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The "V(n,y) cross section has been measured at the electron linear accelerator capture facility. This very
high resolution experiment has allowed the extraction of capture areas for some 139 resonances for incident
neutron energies 2.5-215 keV. The capture data combined with spin -and parity assignments and a few
neutron widths from the literature provide full sets (E„,F„,I „)of the resonance parameters for 45 s-wave
resonances. Analysis of these parameters has yielded values for the s-wave strength function (S)' J 3= (8.3+,~) )C 10 and (S)' J —4 (7.0+ '&'&) X 10 (10—90% confidence interval). The mean level

spacing found for the J = 4 levels is (D)' J 4 (9.8+ 0&) keV. The J"= 3 mean level spacing
(D)' J 3 (7.8+ i'7) keV derived from this work is less well determined than that for the 4 levels
because of an apparent change in mean level spacing near 100 keV. This eAect is probably due to levels with
widths too small compared to the resolution width for parity to be determined and/or to levels not seen in
this work. The s-wave total radiation widths are large and fluctuate widely; (I ~)' J 3 1467+ 183
meV and (I ~)' =J 4

——1629+352 meV. The variance of these distributions are consistent with y'
distributions of 5 degrees of freedom for the 3 resonances and 2 degrees of freedom for the 4 resonances.
The reduced neutron widths and the total radiative widths for the 4 s-wave resonances exhibit strong
correlation (p = 0.93, significant at ) 99.9% confidence level), but the 3 s waves are less significantly
correlated (p = 0.42 significant at the 96% confidence level). The contribution of these resonances to the
thermal capture cross section is determined to be 3.95 b, approximately 80/o of the measured thermal value.
The capture resonance integral derived from this work is in good agreement with the published value. The 30
keV Maxwellian averaged cross section (41 +3) mb is of interest in stellar nucleosynthesis.

1VUCLEAR REACTIONS V(n, y), E =2.6—215 keV; measured a (E); deduced
(5 V+n) resonance parameters, So, D, I'& for J =3, 4 separately, (1 „I"&)
correlation coefficients significant for J=4, resonance integral, stellar aver-

age cross sections. 25.40.Lw

INTRODUCTION

Vanadium may be of importance as a structural
material in fusion energy conversion processes.
In particular, a study by Steiner' shows that vana-
dium offers significant advantages over niobium
for use in fusion reactor blankets. Steiner finds
that vanadium compared to niobium has superior
tritium breeding characteristics, produces less
nuclear heating in the first blanket wall, and re-
sults in significantly lower after-shutdown biologi-
cal hazard. The validity of such comparisons de-
pends on the cross sections ed in the calcula-
tions. However, both the 8 L-325' compilation
and the even more recent ANL/NDM-24s evaluation
of the V(n, y) cross section indicate large discre-
pancies (-50%) among the relatively few published
measurements. Such uncertainties might be re-
duced with better estimates of the "V+n reso-
nance parameters in the kilovolt incident neutrons
energy range.

In addition to its importance in fusion power
operation, vanadium is of current interest for nu-

clear models. Mcorory' and Horie and Ogawa'
have shown that the relatively simple model of "V
as a "Ca core coupled to single-particle configu-
rations such as

l&f'v/st (2Pt/s s/s or f,/s)j

is at least approximately valid. Should this simple
structure persist into the unbound region, then, as
pointed out by Bird' et al. , the capture process
stV(n, y) might be strongly dominated by single-
particle, particularly valen~, effects. Testing
of such simple single-particle models requires an
extensive set of resonance parameters.

Recent neutron transmission studies by Garg'
and the previous excellent work by Morgenstern
ei" al. ,

' by Stieglitz et al. ,
' and by other workers

(see BNL-325ic) have provided a sizeable body of
neutron widths, spins and parity assignments for
stV+n resonances over the (1.0-200) keV energy
region. However, radiative widths for only 13
"V+n resonances are reported in BNL-325."
Capture areas are listed for an additional eight
resonances and one of these (at 18 keV) is seen to
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be a doublet with our energy resolution. The pre-
sent measurement of the V(n, y) cross section and
the resulting resonance parameters complement
and extend the set of parameters previously avail-
able both for the cross section evaluation and for
nuclear structure studies.

EXPERIMENT

A 20.41 gm natural vanadium (99.76%%uo "V) rec-
tangular (2.625 cmx 5.090 cm) sample of thickness
0.01VV nuclei/b was used for the capture cross
section measurements. The sample was inserted
in a neutron beam of the Oak Ridge Electron Lin-
ear Accelerator (ORELA) at the 40.121 m experi-
mental station on flight path 7. The electron burst
width was 5 ns full width at half maximum
(FWHM), resulting in a neutron energy resolution
of sE/E=+» to M, FWHM over the range 2 ~ 5 keV
&E &200 keV. The neutron energy was de-
rived from time-of-flight and the energy resolution
was dominatedby the neutron moderation time. The
resolution profile is well described by a Qaussian
shape, part ofwhich (3%%u0) is further convoluted
with an exponential tailwith a decay time of 7~ of
the F%HMof the Qaussian. The resolution func-
tion was checked by fitting a few selected very
narrow resonances. Figure 1 shows a closely
spaced 40 eV centroid to centroid doublet (re-
ported in BNL-325" as a single p-wave resonance)
at 18.04 keV which is clearly resolved and illu-

strates the good resolution of the capture experi-
ment.

