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Compound states of high excitation in 70 and 2"?2Ne have been observed, with good resolution, in
the total neutron yield from the reactions *C(a,n)0 and "'30(a,n)?**'Ne. Bombarding _a-particle
energies were approximately from 1 to 5 MeV. Analysis of the area under the excitation curves gives

a-particle strength functions of S ,=0.029+ 0.030 for *C+a, 0.030+0.023 for O+, and
0.022+0.010 for '*0+a. For astrophysical purposes these strength functions are used to extrapolate

the average cross sections to lower energies.

I. INTRODUCTION

The level structure of O has recently been re-
viewed by Ajzenberg-Selove.! Fowler, Johnson,
and Feezel® and Johnson?® in their neutron scatter-
ing work, have discussed an R-matrix analysis
which includes a fit to some of the *C(a, 7)'°0 ex-
perimental data obtained in the present work. The
180(a, n)*'Ne reaction has been investigated in this
energy region by Chouraqui et al.? who give refer-
ences to earlier work. No data seem to have been
reported on the "O(a, #)?°Ne reaction in this ener-
gy region. These reactions are not only of inter-
est for the more usual nuclear physics reasons
but also may be of astrophysical importance, see,
e.g., Refs. 4 and 5. It therefore seemed worthwhile
to obtain absolute total neutron-production cross
sections with good energy resolution and to extend
these measurements down to a reasonably low bom-
barding energy.

II. EXPERIMENTAL TECHNIQUES

At high energies, the “He” beam of the Oak
Ridge National Laboratory 5.5-MV Van de Graaff
was stripped to *He** before entering the 90°
energy analyzing magnet, and at low energies,
the singly charged beam was used directly. Both
beams were used in the intermediate region. Bom-
barding o energies were determined by calibra-
tions based on the °F(a, #)*’Na resonance at 2609
+ 3 keV ® and the "Li(a, #)'°B threshold at 4380 +5
keV” together with our previous results® for *O-
(@, n)*'Ne which were based on the "Li( p, #n)"Be
threshold. During the course of the experiment,
the shape of the magnet saturation curve was
further studied by observing several sharp reso-
nances with both the singly and doubly charged
beams. We estimate that the energy calibration

|=a

is accurate to +0.15%.

The analyzed beam impinged on targets placed
at the center of the graphite-sphere neutron de-
tector.® This detector was recalibrated during
the course of the measurements by comparison
with a National Bureau of Standards source.

Data were taken both with and without a strong-
focus lens between the analyzing magnet and the
detector. In the latter case, the slowly diverg-
ing beam from the exit slits was collimated by
apertures near the magnet in order to form a
uniform round spot at the target location. Align-
ment was continually checked by monitoring possi-
ble stray beam current to an aperture very slight-
ly larger than the beam, located near the graphite
sphere. In much of the later work an indium vac-
uum seal was used at the target to aid in prevent-
ing carbon buildup; in such cases, an experi-
mentally determined correction was made for the
reduction of detector efficiency by neutron cap-
ture in the indium.

