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ABSTRACT

Evaluated libraries of cross sections have been prepared
for natural hafnium and its isotopes Hf174, Hrl17® Hel77 RHel78)
HE17® and HF1%9., The libraries contain total, elastic, cap-
ture, inelastic,(n,p), and (n,2n) cross sections and elastic
scattering Legendre moments below 15 Mev. The most recent ex-
perimental data were used in the evaluation, end whenever data
were not available, theoretical calculations were made.
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EVALUATED CROSS SECTIONS FOR THE HAFNIUM ISOTOPES

J. T. Reynolds, C. R. Lubitz
I. Itkin, D. R. Harris

INTRODUCTION

Cross sections for natural hafnium and its isotopes, Hf174, Hf176,
HEY?7 ) Hed7® ) HE17®) and HE'®C have been evaluated and detailed cross
section libraries compiled. The libraries contain total, elastic, cap-
ture, inelastic,(n,p),and (n,2n) cross sections and elastic scattering
Legendre moments. Below 1234 ev, the cross sections are given by reso-
nance parameters plus smooth point-by-point cross sections to represent
the elastic potential scattering, negative energy resonances, and unre-
golved positive energy resonances. Between 1234 ev and 15 Mev, the com-
pilation is a point-by-point representation of smoothly verying cross
sections. The most recent experimental data were used in the evaluation;
whenever data were not available, theoretical calculations were used.
The evaluation procedures are summarized below.

SUMMARY OF EVALUATION PROCEDURES

Total Cross Section, 6(n,T)

0.001 to 101.3 ev: Given as iwo contributions: A single-level
Breit-Wigner cross section (for which resonance parameters and a poten-
tial scattering cross section are supplied) plus an extra 1/v contribu-
tion to represent negative energy resonances. The Breit-Wigner formula
in which these parameters are used should include its own 1/v tails.

101.3 to 1234 ev: Same as preceding, but with an additional con-
tribution representing unresolved resonances. The negative energy 1/v
contribution and the unresolved resonance contribution are combined into-
a single background cross section.

1234 ev to 0.5 Mev: Calculated with use of statistical formulas
given in the text (Lane and Lynn).?!

0.5 to 2.4 Mev: Interpolated between calculated value at 0.5 Mev
and measurements starting at 2.4 Mev.

2.4 to 15 Mev: Experimental data.

1 KAPL-3327



Cepture Cross Section, d(n,7)

0.001 to 1234 ev: Same prescription as Total Cross Section. (Reso-
nance parameters plus 1/v plus unresolved.)

1234 ev to 34 kev: Statistical formulae caiculation (Lane and
Lynn J.*

34 kev to 15 Mev: Shape of curve based on measured values for Hflao,
normalized to pass through calculated value at 34 kev. :

Elastic Scattering, o(n,n)
0.00]1 to 101.3 ev: Resonance parameters plus potential scattering.

101.3 ev 1o the Threshold for Inelastic Scattering (0.0932 Mev for
Hf“s Q. 113 Mev for HfY?7, The other even and odd isotopes were arbi-

trarily set equal to these, respectively )

Taken as the difference between the total and the capture cross
sections.

Threshold for Inelastic Scatteriggﬁpp to the Point Where the Energy
Levels Are No Longer Known (L.0 Mev for Hf77 1.5 Mev for Hf}7®, Hrl7®
was given same level structure as HfY?7, while HF17* Hf17®, and Hr1®°
were taken to be the same as Hfi?aij

Optical model plus Hauser-Feshbach caleulations? gave total, shapa3 flas-
tic, compound elastic,and (compound) inelastic. The sumof the latter two was
reduced by the amount of the (n,y) cross section, keeping their ratio un-
changed, since the ABACUS-2 program does not include-gamma-ray competition
in its Hauser-Feshbach cslculation. The resultant elastic cross section
(shape plus reduced compound) was then multiplied point-by-point by the
ratio of the experimental total cross section to the optical-model totel
crogs section, thus normelizing in an approximate way to the experimental

data.

From Point Where Hauser-Feshbach Calculations Stopped, to 2 Mev:

Compound elastic cross section extrapolated smoothly to zero. Total
elastic then obtained with same procedure as in preceding energy range.

2 Yo 15 Mev: Shape elastic, normalized to total cross section as
in previous two energy ranges.

(n,p) Cross Section

The measured W12 (n,p) cross section was used to give the shape of
the crosg section. It was shifted in energy to allow for the differences
in Q-values and shifted in height to pass through calculated l4-Mev values
obtained from Reference 3 (Gardner). )

KAPL-3327



Inelastic Cross Section, d(nn’)

Threshold to 1.0 Mev for the 0dd, 1.5 Mev for the Even, Isotopes:
(See Elastic Scattering description, p. 2).

Hauser-Feshbach calculations used for individual levels.

From Top of Hauser-Feshbach Region to 15 Mev: The optical-model
reaction cross section wes "normalized" to the experimental total by the
ratio: experimentel total/opticel totel. From the cross section were
subtracted (n,p) and (n,7) to give (n,n") + (n,2n). The Hauser-Feshbach
level excitation cross sections were extrapolated to 15 Mev to represent
direct inelastic. These were then subtracted from (n,n") + (n,2n) to
give (n,2n) + compound inelastic. The latter two were split up using
Pearlstein's method?® for (n,2n) cross sections.

(n,2n) Cross Section

As described in Inelastic Cross Section, above.

Legendre Moments of the Elastic Scattering Cross Section

Optical model plus Hauser-Feshbach calculations gave shape plus
compound-elastic moments at all energies.

Resonance Parsmeters

The resonence parameters used are given in Teble 2, p. 5. Table 8,
P. 38 and Figures 2 through 8, p. 23 through p. 35 show the smooth back-
ground to which the resonance cross sections must be added. The single-
level Breit-Wigner formalism was employed (see Equations 1 and 2,
p- 10.

RESONANCE INTEGRALS

The most recent determination of hafnium resonance parameters is
that of Fuketa, Ruseell, and Hockenbury®’® who mede measurements for ell
a8lx steble isotopes and observed over 200 resonances below 1200 ev. Since
the resonances below 1200 ev make up most of the resonance integrals,
these resonance perameters can be used to compute (approximate) resonance
integrals for the different isotopes and natural hafnium. These reso-
nance integrels are shown in Table 1 along with the values obtained after
a contribution hes been added to represent the unresolved resonances and
the smooth background [formulas given in section on (n,7) Cross Section,
p. 7. Regonance integrals have been messured by Scoville, Fast, and
Rogers7 for natural hafnium and the separated isotopes; these, also, are
shown in Table 1. Another recent resonance integral measurement by
Vidal,s is ghown In the last column of Table 1. As can be seen in
Table 2, the messured isotoplc integraels differ appreciebly from those
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TABLE 1. ISOTOPIC AND NATURAL HAFNIUM RESONANCE INTEGRALS

Resonance Integrals, barns

Messured
_ Calculated Scoville, Fast,and Rogers? Vidal®

Hafnium From Fuketa From Fuketa Natural Natural
Isotope Resonances®’® Resonences™® Isotopic Hafnium Hafnium
HEYT* 268.7 453.2

HE178 329.0 339.3 400 % 20

He77 7131.0 7192.3 8685 = 760

HEAT® 1876.2 1882.8 1330 * /0

HF17® 450.9 497.0 640 t 20

Hf18° 30.0 35.8 11 # 6 ,

Natural 1918.6™* 1941.2"% 2080 * 157"* 2320 + 150 2125 * 50
hafnium a ‘ .

¥Plus addition to represent unresolved resonances and smooth
background.

