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The 24Na nucleus was investigated viasdW, pd andsn, gd reactions. Within the range of excitation energy from
0 to 6.3 MeV 75 levels were observed. The angular distribution of partial cross sections and vector analyzing
powers for 70 levels were determined within the framework of distorted-wave Born approximation. Of 240g
transitions assigned to24Na, 234 were placed in the decay scheme. Based on the extensivesn, gd data the
neutron separation energy was deduced to be 6959.44±0.05 keV. Using spectroscopic information from our

sdW, pd measurement we investigated the role of the direct capture mechanism in the23Nasn, gd24Na reaction.
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I. INTRODUCTION

The 24Na nucleus lies in thesd shell where complete
shell-model calculations became available. Especially for
24Na a recent publication on the25Mgsd, 3Hed24Na reaction
[1] demonstrated that all positive parity levels up to 3.6 MeV
are well reproduced and that also spectroscopic factors for
proton pickup are in agreement with these calculations. Very
precise, detailed, and complete nuclear level schemes are re-
quired in order to test and confirm shell-model calculations
and the corresponding theoretical basis forsd-shell nuclei.
Consequently, it was the goal of Raman and his co-workers
to perform most precisesn, gd experiments at Los Alamos,
combine them with the best other spectroscopic information
and construct very accurate, extensive, and consistent level
schemes. In this context the following nuclei were studied:
15N [2], 20F [3], 25,26,27Mg [4], 29,30,31Si [5], and 33,34,35,37S
[6].

The odd-odd nucleus24Na has been previously investi-
gated applying a large variety of reactions[7]. The most
precise and comprehensive information came from thesn, gd
reaction using Ge detectors and also crystal spectrometers.
Early sn, gd experiments were compiled in 1967 by Bartho-
lomew et al. [8]. Later thesn, gd reaction was measured by
Nichol et al. [9], Wilson et al. [10], Tielens and co-workers
[11,12], Hungerfordet al. [13], Ming et al. [14], and Horiet

al. [15] in Hamilton, Argonne, Petten, Grenoble, Beijing, and
Tokyo, respectively. More than 100g lines are seen in these
studies. These results can be compared withg data from
s3He,pgd [16], sd, pgd [17–19], and sd, agd [20]. The fol-
lowing transfer reactions were published:sd, pd [21,22],
sd, 3Hed [1,23], sd, ad [24], st, 3Hed [25], s3He,pd [26,27]
and sa, dd [28]. Many experimentall values were deduced
from angular distributions of direct reaction ejectiles and
helped in determining spins and parities of levels. Thesd, ad
reaction with polarized deuterons[24] distinguishes between
states with natural or unnatural parity, a crucial argument for
spin-parity assignments.

In spite of these efforts many ambiguities in the level
scheme remained and the completeness was questionable.
Therefore, we performed a very precise and sensitivesn, gd
measurement in Los Alamos in order to obtain a complete
level scheme containing nearly allg lines with well balanced
populations and depopulations of all levels. Our Munich Tan-
dem Accelerator provides polarized deuteron beams with
high precision and the Q3D spectrograph has a high resolu-
tion focal plane detector. Using thesd, pd reaction this allows
the measurement of angular distributions and asymmetries
for many levels and consequently unambiguous determina-
tion of spins, parities, and spectroscopic factors. We report
these results for24Na.

II. EXPERIMENTAL DETAILS

A. The „d, p… reaction measurement

The reaction23Nasd, pd24Na was measured with the Q3D
spectrograph[29] at the tandem accelerator of the University
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and Technical University of Munich. The total amount of
80 mg/cm2 of NaF material(43.81mg/cm2 of 23Na) on a
4.2 mg/cm2 carbon backing was placed in the polarized beam
of 17 MeV deuterons. Energies and intensities of protons
were measured with the 1.7 m long focal plane detector[30].
A typical energy resolution[full width at half maximum
(FWHM)] varied from 5 keV to 8 keV going from 12° to
50° of scattering angles. Altogether 30 overlapping proton
spectra were taken for five scattering angles and two direc-
tions of the vector polarization of the deuterons. These over-
lapping spectra covered excitation energies up to<6.3 MeV.
All spectra were normalized with respect to the beam current
accumulated by a Faraday cup. Many fluorine lines in the
spectra were easily recognized thanks to their position shifts
at different angles. A representative spectrum taken at a labo-
ratory scattering angleQlab=20° is shown in Fig. 1.

Besides the angular distribution of the partial cross sec-
tions, also asymmetries were analyzed. The asymmetries
were deduced from the equation

Ay =
2

3Py

s+ − s−

s+ + s−
, s1d

where s+ and s− are measured differential cross sections
with respect to the polarization of the beam and wherePy is

the vector polarization. In our experiment, the value of the
vector polarization amounts to 0.6.

The energy calibration was performed with level energies
from the sn, gd reaction in the present work given in Table
IV. Level energies averaged over all scattering angles are
given in Table II. Maximal systematic errors of the level
energies were estimated to be around 0.5 keV. Due to a lack
of good calibration points above 6 MeV, additional uncer-
tainties of 1 keV should be taken into account for levels
above 6.1 MeV.

B. Analysis of angular distributions

The measured angular distributions of cross sections and
vector analyzing powers were analyzed by means of the
CHUCK3 code[31]. We studied three different sets of optical
model potentials for thed+ 23Na input channel. They were
taken from the previous study of the23Nasd, pd24Na reaction
[32] at Ed=7.8 MeV and from compilations of optical model
parameters[33,34] (see Table I). For the p+ 24Na output
channel two sets of potentials were considered. Calculations
with various combinations of sets of optical model param-
eters were carried out for reactions leading to several low
lying levels of the final24Na nucleus. After comparing cal-
culated shapes of angular distributions of cross sections and
vector analyzing powers with corresponding experimental

FIG. 1. A portion of the proton spectrum from the23Nasd, pd24Na reaction with 17 MeV deuterons atQlab=20°. Differential cross
sections at this angle are given in Table IV.

TABLE I. Parameters of the optical model for the23Nasd, pd24Na reaction,Ed=17 MeV.

Pot V r a W Rw aw Wd rd ad Vso rso aso rc Ref.

[MeV] [fm] [fm] [MeV] [fm] [fm] [MeV] [fm] [fm] [MeV] [MeV] [fm] [fm]

Input channel:d+23Na

A 58.0 1.544 0.452 11.5 1.544 0.452 10.0 1.25 0.65 1.3[32]

B 89.8 1.203 0.698 39.3 0.903 0.539 11.21 1.0 0.585 1.3[33]

C 87.5 1.17 0.738 12.28 1.325 0.728 7.82 1.07 0.66 1.3[34]

Output channel:p+23Na

A 46.8 1.25 0.65 10.0 1.25 0.67 7.5 1.25 0.65 1.25[33]

B 53.0 1.25 0.65 11.5 1.25 0.47 8 1.25 0.65 1.25[32]
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TABLE II. Spectroscopy of24Na via the23Nasd, pd24Na reactionsEd=17 MeVd. Probable and possible
levels are given in parentheses and curly brackets, respectively.

