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The polarization and the differential scattering cross sections for neutrons scattered from Be9 were meas­
ured at 5 angles for neutron energies from 0.2 to 2.0 MeV. The data are interpreted in terms of a two-channel 
process. The neutron scattering resonances at 0.625 and 0.815 MeV, corresponding to levels in Be10 at 7.37 
and 7.54 MeV, were assigned the spin and parity values J7r=3~" (1 = 2) and J*=*2+ (7=1), respectively. 
The calculations took account of the effects of s-wave and p-w&ve backgrounds as well as approximate 
contributions of 1~ and 2~ bound states. 

I. INTRODUCTION 

MEASUREMENTS of the neutron total cross sec­
tions1 and differential scattering cross sections2'3 

of Be9 for neutrons below 1-2 MeV have so far failed 
to give unique assignments to the parities of the levels 
in Be10 at excitation energies of 7.37 and 7.54 MeV, 
corresponding to resonances at neutron energies of 
0.625 and 0.815 MeV, respectively. Both Willard et ak2 

and Lane and Monahan3 were able to represent differ­
ential scattering data near the 0.625-MeV resonance 
on the assumption that the level has a spin and parity 
of Jr=3+ and was therefore formed by neutrons with 
orbital angular momentum 1=1. This fit required rather 
special assumptions; in particular, it was necessary to 
assume that the s-wave background scattering is all 
in channel spin 5 = 1. This requirement is in disagree­
ment with the thermal scattering data.4 Marion5 has 
pointed out that the 7.37-MeV state in Be10 and the 
8.89-MeV state in B10 are probably analog states with 
isotopic spin T= 1 in the mass-10 isobaric triad. From 
an analysis of data6 on the Be9(p,n)B9 reaction, Altman 
et alJ have concluded that these analog states have 
negative parity and that therefore the level at 7.37 
MeV in Be10 should be formed by J-wave neutrons in 
the Be9(#,#)Be9 reaction. 

The correct parity for this state is not evident from 
the resonance shape obtained from the measured dif­
ferential scattering cross sections alone. The interac­
tion of neutrons with Be9 nuclei, which have nonzero 
spin, may involve many more phase shifts than are 
possible for zero-spin nuclei. Thus a unique solution, 
if it can be found at all, requires a more extensive 

f Work performed under the auspices of the U. S. Atomic 
Energy Commission. 
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4 H. Palevsky and R. R. Smith, Phys. Rev. 86, 604(A) (1952). 
6 J. B. Marion, Phys. Rev. 103, 713 (1956). 
6 J. H. Gibbons and R. L. Macklin, Phys. Rev. 114, 571 (1959). 
7 A. Altman, W. M. MacDonald, and J. B. Marion, Nucl. Phys. 
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analysis of more numerous data. Usually, a number of 
simplifying assumptions must be made to reduce the 
degree of ambiguity in the problem. At this laboratory 
extensive measurements of the polarization and differ­
ential cross section of neutrons scattered at 5 angles 
from Be9 have been made recently for neutron energies 
below 2 MeV. It was hoped that the simultaneous 
analysis of the polarization and differential-scattering 
data might lead directly to a unique assignment of the 
parity for the 7.37-MeV state and possibly also for the 
7.54-MeV state. This paper will give arguments and 
calculations pertaining to the parities of these states. 

II. EXPERIMENT 

In earlier papers8 the apparatus and methods of data 
analysis connected with the experimental arrangement 
have been discussed extensively. Protons from the 
Argonne 4-MeV Van de Graaff accelerator are incident 
on evaporated Li targets where they produce a partially 
polarized8,9 neutron beam from the Li7(^,#)Be7 reac­
tion. The neutrons emerging at an angle of 51° from 
the proton direction pass through the transverse field 
of an electromagnet which forms part of the collimator 
and are incident on the Be scatterer. The scattered 
neutrons are observed at 5 angles simultaneously by 
large detectors, each consisting of an array of ten 
B10F3 counters immersed in an oil moderator and 
surrounded by a tank of aqueous boron solution serving 
as a shield and collimator. The left-right asymmetry 
in the scattering of the partially polarized neutron 
beam is obtained by measuring the intensity of neu­
trons at a detector, first with the magnet off and then 
with a magnetic field sufficient to precess the neutron 
spins through 180° about the field direction. From 
these data, one obtains in the usual manner the product 
Pi{a)P(6) where P\{a) and P(6) are the polarizations 
produced in the Li7(^,w)Be7 source reaction and in the 

8 R . O. Lane, A. Langsdorf, Jr., J. E. Monahan, and A. J. 
Elwyn, Ann. Phys. (New York) 12, 135 (1961); A. J. Elwyn and 
R. O. Lane, Nucl. Phys. 31, 78 (1962); R. O. Lane, A. J. Elwyn, 
and A. Langsdorf, Jr., Phys. Rev. 126, 1105 (1962); A. J. Elwyn, 
R. O. Lane, and A. Langsdorf, Jr., Phys. Rev. 128, 779 (1962). 

