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Cross sections for Ne(a, a& 2 3) were measured from E =5.6 (a&), 7.5 (a&), and 9.5 (a3) MeV up to
11.0 MeV in steps of 10 and 15 keV at up to 20 angles. The a& data were fitted with a Legendre po-
lynominal expansion, thus allowing limits to be placed on the spin and parity of 31 levels in Mg, about
five of which have not previously been seen in elastic a scattering. In the a2 data some 15 levels are
identified as to energy and width.

PACS number(s): 25.55.Ci, 27.30.+t

I. INTRODUCTION

An analysis of elastic alpha scattering from Ne [1]
has revealed an extensive series of natural parity states in
the compound nucleus, Mg. Many of these states, as
well as many others, have been summarized in Ref. [2].
In this paper, we report data on the inelastic scattering of
alphas from Ne, which, for the most part, were ob-
tained from the same spectra upon which the data report-
ed in Ref. [1] were based. We refer the readers to Ref.
[1] for a description of the experiment and data reduc-
tion. The present work reports excitation functions of in-
elastic scattering of alphas from Ne, to the first excited
state (1.634 MeV, 2+) from E„( Mg)=14.0 to 18.5
MeV, at a sufticient number of angles that a I.egendre po-
lynomial fit was done to the data; to the second excited
state of Ne(4. 248 MeV, 4+) from E„( Mg)=15. 5 to
18.5 MeV at only a very few angles; and to the third ex-
cited state of Ne (4.970 MeV, 2 ) from
E„( Mg)=17.2 to 18.5 MeV. Previous work [3] has
provided excitation functions, at two laboratory angles
only, for these states, from E„( Mg) =20.3 to 26.5 MeV.

About 11000 cross sections in the three inelastic chan-
nels were measured. As the rather extensive data set can
only be presented in a qualitative way in the present
work, we have deposited the 117 pages of differential
cross sections and Legendre fits with the AIP Physics
Auxiliary Publication Service [4).

II. INELASTIC SCATTERING TO
THK FIRST EXCITED STATE OF Ne

The differential cross sections for the
Ne(a, a, ) Ne(1.634 MeV, 2+) reaction were measured

in the range 5.6 MeV ~ E ~ 11.0 MeV in steps of 10 and
15 keV. Excitation functions at selected angles are
presented in Fig. 1. In the initial data set, as used to pro-
vide information about the Ne(a, ao) Ne(g. s) reaction
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[1],there were no more than sixteen angles for each angu-
lar distribution. This presented a problem in fitting, espe-
cially as there were no data forward of 8&,b=45'. Addi-
tional data were measured over the energy region
5.6~E ~ 10.6 MeV, especially at forward angles along
with data at angles identical to several angles in the origi-
nal data set to establish a common normalization. The
second data set was then used to interpolate data (using a
polynomial interpolation from the nearest neighbor data
at each angle) at the additional angles for the original
data set (as the original data set was of varying step size),
providing a total of up to twenty angles at each energy.
This set was also used as a separate energy calibration to
which the original data sets were adjusted as it was mea-
sured across the whole energy range at one time as op-
posed to several subsets with slightly different target
thicknesses; thus, the present work provides an indepen-
dent determination of resonance energies from the values
derived from the elastic scattering data [1]. This
difference in energy calibration varies from about 17 keV
above to 1 keV below the ao calibration, and should be
remembered when comparing resonant energies from the
(a,ao) and (a, a&) channels. Despite the fact that the ad-
ditional data were of lower counting statistics and includ-
ed an error for the interpolation process, so that the total
errors for these angles are significantly larger than the er-
rors of the original data, they constrain the fits from pro-
ducing unphysical results (i.e., negative cross section) at
the forward angles.

As stated in Ref. [1], the energy uncertainty arises
principally from the uncertainty in the beam-energy cali-
bration and, especially, poor knowledge of the pressure
profile and He/Ne mixture at the beam entrance collima-
tor, and was estimated to be —10 keV or a little worse.
On average, the inelastic resonant energies agree with the
elastic channel energies (for those resonances for which
the widths are in approximate agreement and the spin as-
signments are consistent) to within an average variance of
about 20 keV. As the estimates of the resonance energy
may be influenced by the interference between the reso-
nance partial waves and the background, errors of the or-
der of the resonance width should be expected. The un-
certainties in cross sections principally depend on uncer-
tainty in the laboratory scattering angle, the errors in the
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FIG. 1. Excitation functions at selected angles for inelastic a scattering to the first excited state of ' Ne. The line segments are a
guide to the eye in regions of sharp structure.

acceptance for each detector telescope, errors in measure-
ment of the gas pressure in the target chamber along with
beam heating effects in the gas, and errors in measure-
ment of the integrated beam current which, together,
were about 2 —3 % [5], dependent upon the scattering an-
gle.

