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Abstract. High-resolution inelastic electron scattering experiteemere performed at the
S-DALINAC for precise determination of the partial pair whd™ ;; of the second™ = 0" state,
the so-called Hoyle state, #¥C. Results for the monopole matrix element (directly relatel ;)
from a nearly model-independent analysis based on an exatagn of low-q data to zero momen-
tum transfer are presented. Additionally, a Fourier-Bearalysis of the transition form factor is
discussed. The combined result of both methods leads tdialgeair width ™ ;; = 62.2(10)ueV.
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INTRODUCTION

The production of the element carbon is a key reaction ofastalicleosynthesis. The
creation of its most abundant isotop&C is the result of the triple-alpha process [1],
which passes through thH& = 0" resonance at an excitation eneigy= 7.65 MeV in
12C. The state is called Hoyle state as it was postulated [2] byagrophysicist Fred
Hoyle to explain the observed abundance of carbon in theddsey The Hoyle state has
unusual structure considered as a pure example af @nster condensate [3, 4].

Despite its astrophysical relevance, the carbon producéte through the triple-alpha
process is known with insufficient precision only [5, 6]. Femperatures above 4 &
the reaction rates, can be written as
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whererl 44 is the radiative width of the Hoyle statk,the Boltzmann constant, the
temperature, an@s, the energy released in the decay of the Hoyle state into three
alpha particles.

As seen from Eq. (1), for a precise determinationr§f only I'roq and Qz, need
to be known. The released ener@g, = 379.38 keV is measured with a precision
+0.20 keV (see Ref. [7] and references therein). The unceéytaihthe 3x process
due to this factor is very small and corresponds to aply2% at 2<10° K, decreasing
as 1T with increasing temperature. Consequently, the main uaiogytin r, is due to
the uncertainty i ;g which, however, cannot be measured directly. It is deteschas
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a product of three independently measured quantities
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wherel" =TI + 'y + T is the total decay width taking into accoum y ande™ decay
of the Hoyle state. At present these three quantities arerkmath an accuracy (left to
right) of +2.7% (see Ref. [8] and references thereir,2% (see Ref. [9] and references
therein), andt-6.4% (from combination of values quoted in Refs. [10, 11]adiag to
a totalrz, uncertainty of£11.6%. A new experiment for a precise measurement of the
second quantity is discussed in Refs. [5, 12]. Additionalyew result for the third
quantity,i.e. the pair widthl" , with a quoted accuracy af2.7% is given by Crannell
et al. [13]. It would reduce the total uncertainty of, to +10.0%. Unfortunately, the
new value is inconsistent within error bars with the eaneues ofl ; [10, 11].

A main purpose of the present work is to resolve the existmupmsistency in the
partial pair widthl" ; of the Hoyle state using high-resolution electron scattermea-
surements at low momentum transfers.
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EXPERIMENTAL DETAILS

The experiment was performed at the 1@%8agnetic spectrometer of the S-DALINAC.
Excitation energy spectra were taken at initial electroargies between 29.3 MeV
and 78.3 MeV and scattering angles betweeh &3d 142. This corresponds to the
momentum transfer range for the Hoyle state between 0.2 &md 0.66 fnr1. A self-
supporting carbon target with natural isotopic contentamdreal density of 6.4 mg/ém
was used. Typical beam currents were aboptAlL In the energy-loss mode an energy
resolutionAE ~ 28 keV (full width at half maximum, FWHM) was achieved.

Typical spectra measured at a beam energy 73 MeV are prdsentdg. 1. The
prominent peaks correspond to the elastic line, thestate atEx = 4.44 MeV and the
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FIGURE 1. Spectra of thé?C(e,é) reaction measured at a beam enegy= 73 MeV and scattering
anglesf = 93 (top) andd = 141° (bottom).



Hoyle state aE, = 7.65 MeV in12C. For an energy calibration of the measured spectra
electron scattering otBe, 28Si and®**Mo was performed under the same kinematics.

PWBA ANALYSIS

In the plane wave Born approximation (PWBA) the monopole matementME for
the transition to the Hoyle state can be extracted in a neaslyel-independent way [14]
by a least squares fit of the reduced transition probalsiliig@ng the equation

2 2
/4TB(CO,q) = %(ME) [1—%&%+~-], 3)

whereB(CO, q) is the reduced transition probability]JE the monopole matrix element,
Ry the transition radius, angithe momentum transfer. The outcome of the fit procedure
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FIGURE 2. Extraction of the monopole matrix element by extrapolatadrthe reduced transition
probability to zero momentum transfer. Data are from Ref] [tircles) and the present work (squares).

is presented in Fig. 2, where the experimental valyé4mB(CO0,q)/g? and the fit
function are plotted as a function gf. Data measured in the present work (squares)
are shown together with older data (circles) from Ref. [11]e Bolid curve represents
the fit to the data resulting iIME = 5.37(7) fnf and a transition radiug; = 4.30(12) fm.

