functions

1.67 MeV decays by two-proton emission to the ground state

of “He, with an available energy of 3.04 Md\]. In this
case, the sequential decay throughi+p is energetically
allowed, as is theHe emission. We assume tfiei param-
eter valueg(12), which led above to a good fit to th&Be

ground-state width. Conventional values are assumed for the

other parameters.
From Ref[16], the wave function of théBe excited state
is

8C(07)=0.934[22]°'S,)+0.356[211] *°P,)  (14)
and
"B(3/27)=0.843[21] *P;,,) + 0.51Q[ 21] *?Dyy,)
—0.169[ 111] #s;,). (15)

For the ?He decay,Ss, =0.195<8/9=0.173 and 63,
=1.004, giving °=0.174 andy§d=0.242 MeV. Also Py
=0.0478 andS;=0.345 MeV 1.
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For the sequential decay througB, we find y§S=2.22 The R-matrix formulas[12,13 for two-proton decay give
MeV, S;;=3.11x8/7=3.55, and #z,=0.414, giving y;;  calculated widths of the ground and first-excited states of
=3.91 MeV. AlsoP,=0.0412 and§;=o.322 MeV L. ®Be in agreement with experimental values, provided the

We then obtain an upper limit on the contribution to the €nergy and width of the'Li ground state are suitably and
total width coming from these two channels of 148 keV, reasonably chosen, and for the excited state the calculated
which is about 70% of the experimental FWHM values. ~ branching ratio for >He decay agrees with experiment.

A rough allowance for the nonzero width of tf@Be  For the ground state diC, which decays eventually ttHe
ground state increases the calculated width by less than 0d&hd four protons, contributions from two of the possible
keV. Use of the simplest wave functions for tA€,”B, and  decay channels calculated from tHematrix formulas
®Be ground states reduces the calculated width by about Biake up an appreciable fraction of the experimental total
keV. width.
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