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A PRELIMINARY EVALUATION OF THE

NEUTRON AND PHOTON-PRODUCTION CROSS SECTIONS

FOR ALUMINUM

by

P. G. Young and D. G. Foster, Jr.

ABSTRACT

A preliminary evaluation of the neutron-induced cross sec-
tions of 27^1 has been completed for the energy range 10~5 eV to
20 MeV. The evaluation includes specification of energy and angular
distributions for secondary neutrons and photons. The recommended
data are based mainly on experiment, and ejctensive comparisons with
measured results are provided. In certain areas model calculations
were used to augment the experimental data. The evaluated results
are available on magnetic tape in ENDF,'B(III) format.

1. INTRODUCTION

A preliminary evaluation of the neutron-Induced

cross sections for Al has been completed for the

energy region from 10 eV to 20 MeV. The evaluation

includes specification of angular and energy distri-

butions for secondary gamma rays, as well as for

secondary neutrons. The data are in ENBF/B format

and have been filed with the National Neutron Cross

Section Center at Brookhaven (MAT 1135) and with the

Defense Nuclear Agency's (DNA) military applications

library at the Radiation Shielding Information Center

in Oak Ridge (MAT 4135).

The purpose of this work was to provide DNA with

a preliminary aluminum evaluation that contains con-

sistent neutron and photon-production data and that

includes consideration of several important new meas-

urements. Because time was limited, we did not per-

form a complete literature survey, and in some areas

previous evaluations were accepted without improve-

ment. The treatment in the resolved-resonance region

is sketchy with some fine structure smoothed out, and

only a bare minimum of supporting nuclear-model cal-

culations were carried out. Therefore, the evalua-

tion should be regarded as tentative.

A summary of the Q-values and thresholds for the

significant neutron reactions with aluminum is given

27
in Table I. Because natural aluminum is 100% Al,

27
only reactions with Al are listed. The reactions

listed in Table I, together with the total cross

section, were evaluated in varying amounts of detail.

The evaluated results are based mainly on experi-

mental data although simple model calculations were

used in some areas to supplement the measurements.

Several charged-particle processes with thresholds

above 14 MeV, such as the (n,3He), (n,2p), (n,2ct),

and (n,pa) reactions, are omitted from Table I.

These reactions are expected to have small cross sec-

tions and are not treated explicitly in the evalua-

tion. The detailed considerations that went into the

evaluation are described in the following sections.

2. NEUTRON CROSS SECTIONS

2.1. Total Cross Section

Below 0.5 MeV, the total cross section is based

mainly on the work of Merrison and Wiblin (Me52)

from 1.1 eV to 3.6 keV, and of Hibdon (Hi59, Hi64)

between 1.5 and 450 keV, which we normalized to each

other over their small overlap region. To tie these

to our evaluation in the MeV region, we used the re-

sults of Chien and Smith (Ch66) to bridge a gap be-

tween 450 and 460 keV. However, to produce general

agreement, we had to lower their results by 5.3Z and



TABLE I

Q-VALUES AND THRESHOLDS OF
NEUTRON-INDUCED REACTIONS

Reaction

27Al(n

27Al(n

Al(n

27Al(n

27Al(n

27Al(n

27Al(n

27Al(n

27Al(n

27Al(n

,Y)28A1

,n)27Al

,n')27Al*

,p)27Mg

,d)26Mg

,t)25Mg

,a)2l<Na

,2n)26Al

,np)" Mg

.na)~ Na

Q-Value
(MeV)

7

0

-0

-1

-6,

-10.

-3.

-13.

-8.

-10.

.724

.843

.831

.046

,384

.131

.057

271

101

IMPORTANT
FOR 2?A1

Threshold
(MeV)

0.875

1.899

6.272

11.291

3.248

13.545

8.580

10.479

raise those of Merrison and Wiblin by 11.3%. The

work of Hibdon and Muehlhause (H149) and Rayburn and

l.'ollan (Ra65) indicate that below 100 keV this com-

posite may be about 5% too high. Unfortunately, the

absolute cross sections from the time-of-flight work

of Garg et al. (Ga65) are untrustworthy within rough-

ly 20%; therefore we cannot use them to resolve this

problem. Instead, we have used the Garg data mainly

to supply the fine structure details below 150 keV.

We have not corrected Hibdon's energy scale (Hi59,

Hi64) above 100 keV, although the scale of Garg et

al. (Ga65) is almost certainly more accurate.

From our total cross section above 1 eV, we de-

duced a potential-scattering cross section of 1.511 b.

By combining this value with the 2200-m/sec radiative-

capture cross section of 232 mb from the evaluation

by Goldman et al. (Go71; see Sec. 2.3), and assuming

1/v variation for the latter up to about 10 eV, we

synthesized the total cross section between 10 eV

and 1 eV. This region inherits the 5% uncertainty

of the total cross section that is present in the

keV region.

Figure 1 shows the resulting evaluated curve

below 1 keV, together with the previous ENDF/B(II)

CO
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o
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TOTflL CROSS SECTION

Fig. 1.
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27
Measured and evaluated total cross section for Al from 10
experimental data are averages of two adjacent points.

eV to 1 keV. The



evaluation and the data of Merrlson and VJiblin (Me52) .

The differences result primarily from the chain of

normalizations that we applied to the older data to

force agreement with more recent data in the MeV

range. In this and in all subsequent figures, the

measurements are displayed in their original (unnor-

malized) form.

The measured and evaluated total cross sections

from 1 to 100 keV are shown in Fig. 2. The data of

Garg et al. (Ga65) are impossible to plot individu-

ally on this scale, so we have given many-point

averages that fail to justify the fine structure

shown in the evaluated curves, although the data of

Garg etal. form the basis of the curves. The ENDF/B

(II) curve follows the Garg data without correction

for their "tilt" relative to the other measurements.

This anomaly might have been caused by uncorrected

dead-time errors in the Columbia University (Ga65)

work.

The evaluated total cross section in the MeV re-

gion is based on a composite of three recent meas-

urements that agree to within + 1% in their regions

of mutual overlap. The results of Schwartz (Sc70)

and Foster and Glasgow (Fo71) were obtained by time-

of-flight techniques using continuous spectra of in-

cident neutrons. We discarded the erratic portion

of Schwartz's data above 10 MeV, where background

to
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Fig. 2. Measured and evaluated total cross section for Al from 1 to 100 keV. The experi-

mental data are averages of 30 adjacent points for the Garg (Ga65) results, 5 points
for the Hibdon (H159) results, and 4 points for the Hibdon (H164) results.



was a severe problem in that measurement. The third

experiment used in the composite is that of Carlson

and Barschall (Ca67), which is one of the few exten-

sive measurements made point-by-point with monoener-

getic neutrons that agrees systematically with modern

time-of-flight data. A fourth data set, the detailed

results from Karlsruhe ty Cierjacks et al. (C168),

was found, even after the latest round of dead-time

corrections, still to lie systematically higher than

our composite standard by amounts varying between

1.5 and 4%. To preserve the best available resolu-

tion, however, we normalized the Cierjacks data

piecewise to our composite and used the results be-

tween 0.46 and 7.5 MeV for our final evaluation.

Above 7.5 Mev, the energy resolution of the Carlson

and Barschall measurement is as good as that of the

Karlsruhe measurement, so we used a composite of

their normalized data up to 14 MeV, and the normal-

ized Karlsruhe values alone from 14 to 20 MeV. We

estimate the overall accuracy between 0.5 and 20 MeV

to be about IX.

