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vae is driven by the energy release of the hot CNO cycle.

Because the peak temperature in the thermonuclear runaway

is typically below 3.5!108 K, breakout processes are inhib-
ited by their limited reaction rates. Observation of the abun-

dance distribution in nova ejecta indicates large overabun-

dances of nitrogen produced by the " decay of the bottleneck
nuclei, 14O and 15O, in the hot CNO cycle [1].
As shown in Eqs. (1) and (2), a rapid change in the energy

generation rate occurs once the CNO cycle transits from cold

to hot. This transition condition, which is a function of tem-

perature and density, can be determined by finding when the

rates between the " decay of 14O and 15O and the slowest

proton capture reaction in the cycle are equal. This is shown

in Fig. 1 and given by [2]

# = 1.0/!"$14 + $15#XH"NA$%v%min#& , "3#

where $14 and $15 are the lifetimes of
14O and 15O, respec-

tively, XH is the mass fraction of hydrogen, and NA$%v%min is
the smallest proton capture reaction rate in the hot CNO

cycle. For temperatures less than T9=0.14, the
14N"p ,&#15O

reaction rate is slightly slower than the 13N"p ,&#14O rate.

Thus the 14N"p ,&#15O reaction controls the transition from

the cold to hot CNO cycle. A recent result from
14N"3He,d#15O [4,5] shows that NACRE overestimated the

14N"p ,&#15O rate by 54–84 % for T9'0.1. This further so-
lidifies the importance of 14N"p ,&#15O in the cold CNO

cycle and the transition from the cold to hot CNO cycle with
T9'0.1. For temperatures from T9=0.14 to T9=0.59, the
13N"p ,&#14O reaction rate is the slowest and it completely

dominates this transition. Therefore, precise determinations
of the rates for these capture reactions are vital for predicting
the conditions where the transition from the cold to hot CNO
cycle occurs.
For T9=0.2, the Gamow window for the

13N"p ,&#14O re-
action is located at 148 keV with a width of 117 keV. At this
energy, the reaction is dominated by the low-energy tail of
the s-wave capture on the broad 1! resonance at Er
=0.529 MeV, which has a total width of 37.3±0.9 keV (see
Fig. 2). The direct capture contribution is significantly
smaller than that due to the tail of the resonance within the
Gamow window. But since both resonant and nonresonant
capture proceed via s waves and then decay by E1 transi-
tions, there is an interference between the two components.
Thus the resonant tail can be enhanced through constructive
interference or reduced through destructive interference. Pre-
viously Decrock et al. [6] used the 13N"d ,n#14O reaction to

determine the spectroscopic factor of 0.90±0.23, from which
they then obtained the direct capture contribution to the re-
action rate. Based on their result, direct capture yields a non-
negligible contribution to the reaction rate at low energy.

It is well known that direct capture is proportional to the

asymptotic normalization of the tail of the bound state over-

lap integral and that this quantity can be determined by

peripheral proton transfer reactions [7]. We have used

the peripheral transfer reaction 14N"13N, 14O#13C at

11.8 MeV/nucleon to measure the asymptotic normalization

coefficient (ANC) for 14O→ 13N+p, thus yielding a more

precise determination of the nonresonant capture cross sec-

tion. The capture rate for 13N"p ,&#14O has then been deter-

mined from the measured ANC and the latest parameters

available for the resonance states using an R-matrix analysis

similar to that described in a previous paper [8].

II. EXPERIMENTAL PROCEDURE

The 13N radioactive beam was produced via the
1H"13C, 13N#n reaction using a 13C beam of '600 enA at

FIG. 1. (Color online) Density and temperature conditions for
the transition from the cold to hot CNO cycle for a typical novae

hydrogen mass fraction XH=0.77. The solid line is the calculation

with the competition between 13N"p ,&#14O and the " decay of 14O
and 15O. The dashed line is the calculation with the competition

between 14N"p ,&#15O and the " decay of 14O and 15O. The hot

CNO cycle operates in the upper unshaded region. The typical tem-

perature and density condition for novae [1] is also shown as the
circle in the upper left corner. The rates used in the calculation are

taken from NACRE [3].