Prompt capture y rays were detected using
two C,E,-based liquid scintillators situated on
either side of the sample perpendicular to the di-
rection of the neutron beam. The pulse heights
resulting from detection of the capture y rays
were usedto weight the time-of-flight events so as
to make the detector efficiency independent of the
details of the nuclear decay y cascade which can
vary greatly from resonance to resonance. Kith
this weighting, the detector's efficiency is a junc-
tion of the total energy (binding plus' kinetic) re-
leased in the decay. These total energy detectors
(TED) are described along with the experimental
arrangement in a paper by Macklin and Allen. "
The neutron spectrum was monitored with a 0.05
cm'Li(n, n) glass scintillator. " The ratio of the
efficiencies of the TED's and the neutron monitor
was determined to-2/o accuracy by saturating the
4.9 eV resonance in gold using a thin (0.005 cm)
gold foil in the sample position.

The data were corrected for all known back-
grounds leaving a residual background of = 10 mb
at 2.5 keV dropping to ~1 mb at 200 keV. A cor-
rection calculated to be V.4/0 was made to the data
to compensate for the energy loss of y rays in the
sample. An additional "background" is that due to
neutrons scattered at a resonance (E~, I"„,I"~) into
the environment of the detectors, ultimately being
captured and the resulting y detected. This
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FIG. 1. A close doublet (previously reported as a single p-wave resonance) at 18 keV in the V(n, y) cross section.
The solid curve is the Breit-signer single-level fit to the data obtained using the code LsFIT.
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prompt background results in an enhancement of
the observed radiative width I"&~'. given by

I';" = I", +K(E,W)r„,
where the scattered-neutron sensitivity K(E,A. ) is
a function of the ORELA capture facility geome-
try, the neutron energy, and the mass of the scat-
tering nucleus. Values used for this troublesome
background have been included in all tables of res-
onance parameters. As discussed by Allen
et al. ," the parametrization of K(E,A) is con-
sidered accurate to within a 20'%%uo uncertainty. An

experimental determination independent of the
parametrization given in Ref. 13 has been reported
by Allen and Macklin. " Using the 254 keV reso-
nance in 'I.i+n, these workers find K= (0.13+0.04)
x 10 ', a value which compares very well with the
value K=(0.11+0.02)x10 ' from Ref. 13. The er-
ros reported for capture areas and radiative
widths requiring a non-negligible correction for
scattered neutron sensitivity include the 20% un-
certainty in K(E).

ANALYSIS

Two curve fitting computer codes were used to
analyze the observed peaks in the capture cross
section over the incident neutron energy range
2.5 keV-215 keV. Nearly all of the analysis was
performed using a nonlinear least squares code
OBGLS2 originally developed by Busing and Levy
and modified as LSFIT for capture cross section

analysis by Macklin. " LSFIT fits each peak with
the Doppler and resolution-broadened Breit-Wig-
ner single-level resonance form

gl „(E„)I",
cy (E) wh(E)W( s) ( p ( ( p y

(2)

I where I (E) =(X(ER)/X(E))I'„(E„)+I'r] plus a back-
ground term which has an F. ' ' dependence.
L'SFIT also treats multiple scattering in the sam-
ple following neutrons through the fourth interac-
tion. The treatment of multiple scattering has
been shown to yield the same results as more con-
ventional Monte Carlo calculations when the
multiple scattering contributes s50/g of the ob-
served capture yield.

The three wide s-wave resonances at 4.148,
6.797, and 11.62 keV were fitted with the Monte
Carlo code TACASI originally developed by Froh-
ner" and modified to handle ORELA capture data
by Spencer. " Figure 2 shows the fit to the 11.32
keV resonance data using this Monte Carlo code.

Tables I-IV list the resonance parameters re-
sulting from the analysis of some 139 resonances.
Note that in a substantial number of cases the
ORELA resolution is good enough to allow the ex-
traction of both the neutron width and the radiative
width if the spin of the resonance is known. In
those cases in which the resonance is narrow
compared to the ORELA resolution, we have used
the neutron widths and spin assignments as given
in BNL-325 or, above 153 keV, as reported by
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FIG. 2. The broad s-wave resonance near 12 keV in the 5~V(n, y) cross section. The solid curve is the fit tp the data
obtained using the Monte Carlo code rAscAr. The three narrow resonances were not included in the fit shown here.
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'

This work

(keV)

This work
gr„r„/(r„+r„)

(meV)

TABLE II. V+ +

This work

Ãn
(eV)

95L-325
zr„
(eV)

resonance parameters 45-105 keV.

This work
BNL-325

J g. (meV) X(Z) x 103

This work
gr'„
(eV)

45.90
48.06
48.64
49.45
50.61 + 0.08
51.89
52.79
55.18
61.11
63.01
64.94
67.11
68.54
68.50
70.86 + 0.12
70.96
72.10
72.74
73.52
74.17
76.73
76.89
78.80
80.59 + 0.14
82.31
84.04
83 7
86.10
87.00
87.29
89.94 + 0.17
91.55
93.08
94.72
95.02
95.70
97.12

, 98.41
101.70 + 0.20
103.70

204 + 7
235~ 9
425+ 15
836 + 24
103 + 5
213 + 20
887 + 32
112+ 9
25~ 4

1549 + 155
149~ 11
105+ 7
100+ 8

1766 + 73
169 + 11
105 ~ 8
83+ 8

3 47+ 10
384 + 24
153 + 10
192+ 8
104+ 6
149 + 8
226~ 9.
511+ 90
64+ 7

&50
213 + 13
289+ 5

1012+ 84
221 + 13

67 + 10
224 + 12
127~ 10
445 + 24
227~ 14
163~ 11
640 + 35
238 + 11
154 + 11

249 + 8

63
383

8
15

2100 + 97 .