¥Calculated from isotopic values using abundances 0.0018, O. 052, 0.185,
0.2714, 0.1375, 0.3523 for HL17% Hrl7® pel77 | pel78) Hf179 and
HE8C | respectively.

calculated from Fuketa's resonance parameters (e.g., 8685 and 7192 barns
for Hf177)@ It is unlikely that missed resonances or errors in the meas-
ured resonance energies and widths are large enough to account for the
large differences; adverse experimental conditions (such as an undetected
crack in the target) can produce systematic errors in the measurements of
[}, large enough to account for these differences. Previous independent
measurements of the isotopic I''s, however, are not systematically dif-
ferent from Fuketa's, and they, also, predlct a resonence integral in
natural hafnium of <2000 barns. The values of [, were measured for only
three resonances (all .in HfY77); except for Hf17®, however, the isotopic
resonance integrals are not very sensitive to the P7's. This is because
the largest resonances have I's that are small compared with their cor-
responding P7's (which are not expected to differ much from the average
value of 60 mv for the three measured I')'s). In the case of Hf7®,
almost 2ll of the integral (1860 barns) is due to the resonance at

7.78 ev, which has a measured I'y of 51 mv. With this I, a value of

Py = 32 mv is required to yield a resonence integral consistent with 7
the measured integral of 1330 barns; and it is unlikely that I, differs
this much from the average value of 60 mv which was used.
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TABLE IZ,

HF =174 RESONANCES

EQ GAMN
4,250 017
13,380 4,800
29,940 32.000
70,500 12,000
77.900 65,000
107,100 122,000
124,600 50,000
147,600 120.000
153,500 85.000
211.000 180.000

HF =176 RESONANCES

EO GAMN
7.86040 3.400
48,300 125.000
53,200 2.000
67,100 20.000
123.800 48,000
177,000 50,000
201.000 37.000
243,300 22.000
255,000 95,000
286.700 285,000
304,500 21.000
3u7.200 173,000
435,100 167,000
444,300 173,000
577,000 335,000
626,000 640,000
656,000 269.000
870.000 280,000
921,000 146,000
956,000 300,000
994,060 270,000
1068.000 250,000

HF=177 RESONANCES

EO GAMN
1,099 2,240
2.385 8,044
5.890 5.829
6,570 B4kl
8,870 5.956
10,940 -DU3
13.650 533
13.940 3,429
22,040 2.933
23,470 1.500
25.680 o410
26,950 2,600
32,700 1,306
36.250 5,000

GAMG
60.0
60.0
60.0
60.0
60,0
60,0
60.0
60.0
60,0
60,0

GAMG
60,0
60,0
60,0
60,0
©0.0
60,0
60,0
60,0
60,0
60.0
60,0
60.0
60.0
60.0
60,0
60.0
60.0
60.0
60,0
60,0
60,0
60,0

GAMG
67,0
60,0
60.0
44,0
60.0
60,0
60.0
60.0
60.0
60,0
60,0
6000
6090
60,0

-

2

HAFNIUM RESONANCE PARAMETERS (ENERGIES In EV,WIDTHS IN MV)

e

G
1,0000
1.,0000
1.0000
1.0000
1.,0000
1.0000
1,0000
1,0000
1.,0000
1.0000

G
1.,0000
1,0000
1.0006
1.,0000
1.0000
1.0000
1.0000
1,0000
1,0000
1.6000
1.0000
1.0000
1.0000
1,0000
1.0000
1.0000
1,0000
1.0000
1.0000
1.0000
i.0000

4375
5625
4375
5625
5625
U375
25625
<4375
+ 5625
« 5000
«5000
05000
«5000
25000



6

36,900
42,900
45,200
46,300
48,900
49,600
54,800
56,500
57.200
59,400
62.300
63,600
66,800
71,600
76,100
84,900
88,600
93,200
97.300
103,300
111,500
115,200
123,100
132,100
136,900
140,100
142,800
146,700
149,200
163,400
170,900
176.500
199,300
201,700
208,800
219,000
224,860
238,700
241,000
249,100
258,200
264,700
267,900
272,700
285,000
298,900
307.200
320.300
323,800
327,600
330,700
333,700
342,500
348,900
357,700
362,900
368,000
389,900

7,000
4,700
3.800
7,300
35,000
7.000
19.500
14,500
3.000
3.500
4,000
78.000
43,000
18,000
18,000
40.000
3,800
5,000
20.000
55,000
4,500
3.600
14,000
55,000
12,000
12.000
35,000
12,000
18.000
45,000
24,000
160,800
25,000
13,000
52.000
11.000
153,000
30,000
20.000
24,000
4,000
81,000
38.000
70,000
170,000
55,000
107.000
24,000
80,000
90.000
137,000
13,000
40,000
70,000
40,000
17.000
60.000
28,000

60.0
60,0
60.0
60,0
60,0
60,0
00,0
60,0
00,0
60,0
6000
60,0
60,0
6000
00,0
60,0
60,0
60,0
60,0
60,0
60,0
60,0
60,0
60,0
60,0
60,0
60,0
60,0
60.0
60,0
60.0
50,0
60,0
60,0
bOOO
60,0
60,0
60.0
60,0
60,0
60,0
60,0
6.0
60,0
60.0
6000
60.0
60,0
60,0
60,0
60,0
60,0
60,0
60,0
60,0
60,0
60,0
60,0

2 5000
+» 5000
+5000
« 5000
» 5000
05000
5000
5000
« 5000
25000
25000
» 5000
-5000
25000
+ 5000
95000
» 5000
- 5000
» 9000
+ 5000
5000
5000
-5000
« 5000
« 5000
«5000
.5000
» 5000
+ 5000
« 5000
. 50060
» 5000
«5000
« 5000
«5000
5000
5000
« 9000
5000
5000
» 5000
9000
5000
. 5000
25000
« 5000
«+ 5000
«5000
5000
5000
«5000
«5000
. 5000
05000
+2000
5000
5000
« 5000



406,800 50,000
415,200 95,000
426,300 100,000
433,700 100,000
436,200 100,000
444,400 37,000
447,000 60,000
457,900 146,000
471,500 66,000
475,500 95,000
479,800 105,000
489,200 129,000
500,200 80,000
507,600 550000
512,900 50,000
525.800 110,000
549,400 96,000
578.000 120,000
613,000 102,000
629,000 114,000
647,000 101,000
686,000 100,000
696,000 73,000
714,000 118,000
727.000 100,000
809,000 350,000
844,000 80,000
887,000 177.000
895,000 329.000
928,000 162,000
1019.000 250,000
HF=178 RESONANCES

EO GAMN
7.780 51,000
104,400 9,000
164,400 14.000
265,900 280,000
275,700 260,000
353,100 8,000
383,500 420,000
447,700 132,000
504,300 50,000
528,700 151,000
580,100 414,000
723,000 1050.000
785,000 870,000
866,000 155,000
889,000 27,000
1096.000 670,000
1163,000 1280.000

HF=179 RESONANCES

E0 GAMN
5.680 4,200
17.620 2,150
19,050 2120
23,550 84300

60,0
60.0
60,0
60.0
60,0
60,0
60,0
60,0
60.0
60,0
60.0
60,0
60,0
60.0
60,0
60,0
60,0
60,0
6000
60,0
60,0
60.0
60,0
60.0
60.0
60.0
60,0
60.0
60,0
6090
60,0

GAMG
60.0
60,0
60.0
60,0
60,0
60,0
60,0
60,0
60.0
60,0
60,0
60,0
60,0
60,0
60,0
60.0
60.0

GAMG
60,0
60,0
60,0
60,0

«5000
» 5000
«5000
» 5000
+» 2000
+ 5000
+5000
«5000
+5000
«5000
« 5000
5000
« 5000
»5000
+5000
+5000
«5000
« 5000
5000
+ 5000
«5000
« 5000
» 5000
+»5000
« 5000
«5000
+5000
« 5000
«5000
«5000
«5000

G
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

» 5000
«5000
+5000
«5000
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000G°
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652,000 210,000
658,000 242,000
689,000 270.000
733,000 80,000
751,000 78,000
848,000 125,000
893,000 150,000
900,000 100,000
927.000 170,000
971,000 634,000
1010.000 220,000
1050,000 150,000
HF=-180 RESONANCES
EO GAMN

72,500 55,000
171,900 119,000
448,700 208,000
477,000 107.000
587,000 77,000
914,000 85,000

60,0
60,0
60,0
60.0
60,0
60.0
60,0
60,0
60,0
60,0
60,0
60,0

GAMG
60,0
60,0
60,0
60,0
60,0
60,0

«5000
«5000
»5000
«5000
«5000
5000
«5000
5000
«5000
5000
+5000
«5000

1.0000
1.0000
1.0000
1.0000
1.0000
1.,0000
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Both Scoville's and Vidal's resonance integrals for natural hafnium
are larger (by more than 180 barns) than the value obtained from Fuketa's
parameters. It is therefore tempting to use Scoville's isotopic values as
a guide, and thus, to increase the measured I);'s (or I'y's) for some of
the isotopes. However, the ‘discrepancy between Scoville's isotopic and
natural-element measurements indicates that the resonance integrals are
difficult to measure accurately; hence, it is not certain that the ex-
perimental values are better than the ones computed from Fuketa's param-
eters. Also, even if a decision were made to increase the calculated
resonance integral, it is not clear how or by what amount the isotopiec
values should be modified. It was therefore decided to use Fuketa's
values unmodified and accept the resonance integrals computed from these
resonances plus the contribution added for unresolved resonances and
smooth background. The fact that these integrals differ so much from
the measured integrals means thet lerge uncertainties exist and that
there is a strong need for more measurements of both differential and
resonance-integral data.