FIG. 2. Low-lying energy levels of 14O and the two s-wave

radiative capture processes in 13N"p ,&#14O. Because both processes
involve E1 transitions, they interfere.
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6% of the real events. Hence the excitation functions were

not corrected for this.

Errors on the resonance energies !and hence 22Mg excita-

tion energies" result from !i" the angular straggling of pro-
tons through the gas and detectors, !ii" the error in the energy
loss corrected proton energy and the finite pixel size, and !iii"
the error in the resonance energy resulting from the Lorent-

zian fitting.

A SRIM2000 calculation was performed to determine the

contribution from !i". This determined that proton angular
straggling was #1.1° corresponding to an error in the c.m.
energy of !0.12 MeV. The error from !ii" was determined
by putting limiting values on the energy loss corrected pro-

ton energy (Ep) and angle ($) in the reconstruction of the
c.m. beam energy. It is not clear how these three separate

contributions are related in determining the final error in the

c.m. beam energy. For simplicity, it is assumed that they are

independent so the three sources of error were summed in

quadrature.

Definite information can be deduced on the energy levels

in 22Mg where there is no ambiguity and a unique level

assignment in 21Na can be made. It can clearly be seen that

particular excited states in 21Na can be populated through

FIG. 6. Efficiency corrected excitation functions where decays

via !a" the p0 channel and !b" the p3 channel are unique. The raw
data are shown in the upper graph, the efficiency corrected data are

shown in the middle graph, and Lorentzian fits to the efficiency

corrected data are shown in the lower graph.

FIG. 7. Efficiency corrected excitation functions for a case

where ambiguity exists and a decay via !a" the p2 channel or !b" the
p3 channel are both possible. The raw data are shown in the upper

graph, the efficiency corrected data are shown in the middle graph,

and Lorentzian fits to the efficiency corrected data are shown in the

lower graph.

TABLE I. Results from Lorentzian fitting to cases where a

unique state assignment in 21Na can be made. The last column

indicates a decay via proton emission to a state in 21Na where p0

represents a transition to the ground state, p1 to the first excited

state, and so on.

Er !MeV" % !MeV" Ex (
22Mg) !MeV"

Observed

channel

1.98!0.14 0.10!0.02 10.12!0.14 p2

2.17!0.14 0.13!0.08 10.31!0.14 p2

2.28!0.15 0.21!0.10 10.42!0.15 p0

2.41!0.14 0.16!0.03 10.55!0.14 p2

2.52!0.14 0.10!0.05 10.66!0.14 p0

2.72!0.14 0.21!0.01 10.86!0.14 p3

2.78!0.14 0.12!0.02 10.92!0.14 p0

2.87!0.14 0.10!0.02 11.01!0.14 p6
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more than one level in 22Mg. However, for those cases

where there is ambiguity and more than one level assignment

is possible, no definite information on the level structure of
22Mg can be deduced.

Considering the coupling between channel spin and or-

bital angular momentum, in both the entrance and exit chan-

nels, one can see that the p0, p1, p6, and p7 channels have

the same J! possibilities, the p2 and p5 channels have the

same J! possibilities and the p3 and p4 channels have the

same J! possibilities. Along with resonance energy informa-

tion from the cases where a unique level assignment can be

made, one can place restrictions on the cases where an am-

biguity exists in the final state assignment. For those cases

where two final state assignments are possible, it is thus as-

sumed that the decays are via the p0, p2, p5, and p6 chan-

nels. The yield of protons from these assumed decays were

included in the calculation of the appropriate resonance

strengths.

The low statistics and limited angular range of the detec-

tors prevent the angular momentum of the outgoing protons

to be determined reliably. For protons with Ec.m.!EB "the
Coulomb barrier#, the possible values for the orbital angular
momentum of the outgoing protons are 0, 1, and 2. The

effective barrier is 3.51, 5.66, and 9.96 MeV for !"0,1, and
2 transitions, respectively, justifying the !"2 limit since all
proton events have a c.m. energy that is much lower than the

effective barrier for an !"2 transition "see Fig. 3#.

C. Comparison with known data

Table III presents a comparison between the results ob-

tained in the present study and previous results from studies

of the 16O(12C,6He)22Mg reaction and the previous direct

measurement of the 18Ne($ ,p)21Na reaction. The spins of
states in 22Mg are assigned assuming an !"0 transition,
except for those states that decay via the p2 channel "to the
1.716 MeV, 7/2# state in 21Na) which assume an !"2 tran-
sition. Spins assuming an !"1 transition are shown in

brackets. A corresponding level diagram is shown in Fig. 8.