fs2Jf +1d/s2Jt+1dgSdp

Elev
a l =0 l =1 l =2 l =3 l =4 l =5

(keV) 2s1/2 2p1/2 2p3/2 1d3/2 1d5/2 1f5/2 1f7/2 1g7/2 1g9/2 1h11/2

0.0 0.60

472.23(12) 0.34

563.08(19) 0.056 0.05 0.18

1341.25(34) 0.21 0.076

1346.37(54)b 0.18 0.057

1511.82(16) 0.0020 0.025

1846.33(10) 0.094 0.14 0.13

1885.27(14) 0.08 0.12

2512.33(33) 0.06 0.06

2563.16(35) 0.069

2904.06(55) 0.029 0.029

2977.70(22) 0.11 0.24

3216.57(16) 0.003 0.029

3371.55(10) 0.20

3413.05(6) 0.11 0.09 0.14

3589.31(8) 0.020 0.018 0.026

3628.58(6) 0.29

3656.10(6) 0.12

3681.13(23) 0.005

(3737.62(22)) 0.020 0.013 0.087

3745.07(13) 0.29

3884.85(32)

3933.60(13) 0.14

3943.57(8) 0.065 0.065

3976.95(29) 0.039

4048.25(20) 0.0013

4142.59(21) 0.010

4187.30(12) 0.44

4196.42(16) 0.015

4207.03(8) 0.044 0.096

4441.75(10) 0.013

4526.87(24) 0.004 0.098

4559.07(18) 0.002 0.056

4621.12(19) 0.0007 0.017

4693.30(15) 0.0014 0.025 0.010

4750.78(17) 0.011 0.11 0.11

4889.31(18) 0.063

4908.28(16) 0.006 0.006

4938.90(13) 0.042 0.042

4973.83(12) 0.002 0.039

5027.33(49) 0.012

5044.49(17) 0.0031 0.018

5059.95(10) 0.032 0.028

5117.34(8) 0.26

5180.55(13) 0.025 0.15 0.23

5192.51(14) 0.014 0.017 0.017
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data, the combination of the parameter setC for the input
channel and of the parameter setB for the output channel
was chosen as the best one and was used for the calculations
of all transfers to measured transitions in the final nucleus.

The spin of the target nucleus23Na is Jp=3/2+. Due to
this nonzero spin of the target nucleus the final angular dis-
tributions can result from mixing of up to four differentsl j d
transfers. We restrict our distorted-wave Born approximation
(DWBA) analysis to two most significantl transfers and
threesl j d transfers. Examples of levels fitted with the com-
bination of sl j d transfers are given in Fig. 2. On the other
hand, observedsl j d transfer will not provide a unique spin
assignment, but only a restriction for a spin of a final level.
More observedsl j d transfers can decrease a number of pos-
sible spins. We used the combination of differentsl j d trans-
fers for a spin assignment if other combinations could be
clearly rejected.

The shape of the distribution of the differential cross sec-
tion should determine the value of the transferredl. Usually,

we have for the odd23Na target nucleus two possible trans-
ferred l, each with two values ofj . Sometimes it is possible
to determine the transferredj according to measured values
of the vector analyzing power. With respect to very small
dependence of the angular distribution of the cross section on
the transferredj the contributions of transferredl and j were
fitted separately. However, it should be noted that the divi-
sion of the strength intoGnlj contributions has larger uncer-
tainties than the contributions ofl transfers. Moreover, these
uncertainties significantly differ for various levels. Generally,
it can be stated that these uncertainties are smaller for levels
with the distribution of the differential cross section and of
the vector analyzing power well reproduced or levels with
one dominatingl transfer. Values of deduced spectroscopic
factors for differentsl, jd transfers are given in Table II.
These experimentalGnlj for the negative parity states were
compared with the shell-model prediction published in Ref.
[35]. The agreement between our experimental values and
theoretical shell-model calculations is reasonable(see Fig.
3).

TABLE II. (Continued.)

fs2Jf +1d/s2Jt+1dgSdp

Elev
a l =0 l =1 l =2 l =3 l =4 l =5

(keV) 2s1/2 2p1/2 2p3/2 1d3/2 1d5/2 1f5/2 1f7/2 1g7/2 1g9/2 1h11/2

5245.38(12) 0.012 0.016

5308.10(19) 0.0007 0.003

5338.86(10) 0.006 0.025 0.017

{5397.61(34)}

5408.29(24) 0.012

5454.99(21) 0.0061

5478.88(21) 0.002 0.025 0.017

5571.57(19) 0.005 0.041

5629.27(71) 0.0003 0.011

5674.46(27) 0.033

5737.15(16) 0.002 0.028

5772.50(42) 0.002 0.024

(5789.41(93)) 0.016

5808.44(13) 0.001 0.008

5850.65(16) 0.010 0.066 0.044

5896.69(9) 0.057

5918.10(13) 0.017 0.044

6073.31(21) 0.024 0.066

(6088.20(52)) 0.021 0.014

(6175.94(52)) 0.015 0.0016

(6183.13(65)) 0.020

(6199.11(24)) 0.013 0.026

(6223.51(4))

6247.67(13) 0.002 0.026

6256.67(15) 0.003 0.014 0.022

6305.92(53) 0.019 0.012

aOnly statistical error given.
bUnresolved doublet.
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TABLE III. List of observedg transitions with their absolute intensities per 100 neutron captures and placements.

Eg skeVda Ig
b Placement Eg skeVda Ig

b Placement Eg skeVda Ig
b Placement

91.01 3 46.0 10 563→472 1231.5 4 0.038 5 3745→2513 2130.8 4 0.038 6 3977→1846

373.11 15 0.015 2 3745→3372 1247.43 7 0.223 7 5809→4562 2139.4c 4 0.034 7 5117→2978

472.23 3 92.2 12 472→0 1282.75 3 1.028 15 1846→563 2208.37 3 5.28 4 C→4751

499.41 3 2.72 5 1846→1347 1314.58 17 0.060 6 5060→3745 2220.0d 4 0.17 5 5809→3589

501.46 6 0.58 2 1846→1345 1322.29 3 1.181 12 1886→563 2237.48 12 0.150 7 4751→2513

504.61 5 0.286 10 1846→1341 1337.74 3 0.646 10 4751→3413 2242.3 5 0.157 17 3589→1347

551.2 3 0.051 12 4207→3656 1344.55 3 4.07 3 1345→0 2247.83 25 0.082 7 3589→1341

552.72 20 0.104 5 unplaced 1373.743 1.54 2 1846→472 2266.7 5 0.063 10 C→4693

563.20 3 1.68 2 563→0 1379.2e 6 0.034 15 4751→3372 2279.3 4 0.048 10 6257→3977

592.67 15 0.045 3 unplaced 1477.4 5 0.019 5 5455→3977 2283.0 4 0.087 10 3628→1345

605.46 18 0.035 3 3977→3372 1480.45 5 0.341 7 C→5479 2286.62 19 0.215 12 3628→1341

696.69 19 0.040 3 4442→3745 1486.14 6 0.228 6 3372→1886 2313.7 7 0.039 10 3656→1341

702.13 16 0.051 4 4751→4049 1504.83 5 0.469 10 C→5455 2334.9 6 0.022 5 3682→1347

708.20 5 0.22 4 C→6251 1526.1f 6 0.017 5 4939→3413 2338.02 20 0.104 10 C→4621

711.97 4 0.842 10 C→6248 1559.25 5 0.295 7 2904→1345 2341.1 6 0.018 2 2904→563

773.85 14 0.11 6 4751→3977 1562.39 4 0.489 10 2904→1341 2350.0 3 0.073 15 4196→1846

778.23 5 1.154 12 1341→563 1567.18 8 0.101 5 3413→1846 2360.94 3 1.638 17 4207→1846