774 + 87
0,082 + 0.011

1150 + 90

0.085 + 0.017
40 + 5

0.027 + 0.005
1440 + 340

5 + 2
65 + 10
7.5 ~ 2.5

245 + 18

49.5 + 4.0
408 + 30

1650 + 150

2654 + 78

8.3b + 1.8

7.3 + 1.7

700 ~ 50

1640 + 120

38 + 7

41" ~ 8
25 + 8
12 + 6
25 + 8

12 * 5

2c
4

653 + 23
418 + 16

3 0 1912+ 55

378~ 35
2027 + 72

0
535 '

3540+ 355

3b O 878 + 55

Gb 486* 26

4
4 d

910+ 160.
535'

1800 4 150

3b ob
535

516+ 29

4b ob
4 cl

3d
4 d

791+ 43
499 + 26
372 + 36

1230+ 72

352 + 25

4 0 3605+ 2()8

0.29

0.29

0.21

0.21

0.21

0.21

0.20

0.18

1.17
0,.25

1.12

0.27
1.67

5.74

8.02

O.O31"

0.036 b

2.70

3.89

0.13

0.12

'Morgenstern (1969) reports this resonance.
Taken from Garg (1977).

'Tentative assignment BNL- 325.

Tentative assignment from this work.
'Radiative width fixed (capture. area measures gr„).

Garg. ' In general the neutron widths extracted
from the capture data agree well with the values
found in those references. However, there are a
few exceptions which will be discussed in the fol-
lowing sections.

In the range 215-300 keV there are 22 well-
defined peaks, most with widths dominated by the
ORELA energy resolution (DE =0.38 keV at 200
keV). These may represent multiple resonances

and were not analyzed, although in Table V their
energies are listed.

2.5-45 keV

This region (see Fig. 3 and Table I) is dominated
by the 4.148, 6.797, and 11.62 keV broad, over-
lapping, s-wave resonances. Multiple scattering
within the sample accounted for -V5'fp of the ob-
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TABLE IV. V+ n resonance parameters 131-215keV.

This work

(keV)

Garg 7

(kev)

This work
gr„r„/(r„+r„)

(meV)

This work
gr„
(eV)

Garg
g~n
{eV)

Garg
Jf

This work
I'„

(meV)
zN)
x 1Q3

This work
gl„
(eV)

132,88 + 0.27
183..18
134.98
185.05
138.28
140.60
143.28
145.13
147.42
148.34
151.02 ~ 0.80
151.54
152.60
152.72
155.48
157.21
159.60 + 0.40
161.45
162.95
164.25
166.36
166.7
168,20
169.45
170.9 + 0.4
172.9
174.6
175.8
176.5

179.2
179.3
181.5"
183.0
183.7
187.2b
187.5
188.0
188.9
193,.7
193.8
195.9
197.7
199.5'
201.0
204.9
207.3
210.5
212.2

134.7

140.6

145.5

152.5

166.7

172.0

179

183

188

194

200

328 + 34
219+ 26

1380+ 121
263 + 82
390 + 21

1183+ 118
958~ 44
326 + 37
101+ 14
188 + 20
253 + 28
794~ 45
410 + 219
424+ 262
117~ 21
176~ 27

1159+ 167
692 + 77
314~ 24
440 + 59
184~ 23

1403 + 215
107 + 25
121+ 25
405* 29
810+ 77
214~ 26
448 + 81
335 + 35

160 c

149~ 40
1103~ 194
482 + 37

1472 + 198
120 + 36
514~ 76
340 + 65

1879+ 218
100+ 62
133+ 24
437+ 87
146 + 27
178 + 32
592 + 51

2950.+ 345
180+ 37
215~ 33
794+ 143
210 + 37

69 + 10
&50

2050 ~ 220
93 ~ 19

&5Q

1090 + 110
100 + 20
368 + 48

&50
65 + 25

&50
&50

502 + 230
1760 + 450

&50
&50

1660 + 250
467 + 74

&50
459 + 94

&50
3369
&50
&5Q

122 + 13
1137

2554~ 225

1562+ 131

1181+ 131

1881+ 181

5625 + 844

3369 + 219

1137+ 88

1744

1444 ~

2925
62 + 20

1744 + 169

1444 + 131

2925 + 225

4331
148 + 60

4331 + 159

736 + 190
77 ~ 17

656+ 219

139 ~ 32
1090 + 210
186 + 42

525 + 88

4390 + 590 - 4162 + 394

4

3

3

3.

3

3

4

4

(3) '
3
(3')"

0.14

2700 + 270

745 + 85

0.14

0.15

970 + 400 0.15

2060 + 296 0.15

3208 + 491 0.15

1850 + 175 0.15

284 c 0.14

8340~ 388 0.13

1000 + 198 0.12

5250 ~ 609 0.12

491+ 75
1814~ 327
480 + 85

0.12

2521 + 443 0.14

2617 ~ 852 0.14

5.58

2.91

1.01

4.50

4.16

8.25

2.74

9.99

1.67

9.79

2.38
1.78

~Garg ~.
"Possible multiplet.
'Upper limit is observed value not corrected for K(E).
"Tentative assignment.
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TABLE V. Centroid energies of peaks above 215 keV.