9 H. R. Striebel, S. E. Darden, and W. Haeberli, Nucl. Phys. 6, 
188 (1958). 
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FIG. 1. Angular dis­
tributions of the differ­
ential scattering cross 
sections <ru (0o.m.) and 
the polarizationP (0c.m.) 
in the center-of-mass 
system for Be9-f». Neu­
tron energies in the lab­
oratory system (0.200™ 
0.675 MeV) appear on 
the right. Circles and 
crosses are experimental 
points for scatterers •£$ 
in. and § in. thick, re­
spectively. Where no 
error bars appear, errors 
are less than the size 
of the points. The curves 
were calculated from 
the final set of param­
eters shown in Table I 
and averaged over the 
energy spread of the 
beam. 

180 
<DEG) 



P O L A R I Z A T I O N O F N E U T R O N S S C A T T E R E D F R O M B e 9 B411 

FIG. 2. Angular dis­
tributions of the differ­
ential scattering cross 
sections <ru(0o.m.) and 
the polarization P(0o.m.) 
in the center-of-mass 
system for Be9-\-n. Neu­
tron energies in the lab­
oratory system (0.770-
0.900 MeV) appear on 
the right. Circles and 
crosses are experimental 
points for scatterers •£% 
in. and £ in. thick, re­
spectively. Where no 
error bars appear, er­
rors are less than the 
size of the points. The 
curves were calculated 
from the final set of pa­
rameters shown in Table 
I and averaged over the 
energy spread of the 
beam. 

770 MeV 
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neutron scattering, respectively. From the known value 
of Pi(51°),8'9 P{6) is then deduced for the scatterer. 
Also, from the same data one obtains the differential 
scattering cross section <ru(0) for unpolarized neutrons, 
the numbers of counts being converted to cross section 
by comparison with the known total cross section for 
carbon. 

The neutrons were incident upon the metallic 

beryllium scatterers at an angle of 45°. The scatterers 
were slabs with linear dimensions 10 in.X20 in. and 
varied in thickness from y£ in. to f in. The data for 
cr A(6) were corrected for multiple scattering by means 
of a Monte Carlo program developed earlier.10 Because 

10 R. O. Lane and W. F. Miller, Nucl. Instr. Methods 16, 1 
(1962). 
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triple scattering data are needed to properly correct 
the polarization data for multiple scattering, an ap­
proximate correction described previously8 was made. 
In addition, the thickness of the samples was mini­
mized to reduce these effects. 

Above a neutron energy of about 0.54 MeV, a second 
group of neutrons from Li7(^,w)Be7* begins to be pro­
duced. These neutrons leaving Be7 in its first excited 
state at 0.43 MeV have been shown by Cranberg11 to 
be unpolarized at a proton energy of 3.5 MeV. With 
the aid of the known relative yields12 of the first and 
second groups, corrections were made for the second 
group on the assumption that it is unpolarized. No 
inelastic scattering from Be9 occurs below 2 MeV. The 
data for au(d) were corrected for the known8 energy 
dependence of the detector efficiencies. From the data 
on the 0.815-MeV resonance, the full energy spread at 
half-maximum is estimated to be AE^20 keV. 

III. RESULTS 

Figures 1 and 2 show the experimental results for 
P(6) and au(6) at the five angles of measurement from 
0.2 to 0.9 MeV in the region of interest near the 0.625-
and 0.815-MeV resonances. Figure 3 shows P(6) for the 
range of 1.0 to 2.0 MeV. The au(d) in this energy range 
are not shown but agree with our earlier work.8 The 
error bars on the figures include not only statistical 
errors but also those caused by the uncertainties in the 
cross-section calibration in the case of au(6) and errors 
in Pi (a) in the case of P(0). 