The Ne(a, a, } Ne" (1.63 MeV, 2+) angular distri-
butions were expanded in terms of Legendre polynomials:

2L= g a P,(cos8} .
v=O

This gives the total cross section, o.T=4m.ao, and the
highest order Legendre polynomial required which de-
pends on the angular momentum. The a were deter-
mined by the linear least-squares fit by Eq. (1) for a par-
ticular maximum order of Legendre polynomial
v „=2L. The value of v,„was determined by the fact
that increasing it would no longer improve the g per de-
gree of freedom. The g per degree of freedom were quite
good below about E = 16 MeV. Above E„=16 MeV the
lack of data at angles smaller than 0, =30' made it
necessary to constrain the fits from becoming negative at
forward angles, as was done in Ref. [5]. This means that

the fit forward of 30' is inaccurate and the errors of a
become larger. Several fits to angular distributions are
presented in Fig. 2. The values of a as a function of en-

ergy are presented in Fig. 3—6, the total cross section be-
ing given at the top of Figs. 3 and 5. There were
insufficient angular data to achieve useful fits from
10.6~E ~ 11.0 MeV.

The Legendre fits set limits on the spin of states excited
in the compound nucleus. The reaction has the spin
structure 0++0+~0++2+. If, at some energy, the in-
coming orbital angular momentum l excites a resonance,
then the spin and parity of that resonance are J=l,
~=( —)'. The outgoing orbital angular momenta l' are
confined to the range ~1

—
2~ ~ I' ~ I +2 and conserve pari-

ty. It has been shown [6,7] that L may not exceed the
minimum of l, J, or l'. The possibilities of J for a given
L in this channel are presented in Table I.

Several resonances were identified (see Table I) and the
values for the resonant parameters were estimated. In
most cases the value L =v „/2 was unambiguous,
though sometimes v „was odd, possibly from interfer-
ence of a resonance with L =(v,„—1)/2 and an other-
wise insignificant L +1=(v,„+1)/2 background
strength. However, if this odd v,„was significant, then
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TABLE I. Resonances in Mg deduced from Ne(a, a&) Ne* excitation functions and Legendre polynomial fits to same, and
from Ne(a, az) Ne, compared to resonances observed in elastic a scattering from Ne in Ref. [I]. An asterisk indicates a possible
doublet as reported in Ref. [l].

E
(MeV)

(a, a&) resonancesE„L J7T

(MeV)
I,
(keV)

E
(MeV)

(a, a2) resonances
E„ r,

(MeV) (keV)
E„

(MeV)

(a,ao) resonances'
J1T r,

(keV)

5.715 14.072

5.790 14.134

5.915 14.238

6.01
6.063

6.138
6.350
6.423
6.475
6.54

14.32
14.362

14.424
14.601
14.661
14.705
14.76

(0,1)
2

2
(3)
4
3

(1,2)

6.793
6.958

14.970
15.107

3
(3,4)

7.080
7.267

15.209
15.365

3(4)
2(3)

7.440
7.65

15.510
15.68

(5,6)
(3',4)

7.76 15.78

8.00 15.98

8.25 16.18

8.42 16.32

8.582
8.652
8.699

16.460
16.518
16.557

(4)
4

4(5)

9.034 16.836 (3,4)

2+ 4+

2+ 4+

2+ 4+

(0+2+ 1 3 )
2+,4+
2+ 4+

(3-,'5-)
4+ 6+

3,5
(1-3-,2+4+)

3,5

(3 5 4+6+)

3 5 (4+,6+)
2+ 4+(3 5 )

(5 7,6+8+)
(3-5-,4+6+)

2+ 4+

1,3

4+, 6+

4+, 6+

(4+,6+)
4+,6+

4+,6+(5,7 )

(3 5,4+6+ )

21

&13

13

-167
13

42
&13
&15

21
&21

&13
&13

33
25

21
21

33

21

&13

&8

&17
33
33

7.650 15.684

7.815 15.821

7.995 15.971

8.570 16.450

8.800 16.641

8.962 16.776

9.115 16.904

13

21

&13

21

17

33

42

(14.070)
14.076

(14.090)
14.10'

14.145'
14.146
14.148b

14.158

14.241
14.257

14.348
14.390

14.454
14.562
14.641
14.689
14.738
14 81'

14.988
15.110
15.134

15.207
15.347
15.378

15.526
15.68
15.71

15.786
15.821
15.846

15.971
(15.971)
16.162
16.196

(16.32)
16.433
16.470
16.521
16.597
16.666

(16.73)
16.775

16.837
16.922

(odd)

(2,4)+

4+(3,5 )

(3,4+, 5 )