E~ (keV) Ez (keV) E), (keV) E~ (keV) E), (keV)

216
217
221
224
226

229 R

232
236
237
238

240
242
245
248
258

260
263
272

. 281
285

290
299

~Peak width broad compared to the ORELA energy
resolution.

served capture yield for each of these resonances
and hence they were fitted using the Monte Carlo
code TACASI. A good fit to the J'=4 s wave at
4.148 keV was obtained using TACASI and the radi-
ative width for this resonance is in good agree-

ment (see Table I) with that reported in BNL-325.
The fit to the J'= 3 resonance at 6.797 keV was
not nearly as good, the fitted cross section falling
above the data in the higher energy part of the
multiple-scattering region. The failure to fit this
region is attributed to the effects of resonance-
resonance interference with the J"= 3 resonance
at 11.62 keV. TACASI assumes a sum of non-
interfering (i.e., constructively adding) single-
level Briet-Wigner forms for the total and capture
cross sections. Hence, the total cross section is
overestimated in the region just above the 6.797
keV resonance where the interference reduces the
cross section by a factor of approximately 10 [see
Garg' Fig. 1(a)]. Since the correction for multi-
ple-scatter capture yield involves only the low en-
ergy side of the multiple-scattering contribution
(where the interference effects are less severe)

400

320
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0.0 & 7 7 nuclei/born
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FIG. 3. The V(n, y)
capture cross section from
2.5-105 keV. Note the
broad s -wave resonances.
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the use of TACAN; to fit the 6.797 keV should be
approximately valid. The error quoted for the
radiative width is derived assuming a 25% uncer-
tainty in the correction for multiple scattering.
The value for the radiative width I'& = (1.8',",) eV
just overlaps the limits of the value quoted by
BNL-325 I'~ = (2.45+ 0.36) eV.

TACASI produces a satisfactory fit (Fig. 2) to the
11.62 J"=3 resonance, indicating that the reso-
nance-resonance interference effects are not near-
ly as severe as in the case of the 6.797 keV reso-
nance. This is to be expected since the two reso-
nances are separated by about four full widths of
the 6.797 keV resonance. The value for the radia-
tive width derived from the capture data is larger
than that listed in BNL-325, however the two val-
ues agree within the quoted errors.

There are three narrow p-wave resonances (at
7.031, 11.76, and 11.97 keV) in this region for
which the capture kernel (A& =—gi'„I'&/I'„+I'&) is
smaller by a factor of 2 or 3 than that for the av-
erage p-wave resonance. If it is assumed that the
P-wave radiative widths do not fluctuate by factors
as large as 2 from the average, then A& measures
gI'„for these resonances. Thus, the capture cross
section data yield estimates of these very small
neutron widths. The errors quoted in Table I. for
gl

„

in these cases cover the results obtained using
the two spin values J=3,4.

In Table I are listed the resonance parameters
derived from the capture data over this region
and, for comparison, the resonance parameters
as compiled in BNL-325." The agreement be-
tween the two sets of parameters is good. The
most notable discrepancies are the doublet at 18
keV reported in BNL-325 as a single P-wave reso-
nance and the values for radiative width for the
s-wave resonance at 39.44 keV. In the latter case,
there is a narrow, previously unreported reso-
nance at nearly the same energy as the s wave (see
Fig. 3), possibly compromising the earlier mea-
surements.

45-105 keV

The only serious discrepancies between the res-
onance parameters (see Table II) derived from the
present work and those given in BNL-325, are for
the two broad s-wave resonances at 68.5 and 87.29
keV. In both cases (see Fig. 3), two or more nar-
row resonances are superimposed on the s wave.
The areas of these previously unreported narrow
resonances may have been included in the earlier
work, thus accounting for the larger values for
gI'„given in BNL-325.

Two of the three broadest s-wave resonance have
large (&3.5 eV) radiative widths. However, since

one (at 87.29 keV) of these three has a radiative
width less than that found for the much more nar-
row 52.79 keV s wave, the large radiative widths '

in this region are not correlated with the neutron
widths.

The capture kernels A.
&

for the 61.11 keV and
the 91.55 keV resonances are significantly smaller
than the average area for the narrow resonances.
As was discussed in the previous section, it can
be argued that in such cases A& measures gI'„
rather than I'&.

Tentative J assignments (enclosed by parenthe-
ses in Table II) have been made for four resonan-
ces between 91 keV and 104 keV. Such assign-
ments are based on the quality of the fits (and the
data) obtained using various values of J and often
are uncerta-in because the capture cross section
shape is relatively insensitive to J (for a high-
spin target such as "V).

105-131keV

As shown in Figs. 4 and 5, this region features
a number of narrow resonances, superimposed on

a nearly Gaussian-shaped envelope. It is likely
that there is not sufficient information in the en-
velope to allow a unique decomposition into indi-
vidual broad resonances. However, as shown in
Table III, by using the resonance energies, neu-
tron widths and spins from the total cross section
measurements, a decomposition can be found.
For this particular decomposition (which is char-
acterized by the minimum value of y„'), the agree-
ment with Morgenstern' does not appear as good
a,s with Garg. ' This is somewhat misleading, be-
cause the large resonance near 118 keV dominates
the region, and in fact the resonance energy can
be shifted from 118.7 keV to 117.5 keV (Morgen-
stern's value) with only a modest degradation of
the fit (an 18% increase in the value of y~). The
resonance parameters for the broad s waves re-
sulting from the analysis of this region are sub-
ject to large uncertainties and should be treated
as nothing more than a parametrization of the
cross section data.