The region of most interest here is from 0.5 to 0.9 
MeV, which includes the resonances at 0.625 and 0.815 
MeV. In this interval the differential cross section was 
expanded as a sum of Legendre polynomials, 

<r«(0)=E BLPL(co$6 
L=0 

(i) 

Similarly, the differential polarization10 was expanded as 
a sum of associated Legendre polynomials, 

ap(d) = au(d)P(d)= £ CLPLKCOSB). (2) 
L = l 

The resulting coefficients BL and CL are shown as the 
data points in Figs. 4-6. For L^4, BL and CL are zero 
within experimental errors and, as can be seen, even 
B$ and C3 are practically zero. The most pronounced 
resonance structure appears in the terms C2, B0) and 

B2 near the resonance at 0.625 MeV, and in the Bi 
term near 0.815 MeV. 

IV. ANALYSIS AND DISCUSSION 

A. General Discussion 

A total angular momentum 7 = 3 for the state at an 
excitation of 7.37 MeV in Be10 (corresponding to the 
0.625-MeV scattering resonance of Be9) seems to be 
well established from measurements of the total cross 
section and the earlier measurements of the differential 
cross section. The ground state of Be9 has spin / = § 
and negative parity. Coupling this with the intrinsic 
spin of the neutron leads to channel spins 5 = / : t § = 1 
or 2. The most probable values of the relative orbital 
angular momentum / in the interaction are 0, 1, and 
2 at these energies; values of 1^3 were not considered. 
If 7 = 3 is assumed for this state, the coupling J = l + S 
precludes /=0 and allows the state to be formed by 
neutrons with /= 1 in 5=2 (i.e., if 77r=3+), or by 1=2 
in 5 = 1 and/or 5 = 2 (i.e., if J7r=3~). One of the 
purposes of the following analysis (parts B and C) is 
to determine which of the above assignments to the 
7.37-MeV level in Be10 is the most likely. 

The expression for the differential cross section for 
unpolarized neutrons scattered elastically from nuclei 
is given by Blatt and Biedenharn13 [their Eq. (4,6)]. 
It can be written in the form of Eq. (1) with 

X2 

BL 
4(2/+l) (2 t+l ) 

X E (~ l)s'-sZ(l1J1l2J2; SL)Z{hJM%; S'L) 

X R e [ ( « s ^ - ^ i i ; « / 0 * ( « s ' f i - ^ ' j 2 ; ^ ) ] . (3) 

Here the IPs are the elements of the scattering matrix, 
and it is assumed in the notation of Ref. 13 that (1) 
the recoil nucleus is not excited in the scattering 
(i.e., a=a) and (2) the orbital angular momentum 
and the spins of the particles do not change between 
the entrance and exit channels (i.e., li=h9 h,=zh^ 
I' = I, and i'~i). 

With the same assumptions, the expression given 
by Simon and Welton14 [their Eq. (3.2)] for the differ­
ential polarization in the scattering becomes 

<rP(0)n=n£CLiV(cos0), 

where (with 2= imaginary unit) 

CL=J: 
* / 3 ( _ iy-i-8+h+Ji-si' 

4(27+1) 
(2/x+1) (2/2+1)[ (25/+1) (252'+ l)Ji*X (2/i+1) (2/2+1) (W2001Z0)2 

2L+1 (Z,-l)!-H/2 
XW{iSl'iS2

f-J\)W{llJlhJ2\ 5L)XX(/1/151
/; A W ; ZZ1)X2 

XR'ep(S5l<s- Uax'ivWl)*$8*'8- Us2>ir,si/*)lX 
L 2 (Z+l) 

11 L. Cranberg, Phys. Rev. 114, 174 (1959). 
12 P. R. Bevington, W. W. Roland, and H. W. Lewis, Phys. Rev. 121, 871 (1961); A. Smith (private communication). 
13 J. M. Blatt and L. C. Biedenharn, Rev. Mod. Phys. 24, 258 (1952). 
14 A. Simon and T. A. Welton, Phys. Rev. 90, 1036 (1953). 

(4) 
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and, in accordance with the Basel convention, 

hXh 

Be9+n 

|k<Xk/| 

in which kt and k/ are the wave vectors of the incident 
and scattered neutron, respectively. The notation agrees 
with that of Simon and Welton unless otherwise stated. 