(n,7) CROSS SECTIONS

The resonance parameters measured by Fuketa, Russell, and
Hockenbury®’® are listed in Teble 2. The partial width, I'y, was meas-
ured for only three resonances. The average value of F7 = 60 mv that
is assigned to the other resonances is also the value used in analyzing
the data for these resonances. The parameters for the 7.8 ev resonance
in HE17® were given to us in a private communication from Fuketa. They
were not given in the published Fuketa references (5 and 6 ) because
HEY?® has a very large resonence at 7.78 .ev; hence, the Hf17® in the
Hf17® sample had shielded the Hf17® cross section to such an extent
that the existence of the Hf17® resonance was considered uncertain.

Its existence was verified, however, by J. A, Harvey of Oak Ridge, who
checked the original data for us. Inclusion of this resonance, as was
done to obtain the calculated integral in Table 1, also brings the cal-
culated resonence integral much closer to the measured integral value.

In Table 3, the contributions of the resonances to the (n,?) cross
gections at 0.0253 ev are compared with the measured values for each
isotope. The experimental values actually represent weighted averages
of several measurements® from Table 3A. In Table 3A, there are listed
privately communicated cross sections for Hf17°(n,7)5.5h HL1®OM ang
for HE1%9(n,y)45d HE18! measured recently by G. Scherff-Goldhaber and.
M. McKeown by activation techniques. These data came to our attention
too late to be included in the analysis of low energy (n,?) cross sec-
tions; if included, they would slightly increase the value of the
HE1%9(n,7)45@ HE®L cross section at 0.0253 ev. The practical effect
of such an increase would, however, be small.
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TABLE 3. (n,7) CROSS SECTIONS AT 0.0253 ev

Experiment, Calculated Rescnance
Isotope barns Contribution, barns
HE17* 400 % 50 4468
He176 15 £ 15 7.276
HEL77 380 t 30 373.25
He17® 80 * 10 74,.90
nei7® 70 t 15 9.288
Hf18° 10 %2 0.398
Natural 106.66 £ 11.90 91.183

hafnium

For each isotope, the measured thermal (n,?) cross section is larger
than that calculated. The contribution of the unresolved resonances to
the thermal cross section is small; therefore, this difference i1s attri-
buted to negative energy resonances. These negative energy resonances
are represented by a 1/v cross section with the coefficient chosen so
that the value at 0.0253 ev is the difference between the measured and
calculated (n,7) cross sections. This 1/v term is continued up to the
unresolved resonance region where it is small enough, compared with the
rest of the smooth cross section, to be neglected. Since the negative
energy resonances actually fall off faster than 1/v, this must be con-
sidered an upper limit to these resonances (provided the value at thermal
energy is correct). An alternstive to this procedure is to represent the
negative energy resonances by one or two explicit resonances with suit-
ably chosen energies and partial widths; in this case, however, one runs
the risk of underestimating the cross section at higher energies. 1In
any event, the effect on the resonance integral of the non-1/v charac-
ter of this cross section is small, and it mekes little difference which
procedure is chosen. The overestimate is probably largest in Hf174,
which has the smallest abundance.

In addition to the explicit resonances snd the 1/v cross sections,
there are unresolved resonances which must be considered. These are
treated by the use of a statistical model! which represents a distribu-
tion of s-wave resonances by an "equivalent" smoothly varying cross
section. The Breit-Wigner forms for the (n,”) and elastic scattering
cross sections for a resonance at energy E, with partial widths, [
and I'y, are given by Equations 1 and 2 on p. 10.
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TABLE 3p, MEASUREMENTS OF AND RECOMMENDED VALUES FOR (n,7) CROSS SECTIONS AT
0.0253 ev FOR HAFNIWM ISOTOPES1O

. New Recommended

(n,?) Cross Sections ornL(®) ANL BNL_325((U Mesaurements Values
4.3x101%y HEYT4(n,7)70a REVT® 5258500 ~1000(P)  1500t1000  30#s5(e)  4o0ts50
HEA7%(n,7) HEY?? 16415 . 15415 1515
HEY?(n,7) - 390£30  350t50(P) 380230 , 38030
HEY7(n,7 )4.88 HELTOM 1.420.6{0)  1.440.6
HEYTT(n,7) BE37T® _ 380430
He1T8(n,7) 76111 got20{b) 95210 80410
HEY7®(n, 7 )198 HEATEM 50415(1) 50415
HEY7®(n,7) HEAT® 30418
HEY7®(n,7) s2t20  75415(0)  gst15 73(8) 7015
HE179(n,7)5.5h HE18OM 0.1820.07")  0,18+0.07

' 0.340£0.025(k)

HEYT®(n,7 ) HESO : 7015
5.5h HCY8O%(n, 7 )45d HE18E (J) 100
HE189(n,7)454 HELEL 145 1oz2(e) 12.6:0.7(k) 1082 -
451 HE181(n,7)9.2x10% He18? 40«:;3“,) w0t

" (a) Pomerance, H., Phys. Rev. 83.

1952. P. 412. Values increased by 5% for

change in gold standard cross section from the 95 barns assumed at that

time to the present 98.8 barns.

(p) Bollinger, L. M., et al. Phys. Rev. 92. 1953. P. 1527.
(c) Seren, L., et al. Phys. Rev. 72. 1947. P. 888.

(d) Hughes, D. J., and R. B. Schwartz.
(e) Esch, L. J. KAPL-2000-12. 1960.-

BNL-325, Sec. Ed. 1958.
P. 1.25.

(f) Alexander, K. F., and H. F. Brincimann. Nuc. Phys. 32. 1962. P. 482.
(g) Fuketa, T. From transmission data supplied in private communication. (RPI)
(h) Gvozdev, V. S., et al. Nuec. Phys. 6. 1958, P. 561.

(1) Wing, J., et al. Phys. Rev. 123.

1961. P. 1354.

(J) Petrov, Yu. V. Atomaye Energiya 11. 1961. P. 250. Estimated by Petrov

to be of order 10%h-10%b.

(k) Scharff-Goldhaber, G., and M. McKeown. Private communication listed by
M. D. Goldberg et al. BNL-325, Second Ed., Supp. No. 2, Vol. IIC. 1966.

Y = years, d = days, h = hours, w = minutes, s = seconds
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E. glnly
o (E) = 1‘—\/?8 , ()
7 kg NE (E-EO)2+%(P7+JE7E—;FH)2 :

and
12
gly

= -’-t-—
“n(®) K (g - E)? + L (1, + NE/EL Iy )2
E - Ep 7\ o in

4 - Iy(E - By)
k (g . E )2 + % (Ty + VE/E, ry)?

+ + 4R? ., (2)

In these equations, k, is the wave number for a neutron of energy,
Eo, 4L7R? is the potential elastic scattering, and g is the statistical
factor (2J+1)/2(2I+1) where I and J are the spins of the target and com-
pound nucleus, respectively. I}, is a constant, its energy dependence in
the numerator being absorbed into the multiplicative factor. If the aver-
age spacing between resonances of spin J 1is denoted by < Dy >, the
average cross sections mey be writiten as tfollows:

<o, (E) > =5 R (E
‘ J b 4
and
J S2
<IreY >
- 2n? 1 B3 S'n J
<o (E)>= 2 Z (E) + 4nR? (4)
it k : <DJ><1"g+I‘g>Rn ’

where < > denotes an average over resonances and the factors RJ and Rg
ere defined by Equations 5 and 6:

rdpd
<——-—’“ :
o4 r§>

J 0 ¥
RY(E) = (5)
7 < ><cpd s’
n 7

: <t yrd >
and i 7

J ]

Pnrn
Ty . Nt T <Y i) (6)
E) = =1 + 1 -RIE)] . 6
fn <rd ><pd> <rd > 4
n n n
<+ >
n V4
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-In terms of the distribution functions, Pg(Pg) and Pg(Fg), of the
radiative capture and elastic scattering widths, Rg is given explicitly by

J J © rrd

KT >+<TIy > N® 151

RI(E) = —5——— f f rn - pI(rd)po(rg)ardary . (7)
< Pﬂ > < F7 > VYo o P FT

If it is assumed that PJ is the same for all resonsnces snd that the FJ’
have a Porter-Thomas distribution, RJ(E) reduces to