4+

4+

(3 )
4+
4+

odd (not 3)
6+
5
4+
1

(4+, 5 )
4+
4+

5
4+
4+
6+

(0+)
(4+)
4+

Qdd

Qdd

(even)

6+

7
6+
6+
4+

(even)
(odd)

(4+ 6+ )+

(6+ )*
6+

—17
24+5
-21

1.8+0.4
6.2+0.7
11.2+1.9
11.3%1.4

16+2
112+29
12+3

46
&13
11+9
9+1

13

-20
15
15

36+3
21+4
31+7
18+2
&15
&25

13
87

&13
—35

narrow

(8
8

narrow
10

8+2
31
30
30
&8
30

22
44+6

9.134
9.24
9.34

9.78

16.920
17.01
17.09

17.46

(4,5)
4

(5)

5(6)

(4+6+ 5 7 )

4+,6+
(5 , 7 )

5-,7-(6+ 8+)

&8
&8

-42 9.31 17.07

9.732 17.418

9.826 17.496

37

13

29

17.010
17.080
17.133
17.399

17.437
(17.47)

7
6+
5
6+

6+
(even)

15+10
44+6
26+6

20

20

10.11 17.73 (4,5) (4+6+,5 7 ) &8
9.95 17.60 13 17.615

17.73 4+
23+8
-25
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TABLE I. (Continued).

E
(MeV)

(a, a&) resonances
E L J"

(MeV)
r,
(keV)

E
(MeV)

(a, a2) resonances
E„ I,

(MeV) (keV)
E

(MeV)

(aao) resonances'
J77 r, .

(kev)

10.190 17.799 4(5) 4+,6+(5,7 ) 21 10.205 17.812

10.512 18.067

25 17.77
17.83

(not 4+)
(not 4+)

-42
-42

10.530 18.082 4(5) 4+,6+(5,7 ) 33
10.605
10.750

18.145
18.266

33
25

18.089
18.149
18.27

20
20

-21
' From Ref. [1]except where noted.

Ne(a, a'y)2 Ne from Ref. [11].
Ne(a, y) from Ref. [12].
Ne(a, y) from Ref. [11]."Ne(a, yo) Mg from Ref. [10].

the next higher L is listed in parentheses, following the
lower L, in Table I. The interpolation process for the for-
ward angle data also tends to smooth out the effects of
narrower structure at these forward angles, and hence
contributes to the difficulty of recognizing the appropri- Ne(a, a ) Ne"
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FIG. 2. Selected angular distributions at selected energies for
the Ne (a, a&) Ne reaction. The solid lines represent the
Legendre polynomial fit to each angular distribution. The ener-

gies are in MeV.

FIG. 3. The results of the Legendre polynomial fit for the

data at E below 16.5 MeV and for v=0 through 5. The total

cross section (o.T =4mao) is at the top.



INELASTIC a SCAL j.'ERING FROM Ne 269745

IU. DISCUSSION OF THE RESONANCESate v,„. Thus, in some cases, the L is uncertain or there
is more than one possibility for L and this is indicated by
parentheses in the L column of Table I. Once L is
known, then limits are placed on J . Some of the reso-
nances for which there is evidence of previous observa-
tion in Ref. !1] or elsewhere are discussed below.

III. INELASTIC SCATTERING TO THE
SECOND AND THIRD EXCITED STATES OF Ne

Figure 7 shows data at several sample angles for the
Ne(a, az) Ne' reaction, but I had an insufficient num-

ber of angles for a satisfactory Legendre fit. However,
some estimates for E and I were made by visual inspec-
tion of the data, and these values are also listed in Table
I. Figure 8 shows a few unfitted angular distributions for
this inelastic channel.

A small amount of data (not shown here, but included
in the AIP PAPS file, Ref. [4]) was also obtained for the

Ne(a, a3) Ne' reaction. Background made it very
difficult to reduce these data and there is some bad over-
lap between data sets.
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FIG. 4. As in Fig. 3 for the I.egendre coefficients v=6
through 11. FICx. 5. As in Fig. 3 for E„)16.5 MeV and v=O through 5.

For most of the resonances for which a definite J as-
signment is made in the (a, ao) and a definite L assign-
ment is made in the (a, a, ) channels, the agreement is
with the higher J value deduced from the L in the Legen-
dre fit to the (a,a, ) data. The higher J corresponds to an

outgoing orbital angular momentum of l'=L, whereas
the lower J corresponds to l'=L +2; thus the higher an-
gular momentum associated with the lower Jhas a higher
centripetal barrier for the outgoing a. While the barrier
penetration factors for the incident alpha angular mo-
menta (l) behave in a contrary way for the two J 's, this is
less important as it is at higher energy.