781.39 5 3.21 3 1345→563 1584.17 16 0.051 5 4562→2978 2397.32 7 1.19 2 C→4562

783.40 22 0.123 10 1347→563 1620.41 4 0.581 10 C→5339 2400.3 3 0.249 15 3745→1345

785.8g 3 0.035 6 4442→3656 1631.04h 15 0.172 12 2978→1347 2403.42 15 0.281 12 3745→1341

793.86 4 0.392 7 4207→3413 1633.10 4 1.154 12 2978→1345 2414.40 3 4.94 4 2978→563

813.0 5 0.012 5 4442→3628 1636.25 3 4.81 4 2978→1341 2431.9 4 0.080 12 2904→472

835.31 3 2.14 2 4207→3372 1715.2d 4 0.021 7 4693→2978 2505.39 3 3.21 3 2978→472

852.36 11 0.066 4 4442→3589 1743.21 17 0.082 7 3589→1846 2513.5 4 0.085 5 2514→0

869.20 3 20.74 17 1341→472 1767.18 24 0.059 5 C→5192 2517.67 3 14.13 12 C→4442

874.37 3 14.59 12 1347→472 1770.3 3 0.062 6 3656→1886 2545.9i 5 0.034 6 5060→2513

886.76 6 0.76 2 C→6073 1773.17 8 0.194 7 4751→2978 2555.8 3 0.069 6 4442→1886

992.6 5 0.014 3 4621→3628 1809.8 4 0.044 6 3656→1846 2588.73 13 0.242 15 3934→1345

999.7 3 0.022 3 3977→2978 1832.04 11 0.158 6 5809→3977 2592.10 12 0.375 15 3934→1341

1006.01 3 0.472 7 4751→3745 1842.17 4 0.460 10 C→5117 2595.46 5 0.956 17 4442→1846

1012.5 5 0.012 3 5455→4442 1847.11 17 0.091 5 4751→2904 2630.45 5 0.569 12 3977→1346

1018.3 5 0.013 3 2904→1886 1859.2 3 0.072 6 3745→1886 2657.8 6 0.029 7 6248→3589

1028.40 17 0.064 5 4442→3413 1885.42 6 0.721 15 1886→0 2702.0 5 0.031 10 4049→1347

1041.20 5 0.281 7 C→5918 1898.88j 3 0.80k 10 3745→1846 2715.78 5 0.576 12 4562→1846

1057.9 3 0.025 5 2904→1846 1899.73j 7 0.80k 10 C→5060 2752.23 5 11.5 C→4207

1092.22 5 0.319 7 2978→1886 1914.37 4 1.18 17 C→5045 2763.14 11 0.43 3 C→4196

1095.00 8 0.128 5 4751→3656 1928.22 4 0.937 17 4442→2513 2808.35 3 3.2 3 3372→563

1108.37 4 0.030 4 unplaced 1950.073 1.735 15 2513→563 2849.95 9 0.303 10 3413→563

1131.7l 3 0.032 5 2978→1846 2019.86 5 0.663 12 C→4939 2860.25 3 3.58 10 4207→1346

1142.7m 7 0.014 7 3656→2513 2025.04 3 6.28 5 3372→1347 2865.27j 3 0.53n 7 4751→1886

1150.00 4 0.983 15 C→5809 2027.13 13 0.76 4 3372→1345 2865.45j 2 2.23n 10 4207→1341

1172.1 4 0.028 4 2513→1341 2030.22 3 4.07 4 3372→1341 2875.4 6 0.019 7 6248→3372

1218.2 5 0.024 4 4196→2978 2048.27 24 0.102 10 4562→2513 2898.9 6 0.036 7 3372→472

1220.9 5 0.021 4 unplaced 2066.569 0.252 12 3413→1347 2903.70j 4 0.121 12 2904→0

1225.0 6 0.016 4 5918→4693 2071.48 3 1.096 17 3413→1341 2904.78j 3 1.07 2 4751→1846

1229.28 5 0.295 7 4207→2978 2087.48 14 0.133 10 3934→1846 2910.8 4 0.070 10 C→4049

2940.79 5 0.646 12 3413→472 3594.2 5 0.056 7 4939→1345 4553.5 3 0.085 10 5117→563

2977.8 4 0.121 10 2978→0 3597.4 4 0.070 7 4939→1341 4571.14j 5 0.138 15 5918→1347
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TABLE III. (Continued.)

Eg skeVda Ig
b Placement Eg skeVda Ig

b Placement Eg skeVda Ig
b Placement

2982.00 3 2.61 4 C→3977 3627.98 21 0.148 10 3628→0 4572.32j 4 0.087 10 5045→472

3016.0 3 0.067 6 C→3943 3632.7o 3 0.102 10 4196→563 4586.91 18 0.423 10 5060→472

3025.65j 8 2.03p 10 C→3934 3643.54 3 1.331 2 4207→563 4628.7 5 0.039 7 5192→563

3025.89j 5 0.73p 7 3589→563 3698.07 13 0.184 7 5045→1347 4644.7 4 0.058 10 5117→472

3088.9 4 0.090 12 unplaced 3703.307 0.404 10 5045→1341 4693.1 8 0.015 5 4693→0

3092.52j 6 0.31 2 3656→563 3723.45 22 0.31 2 4196→472 4725.56j 6 0.092 10 6073→1347

3094.80j 3 0.54 6 4442→1347 3734.6 5 0.075 15 4207→472 4727.58j 7 0.024 7 6073→1345

3096.83j 3 3.51 7 4442→1345 3744.3 9 0.034 12 3745→0 4730.74j 6 0.358 15 6073→1341

3099.93 7 2.64 7 4442→1341 3770.7 6 0.087 10 5117→1347 4775.23 18 0.167 12 5339→563

3116.89 5 0.905 15 3589→472 3866.5 6 0.024 7 unplaced 4890.8715 0.305 17 5455→563

3168.3 3 0.039 10 6073→2904 3878.07 3 4.31 7 4442→563 4900.3 3 0.136 12 6248→1347

3174.2 5 0.036 12 5060→1886 3942.8 5 0.075 12 3943→0 4904.3 4 0.104 12 6251→1347

3181.54 21 0.242 15 3745→563 3969.05 12 0.416 15 4442→472 4908.6 6 0.036 10 6251→1341

3184.1 6 0.073 15 3656→472 3981.32 4 13.38 12 C→2978 4915.0 5 0.068 10 5479→563

3198.85 13 0.191 10 5045→1846 3997.44 20 0.300 15 5339→1341 4982.7 7 0.063 15 5455→472

3209.32 5 0.721 15 3682→472 4055.22 11 0.72 3 C→2904 5005.8 7 0.048 15 5479→472

3214.19 4 1.036 15 C→3745 4058.3 6 0.053 12 4621→563 5058.7 7 0.029 10 5060→0

3231.6 6 0.024 5 5117→1886 4089.27 13 0.43 2 4562→472 5073.38 10 0.419 17 C→1886

3270.81 24 0.104 7 5117→1846 4107.6 7 0.031 10 5455→1347 5112.85 11 0.53 2 C→1846

3277.38 5 0.704 15 C→3682 4131.7 9 0.024 7 5479→1347 5336.9 7 0.012 5 5809→472

3303.25 9 0.223 7 C→3656 4137.11 24 0.155 15 5479→1341 5445.33 12 0.160 10 5918→472

3330.93 12 0.235 10 C→3628 4187.35 3 1.52 3 4751→563 5599.85 24 0.121 10 6073→472

3343.30 12 0.256 10 6248→2904 4226.7 7 0.036 12 6073→1846 5612.12j 3 0.148 15 C→1347