J J J 2
RJ(E)= l+<l" rl__l_-_<r7l>l;m 1 o3 <1" > 1 il’
7 /L \fzn<r1{> 1+ 12 <FJ > 2

(8)

a function which has been calculeted and given in the literature.l!
According to the Fermi gas model, the < Dj >'s have a J-dependence
given by

Do J(J+1)/202
< D1 > = ——e .
J 27 + 1Ae (9)

The constant ¢ is taken to be 4 (see Reference 12) and Dy is determined
from the average spacing between all observed resonances, Dgpg, by the
equation

! -J(J+l)/b0
"5 Z (23+1)e . (10)

DOS

In the kev region, the p-wave resonance capture becomes significent
compared with the s-wave resonance capture and therefore musi be con-
sidered. For simplicity, it is assumed that FJ , K Fg g=12 o0 approxi-
mation that should be good in the energy region (up to 34 kev) in which
the statistical formulas are used. The average p-wave capture cross
section may then be written as follows:

2 LT gy > <Y gy >
2n Z 1 gd n,ﬁ 1 f' 1 J ——I(E) .

<0y p=1(E) > = = T 3
7} k < DJ,£=1 > < I‘n,£=l + F7,£=1 >

FaX s

252 Z gy < Iﬁ,z:l >

2 bR 4
k < I‘u,/?l:l >

e

2T, gaq >
on n,t=1 (equation continued on p. 12)
k? <Dg=3 >
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- 6n2 VE (1R)? 51
k% 1 + (kR)?

’ (11)

where S! is the p-wave strength function.

The average values of rg = Pn/VEB and the average spacings, Dopg, used
for the hafnium isotopes (listed in Table 4) were obtained from an analysis
of all of Fuketa's resonance parameters. The p-wave strength function for
ratural hafnium has been measured® to be S* = (0.50 % 0.25) x 10~*, It
wes found that, with use of the lower limit of this range S! = 0.25 x 1074,
the calculated statistical (n,7) cross sections for both Hf*®® and natural
hafnium agreed with the experimental value at 34 kev; therefore, this
value was used for all isotopes.

To estimate the effect of resonances missed in the energy region where
the measurements were made, the energy range between 101 and 1234 ev was
divided into six energy groups with the group boundaries as shown in
Table 5. In each group, the resonance integrals of the radiative capture,

: e}
TABLE 4. AVERAGE VALUES OF I] AND Dobs

Isotope < If >, mv Dopgs ©V
HELT4 4. L8 16
Hr179 6.4 32
Hf77 1.32 2.2
Hr178 10.8 45
Hrl7e 1.76 42
H18° 6.3 30

TABLE 5.  BOUNDARIES OF GROUPS USED BELOW 1234 ev

Group . Lower Energy, ev Upper Energy, ev

1 101.3 130.1
2 130.1 167
3 167 275.4
4 275.4 454,
5 454, 748.5
6 748.5 123/

KAPL-3327
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T,= E / dE
Iy(E,E) =\A§ < °7(E) >'§rq were computed using the statistical model

and compared with the integrals obtained from the observed reéoﬁances,
IE(E,Q). The differences were used to obtain smooth cross sections to

represent the missed resoneances. These smooth cross sections were taken
to be. constant in the group with values given by

[Ifggﬁ,g) - 15(E‘g_)]/£f %g :

In Hf17* (for which resonances were measured up to only 211 ev) a smooth
contribution had to be included in Groups 3 through 6. For the other even
isotopes, the average spacing between resonances is nearly constant up to
about 500 ev (indicating that few resonances were missed) and for Hfl7¢
and HF17®, smooth cross sections were added to Groups 5 and 6. For Hf1%C,
IT is. less than £ in Group 5; and so only Group 6 has a smooth contribi-
tion. In HfY?7, the average spacing between resonances starts increasing
at about 100 ev, thus indicating that resonances were missed above this

-point. Also, since 17 is greater than 1E for each of the six groups, a
smooth contribution was added to ell six. In Hf179 IE is greater than
than IT in Groups 1, 2, and 3; therefore, a smooth background was 1ncluded
in Groups 4, 5, and 6, only.

Between 1234 ev and 34 kev, the (n,7) cross sections are based en-
tirely on the statistical formulas. Between 1234 and 8000 ev, this cross
section for natural hafnium is 10 to 15% lower than data measured by
Block, et al.l®71% The normalization of the data from that experiment
however is uncertain by 20 to 25%. At 34 kev, the calculated cross sec-
tions for both HE®® and. natural hafnium agree with experiment 18,17 The
data points for Hflao extend between 34 kev and 4 Mev, and the evaluated
cross section was obtained from a smooth curve fit to them. Between
4 and 15 Mev, this curve was extended as a straight line on a log-log
plot. Experimental datal®»17,12 indicate that different elements that
do not differ much in mass often have (n,”) cross sections that are nearly
parallel on a log-log plot. Therefore, the (n,7) cross sections for the
other hafnium isotopes, for which no data exist sbove 34 kev, were taken
to have the same shape as the Hf®° cross section, normalized to have the
" calculated values at 34 kev. The resulting natural hafnium cross section
agrees with a measured valuel® at 65 kev.

TOTAL CROSS SECTIONS

The potential elastic cross section used at low energies for all iso-
topes is the recently measured?® value of 6.05 barns. Below 101.3 ev,
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this value is added to the 1/v component of the (n,”) cross section to
obtain the smooth background to the total cross section. Between 101.3
and 1234 ev, additional terms representing the elastic scatteringtfrom
unresolved resonances were added in those groups in which unresolved
resonance contributions were added to the (n,”) cross sections. These

additional terms were taken to be [IE(E,E) - IE(E,E)! \AZ %f—when this
- - A

quantity was positive; otherwise, the terms were taken to be zero.

Between 1234 ev and 0.5 Mev, the total cross sections for the iso-
topes were calculated using the statisticel model (Equations 3 and 4,
p. 10). Between 0.5 and 2.4 Mev, these cross sections were extended by
smooth curves drawn toc join smoothly to total cross section datal® for
natural hafnium measured by D. G. Foster and D. W. Glasgow. The result-
ing cross section for natural hafnium between 0.5 and 2.4 Mev is in
agreement with deta®® in this region. Between 2.4 and 15 Mev, a smooth
curve fit to the detailed data of Reference 19 was used for all isotopes.

ELASTIC CROSS SECTIONS -

Below the thresholds for inelastic scattering, the elastic cross
sections are simply the resonance contributions plus the differences be-
tween the smooth total and (n,”) cross sections already discussed. Above
the thresholds (where data exist at only one energy)?*:2? an optical
model calculation had to be made to obtain the fraction of the total
cross section which is elastic scattering. Because of the scarcity of
data, no data analyses have been made to determine optical parameters;
hence, the parameters determined for nearby nuclei must be used. Since
the excited-state spectra for the even hafnium isotopes (which are
similar to each other) are quite different from those of the odd iso-
topes, and since the couplings between the ground state and excited
states are different, two sets of optical parameiers are preferred to
represent the even and odd isotopes. Auerbach and Moore?® have pub-
lished optical paremeters for Tal®l and W1®% which provide simultaneous
fits to the total cross sections, inelastic cross sections for exciting
individual levels, and the differential elastic cross sections for these
nuclei up to 1.5 Mev. The optical potential used has the form:

'

= - VRE _ s - 242
V(r) = 7 om GR)/e] iVy, exp (-(r-R)%/b%]

+ Vg 3‘——)2 L_ewleRl _ G.5),
uge/ ar (1 + exp [(r-R)/al}?
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where u is the pion mass” end Z end & are the orbital momentum and spin
operators of the neutron. Their parameters for Ta’®l (which were used
for HL277 and HE27®) and W3®* (which were used for Hf17*, Hrl78 Hpl7
and Hr18°) are shown in Table 6.