Since the levels involved here are very few and well 
isolated, a single-level expression for the scattering-
matrix elements was considered adequate. However, 
the possibility of channel-spin flip in the exit channel 
was retained in the problem by using scattering-matrix 
elements for an arbitrary number of channels. The 
elements are given by 

J7cc' = exp[—i(0c+0c/)] 

X 5ee>+i-
(rjv) 1/2 

( £ + A - £ ) - ^ £ r „ 
. (5) 

In our case the only difference between channels c and 
cf is the channel spin S= 1 or 2. The quantities in Eq. 
(5) are the same as described by Lane and Thomas15 

and also by Vogt,16 where the <t>c and <f>C' are the mag­
nitudes of the hard-sphere-scattering phase shifts, Fc 

and rc> are the natural widths, related through the 
penetration factor (Pi to the reduced width yc

2 by 
rc=2(Pryc

2, 8 is the characteristic energy, and A is 
the level shift. 

B. The JT = 3+ Assignment for the 
7.37-MeV State in Be10 

As mentioned in Sec. I when only neutron differen­
tial scattering data were available, calculations of 
<ru(0) on the 0.625-MeV resonance assuming J7r=3+ 

with 1=1 and 5 = 2 (only) were fairly consistent with 
the data provided that all s-wave scattering was in 
5 = 1 , this latter provisio being somewhat at variance 
with the scattering data at thermal energies. In the 
investigation being reported here, more extensive and 
more exact calculations were made not only for the 
coefficients in the expansion for au (0) but also for those 
for o>(0). From Fig. 4 it is clear that near the 0.625-
MeV resonance the dominant resonant behavior in 
the polarization appears in the term C%, If the 7.37-
MeV state is formed via 1=1 and 5 = 2 only, then from 
the selection rules on the coupling coefficients the 
resonant part of the term Ci can arise only from inter­
ference with backgrounds of odd-parity partial waves, 
the most probable being 1=1. The possible 7T values 
for the backgrounds are 0+, 1+, 2+, and 3+. Background 

15 A. M. Lane and R. G. Thomas, Rev. Mod. Phys. 30, 257 
(1958). 

16 E. Vogt, in Nuclear Reactions, edited by P. M. Endt and M. 
Demeur (Interscience Publishers, Inc., New York, 1959), Vol. I. 
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FIG. 3. Angular distribution of the measured polarization of neu­
trons scattered from Be9 for neutron energies of 1.0-2.0 MeV. 

of 0+ cannot contribute to resonance interference since, 
for a 0+-state, the only allowed spin in the entrance 
and exit channels is 5 = 1 . A 0+-background would 
contribute to a nonresonant term in d by interference 
with the s waves in 5 = 1. The 1+- and 2+-backgrounds 
may be formed in 5 = 1 or 2 with 1=1, and would 
contribute to a resonance term in Ci by interference 
with the 3+ (/= l)-resonance. A 3+ (/= l)-background 
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FIG. 4. Variation of the experimental coefficients CL and BL 
with neutron energy across the 0.625-MeV resonance as compared 
with the curves calculated for different values of the nuclear 
radius R. Circles are the experimental values for scatterers j% hi. 
thick, crosses for a thickness of f in. Curves are calculated for 
the assignment 3+(Z=l, 5 = 2 only) for the state. The long-dash 
curves are for R=5.6 F, the solid curves for R—8 F> and the 
short-dash curves for R~ 10 F* 

requires 5*2 only, and so does the resonance. No 
polarization can result from the interference between 
such a background and the 3+ (/= l)-resonance, since 
all quantum numbers are the same for both resonance 

and background. Therefore, the scattering matrix has 
only a single element.10 Thus the resonant behavior of 
the dominant C2 term probably comes from the inter­
ference of the 3+ (/= 1) resonance with both 1+ (1= 1)-
and 2+ (1= l)-backgrounds. 

The coefficients BL and CL were calculated for this 
latter case with radii of 5.6, 8.0, and 10.0 F, and with 
a total natural width for the resonance of approxi­
mately 16 keV, a laboratory resonance energy of 625 
keV, s-wave hard-sphere scattering in 5 = 1 only, and 
the 1+ and 2+-backgrounds taken as hard-sphere scat­
tering in 5 = 1 and 2. The results were that only for 
the larger radii of R=$ and 10 F was the calculated 
C2 large enough to be comparable in magnitude with 
that from the data, but the variation of C% with energy 
was opposite to that of the data, i.e., it was a mirror 
reflection (about the resonant energy) of the variation 
of the data for C% All of the coefficients BL and the 
coefficient C\ were also in serious disagreement with 
the data. Reversing the sign of the background 1+ and 
2+ phase shifts reversed the signs of the calculated C2 
terms compared with those from the data. Such re­
versal of the signs of the phase shifts is equivalent to 
including broad high-energy states of this character. 
The agreement with the data was not improved by 
replacing the 1+ and 2+ potential scattering by broad 
1+ and 2+ bound states in which channel-spin flip was 
included. The spin-flip terms tended to cancel off some 
of the polarization. 