The state at E =9.034 MeV corresponds to structure
that was reported as a possible doublet, one member of
which was probably at 6+, consistent with the L =(3,4)
assignment in the present work. There are also three nar-
row (I, & 8 keV) (a, a&) resonances at E =9.134, 9.24,
and 9.78 MeV which do not agree in width or spin with
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the nearest (a, ao) resonances; so these are probably new
states.

Of the six natural parity resonances observed in both
(p, ao) and (p, a&) reported in recent Na+p work [8]
(that are in our energy range) we find relatively little
agreement with our experiment (see Table II). However,
the narrow 14.227 MeV (4+, I =2.0 keV, I =2.0
keV) resonance observed in Ref. [8] probably corresponds
with our narrow (I (13 keV) 14.238 MeV (L =2) state.
Their 15.40 MeV (I &,b=22+6 keV) state might corre-
spond to our 15.365 MeV (4+, I ~,b=25 keV) state, which
corresponds to a doublet seen in our (a, ao) work [1]. A
comparison of our results with those of Ref. [8] is found
in Table II.

Work on the Ne(a, y) Mg reaction [9] led to the ob-
servation of narrow states at E =5.720 and 5.796 MeV
(+5 keV). These correspond in energy to the first and
second states in Table I. In Ne(a, yo) Mg [10]»
level was observed at E =6.60 MeV, perhaps corre-
sponding to a possible L =(1,2) level at E =6.54 MeV
seen in the present work, though, more likely, it is the 4+
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TABLE II. Resonances in Mg deduced from the present work compared to natural parity states observed in at least one alpha
channel in Ref. [8]. The first through third columns are from Table I. The fourth column is the preferred J based on the present
work and the assumed corresponding level from Ref. [1],with other possibilities from the present work shown in parentheses.

E
(MeV)

(a,a, ) resonances (present work)
r, . L
(keV)

E
(MeV)

(p, a;) resonances (Ref. [8])
~& b J

(keV)
(p, a;)

14.072

14.134
14.238
14.362
14.424

14.601
14.661

14.705

14.76
14.970
15.209
15.365
15.510

21

~13
~13
&13

42

&13
~15

21

&21
~13

33
25
21

(3)
4

(1,2)
3

3(4)
2(3)
(5,6)

2+,4+

4+(2+ )

4+(2+ )

4+(2+ )

4+(2+ )

5,(3 )

6+(4+)

5 (3 )

4+( 1 2+ 3 )

5-(3-)
5 (3-,4+,6+)
4+(2+,3,5 )

6+(5 7 8+ )

14.080
14.088
14.096
14.1275
14.227
14.3625
14.414
14.415
14.458

14.604
14.653
14.663
14.695
14.705
14.778
14.967
15.18
15.40
15.527

1.25
30

22.5

2.2
5.5
15.7

5

1.5
10

8

72
3.4
16
14
55

10+3
40

22+6
&10

2+
1

3
2+
4+

(4)+
(4+ )

3
2+

(1 )

(4+)
3

(2)+
1

1
nat J
2+
nat J

Ap

ap
a&

CXp, CX )

Qp, CX)

ap
ap
ap
ap

a&

ap, a&

ap
CX[

ap
ap
ap

ap, a&

ap, a&

a]

level reported in the (a, ao) work [1]. Newer data on the
Ne(a, y) Mg* reaction [11] also observed narrow lev-

els at E =5.720 and 5.799 MeV, corresponding to the
resonances seen in Ref. [9], but ruling out a correspon-
dence with our broader (I =21 keV) 5.715 MeV state.

Levels reported in Ne(a, a'y, 63 ) Ne [11] at
E =5.715 MeV+5 keV (I =24+5 keV), 5.801 MeV
(I =6.2+0.7 keV) and 5.913 MeV+5 keV (I =11.3+1.4
keV) correspond well to our first three (a, a&) levels. A
broad unlabeled resonance is also apparent in their [11]
data and is consistent with our broad 14.32 MeV (I = 167
keV) state. Additional Ne(a, y) studies [12]using y-ray
angular distributions and decay schemes report a (2,4)+
assignment for a E„=14. 10 MeV state which would seem
to match our first state except for the I =1.4+0.4 keV
measured by Ref. [11]. Reference [12] also limited a
I =1.8+0.4 keV, 14.146 MeV state to 4+,(3,5 ). All

these parameters are consistent with our second level; see
Table I.

Data on the Ne(a, a'y& &3) Ne reaction were also re-
ported up to E =6.08 MeV in Ref. [13]. Their [13]
yield curve (their Fig. 2) corresponds nicely with our cr&.
at the low end of our energy range (see Fig. 3, top panel),
indicating that their peaks labeled Y, a, y, and 5 corre-
spond to our first four states (in Table I).
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