In the analysis the data points were weighted by their eraos Bnd terms up to order
q® were considered. The resulting partial pair widith = 59.6(16)ueV is in a good
agreement with the values extracted by Craneehl. [10] and Strehl [11], but with a
significantly reduced uncertainty.

FOURIER-BESSEL ANALYSIS

An alternative method to determirig; is a reconstruction of the;0— 0 transition
density by means of a Fourier-Bessel analysis, which thewalto extract the transition



charge density and the matrix elem®#fE. For an accurate extraction of the transition
density, data should be available over a broad momentursfénarange. This is the case
for the Hoyle state in a regiogp= 0.2 — 3.1 fm~! (Refs. [11, 15] and the present work),
as shown in Fig. 3.

A detailed description of the fit procedure can be found in IR§]. In the present
analysis a bias tail starting from the radigs= 5 fm with a weightP = 20 was used.
Due to program limitations only 100 data points could be usetthe analysis. These
were chosen to be 22 Darmstadt loydata points, 13 higlerpoints from HEPL and the
rest was taken randomly from the Bates and NIKHEF data. Cosyaof different data
sets in regions where they overlap has shown that the HERLwiaite systematically
15% higher than the data from Bates and NIKHEF, the lattergogirgood agreement
with each other. The used HEPL data points were reduced ytar faf 1.15.
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FIGURE 3. Transition form factor for the transition from the groundtstin!2C to the Hoyle state
extracted by Fourier-Bessel analysis in comparison wighetkperimental data.

Figure 3 shows the transition form factor to the Hoyle stdimimed by the fit pro-
cedure in comparison with the experimental data. The cporeding transition density
yields a monopole matrix element of the transition from theugd state inC to the
Hoyle stateME = 5.55(5) fnf. This leads to a partial pair width,; = 63.7(12)ueV in
disagreement with Ref. [13].

Additional details concerning both analyses are containétef. [17].

EXTRACTION OF THE PAIR WIDTH

As the lowq extrapolation and the Fourier-Bessel analysis can be ceregsidndepen-
dent of each other, the obtained results are averaged. 8dds ko a weighted mean of
the partial pair width for the transition from the groundtet the Hoyle state it?C

r=622(10) peV, (4)

the most precise result to date.



Year Analysis Pair width Ref.

1967 PWBA | —— [10]
1970 PWBA %ﬁ [11]
1970 Old average %-—% [18]
2005 Fourier-Bessel —-— [13]
2008 PWBA —— Present work
2008 Fourier-Bessel HH Present work
2008 New average ‘ ‘ ‘ HH ‘ ‘ Present work
50 55 60 65 70
I [peV]

FIGURE 4. Summary of partial pair widths derived over the last 40 yéarthe Hoyle state if’C.

Figure 4 shows a comparison of the results for the partialivpigith of the Hoyle state
obtained in the present work with the data available in tieedture. The newly obtained
partial pair width agrees well with older data — except the rom Ref. [13] — but has
a significantly reduced uncertainty.

ACKNOWLEDGMENTS

We acknowledge H.-D. Graf, R. Eichorn and the S-DALINAC teamn preparing
excellent beams. This work has been supported by the DFQ gndé&ract SFB 634.

REFERENCES

1. E.E. SalpeterAstrophys. J115, 326 (1952).

2.  F. HoyleAstrophys. J. Suppl, 121 (1954).

3. Y. Funaki, A. Tohsaki, H. Horiuchi, P. Schuck, and G. Rgpgkeys. RevC67, 051306 (2003).

4. M. Chernykh, H. Feldmeier, T. Neff, P. von Neumann-Coaal] A. Richter,Phys. Rev. Lett98,
032501 (2007).

5. S.M. Austin,Nucl. PhysA758, 375c (2005).

6. F. Herwig, S.M. Austin, and J.C. Lattanzlhys. RewC73, 025802 (2006).

7. J.A.Nolen and S.M. AustirRhys. Re\C13, 1773 (1976).

8. R.G. Markham, S.M. Austin, and M.A.M. Shahabuddilucl. PhysA270, 489 (1976).

9. D.E. AlburgerPhys. RevC16, 2394 (1977).

10. H. Crannell, T.A. Griffy, L.R. Suelzle, and M.R. Yearjatucl. PhysA90, 152 (1967).

11. P. StrehlZ. Phys234, 416 (1970).

12. N.J. Goodman, J. Bos, J.C. Lighthall, S.T. Marley, J.d&nyA.H. Wuosmaa, C. Tur, S.M. Austin,
E. Estrada, and G. Lorusso, http://meetings.aps.orgBiRS.2007.DNP.BE.8 (2007).

13. H. Crannell, X. Jiang, J.T. O'Brien, D.I. Sober, and Efe@hann Nucl. PhysA758, 399c (2005).

14. H. TheissenSpringer Tracts in Mod. Phy$§5, 1 (1972).

15. H. Crannell, private communication (2005).

16. J. Heisenberdidv. Nucl. Phys12, 61 (1981).

17. M. Chernykh, Doctoral thesis D17, TU Darmstadt (2008).

18. F. Ajzenberg-Selové&ucl. PhysA506, 1 (1990).