At this point these calculations were repeated with 
<l>c=<l)siJ=<t>2iz=:0 in Eq. (5) for the channel exciting the 
resonance, i.e., with 77r=3+, 1=1, 5=2 . If the hard-
sphere scattering is interpreted as being the net effect of 
contributions of all the distant levels of this character, 
then such an effect can be reduced to zero near the 0.625-
MeV resonance only if the phase shift includes a strong 
contribution from a state (other than this one itself) 
whose phase shift is of the same character but of op­
posite sign to the hard-sphere phase shift. Such a 3+ 

state would have to be broad and located at energies 
above the 7.37-MeV state being considered. Though no 
such state has yet been reported, such a possibility may 
be considered in the search for an interpretation of our 
data. 

The results of these calculations with 02i3=O are 
shown in Fig. 4. For R= 5.6 F, the resonant terms were 
again far too small. For R— 8.0 F, the terms BQ and B2 
were in reasonable agreement with the data, but the 
resonance in the calculated C2 was not as asymmetric 
as the one from the data, although the magnitude was 
more in agreement. Furthermore, C% was positive in­
stead of being negative as the data are, and the calcu­
lated Bi was approximately 5-6 times the experimental 
values. 

A number of variations were tried with R—8.Q F. 
Removing the 2+ background to bring the calculated 
values of Ci and Bi closer to the measured values 
greatly reduced C2, BQ} and B% so they disagreed even 
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worse with the data. However, when it was assumed 
that the 1+ and 2+ ^-wave backgrounds as well as the 
resonance were in 5 = 2 only and that the 1~ s-wave 
background was in 5 = 1 only, the terms Bi and Ci 
went to zero while C% remained unchanged. The non-
resonant part of $0 became smaller so that it was in 
greater disagreement with the data while the fit for B% 
was improved. At this point the s-wave phase shift 
might be increased in magnitude (e.g., because of the 
bound 1~~ state at £ex=5.96 MeV) in order to raise the 
nonresonant part of BQ. But even if this phase shift were 
increased to its maximum of 90°, Bo would only be in­
creased by 0.02 and the calculated BQ would still remain 
much smaller than the data. None of these variations 
seemed to improve the fit. 

Possible effects near 625 keV of the resonance at 
815 keV were included in these calculations for R= 8.0 F 
by assuming JT=2+(l~l) for the latter resonance. 
These effects on the coefficients CL and BL at energies 
near the 625-keV resonance were found to be too small 
to plot on Fig. 4, so that the 815-keV resonance can 
be neglected in these calculations. Possible contribu­
tions from the broad 2+ state in Be10 at Eex=9A MeV 
were also considered, but these reduce Ct, BQ, and $2 
to values below the experimental values. 

For a very large radius of 10 F, with s waves in 5 = 1 
only and 1+ and 2+ p waves in 5 = 1 and 2 (as in the 
first case for ic= 8 F), C% appeared to agree quite well 
with the data as seen in Fig. 4 when one considers the 
energy spread of the beam. However, Ci and all the 
BL were in complete disagreement with the data, in 
some cases by orders of magnitude. The same variations 
of parameters and assumptions were made for this 
radius as for ic=8 F, the results were similar but more 
exaggerated. 

Finally, the inclusion of s-waves in channel spin 2 
so that a more reasonable radius of 5.6 F could be 
used to fit the nonresonant BQ gives very large resonant 
and nonresonant terms in both C% and B\, in sharp 
disagreement with the data. The measured B\ shows 
no such resonance term and what little variation there 
is in Ci across the resonance amounts to only 10% or 
so of that calculated. Also the nonresonant terms in 
Bi and C\ (arising because the p waves of the 1+ and 
2+ states interfere with the s waves in 5 = 2) have large 
positive values and disagree with the data. 

In summary then, we were not able to fit all of the 
BL and CL simultaneously for the 3 + 0 = 1) assignment 
to the 7.37-MeV state in Be10. Furthermore, even the 
best fits possible required some rather unusual and to 
some extent unjustified assumptions: (1) all s-wave 
scattering is in channel spin 5 = 1 only, an assumption 
that does not agree with scattering data at thermal 
energies; (2) the radius has the very large value 8.0 
or 10.0 F, neither value being at all realistic; and (3) 
$2i3=0 for the assumed resonant ^-wave channel, an 
improbable value for these large radii. It should be 
understood that these attempts to fit the data with a 

theoretical expression do not exhaust all the combina­
tions of states and parameters possible in such a 
complex problem. There may indeed be other possi­
bilities and variations that might possibly fit the data 
for a 3+ (1=1) assignment. However, these calcula­
tions based on the simpler and more probable situations 
did not represent the data on <JT, au(6), and ap(6) for 
this assignment. 