The statistical fluctuations of the data account
for some of this troublesome uncertainty, but
there is strong theoretical justification for doubt-
ing that the single-level analysis used in the pres-
ent work should be applied to this region. The
spacing between resonances of a given J' is corn-
parable to or less than the widths of some of the
resonances. Hence, resonance-resonance inter-
ference effects in the capture"" as well as in the
scattering cross section may be important. In that
case the use of the single-level Breit-signer res-
onance form is not justified. It would be interest-
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FIG. 4. Capture data and fit for the region 105-128 keV incident neutron energy. The solid curve is the fit to the data
obtained by the LsFIT least squares code.

ing to examine the partial radiative widths from
these overlapping resonances for interference ef-
fects."

Note that the doublet at 129.17 and 130.70 keV is
unresolved by Garg, but is resolved by Morgen-
stern. The widths derived from the capture data
for these two resonances agree well with those

reported by Morgenstern. The J =4 assignment
reported by Garg for a resonance at 129.4 keV is
adopted for the 129.17 keV resonance seen in cap-
ture. . A J = 4 assignment for the 130.70 keV reso-
nance yields a better fit to the data than for J = 3,
and hence a tentative J =4 assignment is made
for that resonance.
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FIG. 5. Capture data and LsFIT'fit for the region 128-150 keV incident neutron energy.
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131-170keV

Figures 5 and 6 show the data and resulting fits
to this region. Here the resonance energies agree
well with those reported by Garg, ' but the widths
disagree well outside the quoted errors (see Table
IV). The doublets near 135 keV and 160 keV are
located at energies at which Garg reports single
resonances. Thus, the widths Garg reports for
these resonances may be too large because they
essentially represent the areas (gl'„)of both un-
resolved resonances. The situation near 141 keV
and 145 keV is more difficult tq understand since
these resonances are reasonably well separated
from other resonances. Since both resonances are
3 and the spacing (4,7 keV) is approximately twice
either width, i.t would seem unlikely. that reso-
nance-resonance interference can be invoked to
resolve the discrepancy.

The capture data near 167 keV consists of four
narrow resonances superimposed on a broad en-
velope. A broad s-wave resonance reported by
Garg at 166.7 keV fits the envelope well and hence
Garg's resonance energy, neutron width, - and spin
are adopted.

170-192keV

As is clear from Fig. 7, fluctuations in the cap-
ture data (possibly due to the background correc-
tions) and superimposed narrow resonances tend
to obscure the very broad s-wave resonances re-
ported by Garg' in this region. In order to analyze
these data, the resonance energies, spin and pari-

ty assignments, and neutron widths for the broad
s-wave resonances are taken from Garg's work.
Two resonances not reported by Garg are broad
enough to allow a determination of the neutron
width as well B.s the radiative width from the cap-
ture data.

The broad s-wave resonance reported by Garg
at 177 keV apparently has a small radiative width.
In fact, the capture cross section (see Fig. 7)
shows a valley between resonances at roughly 177
keV. All attempts to fit this region resulted in a
value for the radiative width for the 177 keV reso-
nance [after correction for the scattered neutron
sensitivity Z(E)], consistent with zero. The upper
limit (see Table IV) placed on the radia. tive width

by the present work is the uncorrected radiative
width deriving from the best fit of this region.

192-215 keV

In this region (see Fig. 8), the resonances are
well enough defined to allow the determination of
total widths (see Table IV) for six resonances. Of
these, Garg' reports neutron widths for three (194
y 1, 200+ 1.5, and 211+ 1.5 keV). The neutron
widths derived from the capture data agree well
with Garg's results for the 194 and 201 keV reso-
nances. However, the neutron width reported by
Garg for the 211 keV resonance is intermediate in
value between the widths of two closely spaced-
resonances at 210.5 and 212.2 keV seen in capture.
These two resonances were analyzed' assuming theJ"=3 assignment reported by Garg for the 210.5

tll
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FIG. 6. Capture data and r,nxv fit for the region 150-170 keV.
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FIG. 7. Capture data and I.SF&T'fit for the region 170-192 keV. Note the overlapping broad s-wave resonances in
this region.

keV resonance. A somewhat better fit for the
. 212.2 keV results for a J = 3 assignment than for
a J = 4 and hence a tentative J = 3 assignment is
made for that resonance. Since these two reso-
nances overlap, strong resonance-resonance in-
terference in the neutron channel would be ex-

pected if the parity of this resonance is negative.
Because the Breit-Wigner single-level formalism
used in the present work adequately describes the
data, a very tentative positive parity (I = l) assign-
ment (indicated by parentheses in Table IV) is
suggested for.this resonance. Tentative J assign-
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FIG. 8. Capture data and I-sF&T fit for the region 192-215 keV.
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ments are also made for two other resonances (195.9
and 307.3 keV) in this region. These assignments
are based on the quality of the fits obtained for
J =3, 4.

s-wave total radiative widths

Figure 9 speaks eloquently of the large Quctu-
ations of the total radiative widths from resonance
to resonance. The average 3 radiation width is
1467+ 183; the variance consistent with that of a
X'„distribution with v= 5 (degrees of freedom).
The average 4 radiative width is 1629~ 352 meV;

8500

6800

1

51V (n, y)

RADIATIVE WIDTHS vs NEUTRON ENERGY
+ J=ANY L= I
&J=4 L=O
o J=3 L=.O

(I'&)& + =
(1629+ 352 )meV

5&00

3400

$700

((p7)J 3 (I467+ 1 83)meV

I

II
I

i
I

44 88
NEUTRON

~& e!
I 32

ENERGY (keV)

176 220

FIG. 9. Total radiative widths in +V(n, y). Note the
large Quctuations about the average from resonance to
resonance for the s waves. The arrows & indicate upper
limits for the radiative widths for the resonances at
those energies.