It can be seen that the excitation energies obtained from this

work are in good agreement with previous studies.

D. Resonance strengths

Consider a thin element of gas at a distance, x, from the

entrance window. This distance corresponds to an energy,

E(x), and a thickness, %E . The beam energy distribution at

this point is Gaussian, as measured by the direct beam en-

ergy measurement. This results from straggling and is taken

into account in the calculation of the detection efficiency.

The yield of protons in the detector system, due to reactions

within this gas element, is

TABLE II. Results from Lorentzian fitting to cases where two

state assignments in 21Na can be made. The last column indicates a

decay via proton emission to a state in 21Na where p0 represents a

transition to the ground state, p1 to the first excited state, and so on.

Er "MeV# & "MeV# Ex (
22Mg) "MeV#

Observed

channel

2.27$0.15 0.21$0.10 10.41$0.15 p0

2.55$0.14 0.19$0.04 10.69$0.14 p0

2.74$0.14 0.30$0.04 10.88$0.14 p1

2.12$0.14 0.07$0.03 10.26$0.14 p2

2.34$0.14 0.16$0.04 10.48$0.14 p2

2.63$0.14 0.12$0.07 10.77$0.14 p3

2.86$0.14 0.12$0.02 11.00$0.14 p3

2.06$0.14 0.09$0.03 10.20$0.14 p4

2.52$0.14 0.15$0.02 10.66$0.14 p4

2.54$0.14 0.11$0.01 10.68$0.14 p5

2.73$0.14 0.13$0.03 10.87$0.14 p6

2.84$0.14 0.08$0.02 10.98$0.14 p7

TABLE III. Excitation energies in 22Mg with Ex'10.00 MeV.

16O(12C,6He)22Mg a 18Ne($ ,p)21Na b 18Ne($ ,p)21Na c J!

10.078$0.024 10.12$0.14 2# (3%,5%)

10.190$0.029

10.297$0.025 10.31$0.14 2# (3%,5%)

10.429$0.026 10.42$0.15 2# (1%,3%)

10.570$0.025 (10.580$0.050) 10.55$0.14 2# (3%,5%)

10.660$0.028 10.66$0.14 2# (1%,3%)

10.750$0.031

10.844$0.038 (10.820$0.060) 10.86$0.14 0# (1%)

10.910$0.050 10.92$0.14 2# (1%,3%)

10.980$0.031 10.990$0.050

(11.050$0.050) 11.01$0.14 2# (1%,3%)

11.135$0.040 11.130$0.050

aReference (4).
bReference (1). Levels in parentheses were tentatively assigned.
cThe present work. The spins of states in 22Mg are assigned assuming an !"0 transition, except for those
resonances that decay via the p2 channel which assume an !"2 transition. Spins assuming an !"1 transi-
tion are shown in parentheses.

D. GROOMBRIDGE et al. PHYSICAL REVIEW C 66, 055802 "2002#

055802-6

Unique level assignments

Ambiguous level assignments

D. Groombridge, et al., Phys. Rev. C 66(2002)055802

W. Bradfield-Smith, et al., Phys. Rev. C 59(1999)3402



- The proton penetration is extremely high compared with the α penetration.
  Therefore, the α width completely dominates the resonance strength, the cross
  section, as well as the stellar reaction rate.

- Due to the drastically decreasing α penetration it is impossible to measure this
  reaction directly or inversely at the astrophysically important region for T9 = 0.3 - 1.
  About 1010 times higher 18Ne intensities than currently available would be needed.