L. C(a,n)"0

Figure 1 shows the neutron yield obtained by
bombarding an infinitely thick disk of compressed
carbon enriched in ®C. The nonresonant yield
has been subtracted. The curve is the integrated
Breit-Wigner yield for the parameters E, =1056.3
keV and I'exp =2.0 keV. Figure 2 shows similar
measurement of the “doublet” at 1.34 MeV, which
was previously resolved only in the °O +# data of
Johnson and Fowler.!® Here the curve is the sum
of two simple Breit-Wigner shapes using E,
=1336.7 keV with Texp=1.0 keV for the lower-
energy resonance and 1340.6 keV with I' ¢ =1.2
keV for the upper resonance. Similar, although
less detailed measurements, were made on a
disk of reactor grade graphite. The average of
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FIG. 1. The data shown were obtained using as target a pressed slug of enriched elemental carbon-13. The back-
ground and nonresonant yield have been extracted. The solid curve is the integrated yield of a single Breit-Wigner
resonance at 1.0568 MeV having a width I" =2.0 keV in the laboratory system. The error in I' is estimated as +0.2
keV. Note that this is the experimental width and includes beam resolution.
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FIG. 2. The data shown were obtained using as target a pressed slug of enriched elemental carbon-13. The back-
ground and nonresonant yield have been extracted. The solid curve is the integrated yield of the sum of two Breit-Wigner
resonances having assumed resonant energies and widths of 1.3367 MeV, I' =1.0 keV, and 1.3406 MeV, I'=1.2 keV (lab
system). The errors in the widths are estimated to be £0.1 keV for the lower resonance and +0.2 keV for the upper res-
onance. Note that these are experimental widths and include beam resolution.
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these measurements yields a step in the yield
curve at the 1.06-MeV resonance of 4475 +5%
neutrons per particle uC, converted to a basis
of 100% carbon-13. Using the value of the energy
loss of 39.2x107'® eV cm? given by Whaling!' (this
value is about 10% lower than that of Palmer®?
and about 10% higher than that of Porat and Rama-
vataram'®) one obtains a value of 0, I"'=17.9 keV
mb +10%. From the fit of the calculated curve to
data such as Fig. 1 we estimate the error of I'cyp
as less than 10%. When the correction for beam
resolution is made we find I"=1.9 keV +10%.
Finally, the resonant cross section is 0, =9.4 mb
+15%. In a similar way we can obtain the values
of 36.8 and 15.9 keV mb for o, I for the 1336.7-
and 1340.6-keV resonances, respectively. The
corresponding cross-section values are 46 and
17 mb, respectively, with an error of 18% in
both cases.

Figure 3 shows a yield curve obtained with a
thin (5 keV at 1 MeV) 3C target produced by
cracking enriched acetylene onto a platinum back-
ing. The cross-section scale is based on the thick
target measurements as discussed above and are
estimated to be reliable to +20% for structure
suitably wider than the target thickness. Table I
lists the energies of the maxima of the yield with
corresponding excitation energies in O (based
on E_, =0.76465E, +6357.0) as well as estimated
resonant widths. The values given are best values
obtained from several measurements and are in
excellent agreement with those obtained from
other work; see Ref. 2. Kerr, Morris, and
Risser® have pointed out that their energies,
for o energies above about 4 MeV, disagree by

TABLE I. Level parameters for 3C +@, Shown are
the incident o -particle energy, the energy of excitation
in the 170 compound system, and the total width in the
center-of-mass system.

E lab Eex T c.m. E lab Eex rc.m.
(keV) (keV) (keV) (keV) (keV) (keV)
1056.3 7164.7+1.5 1.5+0.2 3415 8968+4 14
1336.7 7379 +1.5 0.67)] 3645 91444 9
1340.6 7382 +1.5 0.8*0:3 3714 9197x4 8
1590 7573 %2 =1 4096 94894 16
1745 7691 %6 =15 4394 97175 25
2083 7950 =8 75 4465 9T71x15 ~25
2250 8077 %8 110 4583 9861x5 14
2407 8198 8 70 4600 9874%15 ~10
2604 8348 x4 15 4730 9974+20 ~80
2680 8406 =3 8 4820 10043+ 20 ~100
2765 8471 =3 8 4993 10175+5 45
2809 8505 =3 6  520010333+15 150
3059 8696 x5 50  532510429+10 23
3318 8894 =8 115
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FIG. 3. These data show the 3C(x,7)!%0 total neutron cross section. The target consisted of a layer of cracked (enriched) acetylene on a platinum backing.

The target thickness was measured to be approximately 5 keV at the 1.057-MeV resonance. The energies are in the laboratory system and are corrected for

The cross-section scale is based on measurements made on the 1.057-MeV resonance using infinitely thick targets, of both enriched and nat-

ural elemental carbon, in conjunction with thin target measurements over this resonance and the wide resonance at about 2.4-MeV energy.

target thickness.

=3
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FIG. 4. The data shown here were taken with targets
made by anodizing tantalum disks in water enriched to
15.7 at.% "0 and 5.0 at.% !%0. The cross-section scale
was obtained by normalizing to the known 180 cross sec-
tion; it applies only to peaks due to 170. The top data
were taken with a target 13 keV thick for 24-MeV « par-
ticles while the target for the bottom set of data was 6
keV thick at the same energy. The energies are in the
laboratory system and have been corrected for target
thickness.
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as much as 70 keV with those of earlier work!'s: %
The present data agree with those of Kerr, Morris,
and Risser and with those of Robb, Schier, and
Sheldon!” in the region of overlap. Perhaps it
should be stressed that the energies of the maxima
listed in Table I may, because of interference be-
tween levels of the same spin and parity, differ
from the true resonant energy. Johnson? defines
and determines level energies from an R-matrix
analysis of neutron-scattering data and part of

our (@, n) data. In the cases investigated here,

the differences are less than the errors in the
measurement. Johnson also gives a-particle
widths from his analysis.