b4

TABLE 6. OPTICAL PARAMETERS USED FOR THE HAFNIUM ISOTOPES

Optical

Parameters 0dd Isotopes Even Isotopes
VRg, Mev 37.3 ) 43.8

Vim, Mev 12.1 13.2

VSR’ Mev 7-0 ‘ 7c0

R, fm 1.3203/2 1.31a1/3
a, fm : 0.63 0.49

b, fm 1.0 1.0

With use of these parameters, the elastic (both direct and compound)
and inelastic cross sections for each isotope were calculated from thres-
hold to 15 Mev by means of ABACUS 24 program, and normalized by the ratio
of the evaluated total cross section just discussed to the calculated
total cross section. In these calculations, inelastic cross sections for
exciting individual levels (which are included up to 1 Mev for the odd
isotopes and up to 1.5 Mev for the even isotopes) were computed using
Hauser~Feshbach theory.?:2% In these energy ranges in which all in-
elastic levels are included, the inelastic and compound elastic cross
sections are further reduced (without changing the ratios of the two)
by subtracting out the (n,”) cross section which is assumed to be a com-
pound nucleus reaction. To take into account the effect of the unknown
excited states above 1 Mev, the compound elastic cross sections in the
odd isotopes between 1 and 2 Mev were reduced by a linear cutoff func-
tion which decreased from unity to zero in this range. Similarly, the
compound elastic scattering in the even isotopes was cut off between 1.5
-and 2 Mev. Above 2 Mev, the elastic cross section was assumed to be
direct. scattering only. ‘

The elastic scattering Legendre moments in the center-of-mass system,

f%M, are defined in terms of the differential cross section by the

following equation:

2

e

*The quantity (——E) is taken to be 2 square fermis.
My '
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—

[+ 2]
g
g z(9¢)=.ii£ (2¢ + 1) fCMPﬂ (cos @) barns/steradian, (13)
€ 4:‘ £
£=0"

where 0oy is the integrated cross section. The contribution to the fiM's

of the compound elastic scattering was computed by ABACUS while the direct
gcattering contribution was obtained with OPTIC26 program.

(n,p) CRCSS SECTIONS

No data exist for this reaction in the hafnium isotopes. However,
this reaction has been measured27 for w188 and, since (n,p) cross sections
for nearby nuclei often have similar shapes,28 the shape for W18 was used
for all the hafnium isotopes. To account for the differences in Q values
in W1®® ang the hafnium isotopes (shown in Table 7) the curves were shifted
by these amounts. The curves were then normalized to pass through theo~
retical® 14 Mev (n,p) cross: sections.

TABLE 7. Q VALUES FOR (n;p) AND (n,2n) REACTIONS

Q Values, Mev

Isotope (n,p)* (n,2n )**
HFl74 0.71 -7.0
Hf178 -0.24 -7.0
HFL?7 0.29 6.4
HF178 “1.47 7.76
Hf179 -0.57 -6.09
Hf18° -2.52 ~7.73

wiee -2.9/ -

*See Reference 29.
¥%5ee Reference 30.

- INELASTIC CROSS SECTIONS

The only inelastic scattering data known to us are from a measure-
ment®! of inelastic 7-rays for natural hafnium. Only the ¥-rays with
~230'kev of energy were measured, however, and some of these were cascade
7-rays; therefore, the cross sections were calculated using the optical
potentials used for the elastic scattering. Most excited levels in Hr17®
are known®?s32 up to 1.5 Mev; these are shown with their spins and parities
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in Figure 1. Not as many levels have been measured in the other even
isotopes, but the known levels are very close to the corresponding levels
in HEY7®; therefore, the HF17® gpectrum was used for these isotopes as
well. Most excited states in Hf*77 have been measured up to 1.0 Mev.

The energies of the known levels in Hf17® are close to those of Hf77,
hence the Hf?7 spectrum is used for Hf'7® also.

The inelastic cross sections for the even isotopes calculated up
to 1.5 Mev, using Hauser-Feshbach theory, then consist entirely of cross
sections for exciting individual levels. These are normalized so that
they add up to the total minus the elastic and (n,?) cross sections al-
ready discussed in the section on Elastic Cross Section, p. 1l4. Simi-
larly, the inelastic cross sections for Hf77 and Hf'?® consist of in-
dividual level cross sections up to 1.0 Mev.

The cross sections for calculating these known levels in the even
isotopes cannot be computed in this way sbove 1.5 Mev (or for the odd
isotopes above 1.0 Mev) because of competition with unknown higher energy
levels; they must therefore be extrapolated to higher energies. The
cross section at 14 Mev for the odd isotopes is taken to have the value,
0.17 barns, measured®* for Tal®l; the even isotopes ere assumed to have
the W®* value®® of 0.56 barn. The statistical model used to .compute
(n,2n) cross sections (p. 19) predicts that the compound inelestic cross
section at 14 Mev is small, and so these values of 0.17 and 0.56 Mev are
assumed to correspond to direct inelastic scattering. Since most of the
direct inelastic scattering is expected to correspond to low level ex-
citations, it is assumed to be made up entirely of cross sections for
exciting the known levels just mentioned. Therefore, the cross sections
for exciting the levels in the odd isotopes are linearly extrapolated
between 1.0 and 10 Mev (between 1.5 and 10 Mev for the even isotopes)
so that, at 10 Mev, the cross sections add up to 0.17 barns for the odd
and 0.56 for the even isotopes. Between 10 and 15 Mev they are taken

to be constant.

The difference between the total and the elastic,(n,?), (n,p), and
inelastic level cross sections is the compound nucleus cross section
for reactions involving only neutrons in the exit channels (the other
charged-~particle reaction cross sections are Small)oas The way in which
this is divided up into the inelastic and (n,2n) reactions is shown in
" the next section, (n,2n) Cross Sections, p. 19. The neutrons that in-
elastically scatter through compound nucleus formation are assumed to
have a Maxwellien distribution®7 of energies given by the equation:

Opax(E » E°) = N(E)E e /T(E) (14)

In Equation 14, E and E are the initial and final energies, N(E) is a
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normalization constant, and T(E) is the nuclear temperature with an
energy dependence given by
T(E) = } . ' (15)

Since the excited levels have already been accounted for up to 1.0 Mev
for the odd (1.5 for the even) isotopes, the distribution is cut off at
this energy so that these neutrons always scatter to levels above this
energy.>® The values of "a" in Equation 15 that were measured~° for

Ta (e = 22.1 Mev™) and for W (a = 24.0 Mev™!) were used for the odd and

the even isotopes, respectively.

© [t

(n,2n) CROSS SECTIONS

In this section, a statistical model® is used to. compute the ratio,
U(n,zn)(E)/bn,M(E): where O(y ,n) is the (n,2n) cross section and cn,M.iS
the compound nucleus cross section for reactions involving only neutrons
in the exit channel [(n,2n) pilus inelastic]. The density of nuclear
states w(E¥) at energy E* above the ground state of a nucleus is pre-
dicted by the Fermi gas model to be

A 4gE¥

o(E) > e ’ (16)
where "a" is the same constant as given in Equation 15. If a neutron of
energy E interacts to form a compound nucleus, the probability of dis-
integration into a particular channel can be shown from reciprocity37 to
be proportional to E'ﬂc(E’) where E° is the energy of the emitted par-
ticle. Here 0,(E") is the cross section for compound nucleus formation
by the interaction between the emitted particle and excited target. The
energy distribution of neutrons emitted from the compound nucleus is then
given by the equation:

dw@£ﬁ. (17)

I(E,E") = CE'0,(E")
The constent C determines the magnitude of the cross section which is the
integral of Equation 17 over E* from O to E.

If the energy of the residual nucleus, E-E”, is greater than the
binding energy, EB, of the lesst bound neutron it is possible for another
neutron to be emitted. It is assumed that this multiple emission will
occur whenever it is energetically possible. Calculations® based on this
assumption have been in good agreement with (n,2n) data for meny nuclei.
The ratio, °n,2n/bn,M’ is then written as follows:
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E-EB YR
o) e
n,an(E) = 2 (18)
g
n,M E [ .y
J f CE'O'C(E’)G 4a(E-E )dE;
o
The cross section oc(E’) is assumed to be éonstént; this reduces to
o (E) epl/2 [(1 _}_)Pa/z - (3—})p +36p1/2 -6[+6 -2
n,2n : 8 ' 8 8
—t— =1 - , (19)
on,M(E} p 1/2 P P 1/2
exp [(-) ] [-2(—) ' 6(—) - 6:] +6-R
: 5 8 s 8

where p = 48EB end s = EB/E.

