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A PRELIMINARYEVALUATION OF TRE

NEUTRON AND PHOTON-PRODUCTIONCROSS SECTIONS

FOR ALUMINUM

by

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

ABSTRACT

A preliminary evaluation of the neutron-inducedcross sec-
tions of 27Al has been completed for the energy range 10-5 eV to
20 MeV. The evaluation includes specificationof energy and angular
distributionsfor secondary neutrons and photons. The recommended
data are based mainly on experiment,and extensive comparisonswith
measured results are provided. In certain areas model calculations
were ueed to augment the experimentaldata. The evaluated results
are available on magnetic tape in ENDF/B(III)format.

1. INTRODUCTION

A preliminary evaluationof the neutron-induced
27

cross sections for Al has been completed for the
-5

energy region from 10 eV to 20 MeV. The evaluation

includes specificationof angular and energy distri-

butions for secondary gamma rays, ae well ae for

secondary neutrons. The data are in ENDF/13format

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 InformationCenter

in Oak Ridge (MAT 4135).

The purpose of this work was to provide DNA with

a preliminaryaluminum evaluation that contains con-

sistent neutron and photon-productiondata and that

includes considerationof several importantnew meas-

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

form a complete literature survey, and in some areas

previous evaluationswere accepted without improve-

ment. The treatment in the resolved-resonanceregion

is sketchy with some fine etructure smoothed out, and

only a bare minimum of supportingnuclear-modelcal-

culationswere carried out. Therefore, the evalua-

tion should be regarded as tentative.

A summary of the Q-values and thresholds for the

significantneutron reactions with aluminum is given

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

used in some areas to supplement the measurementa.

Several charged-particleproceasea with thresholds
3

above 14 MeV, such aa the (n, He), (n,2p), (n,2a),

and (n,pci)reactions, sre 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 considerationsthat 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 (H159, Hj64)

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 5.3% and

1

0(



TABLE I

Q-VALUES AND THRESHOLDS OF IMPORTANT
NEUTRON-INDUCEDREACTIONS FOR 27AI

Reaction
27
AL(njy)28AI.

27
Al(n,n)27Al

27
Al(n.n’)27Al*

27--27
A.l.(n,p) Mg

27
Al(n,d)26Mg

27
Al(n,t)25Mg

27U ~n.a)24Na

27 - 26Al
Al(n,2n)

27
Al(n,np)26Mg

27
Al(n,na)

23N=

Q-Value

-

7.724

0.

-0.843

-1.831

-6.046

-10.884

-3.131

-13.057

-8.271

.-10.101

Threshold
(MeV)

---

---

0.875

1.899

6.272

11.291

3.248

13.545

8.580

10.479

absolute cross sections from the time-of-flightwork

of Garg et al. (Ga65) are untrustworthywithin rough-

ly 20%; thereforewe 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 certainlymore accurate.

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

duced a potential-scatteringcross section of 1.511 b.

By combining this value with the 2200-mJsec radiative-

capture cross section of 232 mb from the evaluation

by Goldman et al. (G071; see Sec. 2.3), and assuming

l/v variation for the latter up to about 10 eV, we
-5 ev

synthesized the total cross section between 10

and 1 eV. This region inherits the 5% uncertainty

raise those of Merrison and Wiblin by 11.3%. The of the total cross section that is present in the

work of Hibdon and Muehlhause (Hi49) and Rayburn and keV region.

Wollan (Rs65) indicate thst below 100 keV this com- Figure 1 shows the resulting evaluated curve

poaite may be about 5% too high. Unfortunately,the below 1 keV, togetherwith the previous ENDF/B(II)
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Fig. 1. Measured and evaluated total cross section for 27AI from 10
-4

eV to 1 keV. The

experimentaldata are averagea of two adjacent points.
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evaluationand the data of Merrison and Wiblin (Me52).

The differencesresult primarily from the chain of

normalizationsthat we applied to the older data to

force agreementwith more recent data in the MeV

range. In this and in all subsequentfigures, the

measurementsare displayed in their original (unnor-

mslized) 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

shown in

that fail to justify the fine structure

the evsluated curves, although the data of

g
lx
CK
m

.

z

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 cauaed 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 t 1% in their regions

of mutual overlap. The results of Schwartz (sc70)

and Foster and Glasgow (F071)were obtained by time-

of-flight techniquesusing continuous spectra of in-

cident neutrons. We discarded the erratic portion

of Schwartz~s data above 10 MeV, where background

“0

. L I J

flERRISON. 1952
HIBDON. 1959
ORRG. 1965
HIBOON, 1964

I

Ii
L%IL

J!_J.W,.

ENCIFA3(II)

1
7
0 I I

2 3 4s 6 7 8 9 lo~ 3 4s 6 7 8 9 10-i

NEUTRON ENERGY. PIE;

Fig. 2. Measured and evaluated total cross section for 27
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 (Hi59) results, and 4 points for the Hibdon (Hi64)results.