C. The 3~ (1 = 2) Possibility for the 
7.37-MeV State 

If this state has negative parity, then it can be 
formed with even /, the lowest of which is 1= 2 for this 
case. Values / ^ 3 were neglected. The assumption of 
df-wave formation (and decay) allows both channel 
spins 5 = 1 and 2 to enter. From the selection rules for 
the coupling coefficients, terms as high as B4 and d 
are possible in Eqs. (1) and (2), respectively. The data, 
however, show that the coefficients BL and CL for L ^ 4 
are zero within the experimental error for all energies 
involved in this measurement. The experimental fact 
that £4=0 requires that I V and T22

n(Tc=TSi
J) in Eq. 

(5) are very nearly equal; otherwise the B* calculated 
from Eq. (3) would be resonant and large enough to be 
observed experimentally. From angular momentum 
considerations the coefficient C± could only arise from 
interference between those terms representing channel-
spin flip and those for no-flip in the decay of the state 
by d waves. If ^i2

3=^223=0 (<l>c=<t>siJ) in Eq. (5) for 
this state, then the channel-spin-flip term in C4 (and 
hence d itself) becomes zero in agreement with the 
data. At these energies the ĉ -wave hard-sphere phase 
shifts $i23 and $22

3 are indeed very small compared 
with those for s and p waves, so this assumption was 
made in all calculations for this case. 

As mentioned above, the dominant coefficients near 
the 0.625-MeV resonance are Bo, $2, and C2. With 
J-wave formation, Ci, and the resonant part of B% arise 
from interference with the s-wave background. Since 
thermal scattering data show no channel-spin depend­
ence, the hard sphere potential phase shifts for 5 waves 
C$101 and $2o2 in Eq. (5)] were taken to be equal to 
each other. The magnitude of this phase shift was ob­
tained for a radius of 5.6 F, and the results calculated 
from it fit the s-wave background well at 0.625 MeV. 
The pronounced rise in BQ, shown in Fig. 5 at energies 
below about 0.5 MeV, strongly suggests an added con­
tribution to (XT from bound states of the character 1"* 
and/or 2~~ which are formed by s-waves in 5 = 1 and/or 
2, respectively. Two such states have in fact been re­
ported17 in Be10 just below the neutron binding energy. 
Because information on the widths of such levels is 
vague, values of level positions and widths were chosen 
such that the combined effect of s-wave hard-sphere 

17 F. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. 11, 1 
(1959). 
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and s-wave bound-state scattering reproduced most 
of the energy dependence of Bo below 0.5 MeV. A 
characteristic energy §=— 0.2 MeV and a reduced 
width 72=0.05 MeV for the 1~ and the 2~ states were 
found to fit the data fairly well and Were used in the 
final calculations. Since this experiment senses only 
the distant effects of such bound levels, the positions 
and widths employed in this analysis are intended only 
to give the approximate equivalent effect of the levels 

at a distance and are not necessarily the exact values. 
If the 0.625-MeV resonance is assumed to be 

3~(/=2), formed equally in S= 1 and 2, the calculated 
coefficients CL and BL near the resonance are as shown 
by the solid curves in Fig. 6. The inset in Fig. 6 shows 
an estimate of the energy distribution in the neutron 
beam. The dashed curves are the mean values of the 
calculated CL and BL with respect to this energy dis­
tribution function. The calculated C2, B0, and B% are 
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FIG. 5. Variation of 
the coefficients CL and 
BL with neutron energy 
below 0.5 MeV. The 
scatterer was xe" in-
thick. All experimental 
points at 0.20? 0.30, and 
0.40 MeV are from the 
present experiment. The 
additional points for the 
BL are taken from Ref. 
8. The solid curves were 
calculated from the final 
set of parameters shown 
in Table I. No averag­
ing over energy spread 
was necessary since all 
coefficients are slowly 
varying here. The 
dashed curve in BQ is 
calculated without con­
sidering any effects of 
bound states. 
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0.05h 