Indirect methods are needed

Some facts about 18Ne(α,p)21Na



ωγ ≈ (2J + 1) Γα

18Ne(α,p)21Na

dσ

dΩ
(θ) = D2

0

∑

lsj

2JB + 1
(2JA + 1)(2j + 1)

Slsjσ
DW
lsj (θ)

DWBA zero range approximation

18Ne(6Li,d)22Mg*
J(18Ne) = 0
J(α) = 0
J(22Mg*) = J

Resonance strength:

s = 0 ,   l = j = J,    π = (-)J

Direct measurement vs. alpha transfer

Low penetration
= low cross-section

Needs energy scan Model dependent,
Needs optical potential parameters,
but independent from resonance 
parameters

γ2
α =

3h̄2

µR2
× Sα

σ(E) = D2
0 Sα σDW

lsj (E)σ(E) = π
µR2

3h̄2 (2J + 1) Γp Sα ×
1
k2

α

P (E)
(E − ER)2 + (Γ/2)2

Γα = P (E)× kαR× γ2
α



G.P.A. Berg, et al., Nuc.
Phys. A718(2003)608c 

Indirect Measurements

12C(16O,6He)22Mg

24Mg(4He,6He)22Mg

A. A. Chen, et al., Phys. Rev. C 68(2001)065807

610~ G.PA. Berg et al. /Nuclear Physics A718 (2003) 608c-610~ 

3. EXCITATION ENERGIES OF RESONANCE STATES 

In order to calibrate the momentum spectrum all well separated known low-lying levels 

[6] in 22Mg labeled g.s., 1 - 8 and the g.s. levels of I40 and “C from carbon and oxygen 

contaminations were used at two magnetic field settings to calibrate the complete focal 

plane. The calibration is linear with a small quadratic term. The energies of high-lying 

states above E, = 6 MeV are summarized in Table 1 and compared to results of ref [7]. 

The standard deviation of all 22 calibration levels from the calibration is 9 keV. Additional 

errors shown in Table 1 resulted from uncertainties in the peak fitting procedure. The 

background from oxygen and carbon were subtracted in the spectrum shown in Fig. 1 

except for the two g.s. levels, which were used in the calibration. The background was 

normalized to the 140 and “C ground states using separately measured spectra on Mylar 

(oxygen and carbon) and pure carbon. Energy levels above 8.8 MeV are relevant for rate 

calculations of the 1sNe(o,p)21Na reaction which controls the break-out of the hot CNO 

cycles above 0.8 GK. 

Table 1 

Energy levels of 22Mg , in units of keV 

EZ VI this work &[7] this work &[7] this work Ex]71 this work 

6041 11 6059 9 8203 23 8197 10 9533 24 9542 12 10750 31 10776 20 
6255 10 6244 9 8396 15 8380 10 9638 21 9640 10 10844 38 (10915 20) 
6606 11 6606 9 8547 18 8512 10 9712 21 9746 IO 10980 31 (11015 20) 
6767 20 6766 12 8613 20 (8644 18) 9827 44 9853 11 11135 31 (11118 20) 
6889 10 8754 15 8771 9 9924 28 9953 13 (11231 20) 
7169 18 7216 9 8925 19 8921 9 10078 24 (10128 20) 11313 20 
7402 13 9066 18 (9029 20) 10190 29 11581 20 
7674 18 7614 9 (9172 2<?) 9154 10 10297 25 10260 10 (11742 20) 
7784 18 (9248 20) 

(93;8 22) 

10429 26 (10389 20) 11881 20 
7964 16 7938 9 9329 26 10570 25 (12003 20) 
8092 16 (9452 21) 10660 28 10627 20 (12169 20) 

Errors in keV in italics. Levels in parenthesis are tentative assignments. 
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more than one level in 22Mg. However, for those cases

where there is ambiguity and more than one level assignment

is possible, no definite information on the level structure of
22Mg can be deduced.

Considering the coupling between channel spin and or-

bital angular momentum, in both the entrance and exit chan-

nels, one can see that the p0, p1, p6, and p7 channels have

the same J! possibilities, the p2 and p5 channels have the

same J! possibilities and the p3 and p4 channels have the

same J! possibilities. Along with resonance energy informa-

tion from the cases where a unique level assignment can be

made, one can place restrictions on the cases where an am-

biguity exists in the final state assignment. For those cases

where two final state assignments are possible, it is thus as-

sumed that the decays are via the p0, p2, p5, and p6 chan-

nels. The yield of protons from these assumed decays were

included in the calculation of the appropriate resonance

strengths.