The various values of the measured total ab-
solute (a, #) cross section'® !® (and those derived
from the inverse reaction) are not in really good
agreement with each other and are in many cases
20 to 40% below those reported here. Detailed
comparisons are, however, difficult to make be-
cause of the widely different resolutions involved.
On the other hand, if one normalizes the angular
distribution of the 5.0- (4.995-) MeV resonance
as given by Robb, Schier, and Sheldon'” to the 0°
cross section of Kerr, Morris, and Risser!? and
integrates to get the total cross section, one ob-
tains a value some 15% above that of the present
work.

Note added in proof: Thick carbon target yields
calculated from the thin target data given here
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_ FIG. 5. The data shown were obtained by bombarding a tantalum blank which had been anodized at 4 V in water en-
riched to 15.7 at.% "0 and 5.0 at.% '%0. The target thickness is ~2} keV for 2.5-MeV « particles. The cross-section
scale was obtained by normalizing to the known 80 cross section; it applies only to peaks due to 119, Energies are in
the laboratory system and have been corrected for target thickness.
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must be reduced by 15 or 20% in order to match
smoothly with recent thick target measurements
made using a-particle beams of from 5.2- to 9.0-
MeV energy (see Bair!®?),

IV. "0O(e, n)*°Ne

Figure 4 shows the neutron yield measured
using targets obtained by anodizing tantalum blanks
in water enriched to 15.7 at.% 'O and 5.0 at.%
of 0. The top data were taken with a target 13
keV thick for 2.5-MeV « particles and the bottom
with a 6-keV-thick target. The cross-section
scale has been determined by normalizing to the
180 resonances® at 2.56 and 2.71 MeV and taking
into account the known ratio of 'O to ®0 enrich-
ment. Figure 5 shows similar data from about
1.9 to 2.8 MeV taken with a target approximately
23 keV thick for 2.5-MeV a particles.

Figure 6 shows the neutron yield measured us-
ing a “drive-in” target'® made by bombarding a
tantalum disk with 24-keV 'O ions. The feed gas
had been previously enriched to 15% 0. Such
targets of the noble gases have been studied in
considerable detail by Selin, Arnell, and Almen.?°
Their work leads us to expect that the density of
drive-in atoms rises very rapidly to a maximum,
as a function of distance into the target, and then
falls off much more slowly. Selin, Arnell, and
Almen give an estimate for the thickness of any
possible inert surface layer of tantalum which
converts to <1.5 keV for 2-MeV « particles.
Measurements made with thin anodized "0-'0
_ targets (on the same cycle of the analyzing mag-
net) gave the experimental widths of the 1.96- and
2.03-MeV resonances as 5.0 and 2.5 keV, respec-
tively, and their separation as 63.5 keV. If we
assume that the drive-in targets are infinitely
thick for the 2.03-MeV resonance and that there
is no straggling of any inert surface layer, we
obtain a level width of 2.0 keV in good agreement
with the value obtained from the known anodized
target thickness. By measuring the lower reso-
nance with a thin anodized target and the upper
resonance with a drive-in target, all on the same
magnet cycle, we determine that the separation
in energy of the levels is the same as that deter-
mined above. We therefore conclude that the thick-
ness of any inert surface layer is 0+ 1 keV. From
the fact that the shape of the distribution of 70 is
simply related to the shape of the yield curve of
a narrow resonance, we estimate that the full
thickness at half maximum of the target used to
obtain the data of Fig. 6 is 26 keV for 2-MeV «
particles. The bombarding energies of Fig. 6
have been corrected by subtracting half of the
target thickness. The energies and cross sections
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FIG. 6. These data were obtained by means of “drive-in” targets made by bombarding a tantalum blank with 24-keV 170 ions in a magnetic separator. The

feed gas had previously been enriched to 15.2 at.% 170. The target thickness is ~35 keV at 1 MeV. The cross-section scale has been obtained by normalizing

to the anodized target data. Energies are in the laboratory system and have been corrected for target thickness.
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FIG. 7. The data shown in the lower curve were taken with a target mady by anodizing a tantalum blank at 22 V in
water enriched to 97 at.% '80. Target thickness was 13 keV for 2.5-MeV « particles. The inset curve was taken with
a similar target having a thickness of only 6 keV. The cross-section scale was obtained by normalizing to the known
180 cross section. Energies are in the laboratory system and have been corrected for target thickness.