The Q value (-~ EB) for the (n,2n) reaction is given in Table 8 for
each of the hafnium isotopes.®® The cross section o, y(E) is the dif-
ference between the total and the elastile,(n,?), (n,p), and the inelastic
level data (see previous sections in this report). Equation 19 is then
used to divide this value into the (n,2n) and compound inelastic cross
sections.
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TaBLE vIII, SMOOTH HAFNIUM CROSS SECTIONS

HF=~174 CROSS SECTIONS

E(MEV)
1,000E~09
1,200e~09
1.300E-09
1.400E-09
1.500E-09
1.600E=~09
1.700e~09
1.800E=09
1,900E-09
2,000E~09
2.200£-09
2+, 400E~09
2.600E-09
2.800E-09
3,000E=09
3,200E-09
3,400E~09
3.700E-09
4,000E=-09
4,300E-09
4,600E~09
5.000E=-09
5.500E~09
(o 000E=09
6.500£~09
7.000E~09
T7.500E=09
8,000e~09
8,500E~09
9,000E~09

" 9,500E~09
1.000E~08
1,100E-08
1.200E~08
1.,300E=-08
1.400£-08
1,500e-08
1.600E~08
1,700E-08
1.800E-08
1 99005"'08
2.,000E~08
2,800E-08
300005"08
3,200E-08
39400E"08
3,700E-~08

TOTAL
1995.5305
1902,9452
1822.1889
1750,9398
1687.4679
1630.4540
1578,8724
1531.9119
1488,9212
1449,3708
1412,8251
1347,3574
1290,2541
1239,8734
1194,.,9920
1154,6771
1118,2034
1084,9973
1040,3316
1000.7902

965,.,4627

933.,6500

895,7727

854,3673

818.2520

786,3884

758,0029

732.,5055

709,4376

688.4362

669.2102

651,.,5227

635.1790

605.9009

580.3635

557,.8326

537.7610

519.7316

503.,4201

488.5699

474,9750

462,.4681

450.9114

430.2087

412.1510

396,2192

382.0265

369.,2778

357.7438

347.2431

333.1186

ELASTIC
6,0500
6.,0500
6,0500
6.,0500
6.0500
6.0500
6,0500
6.,0500
6.0500
6.,0500
6.0500
6.0500
6.0500
60500
6,0500
6,0500
6,0500
66,0500
6.,0500
6.0500
6.0500
6.0500
6,0500
©.0500
6.,0500
6.0500
6.0500
6,0500
6.0500
6.,0500
6,0500
6.0500
6.0500
6.,0500
6,0500
6,0500
6,0500
6,0500
6,0500
6,0500
6.,0500
6.0500
6.,0500
6.0500
6.,05600
6.0500
66,0500
6.0500
6.0500
6.,0500

N=GAMMA
1989.4805
1896,8952
1816,1389
1744 ,8898
1681.4179
1624,4040
1572,.8224
1525.8619
1482.8712
1443,.3208
1406.7751
1341,3074
1284,2041
1233.8234
1188,9420
1148,6271
1112.1534
1078,9473
1034,2816

994,7402

959,4127

927.6000

889,7227

848,3173

812,2020

78043384

751.9529

726,4555

703,3876

682,3862

663,1602

ous 4727

629,1290

599,8509

574,.,3135

551,.7826

531.7110

513.6816

497,3701

482,5199

468,9250

456,4181

Guy,8614

424,1587

k06,1010

390,1692

375.9765

363.2278

351.6938

341.1931

327.0686

(BARNS VS MEV)

INELASTIC

N=P

Al

N=2N



A2

4.,000E-08
4,300E=-08
4,600E=08
5.,000E=08
5.500E~08
6. 000E~08
6.500E-08
7.000E-08
7.500E=08
8.,000E-08
8.500E~08
9.000E-08
1.000E-07
1.100E~07
1.,200E-07
1.300E=-07
1.400E=07
1.500E=07
+00000016
00000017
«00000018
+00000019
»00000020
00000022
00000024
00000026
. 00000028
00000030
00000033
»00000036
00000040
»00000043
+00000046
»00000050
«00000055
00000060
«00000065
00000070
00000075
200000080
00000085
»00000090
»00000100
»00000110
00000120
.00000130
»00000140
«00000150
«00000160
00000170
00000180
+00000190
«00000200
.00000220
00000240
.00000260
00000280
.00000300

320.6145
309.4429
299 ,3829
287 4050
274 .,3115
262.8908
252.8147
243 ,.,8384
235,7754
228,4807
221 .8395
215.7597
204,9980
195,7395
187 .6639
180.5390
174,.,1918
168.4904
163,33224
158,63618
154,33711
150.38208
146,72751
140,18074
134, 47040
129,43234
124,94419
120,91270
115.56729
110.90482
105,52402
101,99126
98,81000
95.,02227
90,88173
87.,27019
84,08384
81.24529
78 .,69555
76.38875
74,28861
72,36601
68,96289
66.,03509
63,48135
61.22825
59,22110
57.41816
55,78701
54,30198
52.94250
51.69180
50.53613
48,46586
46,66009
45,06692
43,64764
42,37277

6,0500
6.0500
6.,0500
6,0500
©6.0500
6.0500
66,0500
6,0500
©.0500
6.0500
6,0500
©,0500
6,0500
6,0500
6,0500
6,0500
6,0500
©.0500
6.05000
6,05000
6,05000
6,05000
6.05000
6.,05000
©.05000
6.,05000
6,05000
6,05000
©,05000
©,05000
6,05000
6,05000
6,05000
6.05000
6.05000
6.05000
6.05000
6,05000
6,05000
6.05000
6.,05000
6,05000
6.05000
6,05000
6.,05000
6.,05000
6.05000
6.05000
6,05000
©,05000
6,05000
6.,05000
6,05000
6.,05000
6,05000
6,05000
6.05000
6,05000

314.5645
303,3929
293,3329
281,3550
268.2615
256.8408
246,7647
237,7884
229,7254
222,4307
215,7895
209,7097
198,9480
189,6895
181,6139
174 ,4890
168,1418
162, 4404
157.28224
152,58618
148,28711
144,33208
140,.67751
134,13074
128,42040
123,.38234
118.89419
114,86270
109,51729
104,.85482
99,47402
95,94126
92.76000
88,97227
84,83173
81,22019
78.03384
75.19529
72,64555
70,33875
68.23861
66,31601
62.91289
59,98509
57.43135
55,17825
53,17110
51.36816
49,73701
48,25198
46,89250
45,64180
44,48613
42,41586
40.61009
39.01692
37.59764
36.32277



200000330
»0000uU360
+00000400
00000430
+0000U460
00000500
LA000UbS0
00000600
» 00000650
00000700
00000750
«00000800
00000850
+00000900
00001000
00001100
00001200
«00001300
+0u001400
»U0001500
»00001600
00001700
w0ouv01800
00001900
00002000
00002200
00002400
00002600
00002800
»00003000
00003300
00003600
L00004000
00004300
, 00004600
200105000
L00UUL500
«00006000
00006500
«00007000
00007500
00008000
00008500
00009000
00010000
00010130
~00010140
»00011000
00012000
.00013010
+00013020
»00014000
00015000
00016000
«00016700
00016710
00017000

00018000

40.68241
39.20800
37.50644
3638929
35.38328
34,18550
32.,87614
31,73408
30,72646
29,.,82883
29,0225
28,.,29306
27.62894
27.02096
2%5,94480
25.,01895
24,21138
23,498489
22.86417
22.29403
21.77822
21,30861
20.87871
20.48320
20,11775
19,46307
18.89204
18,38823
17.93941
17.53627
17.00172
16.53548
15,99740
15.,04412
15.32600
14,94722
14,53317
14.,17201
13,859338
13,56952
13.3145%
13,08387
12.87386
12.68160
12.,34128
12.30079
12,29770
12.0485D
11,79313
11.56570
11.56358
11.,36711
11.18681
11.02370
10.9183u
" b0.766

50,766

50.766

6.05000
6,05000
6.05000
6.05000
6,05000
6,05000
6,.,0b000
6.,05000
6,05000
6.05000
6,05000
6,05000
6,05000
6. (5000
6,05000
6,.05000
0.0%000
6,05000
6.05000
6.,05000
©.,05000
6., 05000
6.05000
6, 05000
6.,05000
6.05000
6,05000
6.05000
6.05000
6.05000
6.05000
6.,09000
6, 05000
6.05000
6,05000
6,05000
6,05000
6,05000
6,05000
6.,05000
6.05000
6.05000
6,05000
6,05000
6.,05000
6,05000
6.05000
6,05000
6,05000
6,05000
6,05000
6,05000
6,05000
6,05000
33,252
33,252
33.252

34.63241
33.15800

S31.45644°

30,33929
29,33328
28,1355H0
26,82614
25,68408
24 ,67646
23.778383
22,97254
22,28306
21.57894
20.,97096
19,89u4830
18,.,96845
18,16138
17.44889
16.81417
16.24403
15.72822
15.258061
14,82871
14,43320
14,06775
13.41307
12.842404