3369.87j 5 1.55p 10 C→3589 4278.8 5 0.019 7 4751→472 5614.15j 3 0.41 3 C→1345

3370.12j 8 1.16p 10 3934→563 4361.7 9 0.018 6 6248→1886 5617.30j 2 4.02 10 C→1341

3409.29 7 0.448 12 4751→1341 4376.05 25 0.106 10 4939→563 5683.8 7 0.012 5 6248→563

3413.81 6 0.813 15 3977→563 4404.4 3 0.046 7 6251→1846 5703.2 3 0.031 7 6176→472

3492.9 3 0.080 7 5339→1846 4445.64 8 0.494 15 C→2513 5774.41 17 0.235 15 6248→472

3504.78 4 1.32 2 3977→472 4462.39 16 0.140 10 5809→1347 5784.4 5 0.017 7 6257→472

3545.93 4 0.941 15 C→3413 4466.89 11 0.281 12 4939→472 6295.30 6 18.61 12 C→563

3576.7 4 0.078 10 4049→472 4481.38 15 0.177 10 5045→563 6486.16 14 0.41 2 C→472

3587.42 4 11.47 10 C→3372 4495.97 8 0.407 15 5060→563 6957.6 9 0.0027 10 C→0

aIn our notation, 91.013;91.01±0.03 etc.
bIntensity per 100 neutron captures. In our notation, 46.010;46.0±1.0 etc.
cCan be also placed as a 6072→3933 transition.
dObscured by the single-escape peak or full-energy peak from the 2223 keVg ray in 2H. Ig from Grenoble data.
eCan be also placed as a 6072→4693 transition.
fCan be also placed as a 3371→1846 transition.
gCan be also placed as a 5478→4693 transition.
hCan be also placed as a 6072→4441 transition.
iCan be also placed as a 5918→3371 transition.
jDeduced for one member of a close doublet from level energies obtained by an overall least-square fit excluding this transition.
kInferred from the intensity balance requirements for the 3744 and 5059 keV levels.
lCan be also placed as a 5338→4207 transition.
mCan be also placed as a 5338→4196 transition.
nInferred from the intensity balance requirements simultaneously for the 1341 and 4750 keV.
oCan be also placed as a 5478→1846 transition.
pInferred from the intensity balance requirements simultaneously for the 3589 and 3933 keV.
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C. The „n, g… measurement

For the measurement of the23Nasn, gd reaction the target
was placed in the thermal column of the internal target facil-
ity at the 8-MW Los Alamos Omega West reactor. The target
was irradiated with a neutron flux of,631011 n/cm2 s.
This flux was approximately Maxwellian corresponding to a
temperature of 350 K. Gamma ray spectra were measured
with a 30 cm3 coaxial intrinsic HPGe detector positioned
inside a Na(Tl) annulus. More details about the facility and
the data processing can be found in Refs.[4,6].

The primary calibration energies were those recom-
mended by Wapstra[36]: 511.000±0.002 keV for annihila-
tion radiation; 2223.253±0.004 keV for theg ray from the
1Hsn, gd reaction and 4945.303±0.030 keV for the ground
state transition in the12Csn, gd reaction. Absolute intensities
of g lines were derived from the assumption that the popu-
lation of the ground state amounts to 100% after neutron
capture. The list of all observedg lines together with their
absolute intensities per 100 neutron captures and their place-
ments is given in Table III.

FIG. 2. Examples of the DWBA fit of the an-
gular distribution of the differential cross section
and the vector analyzing power.

FIG. 3. Comparison of the experimental
(lower plot) and calculated(upper plot) Gnlj

=fs2Jf +1d/s2Ji +1dgSdp transfer strength. Theo-
retical values are shell-model calculation from
Ref. [35]. The levels are labeled by their excita-
tion energies(italic) and spins(bold). Note that
our experimental data prefer 1d3/2 transfer for
the 3217 keV level. However 1d5/2 transfer can-
not be fully disregarded. Thus, we accepted for
this level the previous spin assignment from
Nuclear Data Sheets(NDS), 4+s2+d, and used
1d5/2 transfer in the comparison.
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TABLE IV. Level scheme of24Na in tabular form. Tentative levels in our experments are set in italic typeface.

sn, gd sd, pd sds/dVdexp. This work NDS[7] Adopted

E (level) Ig (in) Ig (out) E (level) (mb/sr) Jp E (level) Jp Jp

(keV) per 100n per 100n (keV) at 20°

0.0 100(1) 0.0 1.56 1+−4+ 0 4+ 4+

472.222(18) 94.7 (10) 92.9 (12) 472.23(12) 1.15 1+−4+ 472.207(9) 1+ 1+

563.215(18) 47.5 (3) 49.1 (10) 563.08(19) 0.87 1+, 2+ 563.200(12) 2+ 2+

1341.435(19) 22.5 (2) 21.9 (2) 1341.25(34) 0.79 1+, 2+ 1341.43(2) 2+ 2+

1344.590(19) 7.38 (9) 7.29 (4) 2+, 3, 4+ 1344.65(2) 3s+d 3s+d

1346.616(21) 15.4 (2) 14.7 (1) 1346.37(54)a 0.46 1346.63(2) 1+ 1+

1511.82(16) 0.021 3+, 4+s5+, 6+d 1512.4(4) 5+s3+d 5+s3+d
1846.016(21) 6.56 (11) 6.16 (6) 1846.33(10) 1.06 1+, 2+ 1846.01(3) 2+ 2+

1885.530(24) 1.79 (7) 1.90 (2) 1885.27(14) 0.81 2+, 3+ 1885.51(5) 3+ 3+

2513.36(3) 1.77(20) 1.85 (2) 2512.33(33) 0.56 2+, 3+ 2513.51(5) 3+ 3+

2563.16(35) 0.30 1+−4+ 2562.8(3) 4+s2+d 4+s2+d
2903.89(3) 1.11(3) 1.04 (2) 2904.06(55) 0.089b 2+, 3+ 2903.94(5) 3+ 3+

2977.749(21) 14.04(2) 14.78(7) 2977.70(22) 1.44 1+, 2+ 2977.83(4) 2+s3+d 2+

3216.57(16) 0.035 2+, 3+s4+d 3216.7(2) 4+s2+d 4+s2+d
3371.744(22) 13.7 (1) 14.6 (3) 3371.55(10) 2.32 2− 3371.84(4) 2− 2−

3413.219(23) 2.06 (2) 2.40 (21) 3413.05(6) 1.11 1+, 2+ 3413.25(5) 1+ 1+

3589.32(3) 1.82 (11) 1.96 (7) 3589.31(8) 0.21 1+, 2+ 3589.26(10) 1+ 1+

3628.24(9) 0.26 (1) 0.45 (2) 3628.58(6) 1.47 2+, 3+ 3628.25(11) 3+ 3+

3655.95(4) 0.44 (1) 0.54 (3) 3656.10(6) 0.59 1+−3+ 3655.97(9) 2s1d+ 2s1d+

3681.80(4) 0.71 (2) 0.74 (2) 3681.13(23) 0.022 0+−3+ 3681.79(8) 0+ 0+

3737.62 (22)c 0.23 2+−4+ 2+−4+

3744.97(3) 1.61 (2) 1.73 (10) 3745.07(13) 2.61 3− 3745.09(7) 3− 3−

3884.85(32) 0.012d 3896 (6) s1, 2, 3d−

3933.59(5) 2.0 (1) 1.9 (1) 3933.60(13) 0.56 1–4 3935.7(4) 0+−4+ 1−4

3943.2(3) 0.07 (1) 0.08 (1) 3943.57(8) 0.49 2+, 3+ 3943.39(17) 2+−6+ 2+, 3+

3977.25(3) 2.95 (7) 2.80 (3) 3976.95(29) 0.14 1−, 2− 3977.32(7) s1−, 2+d 1−s2−d
4048.84(14) 0.12 (1) 0.11 (1) 4048.25(20) 0.012 0−−2− 4048.49(16) 0− 0−