#
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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 measurement made point-by-pointwith monoener-

getic neutrons that agrees systematicallywith modem

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

results from Karlsruhe by Cierjacks et al. (Ci68),

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

corrections, still to lie systematicallyhigher 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 resulta be-

tween 0.46 and 7.5 FleVfor 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-

0

Fig. 3.

1 1

00 0.05

II

Lzed IGwlsruhe values alone from 14 to 20 FfeV. We

estimste the overall accuracy between 0.5 and 20 MeV

to be about 1%.

Figure 3 gives the measured and evaluated total

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

lier, we have not corrected Hibdon’s energy scale

(Hi59, Hi64), althoughwe followed his data because

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

gion. The extensive measurements of Cierjacka et al.

(ci68) and Schwsrtz (SC70) begin at the right edge

of Fig. 3.

The synthetic total cross section below the

first resonance at 5.9 keV is already smooth. In the

resolved-resonanceregion, we smoothed the data by

using approximate single-levelfits to the peaka,

joined together by sliding-polynomialfits between

resonance. Above the resolved-resonanceregion,

sliding-polynomialsmoothing was used. We tried to

1 I 1 1 1
f

Y
%
x

HIBOONO1959
(%IRG. 196S
HIBOON. 1964
CHIEN. 1966
CIERJRCKSS 1968
SCHWRT2. 1970

1
-1

I ! I I I 1 f I
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

NEUTR13N ENERGY. MEV

Measured and evaluated total cross section for
27
Al from 0.05 to 0.50 MeV. The experi-

mental data are averages of 5 points for the Hibdon (Hi59) results, 10 points for Garg
(Ga65), 4 pointa for Hibdon (Hi64), 5 points for Chien (Ch66), 15 pointa for Cierjacka
(Ci68), and 10 points for Schwartz (sc70).
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preserve the fluctuationsbetween 0.5 and 3 MeV but

they are representedon such a coarse mesh that lin-

ear interpolationmay give errors of as much as 2%.

Above 3 MeV, we drasticallyoveremoothedthe fluctu-

ations to reduce the number of points in the evalu-

ated file.

The transitionregion from resolved resonances

to fluctuations,covering the-energyregion from 0.5

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

range our evaluation follows the Karlaruhe data

(ci68)normalized to Schwartz’aresults (sc70).

Figure 6 includes the beginning of the moderate-reao-

lution results of Foster and Glasgow (F071) and

illustratesthe good average agreement of the Foster

and Schwartz time-of-flightmeasurements. It also

illustratesthe overemoothingof fluctuations*above

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

averages of the Kerlsruhe 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-sectionacel.ea,which overemphasizesthe
fluctuation.

c.
a

c.
r

c.
cc

0.
m

0.
v

0.
m

0.
m

0.

-i

which is the third constituent of our composite

“standard,” begins near 4.5 MeV and closely follows

the fluctuationsin the data of Cierjacks et al.

(ci68).

The total cross section for the remaining energy

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

agreement between our evaluationand the ENBF/B(II)

data aet that began near 7.5 MeV is even more appar-

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

(Ca67) and Foster and Glasgow (F071) continue to dis-

play good agreement,whereas Schwartz’s data (sc70)

become increasinglydiscordant, reflecting the back-

ground problem mentioned earlier. The ENDF/B(II)

curve follows older measurements, not shown here,

and reflects the relative ease of making accurate

monoenergeticmeasurements near 14 MeV as compared

to the comparativelyinaccessibleregion 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 lfeV,the evaluated elastic cross section

1 1 I 1 1 I I I i 1

ENOF/B(I[l

1 1 1 1 I 1 1 1 I 1
50 0.55 0.60 0.65 0.70 0.7s 0.80 0.85 0.90 0.9s 1.00

NEUTRON ENERGY. NEV

Fig. 4. 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 (ci68), and 5 points for Chien (Ch66).
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4 Ct41EN. 1366 ,

{
Lq

h 8 , , , J
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Measured and evaluated total croaa eection for
27AI.from 1 to 2 MeV. The expertiental

data are averagee of 6 points for the Schwartz (SC70) results, 10 points for Cierjacks
(ci68), and 5 points for Chien (Ch66).

o

G 1 I I I I I 1 I I

A 6CHWRRTZ.1970
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w D FOSTER.1971

.0

NEUTRON ENERGY. MEV

Measured and evaluated total cross section for
27AI,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 (F071).
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was determined by subtractingthe sum of the individ-

ual reaction cross sections from the evaluated total

cross section. Discussionof the evaluation of the

individualreaction channels is given in Sees. 2.3

through 2.8.

The evaluated elastic croaa section from 50 keV

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

evaluationand to the availablemeasuramenta. The

experimentalpointa for the elastic croaa section in

these and in subsequentfigurea were obtained by in-

tegratingangular-distributionmeasurements. The

agreement between the elastic measurementsand the

evaluated curve is good in this region, although the

resolutionof the measurements ia generally too poor

to verify the detailed structure in the croaa sec-

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

high-resolutiontotal-croes-sectionmeasurements.

The evaluated nonelastic croaa section below 5

MeV is compared to experimentaldata in Fig. 13.