TABLE II. Shown are the incident a-particle energies corresponding to maxima in the 17O(oz, n)2°Ne yield curve, the
corresponding energy of excitation in the *!Ne compound system, and an estimate of the laboratory width (corrected for
target thickness).

Eq E r Ey E ox T
Level (keV) (keV) (keV) Level (keV) (keV) (keV)
1 1452 8524+ 2 6 25 3190 9931+10 15
2 1535 8591+10 45 26 3370 10076 +10 <5
3 1650 8684+ 10 60 27 3412 1011010 45
4 1770 8781+5 50 28 3505 10186+10 15
5 1791 8798+ 2 <5 29 3630 10287 +25 80
6 1850 88465 10 30 3700 10344 +20 25)
7 1870 8862+ 5 7 31 3750 10384 +10 45
8 1960 8927+5 5 32 3825 10445+15 55
9 2025 89885 2.5 33 4040 1061910 65
10 2175 9109+ 15 100 34 4165 10720 + 10 45
11 2300 92105 10 35 4320 10845+10 20
12 2370 92675 15 36 4360 10878 +20 30
13 2410 92995 10 37 4425 10930+10 35
14 2495 9368+5 30 38 4585 11060 + 10 ~5
15 2605 9457+ 10 35 39 4612 1108210 <5
16 2665 9506 + 15 50 40 4620 11088 +20 ~100
17 2678 9516+ 5 20 41 4720 1116910 30
18 2840 9647+ 10 30 42 4770 1121015 25
19 2870 9672 +20 x5 43 4870 1129110 30
20 2900 9696 + 10 10 44 5000 11396 +10 55
21 2935 9724 +10 10 45 5110 11485+25 15
22 3030 980115 10 46 5160 11525+15 55
23 3070 9834 +10 50 47 527C 11614 +15 30
24 3140 9890+ 15 50
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TABLE III. Level parameters for 80 +@, Shown are
the incident a -particle energies, corresponding excita-
tion energies in the %2Ne compound-compound nucleus,
and laboratory widths corrected for target thickness.

E, Eo r
Level (keV) (keV) (keV)
1 1159 10615+ 3 6
2 1322 10749+3 6
3 1450 10853 %3 6
4 1530 109193 24
5 1864 11192 +3 7
6 1955 112665 12
7 2160 11434 +8 48
8 2195 114633 =3
9 2335 115775 18
10 2467 11685+5 9
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FIG. 8. Plot of Apgz/AE as a function of incident a-
particle energy for the reaction !3C(x,2)!%0. Here Apx
is the area under the excitation curve in the energy re-
gion AE. The solid curve is calculated based on an a-
particle strength function S, =0.029.

are correct only for levels whose widths are great-
er than the target thickness.

The "O(a, #)*°Ne data of Figs. 4, 5, and 6 have
not been corrected for the variation of graphite-
sphere detector efficiency as a function of neutron
energy since the energy spectrum of the neutrons
is unknown. This correction would be negligible
at the lower energies but might be as much as
+5% at our highest bombarding energies. Exclusive
of this, the over-all error is estimated as +25%.

Table II lists “level” parameters. For a-parti-
cle energies below about 2.8 MeV these data are
taken with the anodized target. Above this energy
the data are taken with the drive-in target and
narrow resonances would not be resolved. Thus
above 2.8 MeV it would be unwise to attempt to
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FIG. 9. Plot of App/AE as a function of incident a~
particle energy for the reaction 17O(oz ,n)zoNe. Apgis
the area under the excitation curve in the energy region
AE. The solid curve is calculated based on an a-par-
ticle strength function of S, =0.030.
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closely correlate the structure of the yield curve
to level structure in the compound nucleus. Exci-
tation energies are based on E., =0.809 42E
+7348.17.