4142.59(21) 0.011 3+−6+ 4145.0(9) 4−s5−d 3+−6+

4187.30(12) 2.29 1+−4+ 4186.8(3) 2+ 2+

4196.11(9) 0.43 (3) 0.51 (3) 4196.42(16) 0.25 1−, 2− 4196.3(2) s1, 2d− 1−, 2−

4207.066(22) 11.5 (5) 11.7 (2) 4207.03(8) 1.26 1−, 2− 4207.19(4) 2+ 1−, 2−

4220 (3)

4441.632(21) 14.2 (1) 13.6 (2) 4441.75(10) 0.12 2− 4441.54(11) 2− 2−

4459 (8)

4526.87(24) 0.25 1−−3− 4526 (8) 3− 3−

4559.07(18)c 0.18 1−−3− 1−−3−

4561.94(4) 1.42 (2) 1.16 (10) 1+, 2, 3+ 4562.06(6) 1− 1+, 2, 3+

4621.30(18) 0.10 (1) 0.07 (1) 4621.12(19) 0.081 2− 4621.5(2) 2−

4693.0(3) 0.08 (1) 0.04 (1) 4693.30(15) 0.14 3− 4692.2(4) 3−

4750.984(21) 5.29 (4) 5.47 (10) 4750.78(17) 0.70 2− 4750.94(10) 2− 2−

4772 (7)

4889.31(18) 0.012 3−−7− 4891.35(16) s3+, 4−, 5+d s4−d
4908.28(16) 0.007 2+−6+ 2+−6+

4939.50(5) 0.66 (1) 0.53 (2) 4938.90(13) 0.24 2− 4939.40(11) s1, 3d− 2−

4973.83(12) 0.15 1−−3− 4980 (7) 1−−3−

5027.33(49) 0.007 ù2 5030(2) ù2
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TABLE IV. (Continued.)

sn, gd sd, pd sds/dVdexp. This work NDS[7] Adopted

E (level) Ig (in) Ig (out) E (level) (mb/sr) Jp E (level) Jp Jp

(keV) per 100n per 100n (keV) at 20°

5045.01(3) 1.18 (17) 1.04 (2) 5044.49(17) 0.11 1−, 2− 5044.90(11) s1, 2, 3d− 1−, 2−

5059.63(5) 0.80 (10) 0.99 (3) 5059.95(10) 0.46 2−s2+, 3+d 5059.72(6) 2− 2−

5117.22(3) 0.46 (1) 0.39 (2) 5117.34(8) 0.44 1+, 2+ 5117.41(16) 1− 1+, 2+

5160 (8)

5180.55(13) 2.26 1−−3− 1−−3−

5192.23(22) 0.06 (1) 0.04 (1) 5192.51(14) 0.31 1−−3− 5192.44(16) 3− 3−

5245.38(12) 0.19 1−−3− 5250 (2) 3− 3−

5308.10(19)c 0.009b 1−−3− 1−−3−

5338.99(4) 0.58 (1) 0.55 (2) 5338.86(10) 0.19b 1−−3− 5339.06(8) 2− 2−

5397.61 (34) 0.037e 5397.19(11) s1, 3d− s1, 3d−

5408.29(24)c 0.033 1+, 2+ 1+, 2+

5432 (8) + +

5454.57(5) 0.47 (1) 0.43 (3) 5454.99(21) 0.008d 1, 2s3+d 1, 2s3+d
5478.94(5) 0.34 (1) 0.30 (2) 5478.88(21) 0.14b 1−, 2− 5478.96(9) 1− 1−

5571.57(19)c 0.093 2+−4+ 5585 (8) − 2+−4+

5629.27(71) 0.031 5628.4(15) 2− 2−

5674.46(27) 0.042 1+, 2+ 5660 (20) 1+, 2+

5737.15(16) 0.12 1−−3− 5720 (20) 1−−3−

5772.50(42) 0.11 1−−3− 5774 (5) 1−−3−

5789.41 (93)c 0.030b 3+−6+ 3+−6+

5809.41(4) 0.98 (2) 0.70 (7) 5808.44(13) 0.038 1−, 2− 5809.66(12) 1−, 2−

5850.65(16)c 0.67 1−−3− 1−−3−

5862.9(2)

5896.69(9)c 0.092 3+−6+ 3+−6+

5918.22(5) 0.28 (1) 0.31 (2) 5918.10(13) 0.14b 2+s1+d 5918.46(12) 2+s1+d
5953.16(10)

5966.2(10)

6072.67(3) 0.76 (2) 0.67 (3) 6073.31(21) 0.21 2+s3+d 6072.83(13) 1+ 2+s3+d
6088.20 (52)c 0.10b s1−−5−d s1−−5−d

6176.15 (30)c 0.03 (1) 6175.94 (52)c 0.039b s1−, 2−d s1−, 2−d
6183.13 (65)c 0.092 s1−−5−d s1−−5−d
6199.11 (24)c 0.11 s3+−6+d (3+−6+)

6223.5 (6) 0.014f

6247.46(4) 0.84 (1) 0.71 (15) 6247.67(13) 0.089 2− 6247.62(12) 2−

6251.22(5)c 0.22 (4) 0.19 (2) 0+, 1, 2, 3+ 0+,1,2,
3+

6256.94(31)c 0.07 (1) 6256.67(15)c 0.15 1−, 2− 1−, 2−

6305.92(53)c

1
0.19 2+−4+ 2+−4+

6959.444s19dg 100.6(6) 1++2+

aUnresolved doublet.
bValue of partial cross section at 30°.
cNew levels.
dValue of partial cross section at 40°.
eValue of partial cross section at 12°.
fValue of partial cross section at 50°.
gCapturing state.
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TABLE V. Branching ratios for levels in24Na.

Ei Ji
p Ef Jf

p Eg Branching Ei Ji
p Ef Jf

p Eg Branching

(keV) (keV) (keV) (keV) (keV) (keV)