Figure 3 gives the measured and evaluated total

cross section from 0.05 to 0.50 MeV. As noted ear-

lier, we have not corrected Hibdon's energy scale

(Hi59, Hi64), although we followed his data because

their resolution is better than Garg's in this re-

gion. The extensive measurements of Cierjacks et al.

(Ci68) and Schwartz (Sc70) begin at the ri^ht edge

of Fig. 3.

The synthetic total cross section below the

first resonance at 5.9 keV is already smooth. In the

resolved-resonance region, we smoothed the data by

using approximate single-level fits to the peaks,

joined together by sliding-polynomlal fits between

resonances. Above the resolved-resonance region,

sliding-polynomial smoothing was used. We tried to

to
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Fig. 3. Measured and evaluated total cross section for Al from 0.05 to 0.50 MeV. The experi-

mental data are averages of 5 points for the Hibdon (H159) results, 10 points for Garg
(Ga65), 4 points for Hibdon (H164), 5 points for Chien (Ch66), 15 points for Cierjacks
(C168), and 10 points for Schwartz (Sc70).



preserve the fluctuations between 0.5 and 3 MeV but

they are represented on such a coarse ciesh that lin-

ear interpolation may give errors of as much as 2%,

Above 3 MeV, we drastically oversmoothed the fluctu-

ations to reduce the number of points in the evalu-

ated file.

The transition region from resolved resonances

to fluctuations, covering the caergy region from 0.5

to 4 MeV, is shown in Figs. 4-6. Throughout this

range our evaluation follows the Karlsruhe data

(Ci68) normalized to Schwartz's results (Sc70).

Figure 6 includes the beginning of the moderate-reso-

lution results of Foster and Glasgow (Fo71) and

illustrates the good average agreement of the Foster

and Schwartz time-of-flight measurements. It also

illustrates the oversmoothing o£ fluctuations above

3 MeV, which can still ha seen in the multi-point

averages of the Karlsruhe data.

Figure 7 covers the energy range from 4 to 9

MeV. The measurement of Carlson and Barschall (Ca67),

Figures 4-8 have suppressed zero points on the
cross-section scales, which overemphasizes the
fluctuations.

which is the third constituent of our composite

"standard," begins near 4.5 MeV and closely follows

the fluctuations in the data of Cierjacks et al.

(C168).

The total cross sectioj. for Che remaining energy

range from 9 to 20 MeV is given In Fig. 8. The dis-

agreement between our evaluation and the ENDF/B(II)

data set that began near 7.5 MeV is e/en more appar-

ent in Fig. 8. The results of Carlson and Barschall

(Ca67) and Foster and Glasgow (Fo71) continue to dis-

play good agreement, whereas Schwartz's data (Sc70)

become increasingly discordant, reflecting the back-

ground problem mentioned earlier. The ENDF/B(1I)

curve follows ulder measurements, not shown here,

and reflects the relat..r ease of making accurate

monoenergetic measurements near 14 MeV as compared

to the comparatively inaccessible region near 10

MeV.

2.2. The Elastic Scattering Cross Section

The potential scattering cross section in the

eV energy region was determined to be 1.511 b from

the analysis described in Sec, 2.1. At other ener-

gies below 5 MeV, the evaluated elastic cross section

en
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Fig. 4.
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0.90 0.95 1.00

Measured and evaluated total cross section for Al from 0.5 to 1.0 MeV. The experi-
mental data are averages of 6 points for the Schwartz (Sc70) results, 10 points for
Cierjacks (C168), and 5 points for Chien (Ch66).



A SCHWRRTZ. 1970
x CIERWCKS. 1968

CHIEN. 13B6

1.0 1.1 1.3 1.4 l.S 1.6
NEUTRON ENERGY.

2.0

27
Fig. 5. Measured and evaluated total cross section for Al from 1 to 2 MeV. The experimental

data are averages of 6 points for the Schwartz (Sc70) results, 10 points for Cierjacks
(C168), and 5 points for Chien (Ch66).

A SCHWARTZ. 1970
x CIERJRCKS. 1968
O FOSTER. 1971

ENDF/B(II)

2.2 2.4 3.6 3.8 4.02.6 2.3 3.0 3.2 3.4

NEUTRON ENERGY. MEV

27
Fig. 6. Measured and evalu, ted total cross section for Al from 2 to 4 MeV. The experimental

data are averages of 5 points for the Schwartz (Sc70) results, 8 points for Cierjacks
(Ci68), and 2 points for Foster (Fo71).



was determined by subtracting the sum of the individ-

ual reaction cross sections from the evaluated total

cross section. Discussion of the evaluation of the

individual reaction channels is given in Sees. 2.3

through 2.8.

The evaluated elastic cross section from 50 keV

to 5 MeV is compared in Figs. 9-12 to the ENDF/B(II)

evaluation and to the available measurements. The

experimental points for the elastic cross section in

these and in subsequent figures were obtained by in-

tegrating angular-distribution measurements. The

agreement between the elastic measurements and the

evaluated curve is good in this region, although the

resolution of the measurements is generally too poor

to verify the detailed structure in the cross sec-

tion. The structure is taken, of course, from the

high-resolution total-cross-section measurements.

The evaluated nonelastic cross section below 5

MeV is compared to experimental data in Fig. 13.

The curve was obtained by summing the partial reac-

tion cross sections and was used to determine the

elastic, as described above. Except for Pasechnik's

(Pa55) measurement at 2.5 MeV, the agreement between

tha evaluated curve and the nonelastic measurements

is reasonably good. Detailed information on the

fine structure in the nonelastic cross section is

not available, and unknown structure might account

for the inconsistencies in Fig. 13.

From 5 to 20 MeV, the evaluated elastic cross

section was determined from elastic and nonelastic

measurements, assuming the total cross section to be

a known quantity. From 5 to 9 MeV, additional non-

elastic information was included in the analysis by

combining the evaluated (n,p) and (n,a) cross sec-

tions with the total (n.n1) cross section, as esti-

mated by Dickens (D171) from the sum of all ground-

state transitions in (n.n'y) measurements (see Sec.

2.4). The resulting elastic cross section froj 5 to

CO
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o

LJ
UJ
to

CO
CO

o
CJ

4.0 4.5 5.0 5.5 6-0 6.5 7.0

NEUTRON ENERGY. MEV
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27
Fig. 7. Measured and evaluated total cross section for Al from 4 to 9 MeV. The experimental

data are averages of 2 points for the Foster (Fo71) results, 5 points for Schwartz (Sc70),
8 points for Cierjacks (C168), and 3 points for Carlson (Ca67).



20 MeV is compared to the measurements in Fig. 14,

and the norelastic cross section for the same energy

region is given in Fig. 15. The evaluated elastic

that results from this analysis is somewhat lower

than is usual, falling below half the total cross

section at neutron energies above 8 MeV. Therefore,

we prejudiced the evaluation slightly toward higher

values at some energies. Even lower values for the

elastic are suggested, however, by the Nellis (Ne71)

measurements at 9 and 11 MeV, and the recent result

of Glasgow et al. (G172) at 9 MeV, which was not

available for the evaluation, supports our choice.

We extrapolated the elastic curve to 20 MeV by join-

ing the lower-energy results smoothly to a value of

0tot/2 at 23 MeV. The evaluated elastic curve in

Fig. 14 differs significantly from ENDF/B(II) at

some energies.