FIG. 6. Variation of, 
the experimental coeffi­
cients CL and BL with 
neutron energy over the 
region of the two reso­
nances. Circles and 
crosses are experimen­
tal values for scatterers 
Te in. and | in. thick, 
respectively. The solid 
curves were calculated 
from the final set of pa­
rameters shown in Table 
I, the assignment for 
the 0.625-MeV reso­
nance being 3~ (/ = 2) 
and that for the 0.815-
MeV resonance being 
2+(J =1). The estimated 
distribution of energies 
in the beam is shown 
in the inset. Dashed 
curves were obtained 
by averaging the calcu­
lated curves over the 
energy distribution of 
the beam. 
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seen to agree well with the data. The width r = 16 keV 
chosen for these calculations is somewhat narrower 
than the value T — 25 keV found by Willard et al. but 
was more consistent with our data for the 7 = 3 as­
signment. In addition, Hibdon,18 who used a very 
narrow energy spread in a preliminary measurement 
of the transmission cross section or, found r ~ 1 6 keV. 
The broad energy spread in our work introduces some 

* C. T. Hibdon (private communication). 

error into the determination of the width, but it ap­
pears to be smaller than 25 keV. For a radius of 5.6 F, 
the quantity e2=2ixR2y2/3h2 is 0.075 for the parameters 
used in the calculations with the 3~(/=2) assignment. 

Up to this point the even-parity partial waves have 
been taken into account rather well. The effects of 
odd-parity partial waves will now be included. The 
terms B\ and d result from the interference between 
partial waves of opposite parity. With the s- and d-
wave contributions remaining the same as already 
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described, various assumptions were made for the 
possible p-w&ve contributions. Underlying the reso­
nance effects there is a background of C\ and Bi which 
varies slowly with energy. Attempts were made to fit 
simultaneously the Bi and C\ backgrounds by including 
p-w&ve potential scattering and ^-wave resonance 
scattering from states with 77r=0+, 1+, 2+, and 3+ . 
Broad bound states and broad states at high energies 
were assumed. For the 0+ assumption, reasonable agree­
ment with Bx could be obtained; but the values calcu­
lated for C% were too small by an order of magnitude 
or their signs were opposite those of the data. While 
some 0+ effect might well be present, it is not the 
dominant one in the C\ background. For backgrounds 
of the characters 1+ and 2+ (S= 1 and 2 for each), the 
calculated values of Ci have roughly the magnitudes 
of the measured values but the opposite sign; and the 
values of Bx are again in reasonable agreement with 
the data. Reasonable agreement with the experimental 
Ci could be obtained only for the case of an angular mo­
mentum and parity assignment of 3+ for the background 
scattering. When only potential scattering (Ucc= UsiJ 

= exp[—02i3]) was used for this background, the calcu­
lated values were in closer agreement with the data. Bi 
was slightly larger and C\ slightly smaller than the ex­
perimental values. These results for BL and CL are 
shown in Fig. 6. Adding a broad bound 3+ state to this 
background gave better agreement with Ci but serious 
disagreement with Bi. When the bound 3+ state was 
replaced by a broad state at high energy, the result was 
the converse, i.e., better agreement with B\ but serious 
disagreement with Ci. The reason for this inability to fit 
the slowly varying backgrounds of both B\ and C\ 
simultaneously is not clear. The present discrepancies 
may be due to the combined effects of several broad or 
distant levels and/or some other type of interaction. 

In summary, the calculated curves in Figs. 4 and 
6 strongly favor the assignment JT=3~ over J* =3+ 
for this resonance. 

D. The 7.54-MeV State in Be10 and 
Other Considerations 

The parity of the resonance at a neutron energy of 
0.815 MeV, which corresponds to the 7.54-MeV state 
in Be10, has not been established previously. If the 
experimental behavior of B\ in the vicinity of this 
resonance is compared with the behavior near the 
0.625-MeV resonance, it can be concluded that the 
parity of the 0.815-MeV resonance is positive and that 
the state is most probably formed via 1=1. The back­
ground phase shifts are not much different at the two 
resonances, and the values of Bi result from the inter­
ference between phase shifts of opposite parity. There­
fore the fact that B\ is resonant at 0.815 MeV and not 
at 0.625 MeV strongly implies that the parity of the 
former is positive since we concluded in Sec. C that 
the resonance at 0.625 MeV and the dominant back­
grounds have negative parities. 

A N D L A N G S D O R F 

TABLE I. Level parameters for the calculated curves 
shown in Figs. 1, 2, 5, and 6 with R=*5.6 F. 