472 1+ 0 4+ 472.23 100 1347 1+ 2242.3 8.1

563 2+ 0 4+ 563.20 3.4 1846 2+ 1743.21 4.2

472 1+ 91.01 96.6 3628 3+ 0 4+ 3627.98 32.8

1341 2+ 472 1+ 869.20 94.7 1341 2+ 2286.62 47.8

563 2+ 778.23 5.3 1345 3+ 2283.0 19.4

1345 3+ 0 4+ 1344.55 55.9 3656 2+s1+d 472 1+ 3184.1 13.4

563 2+ 781.39 44.1 563 2+ 3092.52 57.2

1347 1+ 472 1+ 874.37 99.2 1341 2+ 2313.7 7.2

563 2+ 783.40 0.8 1846 2+ 1809.8 8.1

1846 2+ 472 1+ 1373.74 25.0 1886 3+ 1770.3 11.4

563 2+ 1282.75 16.7 2513 3+ 1142.7 ø2.7

1341 2+ 504.61 4.7 3682 0+ 472 1+ 3209.32 97.1

1345 3+ 501.46 9.4 1347 1+ 2334.9 2.9

1347 1+ 499.41 44.2 3745 3− 0 4+ 3744.3 2.0

1886 3+ 0 4+ 1885.42 37.9 563 2+ 3181.54 14.0

563 2+ 1322.29 62.1 1341 2+ 2403.42 16.2

2513 3+ 0 4+ 2513.5 4.6 1345 3+ 2400.3 14.4

563 2+ 1950.07 93.9 1846 2+ 1898.88 46.2

1341 2+ 1172.1 1.5 1886 3+ 1859.2 4.1

2903 3+ 0 4+ 2903.70 11.6 2513 3+ 1231.5 2.2

472 1+ 2431.9 7.7 3372 2− 373.11 0.9

563 2+ 2341.1 1.7 3934 1–4 563 2+ 3370.12 60.7

1341 2+ 1562.39 46.9 1341 2+ 2592.10 19.6

1345 3+ 1559.25 28.4 1345 3+ 2588.73 12.7

1847 2+ 1057.3 2.4 1846 2+ 2087.48 7.0

1886 3+ 1018.3 1.3 3943 2+,3+ 0 4+ 3942.8 100

2978 2+ 0 4+ 2977.8 0.8 3977 1−s2−d 472 1+ 3504.78 47.2

472 1+ 2505.39 21.7 563 2+ 3413.81 29.1

563 2+ 2414.40 33.5 1347 1+ 2630.45 20.3

1341 2+ 1636.25 32.6 1846 2+ 2130.8 1.4

1345 3+ 1633.10 7.8 2978 2+ 999.7 0.8

1347 1+ 1631.04 ø1.2 3372 2− 605.46 1.2

1846 2+ 1131.7 ø0.2 4049 0− 472 1+ 3576.7 68.3

1886 3+ 1092.22 2.2 1347 1+ 2702.0 31.7

3372 2− 472 1+ 2898.9 0.3 4196 1−,2− 472 1+ 3723.45 61.3

563 2+ 2808.35 21.9 563 2+ 3632.7 ø19.8

1341 2+ 2030.22 27.9 1846 2+ 2350.0 14.2

1345 3+ 2027.13 5.2 2978 2+ 1218.2 4.7

1347 1+ 2025.04 43.1 4207 1−,2− 472 1+ 3734.6 0.6

1886 3+ 1486.14 1.6 563 2+ 3643.54 11.4

3413 1+ 472 1+ 2940.79 27.0 1341 2+ 2865.45 19.0

563 2+ 2849.95 12.6 1347 1+ 2860.25 30.5

1341 2+ 2071.69 45.7 1846 2+ 2360.94 14.0

1347 1+ 2066.56 10.5 2978 2+ 1229.28 2.5

1846 2+ 1567.18 4.2 3372 2− 835.31 18.3

3589 1+ 472 1+ 3116.89 46.3 3413 1+ 793.86 3.3

563 2+ 3025.89 37.2 3656 2+s1+d 551.2 0.4
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TABLE V. (Continued.)

Ei Ji
p Ef Jf

p Eg Branching Ei Ji
p Ef Jf

p Eg Branching

(keV) (keV) (keV) (keV) (keV) (keV)

1341 2+ 2247.83 4.2 4442 2− 472 1+ 3969.05 3.1

563 2+ 3878.07 31.7 2513 3+ 2545.9 4.7

1341 2+ 3099.93 19.4 3745 3− 1314.58 8.3

1345 3+ 3096.83 25.8 5117 1+,2+ 472 1+ 4644.7 14.8

1347 1+ 3094.80 4.0 563 2+ 4553.5 21.6

1846 2+ 2595.46 7.0 1347 1+ 3770.7 22.2

1886 3+ 2555.8 0.5 1846 2+ 3270.81 26.5

2513 3+ 1928.22 6.9 1886 3+ 3231.6 6.2

3413 1+ 1028.40 0.5 2978 2+ 2139.4 ø8.6

3589 1+ 852.36 0.5 5192 3− 563 2+ 4628.7 100

3628 3+ 813.0 0.09 5339 2− 563 2+ 4775.23 30.5

3656 2+s1+d 785.8 ø0.3 1341 2+ 3997.44 54.9

3745 3− 696.69 0.3 1846 2+ 3492.9 14.6

4562 1+,2,
3+

472 1+ 4089.27 36.9 5455 1,
2s3+d

472 1+ 4982.7 14.6

1846 2+ 2715.78 49.9 563 2+ 4890.87 70.9

2513 3+ 2048.27 8.8 1347 1+ 4107.6 7.3

2978 2+ 1584.17 4.4 3977 1−s2−d 1477.4 4.4

4621 2− 563 2+ 4058.3 79.1 4442 2− 1012.5 2.7

3628 3+ 992.6 20.9 5479 1− 472 1+ 5005.8 16.4

4693 3− 0 4+ 4693.1 0.4 563 2+ 4915.0 23.0

2978 2+ 1715.2 0.6 1341 2+ 4137.11 52.4

4751 2− 472 1+ 4278.8 0.4 1347 1+ 4131.7 8.2

563 2+ 4187.35 27.9 5809 1−,2− 472 1+ 5336.9 1.7

1341 2+ 3409.29 8.2 1347 1+ 4462.39 20.0

1846 2+ 2904.78 19.6 3589 1+ 2220.0 4.1

1886 3+ 2865.27 9.7 3977 1−s2−d 1832.04 22.5

2513 3+ 2237.48 2.7 4562 1+,2,
3+

1247.43 31.7

2904 3+ 1847.11 1.7 5918 2+s1+d 472 1+ 5445.33 50.9

2978 2+ 1773.17 3.5 1347 1+ 4571.14 43.9

3372 2− 1379.2 ø0.6 4693 3− 1225.0 5.2

3413 1+ 1337.74 11.8 6073 2+s3+d 472 1+ 5599.85 18.1

3656 2+s1+d 1095.00 2.3 1341 2+ 4730.74 53.4

3745 3− 1006.01 8.6 1346 3+ 4727.58 3.6

3977 1−s2−d 773.85 1.9 1347 1+ 4725.56 13.7

4049 0− 702.13 0.9 1846 2+ 4226.7 5.4

4939 2− 472 1+ 4466.89 53.0 2904 3+ 3168.3 5.8

563 2+ 4376.05 20.1 6176 s1−, 2−d 472 1+ 5703.2 100

1341 2+ 3597.4 13.2 6248 2− 472 1+ 5774.41 33.3

1345 3+ 3594.2 10.5 563 2+ 5638.8 1.7

3413 1+ 1526.1 ø3.2 1347 1+ 4900.3 19.2

5045 1−,
2−

472 1+ 4572.32 8.4 1886 3+ 4361.7 2.5

563 2+ 4481.38 16.9 2904 3+ 3343.30 36.4

1341 2+ 3703.30 38.7 3372 2− 2875.4 2.7

1347 1+ 3698.07 17.6 3589 1+ 2657.8 4.1
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TABLE V. (Continued.)