2.3. Radiative-Capture Cross Section

In Sec. 2.1, we adopted the 232-mb 2200-m/sec

capture cross section from an unpublished evaluation

by Goldman et al. (Go71) and assigned to it a 1/v

variation; as shown in Fig. 16. The 1/v decrease

continues to about 0.1 keV, where it meets the wings

of the 5.9-keV resonance shown in Fig. 17. From 4

to 140 keV, we used the data of Block (B168) for the

integrated cross section, taking the widths and actu-

al energies of tha resonances from the total-cross-

aection measurements of Garg et al. (Ga65). Thus,

the first resonance comes at 5.906 keV with a peak

capture cross section of 1480 mb, rather than the

380 mb found with Block's resolution. As shown in

Figs. 17 and 18, the result in the low keV region is

not drastically different from the ENDF/B(II) evalu-

ation. Most of the difference comes from improved

resolution and more accurate energies.

Figure 19 shows the region from 0.1 to 1 MeV.

Here we relied mainly on Henkel's work (He50, He53).

Because the cross section is only a few mlllibarns

or less, we did not attempt to follow the fine struc-

ture, as did the older ENDF/B evaluation, but instead

havp averaged rather severely. In Fig. 20, we relied

on the measurement of Calvi et al. (Ca62) for the

cross section from 3.5- to 5-MeV, and then arbitrar-

ily assumed a linear rise through the cluster of
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14-MeV measurements (Pe57, Cs63, Cs67), which ex-

hibit the beginning of the inverse photonuclear giant

resonance.

2.4. Inelastic Scattering Cross Sections

Experimental data provide the basis for the in-

elastic cross-section evaluation, although we used

simple model calculations to supplement the measure-

ments in certain regions. All inelastic data are

given in the ENDF/B files as (n,n') reactions tt

discrete states; the (n,n') cross sections to the
27

first 13 excited states of Al with E < 5 MeV are
x

given explicitly, whereas the data for E > 5 MeV

are grouped into 27 excitation-energy bins with bin

widths of either 0.5 or 0.75 MeV.

2.4.1 The 7Al(n,n') Cross Sections for E (27A1) <
5 MeV.

27.
The level structure of " A l below an excitation

energy of 5 MeV is well determined and iu given in

Fig. 21, together with the photon branching ratios.

The information in Fig. 21 was obtained mainly from

the measurements of van der Leun et al. (Va67),

Elliott et al. (E168), Hausser et al. (Ha68a), Ropke

et al. <Ro68, Ro69), and Huang and Ophel (Hu69), to-

gether with the 1967 compilation by Endt and van der

Leun (E.i67).

The evaluation by Dickens (Di71) of the (n.n1)

cross sections to the first 13 excited states of
27

Al, which is based on several (n,n') and (n.n'y)

measurements, was adopted in our evaluation for the

5- to 9-MeV energy region. For E < 5 MeV, we mainly

used the (n,n') measurements of Towle and Gilboy

(To62) and Tsukada et al. (Ts61), and the (n.n'y)

measurements of Chung et al. (Ch68) and Mathur et al.

(Ma65) to determine the cross sections. For the neu-

tron energy region from 9 to 20 MeV, we used a smooth

extrapolation of the lower energy results that passed

through the 14-MeV measurements of Stelson et al.

(St65) and Bonazzola et al. (Bo65a). Because the in-

formation obtained in the 14-MeV experiments (St65,

Bo65a) mainly concerns states below 3-MeV excitation,

we assumed roughly similar shapes for the cross sec-

tions to states with excitation energy between 3.5

and 5 MeV.

4.811 5/21*'

4.580 (9/2*)

4.508 11/2*

4.409 (5/2*)

4.055 (1/2*)

3.956 (3/2*)

3.678 1/2*

3.001 9/2*

2.980 3/2*

2.732 5/2*

2.210 7/2*

1.013 3/2*

0.843 1/2*

0 5/2*

8

I

27,rAI

Fig. 21. Energy-level decay scheme for Al.
Note that the erergy scale is distorted.
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The (n,n') excitation cross sections that re-

sulted from this analysis and much of the available

experimental data are shown in Figs. 22-31. Because

some of the levels are too closely spaced to be

clearly resolved in the measurements, we combined

the excitation cross section to nearby levels in sev-

eral of the figures. In all cases the shapes of the

curves near threshold are based on Hauser-Feshbach

calculations. The related (n.n'y) measurements are

described in Sec. 3.2.

2.4.2 The Al(n.n') Cross Sections for E_.(27A1) >
5 MeV.

27.
The (n,n') cross sections to states in Al with

E > 5 MeV were obtained in several steps. First,

the total inelastic cross section for neutron energies

above 5 MeV was estimated from direct measurements

at 7 MeV by Thomson (Th63) and Towle and Owens (To67),

from measurements of the ground state (n.n'v) transi-

tions between 5 and 9 MeV by Dickens (D171), and by

subtraction of the evaluated elastic, (n,y), (n,p),

(n,d), (n,t), (n,a), and (n,2n) cross sections from

the evaluated total cross section. The resulting

total inelastic cross section, which includes the

(n,np) and (n.not) reactions, is given in Fig. 32.

The portion of the inelastic cross section due to

states with E > 5 MeV was then determined by sub-

tracting the component from states with E < 5 MeV

(Sec. 2.4.1), and the remainder was distributed among
27

the states in Al with E > 5 MeV by using a simple

evaporation model. In this calculation, the cross

section was assumed to have the form

(Ex) « (E^ -Ex) exp (Ex/T), (1)

where E' is the total center-of-mass energy avail-

able.

The nuclear temperatures used in the calcula-

tions are based approximately on (n,n') measurements

by Thomson (Th63) at 7 MeV and Graves and Re sen

co
-z.
on
ex
co

•z.

o

CJ
UJ
CO

CO
CO

ceo

INELPISTIC SCATTERING CROSS SECTION

EX = 0.B43+1.013 HEV

* PlflRTlN. L95e
x GLflSGGW. 1972
© TOWLE. 1962
* TSUKflOfl. 1961
i> TflNflKfl. 1969
Q KINNEY. 1970
« STELSON. 1965
M BONRZZOLfl. 1S6S
> I1ITTLER. 1968

0. 2 . 4. 6. 8. 10. 12. 14.

NEUTRON ENERGY. MEV
16. 18. 20.

Fig. 22. Measured and evaluated inelast ic-scat ter ing cross section to the combined 0.843- and 1.013-MeV
levels of 2 7 A 1 .
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(Gr53) at 14 MeV, and are given by the expression

T = 0.52 E ° " 2 6 5 (MeV), (2)

where E is the laboratory neutron energy in MeV.

This choice of temperature also agrees with an ine-

lastic neutron-spectrum measurement by Schectman and

Anderson (Sc66) at 14 MeV for outgoing neutron ener-

gies between 1.3 and 4 MeV. If, however, the Schect-

man and Anderson analysis is weighted toward slightly

higher secondary neutron energies, a significantly

higher temperature (1.9 MeV) results, indicating that

the simple evaporation model used here might under-

estimate the cross section for higher energy inelas-

tic neutrons.

The (n,n') cross sections for E > 5 MeV that re-

sulted from the above analysis are represented in the

ENDF/B files as excitation cross sections to 27 fic-

titious levels in Al with excitation energies be-

tween 5.25 and 18.875 MeV. Each of these "levels"

represents a bin or group of levels over a range ot

excitation energies. Bin widths of 0.5 MeV are used

for E < 17 MeV and widths of 0.75 MeV for higher ex-

citation energies. This treatment as quasi-discrete

levels allows the energy-angle relationships of out-

going neutrons to be preserved in a very simple man-

ner; in particular, it preserves the forward peaking

in the laboratory system of the lower-energy second-

ary neutrons caused by center-of-mass motion.