7n' Tn(Br) 
Er s (MeV, c m . ) (MeV, lab) 

MeV, MeV, 
(lab) Jr I (cm.) 5 = 1 5 = 2 5 = 1 5 = 2 e* 

0.625 3~ 2 0.287 0.082 0.082 0.008 0.008 0.075 
0.815 2+ 1 0.732 0.0008 0.0053 0.0008 0.0053 0.0028 

A strong argument, however, can be made in favor 
of positive parity for the 0.815-MeV resonance quite 
independently of the 0.625-MeV one. Since the off-
resonance angular distribution in this general area is 
isotropic (i.e., B£2>Bi, B2, or 2?3) the background must 
contain s-wave phase shifts large compared with those 
of higher I values. The dominant resonant term in the 
data at 0.815 MeV is Bi. Such a pronounced variation 
in Bi would indeed result from the interference between 
a resonance with 1= 1 and a dominant background with 
1 = 0. This again strongly indicates that the state is 
formed by 1=1 interaction and therefore has positive 
parity. It might be argued that this is a d-wave reso­
nance, but it is much less likely that such large Bi 
values are produced by interference between d waves 
and the smaller background p waves. 

This resonance was included in the calculations 
shown in Fig. 6 on the assumption that the character 
of the state was JT=2+. The peak in the total cross 
sections of Willard et al. was too high for J=0 or 1. 
They concluded, therefore, that 7 = 2 and T = 8 keV 
for this resonance. We calculated the coefficients BL 
and CL for both possibilities, JT=2+ and Jr=3+. 
There is little qualitative difference between the two 
results, but most terms are larger for 3+. Since the 
energy spread of our neutron beam had a half-width 
of about 20 keV, we were unable to distinguish clearly 
between these two possibilities. Assuming 7 = 2, we 
find that a slightly smaller width T~6 keV(02 = 0.0028) 
is more consistent with our data. A considerable error 
in the determination of the ratio of partial widths for 
this state in channel spins 1 and 2 is introduced because 
of the large energy spread in the beam. To illustrate 
this, initial calculations employed a ratio of unity. 
Final calculations with a ratio r2 i2 /rn2=6.6 g a v e only 
slightly better agreement with the data. However, such 
an uncertainty does not play an important role in the 
parity assignment of this state. The broad 2+ state in 
Be10 at Z<U=9.4 MeV might affect neutron scattering 
at energies below 1 MeV, but calculations showed that 
any such contribution would be small. 

The final parameters for the scattering resonances, 
as used to obtain the curves in the figures, appear in 
Table I. At energies from 0.02 to 0.50 MeV the co­
efficients BL and CL were also calculated with these 
final parameters. Comparison with the data displayed 
in Fig. 5 shows that the results of the calculations are 
in agreement with the data at low energies also. For 
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comparison with the experimental data in the form of 
angular distributions, the values of <ru(6) and P(6) 
calculated with the final parameters are included in 
Figs. 1 and 2. 

No attempt has been made here to fit the experi­
mental data for P(6) and <ru(6) for energies from 1 to 
2 MeV. Fitting the data in this region may well lead 
to a better explanation of the background effects 
below 1 MeV. In the region from 1 to 2 MeV, the BL 

and CL are slowly varying functions of energy so that 
it is very difficult to obtain a unique solution with the 
many free parameters available here. When measure­
ments similar to these are extended to neutron energies 
well above the resonances near 2.9 MeV, it may be 
more attractive to extend the analysis to energies above 
lMeV. 

CONCLUSIONS 

From the measurements and interpretations dis­
cussed above, the following conclusions can be drawn: 

(a) The resonance behaviors of the BL and CL near 
the 0.625-MeV resonance favor the assignment 3~(7= 2) 
rather than 3+ (/ = 1). 

(b) The partial widths in 5 = 1 and 2 for this state 
must then be nearly equal. 

(c) The resonant behavior near the 0.815-MeV reso­
nance is (except for one point for C2) consistent with 
an assignment of / = 2 and implies positive parity with 
Z=l. 

(d) The nonresonant background contributing to £1 
and Ci are best fitted by the assumption that the p-
wave background is dominated by JT= 3+, though none 
of the possibilities considered here could simultaneously 
fit both Bi and C\ very well. 

(e) At energies below 500 keV, the variations of BL 
and CL with energy are reasonably well reproduced by 
the inclusion of the known 1~ and 2~ bound states. 

(f) A radius of 5.6 F for this interaction gives reason­
able agreement with the data. 
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