The low statistics and limited angular range of the detec-

tors prevent the angular momentum of the outgoing protons

to be determined reliably. For protons with Ec.m.!EB "the
Coulomb barrier#, the possible values for the orbital angular
momentum of the outgoing protons are 0, 1, and 2. The

effective barrier is 3.51, 5.66, and 9.96 MeV for !"0,1, and
2 transitions, respectively, justifying the !"2 limit since all
proton events have a c.m. energy that is much lower than the

effective barrier for an !"2 transition "see Fig. 3#.

C. Comparison with known data

Table III presents a comparison between the results ob-

tained in the present study and previous results from studies

of the 16O(12C,6He)22Mg reaction and the previous direct

measurement of the 18Ne($ ,p)21Na reaction. The spins of
states in 22Mg are assigned assuming an !"0 transition,
except for those states that decay via the p2 channel "to the
1.716 MeV, 7/2# state in 21Na) which assume an !"2 tran-
sition. Spins assuming an !"1 transition are shown in

brackets. A corresponding level diagram is shown in Fig. 8.

It can be seen that the excitation energies obtained from this

work are in good agreement with previous studies.

D. Resonance strengths

Consider a thin element of gas at a distance, x, from the

entrance window. This distance corresponds to an energy,

E(x), and a thickness, %E . The beam energy distribution at

this point is Gaussian, as measured by the direct beam en-

ergy measurement. This results from straggling and is taken

into account in the calculation of the detection efficiency.

The yield of protons in the detector system, due to reactions

within this gas element, is

TABLE II. Results from Lorentzian fitting to cases where two

state assignments in 21Na can be made. The last column indicates a

decay via proton emission to a state in 21Na where p0 represents a

transition to the ground state, p1 to the first excited state, and so on.

Er "MeV# & "MeV# Ex (
22Mg) "MeV#

Observed

channel

2.27$0.15 0.21$0.10 10.41$0.15 p0

2.55$0.14 0.19$0.04 10.69$0.14 p0

2.74$0.14 0.30$0.04 10.88$0.14 p1

2.12$0.14 0.07$0.03 10.26$0.14 p2

2.34$0.14 0.16$0.04 10.48$0.14 p2

2.63$0.14 0.12$0.07 10.77$0.14 p3

2.86$0.14 0.12$0.02 11.00$0.14 p3

2.06$0.14 0.09$0.03 10.20$0.14 p4

2.52$0.14 0.15$0.02 10.66$0.14 p4

2.54$0.14 0.11$0.01 10.68$0.14 p5

2.73$0.14 0.13$0.03 10.87$0.14 p6

2.84$0.14 0.08$0.02 10.98$0.14 p7

TABLE III. Excitation energies in 22Mg with Ex'10.00 MeV.

16O(12C,6He)22Mg a 18Ne($ ,p)21Na b 18Ne($ ,p)21Na c J!

10.078$0.024 10.12$0.14 2# (3%,5%)

10.190$0.029

10.297$0.025 10.31$0.14 2# (3%,5%)

10.429$0.026 10.42$0.15 2# (1%,3%)

10.570$0.025 (10.580$0.050) 10.55$0.14 2# (3%,5%)

10.660$0.028 10.66$0.14 2# (1%,3%)

10.750$0.031

10.844$0.038 (10.820$0.060) 10.86$0.14 0# (1%)

10.910$0.050 10.92$0.14 2# (1%,3%)

10.980$0.031 10.990$0.050

(11.050$0.050) 11.01$0.14 2# (1%,3%)

11.135$0.040 11.130$0.050

aReference (4).
bReference (1). Levels in parentheses were tentatively assigned.
cThe present work. The spins of states in 22Mg are assigned assuming an !"0 transition, except for those
resonances that decay via the p2 channel which assume an !"2 transition. Spins assuming an !"1 transi-
tion are shown in parentheses.

D. GROOMBRIDGE et al. PHYSICAL REVIEW C 66, 055802 "2002#

055802-6

All measurements so far

Groombridge, et al.
10 orders of magnitude deviation at T9 = 0.5



Problems with previous measurements

Problem with previous E870 proposal

- Direct measurements require a radioactive beam of extremely high intensity. 
Currently, only 5 x 105 pps can be achieved.