2.5 The 27Al(n,np)26MK,
 27Al(n,ncQ23Na, and

27Al(n,2n)26Al Cross Sections

The thresholds for the (n,np), (n,na), and

(n,2n) reactions on Al are 8.58, 10.48, and 13.54

MeV, respectively. Very little information is avail-

able on these reactions, and the evaluated curves

described here are little more than rough estimates

in some regions.

Measured values of the (n.np) cross section near

14 MeV vary from 17 mb (Ha62) to 200 mb (G161), with

several intermediate results (A157, A161). Informa-

tion on this cross section is also available from

gamma-ray production measurements for the 1.809-MeV

photon, which results from de-excitation of the first
26

excited state in Mg. Many of the higher states in

CO

in
<X
03

UJ
to
LO
CO
O

5

INELRST'XC SCATTERING CROSS SECTION
EX = 2.210 HEV

2.

K WINTERHFILTER. 1963
A TSUKROfl. 1961
v TflMPKO. 1969
O KINNEY. 1970
O TOWLE. 1962
a MflRTlN. 1968
X GLflSGOW, 1972
« STELSON. 1965
0> II ITTIER. 1968
P4 BONflZZOlf). 1965

6. 8. 10. 12. 14.
NEUTRON ENERGY. MEV

16. IB. 20.

27
Fig. 23. Measured an! evaluated inelastic-scattering cross section to the 2.210-MeV level of Al
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Mg cascade through the 1.809-MeV level, as is

shown in the level diagram of Fig. 33 (En67), so

that the production cross section for the 1.809-MeV

photon gives a lower limit for the (n,np) cross sec-

tion, after correction for the (n,d) reaction. The

evaluated (n,xy) cross section for the 1.809-MeV

photon is 112 mb at 14 MeV, as is described in Sec.

3.2.1. Our evaluated (n,np) cross section at that

energy is approximately 160 mb.

The (n,np) and (n,na) cross sections, together

with the total (n,n'), th*s (n,n ) , and the (n,2n)

cross sections are shown in Fig. 34. The (n,n'.)

cross section is the sum of (n,n') reactions to
27

states in Al that decay by gamma emission, and the

total (n,n') is the sum of the (n,n ) , (n,np), and

(n.nct) cross sections. Because there is no experi-

mental information availa.ble on the (n,not) cross sec-

tion, tlie curve in Fig. :>4 is only a rough estimate.

The only direct information on the (n,2n) cross

section comes from activation measurement:; (Ma60,

Cs63) involving the isonwric first excited stare of

Al at excitation energy 229 keV. Because many pho-

ton transitions in *" Al bypass this state (En67), the

activation measurements furnish only a lower limit

for the (n,2n) cross section. The evaluated curve

shown in Fig. 34 is based roughly on the assumption

that highly-excited states in Al decay 50% by neu-

tron emission. The (n,2n) cross section that results

at 20 MeV is slightly more than twice the measured

value for production of the metastable state. This

value appears reasonable, but it is only a rough es-

timate.

The evaluated (n,2n) cross section is entered

as a separate reaction in the ENDF/B files. The

(n,np) and (n,na) cross sections are not entered ex-

plicitly, but are included by flagging the (n,n')

8

s

iNELflSTIC SCflTTERlNO CROSS SECTION

HEV

» tSUWOH. 1961
X OLflSGOtJ. 1372
• HlNNEY. 1970
« STEL60N. 196S

. 1969

6. 8. 10. 12.
NEUTRON ENERGY. HEV

Fig. 25. Measured and evaluated inelastic-scattering
cross section to the combined 2.732-, 2.980
and 3.001-MeV levels of 2 7A1,

INELflSTIC SCATTERING CROSS SECTION
Ex = 2.732 rev

O 10O.E. 1962
19S9

• TRMMI. 1969
O KINWr. 1970

ZZX L96S

e. e. io
NEUTRON

12.
. f.EV

g 8

INELBSTIC SCflTTERINC CROSS SECTION

EH = f.350.3.001 nev

B I OWE. 1962
• WKUH. 1968
• TIMCKI). 1969
O KIM.EV. 1970

1S6S

6. 8 . 10. 12.
NEUTRON ENERGY. (1EV

Fig. 24. Measured and evaluated inelastic-scattering Fig. 26. Measured and evaluated inelastic-scattering
cross section to the 2.732-MeV level of 2?A1. cross section to the combined 2.980- and

3.0dl-MeV levels of 27Aj_.
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EX = 3.678 ItV
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NEUTRON ENERGY. MEV

Fig. 27. Measured and evaluated inelastic-scatteiin
cross section to the 3.678-MeV level of "'
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«G CKOSS SECTION -

6 . S. 10. 12. 14.
NEJ1R0N ENERGY. MEV

15. 16. 20.

Fig. i9. Measured and evaluated inelastic-sca«.cer-
ing cross section to the_combined 3.956-
and 4.055-MeV levels of 2 7A1.
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» T(WBH(1. 1969
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Fig. 28. Measured and evaluated inelastic-scattering Fig. 30. Measured and evaluated inelastic-scatter-
cross section to the combined 3.678--, ing cross section to. the combined 4.409-,
3.956-, and 4.055-MeV levels of 2 7A1. 4.508-, and 4.580-MeV levels of 27Ai.

• f
INELBSTIC SCRTTERING CROSS SECTION -

E> = 4.811 nEV

i

6. 9 . 10. 12. 14.
NEUTRON ENERGY. KEV

Fig. 31. Measured and evaluated inelastic-scatter-
ing cross section to the 4.811-MeV level
of 2 7A1.
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ENOF/BI [ ! )

X OICKENS. 1
O TK0J153N. 1363
M TOUU, 1361

0 . 10 - 1
NEUTRON ENERf.Y.

Fig. 32. Measured and evaluated total inelascic-
scattering cross section for 2 7A1. The
(n,np) and (n.nct) reactions are included.

4.330 2*

4.331 (4*)

4.313 (i">

3.941 (3)*

3.585 O*

2.938 2*

1.809 2*

0 0*

Mg

Fig. 33. Energy-level decay scheme for Mg. Note
that the energy scale is distorted.

reactions to certain higher-excitation states in
27

Al as decaying by proton or alpha emission. This

representation assumes a sequence in the reactions

that is only partially true; however, it should

cause no difficulty in most practical problems, and

it allows the energy-angle relationship of second-

ary neutrons to be better preserved in the labora-

tory system.

0.
07

m
d

1.
0

0.
09

1.0

•0
.3

9

q

0.
91

IS

•0
.1

7

ij
c
D

i

6. 8- 10. 12.

NEUTRON ENERGY. MEV

Fig. 34. The total neutron-emission cross section
compared to its constituent (n,iO, (n,np),
(n,na), and (n,2n) reactions. The (n,nY)
curve is defined as that part of the (n,n')
cross section which results in photon emis-
sion.

2.6 The Al(n,p) MR Cross Section
27
AlThe threshold for the (n,p) reaction with

occurs at 1.90 MeV. For neutron energies below

S MeV, we adopted an earlier evaluation by Joanou

and Stevens (Jo64), which was alao used for ENDF/B(II).

Above 5 MeV, the recommended curve is based on meas-
27

urements that use the 9.5-min 6 activity of Mg.

The evaluated curve is compared to the available

measurements between threshold and 7 MeV in Fig. 35,

between 7 and 13 MeV in Fig. 36, and between 13 and

20 MeV in Fig. 37. The results of Ferguson and Al-

bergotti (Fe67), which are substantially lower thar

the evaluation in Figs. 36 and 37, are from a rela-

tive measurement that was normalized to a value of

55 mb near 13 MeV. Similarly, absolute data were

obtained at only one energy (50 mb at 14.4 MeV) in

the Gabbard and Kern measurement (Ga62), which also

lies well below the evaluation, and the remaining

Gabbard points were normalized to that value. There-

fore, because the preponderance of experimental data

near 14 MeV suggest a substantially higher (n,p)

cross section, we chose the evaluated curve to follow

approximately the measurements of Mani (Ma60), re-

sulting in a cross section of 77 mb at 14.1 MeV.