ANALYSIS OF RESONANCE PARAMETERS

We analyzed 139 resonances in the 51V(n, y) reac-
tion in the incident neutron energy range 2.5-215
keV. Of these, J assignments were available
from the literature"o for 45 s-wave, J'= (3,4),
and for 6 P-wave (even parity) resonances. While
the paucity of P-wave assignments precludes a
statistical analysis, the sample of s-wave reso-
nances is large enough to justify an attempt to
draw some conclusions about the s-wave radiative
widths, level densities, reduced neutron widths,
and strength functions. There are 24 resonances
with J"=3 and 21 resonances with J"=4 (the
resonance at 127.0 keV which Garg' reports as
4 is shown to be a doublet in the ORELA capture
data and hence is omitted from the set of reso-
nances). The statistical distributions of both sets
are discussed below.

the variance consistent with that of a X'„distribu-
tion with 2 degrees of freedom. On the basis of a
statistical nuclear model" the total radiative width
is the sum of many partial radiation widths X' dis-
tributed with v=1, thus, the total radiative width
should be described by a X„'distribution with a
large -number of degrees of freedom. The small
value of v for these resonances suggests that the
resonances predominately decay to a relatively
few lower levels, i.e., the total radiative width is
composed of few partial widths. This conjecture
is supported by the thermal neutron capture spec-
trum" which shows only six strong primary tran-
sitions to within 2 MeV of the ground state of ~V
dominating the decay.

The relativej. y large total radiative widths for
these odd parity resonances is consistent with the
large widths observed" in nuclei neighboring
"V+n and the values reported in BNL-325."
These large widths are consistent with the conjec-
ture that these resonances are decaying to or near
the ground state of "V by El transitions (all low-
lying levels of "V for which J' assignments are
reported" are positive parity).

s-wave level spacings

In Figs. 10 and 11 are shown the cumulative
number of levels vs energy for each set (8"
=3,4 ) of the odd parity resonances. The slopes
of these curves yield the observed. average level
spacings D&. However, according to Liou and
Rainwater, '4 the best estimate to the true level
spacing for small to moderately large sample
size N is

+ j
(D)i g D l 0,1 g/s'

0 ' 1

where the asymmetrical errors and the coefficient
C„reflect the asymmetric distribution of reso-
nance spacings drawn from an orthogonal ensem-
ble of resonances. The parameters p' are here
chosen to span the 90/o-10/o conffdence interval.

The J'=4 levels (see Fig. 11) can be described
well by the mean level spacing (D)~=o, = (9.6",', )
keV. In order to determine whether or not the
Quctuations about the average spacing are statisti:-
cally significant, the Dyson and Mehta" statistic
&, which is sensitive to misplaced or misas-
signed levels or deviations from the assumed sta-
tistical distributions was calculated. The ob-
served value of 603"' = 0.39 is within the spread of
values expected 6, = 0.30~0.11.

The situation appears somewhat different for the
level spacings of the J'=3 resoriances. As Fig.
10 shows, the level spacings can be well described
by twomeanvalues: (D)J=o, =(6.1+,",) below 90 keV
and (D)J=-o, = (8.1",.~1) keV above 100 keV. Note



V(n. y) REACTION IN THE keV INCIDENT NEUTRON. . . 2105

20

54V(n, y)

J = 3 LEVEL SPACIN

25

20

54V(n, Z)

J ~ 4 LEVEL SPACINGS

M

LLJ

w

Vl

45
UJ

UJ

40

D) =(8.1 )keV

O
K

40

D

5

) keV

0
200

460

I

54V(n, y)

J = 3 s —WAVE STRENGTH FUNCTION

&50

420

5'v(n, y)
J = 4 s-WAVE STRENGTH FUNCTION

4P

Oc
f

N

420

80
8.3 2'

&
x40

Oc4
N

90

60

S -%7.0+ 3 8 x40J=4 % -22

40

0
0

Y PRIMARILY

K FROM GARG

I

47688 432

NEUTRON ENERGY (keV)

220

30

PRIMARILY THIS WORK PRIMARILY FROM GARG

0 I I

0 42 84 126 468 240
NEUTRON ENERGY (keV)

FlG. 10. Level spacing and neutron strength function
for the J~ =3 resonances in V(n, g). - The apparent
change in mean level spacing near 100 keV is probably
due to missing levels. Assuming three missing small
levels (see text), the mean level spacing is (D)J:I
= P.8+8/7 ) keV. For a discussion of the asymmetric
errors see test and Ref. 24.

that the errors quoted are for the 90-10% confi-
dence interval. The observed value b,,'b'=0. 4V is
just outside the range of expected values ~, =0.32
+ 0.11. Hence, the deviation from a constant slope
seems to be attributable to missed and misas-
signed resonances. As is shown below, the effect
is probably due to missing levels. In view of the
caution that previous experiments have used in
making the J' assignments, it appears unlikely
that there could be the three or four misassign-
ments necessary to remove the observed 6ffect.
Certainly the 6, test for the J"=4 resonances

FIG. 11. Level spacing and neutron strength functions
for the J~=4 resonances in 5 V(n, y). For a discussion
of the asymmetric errors see text and Ref. 24.

does not indicate that any of those assignments
should be J'=3 .

There are four resonances seen both in the pre-
sent capture experiment and in Garg's' total mea-
surements which could account for missing levels
between 90-100 keV. Of these four, tentative J
assignments have been made from the capture
data (see Table II) for three, at 95.70 keV and
98.4 keg, J=4 and at 97.12 keV, J=3. However,
adding the two J=4 resonances to the J'=3 set
increases the discrepancy between the observed
and expected 6, statistic.