V. ®0(a, n)*'Ne

We have previously reported® the total neutron
yield from this reaction for bombarding energies
greater than 2.5 MeV. With the better techniques
now available, it was possible to extend these data
down to much lower energies. Figure 7 shows
such data taken with an anodized '®0 target 13 keV
thick for 2.5-MeV « particles and also (inset) with
a 6-keV target. The cross-section scale has been
obtained by normalizing to the older data, the esti-
mate of the error remains +25%. Table III gives
the level parameters. Excitation energies are
based on E., =0.818 08E, +9667.0.
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FIG. 10. Plot of the log of the number of levels in
170(@ ,n)?'Ne having a spacing greater than some spacing
D. The intercept corresponds to a total of 138 levels of
which we observe 47. The slope corresponds to a level
spacing of 43 keV to be compared to our experimental
value of 81 keV.
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VI. DISCUSSION

A. C(a,n)'°0

Following the techniques used in previous work
at this laboratory,®' ' we have averaged the *C-
(a, #)'®0 cross-section data over an interval re-
gion AE of 400 keV and plotted the area under the
yield curve per unit AE as a function of the inci-
dent a-particle energy. These data are shown
as the points in Fig. 8. If we assume (1) that
I',> T, and that all other widths are negligible
[the (a, p) reaction has a @ =-7.4 MeV] and (2)
that the net effect of interference terms in the
total cross section is zero when averaged over
the levels, we can define an a-particle strength
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FIG. 11. Plot of A, z/AE as a function of incident -
particle energy for the reaction 180(c,n)?'Ne. A g is
the area under the excitation curve in the energy region
AE. The solid curve is calculated based on an a-par-
ticle strength function of S,=0.022. The open circles
are from Ref. 8 and the closed circles are from the
present work.
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function, S,, by

Ang 27282 L 2rR
A—AE{3=2[+IZ(ZJ+1) 12 A S,. 1)
I1=|J=-I

Here A ,z/AE is the unit area under the averaged
yield curve and the other symbols have their usual
meaning [the reaction radius was taken to be
1.4(AY3 +1.59) fm]. Using Eq. (1), an S, was
calculated for each energy increment, the average
of these then is 0.029 + 0.030 where the error is
the variance for the different energy increments.
The solid line of Fig. 8 is the calculation based on
S, =0.029. As is seen, the fit to the data is not
good, a result of the relative scarcity of avail-
able states in 7O in the a-particle bombarding
energy region around 4 MeV.

Davids® has made measurements of this reac-
tion for bombarding o -particle energies of from
475 to 700 keV. When we use our value of S, and
with the aid of Eq. (1) obtain extrapolated cross
sections in this low-energy region we find that
our values range from 5% higher at 700 keV to
33% higher at 475 keV. Such excellent agreement
must be to some large extent fortuituous.

170(01, n)20Ne

The points of Fig. 9 show the experimental data
for the "(a, n)*°Ne reaction averaged over 400-
keV energy intervals. As before, an S, =0.030
+0.023 is obtained. The curve is from Eq. (1)
using this value. The "O(a, #)*°Ne cross section
extrapolates to 10 nb at 750-keV bombarding

=3

energy and is falling at a rate of about a decade
per 100 keV.

Very little high-resolution data are available in
this region of excitation in 2'Ne. Unfortunately
the 13-keV neutron total cross section data of
Cohn and Fowler?? overlap ours only at their
highest level. Here their width, Itm=9 keV, and
excitation energy, 8522 keV, are in excellent
agreement with our values of 5 and 8524 keV,
respectively.

In Fig. 10 we have used the data of Table II
to plot the logarithm of the number of level spac-
ings in 'O +a greater than some spacing D. If
the distribution is random, such a plot gives a
straight line, the negative reciprocal of whose
slope should give the average level spacing and
whose intercept should give the total number of
levels. The result is that the intercept corre-
sponds to 138 levels of which we experimentally
observe 47 and that the slope corresponds to an
average level spacing of 43 keV compared to our
experimental value of 81 keV.

180(01, n)2l Ne

Figure 11 shows the data for the reaction *0-
(a, n)*'Ne averaged over 400-keV intervals. The
open points are from previous work at this lab-
oratory® and the solid points are from the present
experiment. A value of S, =0.022+0.010 is ob-
tained from the combined data. The %0(a, #)*'Ne
cross section extrapolates to a value of 140 nb
at 900 keV (~50 keV above threshold) and at 1 MeV
is 670 nb.
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