2.7 The 27Al(n,d)26Mg and 27Al(n,t)25Mg Cross Sections

The thresholds for the 27Al(n,d) and 27Al(n,t)

reactions are 6.27 and 11.29 MeV, respectively. Be-

cause only one measurement is available for the (n,d)

reaction, we assumed that the cross section has about

the same shape as the (n,p) cross section. The re-
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Fig . 35 . Measured ar.J evaluated AMn.p.''. Mg c ross s e c i i o n from 1 to 7 MeV.

+ BflSS. 1965
O GRUNOL. 1367

. I960
C FERGUSiJN. 1967
X GflBBflRO. 1962

7.5 6.0 S.S S.O 9.S lO.O 10.3 11 0 II .5 IL'.O 1?.5 13.0

NEUTRON ENERGY, McV

Fig. 36. Measured arid evaluated Al(n ,p) Mg cross sec t ion from 7 to 13 MeV.
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13.0 l i . S U.O 14.5 15.0 1 5 5 1S.0 16.5 U.O n . S tft.O I8 .S 19.0 I S . S 20.0
NEUTRON ENERGY. r

•>-j 27

Fig. 37. Measured and evaluated ~ Al(n,p) Mg cross section from 13 to 20 MoV.

suiting curve was normalized to the lone measure-

ment by Glover and Weigold (G161) at 14.8 MeV, as

shown in Fig. 38. There are no measurements avail-

able for the (n,t) reaction, so we assumed the same

shape for the (n,t) cross section as was used for

the (n,d) cross section, with ail appropriate shift

in energy. The evaluated (n,t) curve, also shown in

Fig. 38, reaches a maximum of 15 mb at 20 MeV.

2.8 The 27Al(n,q)24Sa Cross Section
27 24 -

The Al(n,a) reaction forms Na which 8 de-

cays to * Mg with a 15-n half-life. Consequently,

a large number of cross-section measurements are

available from activation studies. Although the

threshold for the reaction is 3.25 MeV, the cross

section does not become important until above 6 MeV.

The evaluated curve between 5 and 12.5 MeV is com-

pared to the available measurements and to the

ENDF/B{II) curve in Fig. 39. Our results lie below

the ENDF/B(II) data at these energies and represent

somewhat of a compromise between the measurements of

Butler and Santry (Bu63> and Tewe;-' et al. (Te60). It

is interesting to note chat if the Tewes data are

renonnalized by a factor of 1.37, very good agree-

ment with the Butler data is obtained.

a.
00

o
UJ
1/3

o
a:
J

Fig.

x DLOVCR,

/

t t

1961

(N.D)/

/

I 1

1 1

(N,T) ,.-''"' .

°B. 10- 12. 14. 16. IB.
NEUTRON ENERGY, MEV

•za.

38. Evaluated 27Al(r,d)26Mg and 27Al(n,t)25Mg
cross sections compared to the (n,d) meas-
urement by Glover (G161).

Figure 40 shows the measured and evaluated (n,a)

cross section from 12.5 to 20 MeV. The evaluated re-

sult is 124 mb at 14 MeV. Past 14 MeV, the curve is

well determined and is based mainly on the data of

Butler and Santry (Bu63) and Paulsen and Lislcien

(Pa65).
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Fig. 39. Measured and evaluated Al(n,a) Na cross section from 5.G to 12.5 MeV.
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Fig. 40. Measured and evaluated Al(n,a) Na cross section from 12.5 to 20 MeV.

3. PHOTON-PRODUCTION CROSS SECTIONS AND ENERGY
SPECTRA

27 28
3.1 Photon Production from the Al(n,y) Al Reaction

In the absence of data at epithermal neutron en-

ergies, we assumed that the photon energy spectrum

resulting from radiative capture of thermal neutrons

applies at all neutron energies for the (n,Y) reac-

tion. In evaluating the thermal spectrum, we took

the energies of the prominent photons primarily from

the ae^surements of Orphan et al. (0r70), and relied

mainly on the compilation by Bartholomew et al. (Ba67)

for the photon intensities. Preliminary low-back-

ground measurements on a very pure sample by Jurney

(Ju71) were also used in evaluating the intensities.
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The Jurney results indicate that several of Orphan's

strong lines below 1 MeV are spurious, and conse-

quently these were omitted froir the evaluation.

In addition to the strong lines, a continuum of

gamma rays was included in the evaluation based on

the weak lines and unresolved continuum given by Or-

phan et al. (0r70). The intensity of the continuum

was normalized to bring the total energy per capture
28

up to the binding energy of Al. Table II lists

the composite photon spectrum (lines plus continuum)

grouped into 0.5-MeV bins, together with spe-.tra meas-

ured by seven previous authors. The total photon

multiplicity for the evaluated spectrum is 2.035

photons/capture. The last four columns in Table II

agree semi-quantitatively except at the lowest ener-

gies. The large multiplicity in the lowest energy

bin for the evaluation results mainly from Che ex-

tremely intense 30.6-keV photon £rom the first ex-

28
cited state of Al(Ju71). Unfortunately, we did

not become aware of the iveasureraent by Hardell et al.

(Ha69) piven in Table II until eifter the evaluation.

We plan to incorporate chose results intc tli-j evalu-

ation at a future date.

3.2. Photon Production from Al(n,xy) Reactions

Inelastic scattering is the dominant source of

photons in the MeV neutron energy region. The threc

classes of inelastic gamma rays that we considered

are discrete phucons resulting troia excitation of
27

states In " Al with E < 5 MeV, discrete photons re-

sulting from cascades to levels below 5 MeV from high-

er states in a continuum or unresolved region, and

transitions comple' '.y within the con'.inuun, mgior.,

defined here to b' . J.tes in ' (U with E > 5 Me.'.
x

Contributions frca ;he first two classes of transi-

tions are described m Sec. 3.2.\. ar.d the third

class is described in Sec. 3.2.2. In addition to pho-

tons f.cr.-. inelastic scattering, photons frcrr, (n.py).

(n,npY)i and (n,2ny; reactions ale also incit/.ded in

the evaluation.
27

.l:A-Ji.JLts_?rete Photons from Al(n,xy) Reactions

The photons from inelastic scattering to levels

in 27A1 with E
x

M'A" arc included explicitly in

the evaluation. The -.toss section for thest discrete

photons was calculated below £ = 5 MeV from the

evaluated (n,r.') ax';i';ation cross sections, together

Photon

Bin

0 -
0.5 -
1.0 -
1.5 -
2.0 -
2.5 -
3.0 -
3.5 -
4.0 -
4.5 -
5.0 -
5.5 -
6.0 -
6.5 -
7.0 -
7.5 -

Energy

(MeV)

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0

X Binding
Energy

CAPTURE

Bartholomew

1958a

4.6
13.5
6.9
10.7
7.6
3.3
2.5
3.4
1,5
0.5

20.0

50

GAMMA-RAY

Groshev

1959a

8.1
15.0
10.9
11.8
13.1
15.4
55
0.8
5.3
1.7

24.0

69

TABLE

SPECTRUM OF '

PHOTONS/100

Draper

1963a

7.7
5.4

13.0
10.0
17.0
7.0

15.0
16.0

32.0

71

II

'AI FOR THERMAL NEUTRONS IN

CAPTURES

Greenwood liardell

l!)65a

9.2
4.9
4.3
8,8

37.0

hi

1969

0.5
2.3
3.3
7.0

10.8
20.0
17.3
13.6
16.3
18.8
6.5
2.3
6.4
1.5
0.1

33.0

93

Maerker

1969

6.1
12.5
10.4
13.1
20.5
15.9
14.3
16.1
17.6
6.8
2.8
4.0
2.2
0.7
32.4

96

Orphan

1970

12.6
10.5
0.8
6.5
12.9
13.4
10.7
11.1
15.0
16.1
5.4
1.3
4.5
4.0
2.7
29.7

84

Present

Results

27.5
10.3
2.5
7.9

12.8
18.6
13.9
16.5
19.5
20.3
9.5
1.7
7.9
5.3
3.0
*6.5

1D0

from the compilation by Bartholomew et al. (Ba67).
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with the level decay scheme given in Fig. 21 (Sec.