Fits of the Porter- Thomas distribution to the
observed (I'o)~=8, distribution are consistent with
not more than three missing 3 levels which, if
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properly located, would remove the apparent
change in (D)J=O3. One example (and there may be
many others) of such a triad of levels consists of
the resonance at 97.12 keV (tentatively assigned
as 3} and the two small unassigned resonances at
80.59 and 157.21 keV (see Tables II and Ill). If
these three are arbitrarily added to the set of 3
levels, the 63 statistic takes the value ~3'"' =0.33
which is well within the expected range indicating
that the J= 3 assignments are possibly (though not
at all likely) correct N. ote that this exercise
should not be construed as an argument for the 3
assignment for the triad of resonances. The level
spacings for this extended set are well described
by a single value for the mean spacing (7.8'oo,')
keV. This is, of course, precisely the observed
3 mean level spacing corrected for the expected
number of missing levels, hence an adequate de-
scription of the 3 level spacings in terms of a
single mean spacing would be (D) ~~=O3 = (7.8", ,')
keV. Note that the lower error limit has been ar-
bitrarily extended to include the observed mean
spacing below 90 keV.

The independent particle model" predicts for the
level density p=1/(D), p~ (2J+I)exp[- J(J+I)/
2c ], where c' is the spin cutoff parameter. After
correcting for missing levels, the observed ratio
of level densities is

p(J'=3 ))12+03
where the error limits are obtained by combining
the larger error limit for each spacing in quadra-
ture. This result implies a spin cutoff parameter
o.2 —9+18

~3 ~

Reduced neutron widths

The reduced neutron widths I'„'given in the ta-
bles of resonance parameters are calculated us-
ing reduction factors (proportional to the penetra-
bilities) appropriate for a square well and a chan-
nel radius a=6.26 fm, i.e.,

1eVs wave: I''„=I"„

1 eV '~' 1
P wave: I„=I„(

)
1+ (~)2

where E(eV} is the resonance energy expressed in
eV and k is the reciprocal wavelength of the inci-
dent neutron. Below 105 keV, neutron widths for
most of the s-wave resonances have been deter-
mined in the present work. Above 105 keV, in
most cases, Garg's' neutron widths have been as-
sumed. Because Garg' and other workers' ' have
extensively discussed the reduced neutron width
distributions, the discussion here is brief and re-

stricted to the region 2.5-105 keV.
The average reduced neutron width of the J = 3

resonances is ( I'„)=7.76+ 2.6 eV. The variance of
the observed distribution is consistent with that
expected for a X' distribution with v= 0.7 degrees
of freedom. This agrees well with the usual as-
sumption that the reduced neutron widths are Por-
ter- Thomas" distributed, i.e., a X'distribution
with v=1.

The three J"= 3 resonances at 6.797, 11.62,
and 63.01 keV are noteworthy because they com-
prise 0.75/o of the signer single-particle width

y,~'=fk'/ma'. Here f=2.94, a factor" which de-
scribes the reflection of partial waves from the
nonphysical square-well potential, is calculated
using the approximation suggested by Peaslee. "
The 11.62 keV resonance alone accounts for 0.46/o

2ofy,p.
The average reduced neutron width of the J'=4

resonances is (I'„)=3.51+0.99 eV, the variance
consistent with that of a X distribution with v = 1.2
degrees of freedom, again in good agreement with
the expected Porter- Thomas distribution.

No J' = 4 resonance below 105 keV represents
more than 0.15% of the single-particle width and
the total fraction is 0.42/p.

s-%have strength functions

Figures 10 and 11 show the cumulative reduced
neutron widths over the range of the capture ex-
periment. (Note that above 105 keV, most of the
neutron widths are from the work by Garg. ') The
observed strength function S~~ is defined as S~~

=(I"„')J/(D)q ~ However, according to Liou and
Rainwater, '4 the best estimate of the true strength
function based on a moderate sized sample of neu-
tron widths is given by

,+ 42/g's& p+

-V'2/ar'S z P-

where N is the sample size and p' are chosen so
as to span the 90%-10/o confidence interval. The
strength functions derived from Figs. 10 and 11
are (S)~~= o = (8.3", ~5) & 10 ~ units and (S)~~= o,

= (7.0'~38)x 10 ~ units. Both values are in good
agreement with the peak in the s-wave strength
function predicted by the optical model. " The
fluctuations in the cumulative sum of F'„arecon-
sistent with Porter- Thomas fluctuations.

s-VfAUE CONTRNUTION TO THE THERMAL AND 30 keU
. CAPTURE CROSS SECTION

The capture cross section at thermal neutron
energies can be written
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where I', (Er„)=[X(E,)/W(Er„)]I'„,+ I'z, for a reso-
nance at energy F.„Nis the number of s-wave
resonances, and E~~ =0.0253 eV. The present
work (using many of Garg's values for the neutron
widths above 105 keV) yields cz (L») = 3.95 b, with
the 4.148, 6.797, and 11.62 keV resonances- con-
tributing 3.79 b of that total. The preferred val-
ue" for the thermal capture cross section is 4.88
b. The discrepancy may be due to the presence of
one or more boun' levels.

For the astrophysical applications it is not the
thermal capture cross section which is of interest,
but rather the cross section averaged over an en-
semble of particles whose kinetic energy is de-
scribed by a Maxwell-Boltzmann distribution char-
acterized by stellar interior temperatures - (2-3)
x 10"K, i.e., average particle kinetic energies of
the order of 30 keV. The 30 keV 1Vlaxwellian-

averaged capture cross section derived from this
work of (41+ 3) mb is somewhat larger than the old
value recommended by Allen et al. ' of (25+ 8) mb.