12,.33823

11.83941
11.u48627
10,95172
10.48548
9,94740)
9,59412
9,2760U0
8,89722
8,48317
8.12201
7.,40338
T.51952
7.26459%
7.03387
6,.,82386
. B,.,63160
6.2'1128
6,.,250179
6,24770
5,.,9985H0
5., 74313
5,51570
H5,H5135H8
5,31711
5.13681
4,97370
4,86854
17.514
17,514
17.514

A3




Al

00019000
200020000
200022000
00024000
00026000
200027540
00027550
00030000
«00033000
00036000
«00040000
00043000
«000U5400
00045410
00050000
00055000
00060000
00065000
«00070000
00074850
00074860
00080000
. 00090000
+00100000
«00110000
.00120000
00123400
200123410
.001300
.001400
«001500
001600
001700
.001800
001900
» 002000
002200
002400
002600
002800
«003000
» 003200
+003400
. 003700
« 004000
«004300
« 004600
+005000
«005500
«006000
. 006500
»007000
. 007500
008000
008500
. 009000
»010000
.011000

50.766
50.766
50.766
50.766
50.766
50,766
66,560
66,560
66.560
66,560
66,560
66,560
66.:.560
53.130
53,130
53.130
53,130
53.:130
53,130
42,703
$42,703
42,703
42,703
42,703
42,7063
42,703
38.684724
37,800619
36.648249
35.613215
34,676880
33.8244906
33.044238
32326474
31.663300
30.475433
29,.439502
2B.525677
27.711734
26,980726
26,319476
25.,717562
24.908086
24,191649
23.,551714
22,975586
22,289812
21,540426
20.887035
20,310787
19,797633
19.336864
18,920151
18.540911
18,193858
17.579878
17.052031

33,252
33.252
33.252
33,252
33.252
33.252
49,180
49,180
49,180
49,180
49,180
49.180
49,180
41,510
41.510
41.510
41.510
41.510
41.510
41,510
34,990
34.990
34,990
34,990
34,9990
34.990
34.990
32,519421
31.849783
31,054921
30,334354
29.676916
29,073677
28,517180
28,000512
27,520162
26,652416
25,887706
25,206761
24,.,595052
24,040859
23,535919
23,073291
22.446508
21.887218
21.383937
20,927221
20.,378735
19,774594
19,243639
18,772016
18,349307
17.967402
17.620119
17.302490
17.,010474
16,490630
16,040308

17.514
17,514
17.514
17.514
17.514
17.514
17.380
17.380
17.380
17.380
17,380
17.380
17.380
11,620
11.620
11.620
11.620
11,620
11,620
11.620
7.713
7713
7.713
7.713
7.713
T7.713
T«713
6.,165303
5.,950836
5.593328
5,278861
4,.,999964
4.750819
4.527058
4,325962
4,143138
3.823017
3.551796
3.318916
3.116682
2.,939867
2.,783557
2,644271
2.461578
2.304431
2.167777
2.048365
1.911077
1.765832
1.643396
1.538771
1.448326
1,369462
1.300032
1.238421
1.,183384
1,089248
1.011723



,012000
.013000
.014000
.015000
.016000
,017000
.018000
,019000
.020000
.022000
024000
. 026000
. 028000
.030000
032000
.034000
.037000
, 040000
043000
,046000
.050000
. 055000
060000
.065000
.070000
.075000
.080000
.085000
.090000
.100000
«200000
.300000
+400000
.500000
600000
«700000
.800000
.900000
1,000000
1.100000
1,200000
1,300000
1.400000
1.500000
1,600000
1.700000
1.800000
1.900000
2.000000
2.,200000
2,400000
2,600000
2,.800000
3,000000
3.,200000
3,400000
3,600000
3,800000

16,591940
16.186293
15,825166
15,500995
15,207900
14,941231
14,697256
14472942
14,265791
13,895021
13,571984
13,287283
13,033920
12,806560
12,601058
12.414135
12:,159331
11,933334
11.730944
11.550872
11.,331851
11,093534
10,886895
10,702288
10.533582
10.388678
10,252110
10.130757
10.018741
9,820209
8,730884
8,245428
7.953967
7.755032
7.609536
7.,495799
7.,406064
7,332086
7.268805
7.,205000
7.165000
7.145000
7.130000
7,120000
7.110000
7.095000
7.085000
7.075000
7.070000
7,110000
7.110000
7.040000
6.930000
6,840000
6.,740000
6.680000
6,560000
6.440000

15,644898
15,294107
14,980119
14,696863
14,439591
14.204525
13,988639
13,789530
13,605014
13,273179
12,982363
12.724702
12,494300
12,286546
12.098000
11,925867
11,693605
11,487286
11,302389
11.135436
10,936093
10,717455
10.526121
104356820
10.205606
10.069448
9.945999
9,833392
9,730122
9.397906
7.868182
7.042710
6.485928
6.090875
5,785603
5.594736
5.443292
5,331797
5,248076
5,175550
5,094367
4.992166
4,918394
4,844126
4,801507
4,701826
4,628588
4,567999
4,520306
4,550224
4,544840
4,487891
4,400357
4,319217
4,230403
44162776
4,056787
3,949027

947042
2892186
845047
804132
» 768309
0736706
« 708617
683412
660777
0621842
2589621
«562581
2539620
«520014
503068
488268
460726
JULO048
428555
415436
* 395758
« 376079
¢ 360774
0 345468
2327976
¢ 319230
v 306111
0297365
288619
«273313
. 185853
e 149775
127910
2113698
« 104952
097736
+ 094019
2091396
. 088553
086585
0085273
. 084399
0 082650
- 080026
077621
0 074997
0073029
070842
- 168656
. 062971
058379
. 054006
2050071
2047010
044167
041762
2 039575
2037608

. 148989

,676847
1,052942
1,340128
1,550458
1,718980
1,803325
1,868752
1,908892
1,932175
1,942864
1,985359
2,068434
2,128955
2.195847
2,230871
2,318176
2,383382
2,436157
2,481037
2,496803
2,506779
2,498101
2,479571
2,473772
2,465429
2.475461
2,463637
2.453364

AS

0.000000
0.000000
u.000000
0.000000
D.000000
0.000000
0,000000
0.000000
0.000000

0.000000
0,000000
0,000000
0,000000
0,000000
0,000000
0,000000
0.,000000
0,000000




A6

4,000000
4,200000
4,400000
4.600000
4.800000
5,000000
5.200000
5,400000
5.600000
5.800000
6,000000
©.,200000
©.400000
©,600000
6,800000
7.000000
7.200000
7,400000
7.600000
7.800000
8.000000
8,200000
8.,400000
8.,600000
8,800000
9,000000
9,200000
9,400000
9,600000
9,800000

10,000000

10,200000

10,400000

10.600000

10,800000

11.000000

11.,200000

11,400000

11.600000

11,800000

12.000000

12,200000

12,400000

12.600000

12,800000

13.000000

13,200000

13.400000

13,600000

13,800000

14,000000

14,200000

14,400000

14,600000

14,800000

15,000000

HF=176 CROSS SECTIONS (BARNS VS MEV)
INELASTIC

E(MEV)

6,300000
6,190000
6.050000
5,950000
5,850000
5.,780000
5,610000
5,550000
5.540000
S.490000
5,430000
5:370000
5,310000
5.230000
5.,170000
5.160000
5,130000
5,060000
4,990000
5.020000
5.100000
5.040000
5.,010000
5.040000
5.050000
5.090000
$5,120000
5,060000
5.,180000
5,130000
5.130000
5.,200000
5.,260000
5.,240000
5,240000
5.,240000
5.250000
5.250000
5.250000
5.,250000
5.240000
5,240000
5.,230000
5.210000
5.170000
5.150000
5,180000
5.240000
5.310000
5.350000
5.360000
5,370000
5,370000
5.360000
5.380000
5.460000

TOTAL

3.,829151
3.727573
3.609369
3.515773
3.424656
3.351228
3.,221893
3,157033
3,123175
3.066772
3,007134
2.,950278
2.893419
2,826292
2,770603
2.742024
2.707101
2,651946
2,597295
2.594838
2.617830
2.574936
2,548086
2.551752
2,545200
2.553653
2.565120
2.531012
2,586892
2,557818
2,b53714
2,591160
2,623688
2.616332
2.618952
2.621048
2,632875
2,639700
2,646525
2.653350
2.655108
2,663492
2,666777
2,664915
2,652727
2,650190
2.674434
2.714320
2.759607
2,789490
2.804352
2.819250
2,828916
2,833296
2.853552
2.904720