Ei Ji
p Ef Jf

p Eg Branching Ei Ji
p Ef Jf

p Eg Branching

(keV) (keV) (keV) (keV) (keV) (keV)

1846 2+ 3198.85 18.3 6251 0+,1,2,
3+

1341 2+ 4908.6 19.7

5060 2− 0 4+ 5058.7 4.0 1347 1+ 4904.3 56.6

472 1+ 4586.91 21.7 1846 2+ 4404.4 23.7

563 2+ 4495.97 56.2 6257 1−,2− 472 1+ 5784.4 25.9

1886 3+ 3174.2 5.0 3977 1−s2−d 2279.3 74.1

6959 1++2+ 0 4+ 6957.6 0.0027

472 1+ 6486.16 1.69

563 2+ 6395.30 18.5

1341 2+ 5617.30 4.0

1345 3+ 5614.15 0.41

1347 1+ 5612.12 0.15

1846 2+ 5112.85 0.53

1886 3+ 5073.38 0.42

2513 3+ 4445.64 0.49

2904 3+ 4055.22 0.71

2978 2+ 3981.32 13.3

3372 2− 3587.42 11.4

3413 1+ 3545.93 0.94

3589 1+ 3369.87 1.5

3628 3+ 3330.93 0.23

3656 2+s1+d 3303.25 0.22

3682 0+ 3277.38 0.70

3745 3− 3214.19 1.0

3934 1–4 3025.65 2.0

3943 2+,
3+

3016.0 0.067

3977 1−s2−d 2982.00 2.6

4049 0− 2910.8 0.070

4196 1−,
2−

2763.14 0.43

4207 1−,
2−

2752.23 11.4

4442 2− 2517.67 14.1

4562 1+,2,
3+

2397.32 1.2

4621 2− 2338.02 0.10

4693 3− 2266.7 0.063

4751 2− 2208.37 5.3

4939 2− 2019.86 0.66

5045 1−,
2−

1914.37 1.2

5060 2− 1899.73 0.8

5117 1+,
2+

1842.17 0.46

5192 3− 1767.18 0.059

5339 2− 1620.41 0.58

5455 1, 2s3+d 1504.83 0.47
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From theg transitions placed in the level scheme we de-
termined the neutron separation energy to be
6959.44±0.05 keV. This precise value is in very good agree-
ment with the result of Greenwood and Chrien[37],
6959.426±0.076 keV as well as with value given in the
Brookhaven National Laboratory compilation[38],
6959.40±0.12 keV. The uncertainty of our deduced value
includes the uncertainty in the primary calibration energies.

III. DISCUSSIONS OF LEVEL SCHEME AND ITS
COMPLETENESS

One of the main goals of the present work is the construc-
tion of an essentially complete level scheme of24Na in the
spin range up to,6 and the energy range up to the neutron
separation energy. Combining thesd, pd and sn, gd data to-
tally 75 levels were observed in this work in the range from
0 to 6.3 MeV. The list of these levels is given in Table IV.
Fifteen levels from this list are reported for the first time.
Most of them were observed in thesd, pd measurements at
least at two angles(in four spectra). The establishment of the
new level at 6251 keV is based on three depopulating and
one populating transitions. The adopted spin-parity assign-

ments in Table IV are made using results from both present
and previous works. The decay scheme of levels follows
from the sn, gd measurement and is given in Table V.

The very high sensitivity in oursn, gd andsd, pd measure-
ments together with the good energy resolution in thesd, pd
spectra allows us to establish a very firm correspondence
betweensn, gd levels and those from transfer reaction mea-
surements. Despite these high sensitivity measurements in
this work, we have obtained no evidence for some levels
previously reported and listed in the last ENSDF compilation
[7]. These levels deserve special attention. Some of these
together with some other levels are discussed below in detail.

The 3896±6 keV level. This level was observed only in
the 26MgsdW, ad measurement[24]. In our work no evidence
for any level with such energy was found. However, we es-
tablished a new level at 3884.85±0.32 keV. Note that a simi-
lar level was reported in the recent work done by Vernotteet
al., at 3884 keV. With respect to the large energy uncertainty
in the 26MgsdW, ad experiment it is not possible to decide if
there is a doublet or if we refer to the same level.

The 3935.7±0.4 keV and 4145.0±0.9 keV levels. In both
our experiments we determined the energy of the first level
to be 3933.6 keV. Our spin-parity assignment for this level is
not in contradiction with that given in ENDSF compilation
[7]. Thus most probably, these two different energy values
refer to the same level. A similar case could be level
4145.0 keV which we found at the energy of
4142.6±0.5 keV in thesd, pd experiment. Nevertheless, our
parity assignment for this level disagrees with that from the
previous works.

The doublet of levels at 4559.1±0.5 keV and
4561.94±0.04 keV. Almost 3 keV energy difference and dif-
ferent parity assignment lead us to establish this doublet of
levels.

The 5397.19±0.11 keV and 5408.3±0.5 keV levels. In our
work we observed peaks corresponding the 5397 keV level
only in the sd, pd measurements and only at 12°. Thus, we
cannot confirm the existence of this level. Close to this prob-
able level we find the new level 5408.3±0.2 keV. Note that
Vernotteet al. [1] reported a level at 5402 keV. With respect
to the energy resolution in their measurement, this proposed
level could be a doublet of the previously seen level at
5397 keV and our newly proposed level at 5408 keV.

The 5846 keV and 5862.9±0.2 keV levels. Close to the

TABLE V. (Continued.)

Ei Ji
p Ef Jf

p Eg Branching Ei Ji
p Ef Jf

p Eg Branching

(keV) (keV) (keV) (keV) (keV) (keV)

5479 1− 1480.45 0.34

5809 1−,
2−

1150.00 0.98

5918 2+s1+d 1041.20 0.28

6073 2+s3+d 886.76 0.76

6248 2− 711.97 0.84

6251 0+,1,2,
3+

708.20 0.23

FIG. 4. The cumulative number of levels as a function of exci-
tation energy. The steplike graph is the number of levels from this
work. The smooth curves are predictions of the constant tempera-
ture Fermi gas model. The dashed line represents the total number
of levels. The solid line shows model estimation for spin range from
0 to 6. The parameters for the constant temperature Fermi gas
model are taken from Ref.[40].
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5846 keV level insd, 3Hed [1] (which corresponds to our
5850.7 keV level) Vernotte et al. observed a level at
5863 keV, which could confirm the previously reported level
5862.9±0.2 keV[7]. However, we find no evidence in our
work for this level.

The 5953.16±0.10 and 5966.2±1.0 keV levels. Neither of
these levels was confirmed in our work. Nevertheless, our
small anglesd, pd spectra in this energy region suffer from
broad background lines from oxygen and carbon. Moreover,
the 5966 keV level is considered to be the firstT=2 state in
24Na. Therefore, only multistep population of this level will
be possible in thesd, pd reaction.

The 4220±3 keV, 4459±8 keV, 4772±7, 5160±8 keV,
and 5432±8 keV levels. There is no explanation why we
could not see these levels. Thus, we consider these levels at
least as questionable.

To answer the important question of the completeness of
our 24Na level scheme we compared the number of levels

from our work with the prediction of the constant tempera-
ture Fermi gas model[39]. With respect to spin sensitivity of
reactions used in this work, we have estimated that we
should be able to observe levels in the spin range from 0 to
6. For this spin range this model gives the cumulative num-
ber of levels up to the excitation energyE with the formula

NsEd = o
J=0

6

fsJdexpfsE − E0d/Tg + c. s2d

The spin distribution is given by

fsJd = exps− J2/2s2d − expf− sJ + 1d2/2s2g. s3d

HereT is the nuclear temperature,E0 is the pairing energy,
and s is the spin cutoff parameter. The parametersT
=2.6 MeV, E0=−5.4 MeV, ands=2.46 weretaken from
the work by Egidyet al. [40]. The normalization constantc
was adjusted to fulfill the conditionNs0d=1. This theoretical
estimate together with our experimental result is plotted in
Fig. 4. The very good agreement up to the excitation energy
6.3 MeV for spins from 0 to 6 allows us to consider the level
scheme to be complete or nearly complete in these energy
and spin ranges.