RESONANCE INTEGRAL

The resonance integral can be expressed as a
sum over all bound levels above the cadmium cut-
off energy (E, =0.5 eV),

A+1
1 = 4.09x 10'

where g, l„;,I"&„I';, and F& have their usual
meanings for resonance parameters and taking
Garg's values for many of the neutron widths a-
bove 105 keV, the capture experiment yields a
contribution to the resonance integral of 0.56 b.
Dresner" shows that the I/v low energy contri-
bution to Iz is given by 0.45oz (Er„).Vsing
g (Erz) = 4.88 b yields a value I

&
22.75 b in agree-

ment with the recommended value'o of (2.7+0.1) b.

CORRELATION COEFFICIENTS p(r„,r, )

Over the past decade or so a good bit of evi-
dence' has accumulated showing that assumptions

about the statistical behavior of radiative and neu-
tron widths may not be warranted for nuclei near
closed shells. In particular, in the cases'"" of
neutron capture in "Sr and in ~Zr, large positive
correlations between the reduced neutron and ra-
diative widths are reported. Such correlations are
predicted by the valency model. In that model the
incident neutron excites simple single-particle
configurations which then decay by y emission to
final states which are also simple single-particle
configurations, and the partial radiative width I'&,
is given by'"'"

where I'„',is the reduced neutron width of the ini-
tial state and 0& is the reduced width of the final
state. If the total radiative width is dominated by
one partial width, then it.would show the correla-
tion with the reduced neutron width. Table VI
summarizes the correlation coefficients p(I'„',I z)
observed for the two sets of s-wave resonances
J1I 3~ 4~

The column labeled I', lists the probability of ex-
ceeding the observed correlation coefficient as cal-
culatedby drawing random samples of reduced
widths from R Porter- Thomas distribution and radi-
ative widths from y„'distributions where v is de-
rived from the variance of the radiative widths for the
sample being tested. The correlation coefficient for
the J' = 3 resonances is marginally significant when

all 24 resonances are included; however, below
and above the region 105-128 keV the correlation
is less significant. The decrease in significance
is due to the reduction in sample size rather than

any strong correlation in the excluded region as
indicated by the last entries in Table VI for the 3
resonances. The J' = 4 resonances show a sta-
tistically significant correlation (at the &99.9%
confidence level) for various sample compositions:
(1) all J'=4, (2) only the resonances below 105
keV (for which almost all neutron widths and ra-
diative widths were determined in the capture ex-

TABLE VI. Correlation coefficients for the s-wave resonances in V(n, y).

Energy range
comments

Sample
size

JF 3»

pb
Sample

size

J1l 4»

p&b

2.5 & E~ & 215 keV
E~& 105 keV
E~& 128 keV
E~& 105 keV or
E~ & 128 keV

24
12

8

20

0.42
0.43
0.65

0.43

3.9 lo

9.0
6.2

4.0

21
11

6

0.93
0.92
0.84

0.90

2 &0.1%
3 &0.1
5 2.1

3 &0.1

~Number of degrees of freedom implied by variance analysis of resonances in sample.
Probability of exceeding the observed p(I'„, I'~) randomly drawing reduced neutron widths

from a Porter-Thomas distribution and the radiative widths from a X„distribution.
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periment), and (8) a sampl. e excluding the reso-
nances in the range 102-128 keV (the region in
which there is considerable discrepancy among the
various sets of resonance parameters discussed
above). The highest energy sample consisting
of all 4 resonances above 128 keV yields a
slightly less significant correlation coefficient
(98% confidence level).

In order to demonstrate that the observed
(I'„,I z) correlation for the 4 resonances does not
reflect a gross underestimate of the scattered-
neutron sensitivity, the correlation coefficients
mere also calculated using as radiation widths
values equal to the lower bounds set by the errors
listed in the Tables I-IV. These errors are larger
than the correction for scattered neutron sensiti-
vity. The correlation coefficients so calculated
remain significant at &99.7% confidence level, ex-
cept for the sample of six resonances above 138
keV (see Table VI). In the latter case, the corre-'
lation is still significant at the 90% confidence
level.

The observation of large correlations between
the reduced neutron widths and total radiative
widths is consistent with the prediction by Bird
et aE.' that valency effects should be significant
near mass 50. A more detailed comparison of the
partial radiative widths and the predictions of the
valency model is called for but requires greater
information about the final states and partial
widths than is presently available. In particular,
the y ray energy resolution of the TED's is not
sufficient to distinguish the low lying excited
states of V. Also, the spin and parity assign-

ments of those levels should be better determined
before a detailed comparison is attempted.

CONCLUSIONS

The resonance parameters and associated sta-
tistics (level spacings, strength fu'nctions, average
radiative and reduced neutron widths, and reso-
nance contribution to the thermal cross section
are expected to at least partially answer the need
for better known cross sections for vanadium in
conjunction with its use as a structural material
in fusion processes.

The analysis of the resonance parameters has
shown "nonstatistica1" effects in the radiative width
distributions (7' = 2, 4 ). The significant cor-
relation between the reduced neutron widths and
total radiative widths, reported here is consistent
with the prediction by Bird et al.' that the valency
model of neutron capture should be important
near the closed she11 at mass 50. More detailed
comparisons with the valency model require more
nearly complete knowledge of the partial widths
and final states than is presently available.
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