2.4.1). Above E • 5 MeV, however, the second and

third classes of transitions described above become

possible, and a calculation based on statistical

theory was made to estimate these continuum contri-

butions. The calculation yielded estimates of con-

tinuous photon-energy spectra (given in Sec. 3.2.2)

as well as contributions from the continuum states

to the discrete photons that are associated with the

resolved states below E - 5 MeV.

The statistical theory calculations were per-

formed with the code SPECT10, using a method similar

to that described by Troubetzkoy (Tr61). For a given

incident neutron energy, the probability of exciting

states of excitation energy E in the residual nuc-
27 x

leus ( Al) by neutron emission from the compound
28

state ( Al) was assumed to have the form

N AEn >: °inv<V P (3)

where E is the maximum energy available in thu

center-of-mass system, o (E ) is the inverse cross

section for the transition, and p(E ) is the density

of states at energy E in the residual nucleus. The

decay by photon emission of states in the residui.l

nucleus was assumed to be described by

•> 0 J.1

N (E .E1) AE = (E -E') p(E'),
Y x x x x x x

(4)

where E and E' are the excitation energies of the

initial and fine! states, respectively, and £ is

th« raultipole order of the transition.

For the (n.n'y) calculations, a level density

expression of the form

p(Ex) exp (Ex/T) (5)

was included with the same temperatures, T, as were

used in the (n,n') cross section evaluation in Eq.

(2), Sec. 2.4.2. The inverse cross section was taken

to be constant, and pure dipole transitions (Z -1)

were assumed. We determined the normalization of

Che calculations by the total inelastic cross section.

Transitions entirely within the continuum region were

assumed to be independent of spin. However, in cal-

culating the population of discrete levels due to

transitions from the continuum region, the number of

states of spin J at a particular energy in the con-

tinuum was assumed proportional to (2J+1)
2

eXi>(-J(J+l)/2c ), where o is a spin cutoff factor

related to the excitation energy and nuclear moment

of inertia. Transitions from states in the contin-

uum were allowed to proceed by dipole radiation to

the eligible discrete states, and the discrete states

were de-excited by the decay scheme shown in Fig. 21.

A summary of the discrete photon transitions

from (n.n1) reactions that were included in the eval-

uation is given in Table III. These transitions are
27

from Al states with E < 5 MeV and result from the

decay scheme shown in Fig. 21. The evaluated curves

for a selection of discrete gamma rays are compared

to the available experimental data in Figs. 41-50.

Anisotropies in the photon angular distributions are

small (Sec. 5.3). Often the experimental results at

a single angle (u'cosO) have simply been multiplied

by 4TT steradians for the comparisons shown in Figs.

41-50. Where integral results are available, the

"u" entry in the figures is left blank.

TABLE III

GAMMA RAYS FROM INELASTIC SCATTERING

EY
(MeV)

4.811
4.580
4.508
4.409
3.956
3.798
3.567
3.396
3.212
3.113
3.042
3.001
2.980
2.943
2.835
2.732
2.665
2.601
2.370
2.298
2.210
1.848
1.719
1.507
1.224
1.013
0.843
0.791
0,170

E i
(MeV)

4.811
4.580
4.50b
4.409
3,956
4.811
4.580
4.409
4.055
3.956
4.055
3.001
2.980
3.956
3.678
2.732
3.678
4.811
4.580
4.508
2.210
4.580
2.732
4.508
3.956
1.013
0.843
3.001
1.013

Ef
(MeV)

0.
0.
0.
0.
0.
1.013
1.013
1.013
0.843
0.843
1.013
0.
0.
1.013
0.843
0.
1.013
2.210
2.210
2.210
0.
2.732
1.013
3.001
2.732
0.
0.
2.210
0.843

23



t/3

o

to

i 2
CE
rp o

UJ

10 S
o
O g

8

« 8EZ0T0SNY1.
Y BENVENISTE.
X DRY. 1S56
X MRTHUR. 1965
+ flRMlTflGE. 196S
XJ ENCESSER. 196S

1963
1963

.258B
0.0000

X DRAKE. 1970
« CLflYEUX. 1969
* THOMPSON. 1965
* HOSOE. 1959
K PRU0H0MME. 1960
O 0RPHPN. 1971
v BUCHPNRN. 1971
A DICKENS. 1971
M B0CHKPREV. 196S
ft flRYfl. 1967

Al(n.nV)
E =0.843 MeV

2. 4-

27.

6. 8. 10. 12. 14.

NEUTRON ENERGY. MEV
16.

.5736
0.0000
0.0000
.0000
.3907

-.5736
.5736
.5736

0.0000
0.0000

18. 20.

Fig. 41. Measured and evaluated Al(n,n'Y) cross sectio: for the 0.843-MeV photon from the 0.843 ->• 0-MeV
transition in

The measurements by Dickens (D171), Orphan and

Hoot (0r71), Buchanan et al. (Bu71), Nyberg et al.

(Ny69), Clayeux and Grenlcr (C169), and Chung et al.

(Ch68) were made with Ge(Li) detectors and have much

better energy resolution than the older measurements

that were made with scintillation detectors, mainly

Nal. In Figs. 45-47, only Ge(Li) measurements are

shown because a nearby gamma ray was not resolved

in the Nal measurements. Similarly, the sum of the

2.980- and 3.CTl-MeV photons that is shown in Fig.

48 is compared only to scintillation detector meas-

urements, which did not resolve these gamma rays.

As described earlier, the photon-production

cross sections below ~ 5 MeV are based on the (n,n')

level-excitation cross sections. Above 5 MeV, the

cross sections contain calculated contributions

from levels with E > 5 MeV. We adjusted the calcu-

lated contributions for the 0.843-, 2.732-, 2.980-,

3.001-, 3.965-, and 4.055-MeV levels to produce bet-

ter agreement with the measurements by Dickens (D171)

from 5 to 9 MeV and with several 14-MeV results

(Ar67, Be63, Be66, Bo65, C169, Ny69, Pr60, Th65).

The measurements by Orphan and Hoot (0r71) at Gulf

Radiation Technology (GRT) that are included in Figs.

41-50 did not become available until after the eval-

uation was completed. There is significant disagree-

ment between the evaluated curves and the Orphan data

for several of the photons, with the evaluation gen-

erally being too high in the 8- to 14-MeV region.

However, the GRT results are also lower than several

of the 14-MeV measurements, which partially accounts

for the discrepancy with the evaluation. The results

of Figs. 41-50 indicate that the simple calculation

described above generally over-estimates the contri-

bution from unresolved states to the discrete-pho-

ton cross sections.