- Only one impact energy. Energy changed by energy loss in the target
     --> Problem of vertex localization and straggling

- Indirect measurements done so far have not been sensitive to α widths
  ---> No spectroscopic information

- Intensities of at least 108 pps are needed
  This can not be achieved in the near future. But even if, the region

below Ec.m.< 1.0 can never be measured directly
  The new FEBIAD source can presumably provide  5 x 105 pps at the target.

The current proposal
Instead of higher intensities we use higher energies
available now at ISAC II



24Al
d + 22Mg

6Li +18Ne
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19400

Q = 6600

1540

18Ne(6Li, d)22Mg*



DWBA calculation
dσ

dΩ
(θ) = D2

0 Sα σDW
lsj (θ) Needs optical potential for...

Entrance channel: 6Li + 18Ne
Transfer channel:    α + 18Ne (unbound α state)
Exit channel:           d + 22Mg
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Choose region with weak 
energy dependence but 
acceptable cross-section
--> E/m = 4.5 MeV/u

well-known
fairly known

critically M. F. Vineyard, et al.,
Phys. Rev. C 30(1984)916

G. R. Satchler,
Nuc. Phys. 85(1966)273

M. Nolte, et al., Phys.
Rev. C 36(1987)1312



175120
320

L1L2L3

6LiF

Faraday cup & 
beam dump

4.5 MeV/u 18Ne beam

Location: TUDA II @ ISAC II

Beam: 4.5 MeV/u 18Ne, 5 x 105 pps

Target: 25 µg/cm2 (0.1 µm) 6Li-F
on carbon backing

Detectors: 300 or 100 µm thick LEDA arrays
(3 arrays à 8 sectors à 16 strips)

Proposed set-up
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L1L2L3

6LiF

4.5 MeV/u 18Ne beam
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Good news

Even if only a bad DWBA fit can be achieved, the 
spectroscopic factors can still be normalized to states at 
higher energies, as detected in the direct measurements.

This makes the analysis almost independent from the 
optical model parameters



Estimated required beam time

Limiting factor: Level density that has to be resolved in the spectrum

Level spacing from A. Chen, et al.: 120 keV  46 keV in deuteron spectrum

Energy shift should not be more
than 15 keVRequires beam energy stability of 200 keV

Limits target thickness to 25 µg/cm2 6LiF Beam intensity: 5 x 105 pps
Cross-section: 10 mb/sr (for Sα = 1)
One LEDA angle: 0.06 sr

0.65 deuterons / hour / angle / level

About 1 week of continuous run for 100 deuterons

Reduces to 10 deuterons for Sα = 0.1 32 % statistical error

10 % statistical error

(Bad case scenario)



Estimated required beam time

- 5 x 105 pps 18Ne, 4.5 MeV/u are sufficient to identify levels in 22Mg
above the alpha threshold in the important region for T9 = 0.4 with 2 weeks of beam time.

- 5 x 105 pps could also provide a rough estimate (50% error) of the spectroscopic factors.
--> Great improvement compared with 8-10 orders of magnitude current uncertainty

for the stellar reaction rate.

- With higher intensities, more energies could be measured. This improves the statistics
but also reduces uncertainties from the model.

Therefore, we need 24 12-hour shifts (2 weeks) of continuous
18Ne beam with an intensity of at least 5 x 105 pps.



Conclusion

- The experiment can be performed with the available intensity of 5 x 105 pps in
a 2 weeks run.

- A higher intensity (factor 10) is highly desirable. This is still far from the
  intensity of 108 required for the direct measurement E870.

- Problems in the analysis are model dependencies. This can be improved by
  detection of elastically scattered deuterons.

- All levels relevant for the 18Ne + α channel can be detected simultaneously.
  From the angular distribution, Jπ can be derived, from the intensity, the α widths
  can be determined

- Also low-lying levels relevant for 21Na(p,γ) can be detected.

- Despite the model uncertainties, the relative strength of the levels is rather model 
independent. This makes a normalization to known levels possible.



Thanks



Improved Set-up

L1L2L3

6LiF

Faraday cup & 
beam dump

4.5 MeV/u 18Ne beam

LEDAs in “lampshade” arrangement



Model uncertainties
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- Woods-Saxon potentials

- Imaginary potential parts have a much 
smaller effect

- Largest uncertainty from 6Li+18Ne 
potential --> Can be reduced by parallel 
measurement of elastics
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