IV. MECHANISM OF THE „n, g… REACTION

The target nucleus23Na lies among the nuclei12C, 13C,
28Al, 31P, 32S, 33S, and34S, for which contributions of direct
capture ofs-wave neutrons byp3/2 and p1/2 orbitals were
reported(see Refs.[6,41–43]). Despite the relatively large
thermal neutron cross section(sg=0.53 b [45]), one could
expect such a contribution also for23Na. Our newsn, gd and
sd, pd data allow us to investigate the role of the direct cap-
ture mechanism in the23Nasn, gd reaction.

According to Ref.[45], the partial direct capture cross
section for odd target nuclei can be written as

sgf
DC = o

i

si fSif
2 , s4d

where

Sif
2 = s2Ji + 1ds2Jf + 1dF2H3/2 1/2 1

Ji Jf Jt
JS3/2

− Î2H1/2 1/2 1

Ji Jf Jt
JS1/2G2

, s5d

si f =
0.062

RÎEn
FZ

A
G2 Yf

2

6s2Jt + 1dFYf + 3

Yf + 1
G2

3F1 +
R− ai

R
Yf

Yf + 2

Yf + 3
G2

, s6d

and

Yf
2 =

2mEgR2

"2 . s7d

Here Z is the proton number,A is the atomic number,R is
the interaction radius susually taken in the form

TABLE VI. Calculation of direct capture contribution forE1
transitions.

Elev Eg Jp S1/2 S3/2 sDC sexp ksCNl
(keV) (keV) (mb) (mb) (mb)

3371 3588 2− 0.40 19.8 61 33

3745 3214 3− 0.41 0.73 5.5 0.23

3977 2982 1− 0.23 4.9 13.8 19

4048 2911 0− 0.072 0.19 0.37 17

4196 2763 if 1− 0.14 1.7 2.3 15

4196 2763 if 2− 0.11 1.1 2.3 15

4207 2752 if 1− 0.24 0.36 18.4 61 15

4207 2752 if 1− 20.24 0.36 5.6 61 15

4207 2752 if 2− 0.24 0.36 18.3 61 15

4207 2752 if 2− 20.24 0.36 1.1 61 15

4441 2518 2− 0.10 0.80 69 11

4526 2433 3− 0.076 0.04 0.10

4559 2400 1− 0.052 0.19 9.8

4621 2338 2− 0.024 0.04 0.55 9.0

4693 2267 3− 0.028 0.005 0.33 0.08

4750 2208 2− 0.094 0.58 28 7.6

4974 1986 if 1− 0.052 0.15 5.5

5044 1914 if 1− 0.064 0.05 6.3 4.9

5044 1914 if 2− 0.050 0.14 6.3 4.9

5059 1900 2− 0.16 1.4 4.2 4.8

5180 1779 if 1− 0.18 1.6 4.0

5180 1779 if 2− 0.14 0.98 4.0

5180 1779 if 3− 0.12 0.11 0.04

5192 1767 3− 0.089 0.06 0.31 0.04

5245 1714 3− 0.083 0.05 0.04

5338 1620 2− 0.069 0.21 3.1 3.0

5478 1480 1− 0.052 0.03 1.8 2.3

5808 1150 if 1− 0.036 0.04 5.2 1.1

6176 784 if 1− 0.141 0.35 0.34

6247 712 2− 0.040 0.03 4.5 0.25
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1.35A1/3 fmd, ai is the coherent scattering length for chan-
nel spini corresponding to spinsJi =Jt±1/2, Jf is the total
spin of the final state,Jt is the spin of the target,S1/2 and
S3/2 are thesd, pd spectroscopic amplitudes for thep1/2 and
p3/2 components,Eg is the energy of the primaryg transi-
tion, andEn is the incident neutron energys0.0253 eV for
2200 m/sneutronsd. The free scattering coherent lengths
a+=6.17 fm anda−=−1.08 fm weretaken from the compi-
lation f44g.

The calculated values of the contributions of the direct
capture mechanism are compared with our experimental par-
tial cross sections in Table VI. The large difference between
the calculated and experimental values can be attributed to
the compound nucleus(CN) mechanism. However, taking
into account only six levels with the highest spectroscopic
factors from thesd, pd experiment(in Table VI these levels
are printed in bold) one will obtain a striking high correlation
betweensDC and sexp. This correlation is documented by
correlation coefficient%exp=%ssgf

exp, sDCd=0.997. Such high
correlation deserves our attention.

The partial cross section, incorporating both mechanisms,
can be deduced from the generally accepted expression

sgf = fÎsgf
DC + hÎksgf

CNlg2, s8d

which takes into account the Porter-Thomas fluctuations and
whereh is a realization of a random variable, subjected to
normal distribution with a zero mean and a unit variance.
To estimateksgf

CNl we assumed, as starting point, thatsCN

=sexp−o f sgf
DC, the ratioksgf

CNl/Eg
3 is constant and the ratio

betweenE1 andM1 photon strengths is 7. Further, we used
the value of 1% from the compilationf38g as the estimation
of the contribution of the 2+ initial channel to the total cross
section of thermal neutron capture. The values ofksgf

C Nl
estimated in this way are given in last column of Table VI.
Performing a Monte Carlo calculation and using Eq.s8d we
tested how compatible is%exp=%ssgf

exp, sgf
DCd=0.997 with the

distribution of correlation distribution%MC=%ssgf, sDCd.
We obtained an average value of%MC to be k%MCl
=0.647 and aprobability for the occurrence of%MC.%exp

to be onlyPs%MC.%expd=0.13%.
To be sure that this extremely small probability is not

caused only by our assumptions mentioned above, we per-

form another test with other assumptions. We presupposed
that the ratioksgf

CNl/Eg
5 is constant and that the ratio between

E1 andM1 strengths is equal to 1. In addition, we multiplied
sgf

DC from Table VI artificially by factor 3, increasing in this
way the role of the compound nucleus. Even in this case we
arrive at the very low probability for occurrence%MC

.%exp, Ps%MC.%expd=1.7%.
This result could mean that generally accepted ideas about

the CN mechanisms are not valid for levels which are sig-
nificantly populated via the direct capture mechanisms.
However, an unknown phase betweenS1/2 and S3/2 for the
level at 4207 keV and an ambiguous spin for the level at
4196 keV do not allow us to state a more firm conclusion on
the interplay of the direct capture and compound nucleus
mechanisms. On the other hand, it should be noted that simi-
lar features were seen for the target nuclei125Te [46] and
126Te [47].

V. CONCLUSIONS

Using thesn, gd and thesdW, pd reaction we constructed a
complete level as well as decay scheme up to the excitation
energy of 6.3 MeV. The spin-parity assignments are essen-
tially complete up to 3.7 MeV. Above this, energy spin and
parity become less reliable. These uncertainties could be
converted into unique assignments comparing our spectro-
scopic results with modern model predictions for levels
above 3.7 MeV. The very extensive spectroscopic informa-
tion in our work could be challenging for tests of various
theoretical approaches.

Although the23Nasn, gd reaction is supposed to be domi-
nated by a compound nucleus mechanism, we find extremely
high correlation between the calculated direct capture contri-
butions and the experimental values of the partial cross sec-
tions for the six levels with the highest spectroscopic
strength. The rivalry of these two mechanisms deserves fur-
ther investigation in other nuclei.
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