27 27
The thresholds for the Al(n,npy) and Al(n,2ny)

reactions are 10.46 and 13.98 MeV, respectively. The
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27
Al(n,n'Y) cross section for the 1.013-MeV photon from the 1.013 •*• 0-MeV

photon-production cross sections and energy spectra

from these reactions were also estimated in the sta-

tistical theory calculations described above. These

estimates were made by assuming that states in Al

above the threshold for particle emission (8.271 MeV)

decay predominantly by particle emission. For the

(n,np) reaction, rough account of penetrability ef-

fects on the outgoing proton was taken using the

a i n v factor in Eq. (3). Above the threshold for the

(n,2n) reaction, the additional assumption was made
27

that states in Al at high excitation energy decay

50Z by proton emission and SOZ by neutron emission.

The calculated cross sections and energy spectra

from the (n.npy) and (n,2ny) reactions were approp-

riately normalized with the evaluated (n,np) and

(n,2n) cross sections.

Because the threshold for the (n,2ny) reaction

is very high and the cross section so uncertain, we

combined our estimates for this reaction with the

(n.n'y) data in the ENDF/B files. However, the

evaluated photon-production cross sections for the
27 26

Al(n.npY) Mg reaction are included explicitly,

and a summary of the discrete photons from this

source is given in Table IV. The d-scay scheme for

•>lg is given in Fig. 33. The evaluated curve for

the 1.809-MeV photon from the first excited state of

Kg is shown in Fig. 51. The (n,np) cross section

was adjusted as noted in Sec. 2.5 to produce agree-

ment with the experiments shown in Fig. 51. In Fig.

52, the sum of the evaluated curves for the 1.719-

and 1.809-MeV photons is compared to the measurements

near 14-MeV, which did not resolve the two photons.

Below 10 MeV, the curve is due entirely to the 1.719-

MeV transition, which results from inelastic scat-

tering.

Estimates of the production cross sections for

four photons excited in the Al(n,p)27Mg reaction

are also included in the evaluation. These transi-

25



CO

||
CD

o
1—
LJ
•. i

R
O

S
S

 S
E

<->

CO

oo

0.
06

q
o

s
o

s

Al(n.nV)
E v = 1.719 MeV

X
©

a
&
%
o

CHUND.
MRTHUR,
NYBERG,

196B
, 1965
. 1S69

BUCHRNRN. 1971
ORPHRN.
DICKENS
DRflKE.

. 1971
1. 1971
1970

THOMPSON. 196S

.1736

.5736
-.5736
.5735

.5736
0.0000

2. 6. 8. 10. 12. 14.
NEUTRON ENERGY. MEV

16. 18. 20.

Fig. A3. Measured and evaluated
MeV transition in 27A1

27
Al(n.n'Y) cross section for the 1.719-MeV photon from the 2.732 -* 1.013-

TABLE IV

GAMMA RAYS FROM THE 27Al(n,np)26Mg REACTION

Ef
(MeV)

0.

0.

1.809)
1.809/

1.809

1.40

1.129

1.003

(1.809
(3.585

/4.350
14.331
2.938

(3.941
)4.350

0.

1.809/

2.9381
2.938/

1.809

2.938\
3.585J

tions are summarized in Table V. The results are

based entirely on the Dickens measurements (D171),

with a smooth extrapolation to 20 MeV.

TABLE V

GAMMA RAYS FROM THE 27Al(n,p)27Mg REACTION

(MeV)

1.936

1.692

0.984

0.952

i
(MeV)

1.936

1.692

0.984

1.936
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3.2.2 Continuum Photons from Al(n,xy) Reactions

At neutron energies above 5 MeV, an important

component of the photon-productior. cross section re-

sults from transitions originating with levels in

Al having E > 5 MeV, either to other continuum

levels or dovn to levels with E ' 5 MeV. To meas-

ure the cross sections for these unresolved photons,

unfolding techniques are necessary that require high-

quality data having good statistics and low back-

ground. Consequently, little information (Pe64,

Dr70) of this nature existed until recently. For

this evaluation, photon-energy spectra from continuum

states formed in (n.n 1), (n,np), and (n,2n) reactions

were estimated from the statistical-theory calcula-

tions described in Sec. 3.2.1.

Comparisons are given in Figs. 53 and 54 between

the evaluated photon spectra for all processes (in-

cluding the resolved lines of Sec. 3.2.1) and the

experimental results of Drake et al. (Dr70) at 7.5

MeV (Fig. 53) and the measurements of Orphan and

Hoot (0r71) over two higher neutron-energy regions

(Fig. 54). The Orphan results in Fig. 54 did not

become available until after the evaluation was com-

pleted. The unresolved photons from the calculations

appear at all photon energies in the figures; above

E - 5 MeV, however, the evaluated curve is due en-

tirely to the calculated unresolved photon spectrum.

The agreement between the evaluation and Drake's re-

sults shown in Fig. 53 is poor, particularly because

unresolved photons with E > 4.5 MeV were not ob-

served in the measurements. The evaluated results

are in better agreement with Orphan's measurements

in Fig. 54, particularly for higher photon energies.

0.1

<u

i

c
o

0.01

o.ooi0

•7.5 MeV

— DRAKE, 1970
EVALUATION

Fig. 53. Measured and evaluated photon energy spec-
tra from all reactions at E =7.5 MeV.

The comparisons given in Fig. 54 were provided by
M. Fricke of GRT.

In Fig. 55 we compare the total gamma-ray pro-

duction cross section measured by Orphan and Hoot

(0r71) to the evaluated curve. The data in Fig. 55

include all photons from all reactions. The evalu-

ated curve appears to be somewhat low in the 5- to

9-MeV region, although it is generally within 20% of

the measured values. The dip in the curve above 13

MeV results mainly from the onset of the (ns2n) re-

action.

4. NEUTRON ENERGY DISTRIBUTIONS

The (n,n'), (n.np), and (n,na) reactions were

treated as (n,n') reactions to levels or groups of

levels (Sees. 2.4 and 2.5) that decay by emission of

photons, protons, or alpha particles. The energy

distributions of secondary neutrons from these pro-

cesses are implicit in this representation, and no

further information is required.

The threshold for the (n,2n) reaction is 13.55

MeV, and there are no experimental data available

for the energy distributions of secondary neutrons

from that reaction. Therefore, the neutron spectra
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Fig. 54. Measured and evaluated photon energy spec-
tra from al.l reactions averaged over the
neutron energy regions 7.71-9.78 MeV and
12.56-16.74 MeV.

Fig. 55. Measured and evaluated total photon-pro-
duction cross section from all 2'Al(n,xY)

from the (n,2n) reaction were estimated from the

statistical-theory calculations described in Sec.

3.2.1. In the calculations, the (n,2n) reaction was

assumed to proceed in the sequence

27
Al + n 28A1 - n •» 2 6 A 1 2n

reactions.

28 * 27 *
The decay of Al and Al by neutron emission was

assuiaed to follow Eq. (3), with the additional assump-

tion of equal branching for proton and neutron etnis-
•>7 it

sion from * Al . We used Eq. (5) to express the

level density. The nuclear tcr-.pcraturc defined by
•>8 * '7 *

Eq. (2) was used fcr " Al ami Al , with an appro-

priate adjustnent made for the (n,2n) Q-value in the

latter case.