ELASTIC

s U35640
. 034109
0032622
0031267
030042
028861
. 027790
026702
25822
2025035
024248
+ 023505
« 022783
022105
0021449
2020815
020225
.019722
0019241
018782
0018344
017907
«017492
«017098
2016726
2016376
.016027
015699
c 015371
« 015065
014780
014518
. 014256
0013993
2013753
2013512
2013272
2013053
. 012834
0012616
012419
012244
0012069
011894
2011719
011544
2011369
2011194
+011041
010888
2010735
« 010604
2010473
010342
0010211
010079

N-GAMMA

2,435208
2,428317
2,408008
2.402959
2,395301
2,399909
2,360316
2,366092
2,390869
2,398023
2,398428
2,395992
2,393524
2,381277
2,377552
2,396690
2,353582
2,225776
2,067181
1,935069
1,814325
1,649527
1,506605
1,390795
1,282303
1,190753
1,105595
1,020675
, 966441
.903178
.853169
.813883
.779145
, 745480
JT717717
,694133
2674114
656870
,642231
,629822
619142
610180
.602492
., 595942
,590235
585575
.581937
, 578985
576463
574198
572151
570400
. 568895
,567598
. 566543
.565731

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
.000111
+000133
000168
.000189
000225
000273
000325
< 000395
000470
. 000560
000680
000810
. 000970
«001150
<001400
<001670
. 002000
<002400
002850
003800
<004100
004900
2005900
<007100
. 008400
+010300
2012000
2014300
2017100
. 020000
2023000
+ 026800
2031000
036000
< 042000
048000
052300
- 058300
. 065000
2070000
< 074000
+080000
083000
+087000
2092000
095000
< 097000
099000
+100000

NP

0,000000

0.000000

0.,000000

8.000000

0.000000

0.000000

0,000000

0,000000

0.,000000

0,0000064

0.,000000

0,

0.

00

0,

0,
,OUB531
.161875
< 305472
2470340
. 6U835(0
. 7196228
« 936146

1.,078353

1.203369

1.326367

1.429457

1.488513

1.606395

1.,648038

1.701235

1,772038

1,832610

1.852193

1.875277

1.894206

1.909738

1,91737¢

1.92160¢

1.92321:

1.917330

1. 12083

1.900661

1.884948

1.857018

1.,837690

1.84:47268

1.861499

1.882887

1.,892422

1.885760

1.8777u4

1,866715

1,851763

1.850693

1.879468

Ne=2N



1,000E~09
1,100E-~09
1,200E=09
1,300E=-09
1. 400E~DS
10500E‘09
1.600E~09
1.700E-09
1.800E~09
1.,900E-09
2,000E-~09
2.200E-09
2.400E=09
2.600E-09
2.800E=09
3,000E=09
3,200E=09
3. 400E-09
3.700E~09
4,000E~09
4,300E~-09
4.,600E~09
5.000E~09
5.500E-09
6.000E-09
6:500E-09
7.000E=~09
7.500E-09
8.000E~09
8.500E=-09
9.000E-09
9.500E~09
1,000E=-08
1.100E-08
1.200E~08
1.300E~08
l1.400E-08
1.500E=08
1.600E-08
1.700E~08
1.800E~08
1.900E~08
2,000E-08
2n200E‘08
2,400E-08
2+,600E~08
2.800E~-08
3.,000E~08
3,200E-08
3.400E~08
3.700E~08
4,000E~-08
4.,300E~08
4,600E~08
5,000E~08
5,500E~08
6-000E”08
6.500E~08

44,9010
43,0930
41,5159
4bo,1246
38.8851
37,7717
36,7644
35,8473
35,0078
34,2355
33,5218
32,2433
31,1282
30,144y
29,2679
28,4806
27.7684
27,1199

26,2477

25,4755
24,7856
24,1644
23. 4247
22,6161
21,9108
21,2886
20,7343
20,2364
19,7859
19,3758
19,0003
18.6549
18,3358
17.7640
17.2653
16,8253
16,4334
16,0813
15,7627
15,4727
15,2073
14,9630
14,7373
14,3331
13,9804
13,6683
13,3921
13,1432
12,9179
12,7129

12,4371

12,1929
11,9747
11,7783
11,5444
11.2887
11,0656
10,8689

©6.0500
6.0500
6.0500
6:0500
©.0500
6,0500
6,0500
6.0500
6.0500
6.0500
6.0500
6.0500
6.0500
6.,0500
6.0500
66,0500
6,0500
6.0500
6,0500
6.0500
©,0500
6,0500
6.0500
6.0500
56,0500
6.0500
6.0500
6.0500
6.0500
6.0500
6.0500
66,0500
©.0500
66,0500
06,0500
6.0500
65,0500
6.0500
©.0500
6.0500
©6.0500
6.0500
6,0500
6.0500
6.0500
6,0500
6.0500
66,0500
6.0500
6.0500
6,0500
6.0500
6.0500
6,0500
66,0500
6.0500
6.0500
6.,0500

38,8510
37,0430
35,4659
34,0746
32,8351
31,7217
30,7144
29,7973
28,9578
28,1855
27,4718
26,1933
25,0782
24,0944
23,2179
22,4306
21,7184
21,0699
20,1977
19,4255
18,7356
18,1144
17,3747
16,5661
15.8608
15.2386
14,6843
14,1864
13,7359
13,3258
12,9503
12,6049
12,2858
11.7140
11,2153
10,7753
10,3834
10,0313
99,7127
99,4227
99,1573
8.9130
8.6873
8,2831
7.9304
7.,6193
77,3421
7.,0932
6.8679
6,.6629
6,3871
6,1429
5.9247
5,7283
5.4944
5.2387
5,0156
4,8189

AT




A8

7.000E-08
7.500E~08
8,000E-08
8.500£=08
9,000E~08
1.000E-07
1.100E=-0Q7
1.200e=07
1.300E=07
1.400E~07
1.500E~07
.00000016
00000017
00000018
.00000019
00000020
00000022
00000024
00000026
00000028
«00000030
200000033
00000036
«00000040
«00000043
00000046
00000050
«00000055
00000060
+00000065
.00000070
.00000075
00000080
»00000085
200000090
00000100
.00000110
00000120
00000130
00000140
000000150
«00000160
00000170
,00000180
.00000190
00000200
200000220
00000240
00000260
00000280
200000300
00000330
00000360
00000400
00000430
00000460
«00000500
-00000550

10,6936
10,5361
10,3937
10.2640
10.1453

9,9351

99,7543

9,5966

9.4575

9,3335

9.2222
9.12144
9,02973
8.,94578
8.86854
8,79718
8.66933
8.55782
8.45943
8,37179
8.29306
8.18867
8.09762
7.99255
7.92356
786143
T.78747
7.70661
7,63608
7.57386
7.51843
746863
7.42359
7.38257
7.34503
7.27857
7.22140
7.17153
7.12753
7.08833
7.05312
7.02127
6,99227
6.96572
6,94130
6.91873
6.87830
6.84304
6.81193
678421
6,75931
6.72630
6.,69751
6.66428
6.64247
6.62282
6.59943
6,57386

56,0500

6,0500

6.0500

6.0500

6.0500

6.0500

6,0500

6,0500

66,0500

6.0500

6.0500
6.,05000
6,05000
6,05000
6.05000
6,05000
6,05000
6,05000
6,05000
6,05000
6,05000
6,05000
6,05000
6,05000
6©,05000
6,05000
6,05000
6,05000
6.05000
6,05000
6.05000
6,05000
6,05000
6.,05000
6.,05000
6.,05000
6.,05000
6,05000
6,05000
6,05000
6,05000
6,05000
6,05000
6,05000
6,05000
6,05000
6,05000
©,05000
6.05000
6.05000
6.05000
6,05000
6.05000
6.,05000
6,05000
6.05000
6,05000
6,05000

4,6436
4,4861
4,3437
4,2140
4,0953
3,8851
3,7043
3,5466
3.4075
3.2835
3.1722
3,07144
2,97973
2.89578
2,81854
2,74718
2.,61933
2,50782
2.,40943
2,32179
2,24306
2,13867
2,04762
1,94255
1,87356
1,81143
1.,73747
1,65661
1.58608
1,52386
1,46843
1,41863
1,37359
1,33257
1,29503
1,22857
1,17140
1,12153
1,07753
1,03833
1,00312
,97127
,9u227
91572
.89130
.86873
. 82830
79304
. 76193
. T3421
70931
« 67630
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