S. ANGULAR DISTRIBUTIONS

5.1. Elastic Neutron Angular Distributions

The angular distributions of neutrons from elas-

tic scattering were taken as laotropic below 100 keV,

and no attempt was nadu to include anisotropy near

the large resonances. Froc 0.1 Co 8 MeV, Lcgcndrc

coefficient:; were derived fron all available data

seta that were complete enough to fit (nalnly La57,

Ch66, To62, Ts61, K170, and Be5«). The coefficients

used for the evaluation were obtained by drawing

smooth curves through plots of the fitted values,

thus completely averaging over the resonance struc-

ture. The resulting coefficients for !. > 0 wore In-

creased empirically by up to 20% between 2.5 and 5

MeV to avoid violating Wick's Unit <Wi49). Repre-

sentative comparisons between the measured and eval-

uated angular distributions at neutron energies be-

low 8 MeV are given in Figs. 56-58.

To obtain the distributions at higher energies,

optical-mod«l calculations, using the Agee-Rosen

parameters tAg66), were compared to the cluster of

measurements between 14 and IS MeV, and to the

24-MeV measurement of Stuart ct al. (St62). Without

attempting to refine the parameters, we altered the

calculated angular distributions empirically to Im-

prove agreement with experiment, and new Legendre

coefficients were derived fron the adjusted distri-

butions. A smooth interpolation from 8 to 14 MeV

was tljpn made. The Legend re coefficients that re-

sulted lead to non-r.egative distributions at all

neutron energies, and do not violate Wick's lower

limit (W149) for the 0° cross section. The result-
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ing differential cross sections are cosparad to the

Beusureaents between 8 and IS HeV i.-s Fij. 59.

5.1. Xonelastlc Neutron Angular Distributions

The angular distributions of secondary neutrons

froa all (c,n*) reactions, in>:ludlns (n.nP) »nd

(n,no), are assuocd to be isotroplc in Che ccnter-

of-oass systen. The extensive coaparlsons given by

- T~ T" T ' I — r T I " T" T~ "T T " "T~ T " r f~ T" T~ T f ~Z

l.o O E aa -os -1.0
COS THETR (CM)

Fig. 57. Measured and evaluated angular dlstrlbu-
butions fur elastic scattering Iron 2.01
to i.50 ML-V. Sec caption to Fig. 56 for
details.

Kinncy and Peioy (K170) of their inelastic angular

distribution eeasureacnts with the result* of other

authors Indicate that isatropy Is usually a reason-

able assuaption. There are cxasples, of course,

where isotropy does not hold but the deviations are

generally not too severe.

31



1 0 o.s U.Q -a.s -x.a
COS THETfl <CM>

Fig. SB. Measured and evaluated angular distribu-
tion* for elastic scattering froa 5.0 to
7.54 HeV. See caption to Fig. 56 for
details.
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Fig. S9. Measure<l and evaluated angular distribu-
tions for elastic scattering fro* 8.0 to
14.8 KeV. See caption to Fig. 56 for
details.

Ko data are available for the angular distribu-

tions of neutron* froa the (n,2n) reaction. For

this evaluation laboratory angular distributions

were provided for the (n,2n) energy spectra dls-

cusaed in Sec. 4. These distributions were obtained

by astualRg lsotroplc emission of a dineutron is the

center-of-aass syst«a and perforning a two-body

trjinsferaation to the laboratory system. At each

incident neutron energy, average Q-values that were

obtained froa tine energy spectra were used In the

calculatIons.

5.3. Secondary Photon Angular Distributions

All secondary photons froa both (n,Y) *nd (n,xy)

reactions are Assumed In the evaluation to be l»o-
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tropic in the laboratory system. For the (n,Y) re-

action, no data arc available on the angular distri-

butions, but the assumption of isotropy would cer-

tainly be valid at low neutron energies where s-vave

capture dominates and where the cross section is

largest.

Die assumption of Isotropy for Al(n.xf) reac-

tions is generally supported by Dickens' sraasuromenr.s

(D17i) at 55, 75, and 90*. There are exceptions, of

course. ' . core complete angular-distribution neas-

ure&ents b/ Chung et al. (CI168) at E -3.5 McV indi-
n

cate significant anisotropies for the 2.210-HeV pho-

ton [O(0*)/o(90*) - 1.2] and for the 3.001-KeV pho-

ton (o(C)/o(90#) • 1.4], although less pronounced

effects were observed for these photons by Mathur

et al. (Ka65) between 3.S7 and 4.57 MeV. The other

photons observed in thr.se two aeasurements (Ch68,

H»65) are nearly lsotroplc.

6. DISCUSSION

There are several areas in the present evalua-

tion where improvements can be made. A better treat-

sent of the resonance structure In the elastic cross

sections and angular distributions in the keV region

would be useful, asid greater application of model

codes should improve the elastic results at higher

neutron energies. A nore thorough study of the in-

elastic cross-section measurements would improve

these data, particularly if greater use were made of

theoretical calculations. Further, an extensive new

neasurement of neutron energy spectra as a function

of angle has been su.de by Kammerdiener (Ka72) for

14-MeV incident neutrons, and inclusion of these

data should improve the inelastic results at that en-

ergy. There are preliminary indications (Mu72) from

calculations of time-dependent neutron specxra emerg-

ing from aluminum spheres pulsed with 14-MeV neutrons

(Ha70) that the inelastic data need Improvement at

14-MeV. Better estimates for some of the charged-

particle emission cross sections can be made with re-

cently inproved model codes such as COKHUC (Du71).

The capture gaona-rjiy energy spectrum can be upgraded

on the basis of existing measurements, and the new

extensive results by Orphan and Hoot (Or71) should

improve the (n.xy) cross sections and secondary-pho-

ton spectra. Filially, improvements are possible In

the inelastic-neutron and aecondary-photon angular

distributions on the basis of existing measurements

and nuclear theory.

A summary of estimated uncertainties in the

varioiu cross sections is Included In Table VI.

These errors represent order-of-aagnltude averages

Cross Section

Total

Elastic

Konelastic

Total (n.n1)

(n.2n)

Discrete (n,n'
E < 5 MeV

Discrete (n,n*
E > 5 MeV

(n.Y)

(n.p)

(n,d)

(n.t)

(n.a)

Total (n.xy)

Individual
(n.xv) Lines

ESTIMATED

ENDF/B
Designation

MF-3.KT-1

MF-3.MT-2

MF-3.MT-3

MF-3.MT-4

MF-3.MT-16

) MF-3.KT-51-63

) MF-3.KT-64-90

MF-3,MT»102

MF-3,HI-103

HF-3.MT-104

K>'-3,MT-105

MF-3,MT-107

MF-13, SUB of
MT-4,28,103

MF-13
MT-4,28,103

ERRORS IN

Them«l

* 51

5Z

42

-

-

-

4Z

-

-

-

-

TABLE VI

THE EVALUATED

0.01

±52

52

20Z

-

-

-

20Z

-

-

-

-

CROSS

Neutron

0.1

±42

42

202

-

-

-

20Z

-

-

-

-

1

i2Z

32

302

302

-

30%

202

-

-

-

-

302

302

SECTIONS OF

Energy

3

± 22

52

152

152

-

152

.

202

302

-

-

-

152

152

(MeV)

5

* 22

82

102

102

-

152

202

202

-

-

-

152

152

27A1

8

± 22

122

102

102

-

202

502

502

202

-

-

152

202

202

11

±.2%

202

152

152

-

252

SOZ

502

202

502
-

152

202

252

14

±22

152

102

152

502

302

502

20Z

152

502

-

102

202

302

20

±22

202

202

302

502

502

502

x2

202

502

502

102

402

502
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over broad energy groups and are not expected to

hold true in detail. In addition, we « ' « no at-

tempt to estimate the errors due to unknown struc-

ture in the cross sections. The accuracy of the

elastic angular distributions is expected to be gen-

erally i 152, although larger errors will certainly

occur in regions of structure.
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