The curve was obtained by summing the partial reac-

tion cross sections and was used to determine the

elastic, aa described above. Except for Pasechnik’s

(Pa55)measurement at 2.5 MeV, the agreement between

the evaluated cume and the nonelastic measurements

is reasonably good. Detailed informationon the

fine structure in the nonelastic cross section is

not available, and unknown structuremight account

for the inconsistenciesin Fig. 13.

From 5 to 20 MeV, the evaluated elaatic croaa

section was determined from elastic and nonelastic

measurement, asauming the total croaa section to be

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

elastic informationwaa included in the analysis by

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

tions with the total (n,n’) cross section, as eati-

msted by Dickens (Di71) from the aum of all ground-

atate transitionsin (n,n’y)measurements (see Sec.

2.4). The resulting elastic cross section from 5 to

10
w.I TtlTflL CROSS SECTIONN

o
In.,

c1
A
x
+

FOSTER. 1971
SCHIJRRTZ.1970
CIERJ17CKS.1968
CflRLSON.1967

I
—

A

!?,~. 4.s S.Q ‘- ‘-

Fig. 7. Measured and evaluated
data are averagea of 2
8 points for Cierjacka

5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0

NEUTRON ENERGY. MEV

total cross section for
27
Al from 4 to 9 MeV. The

pointa for the Foster (F071) results, 5 points for
(Ci68),and 3 pointa for Carlson (Ca67).

experimental
Schwartz (sc70),
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20 MeV is compared to the measurements in Fig. 14,

and the nonelastic cross section for the same energy

region ia 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 valuea for the

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

measurements at 9 and 11 MeV, and the recent result

of Glaagow et al. (G172) at 9 MeV, whichwaa not

available for the evaluation, supports our choice.

We extrapolated the elastic curve to 20 MeV by join-

ing the lower-energyresults smoothly to e value of

0tot/2 at 20MeV. The evaluated elastic curve in

Fig. 14 differs significantlyfrom ENOF/B(II) at

some energies.

2.3. Radiative-CaptureCross Section

In Sec. 2.1, we adopted the 232-rob2200-m/sec

capture cross

by Goldman et

variation, as

Fig. 8.

g
Lx
a
m
.
z
o
1-
U
w
m

%
a
K
0

section from an unpublished evaluation

al. (G071)and aaeigned to it a l/v

shown in Fig. 16. The I/v decreaae

continues to about 0.1 keV, where it meets the wings

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

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

integrated cross aectfon, taking the wfdtha and actu-

al energies of the resonance from the total-crosa-

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. Aa ahown in

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

not drasticallydifferent from the ENDF/B(II) evalu-

ation. Most of the difference comes from improved

resolution and more accurate energies.

Figure 19 ahowa the region from 0.1 to 1 MeV.

Here we relied mainly on Flenkel’awork (He50,He53).

Becauae the cross section ia only a few millibarna

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

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

have 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

OJ

-1.
m

t ENOF/8(11) A

AA
A

Cl FOSTER. 1971
+ CFIRL60N. 1967
X CIERJWl(So 1968
A 6CMWFlRTZ01970

w
. 1 I 1 t 1 I 1 t 1 ,

-9. 10. 11. 12. 13. 14. 1s. 16. 17. 18. 19.

NEUTRON ENERGY. tIEV
o.

Measured and evaluated total croaa section for
27U from 9 to 20 MeV. The experimental

data are averazea of 3 pointa for the Carlson (Ca67)results, 8 points for Cierjacks (Ci68),
and 5 points f& Schwar~z (SC70).
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Fig. 10. Measured and evaluated elastic scattering cross section for 27
Al from 0.5 to 1.5 MeV.
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Fig. 11.
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Fig. 12. Measured and evaluated elaatic scattering cross section for ‘Jti from 3 to 5 14eV.
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Fig. 14. Measured and evaluated elastic scattering cross section for Al from 5 to 20 MeV. The
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(Bo65a,C058, Sa59, St65, Yu58); similarly, the 14.7-MeV point results from three measure-
ments near that energy (An59, Be58, Kh58). The composites are shown in Fig. 59.
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14-MeV measurements (Pe57, Ca63, CS67), which ex-

hibit the beginning of the inverse photonucleargiant

resonance.

2.4. InelasticScattering Cross Sections

Experimentaldata provide the basis for the in-

elastic cross-sectionevaluatio~although we used

simple model calculationsto supplement the measure-

ments in certain regions. All inelasticdata are

given in the ENDF/B files as (n,n’) reactions to

discrete states; the (n,n’) cross sections to the

first 13 excited states of
27
Al with Ex < 5 MeV are

given explicitly,whereas the data for Ex > 5 FleV

are grouped into 27 excitation-energybins with bin

widths of either 0.5 or 0.75 MeV.

2.4,1 The 27
Al(n,n’) Cross Sections for E-(27Al) <

5 MeV.
.9

The level structure of “AI. below an excitation

energy of 5 MeV is well determined and is given in

Fig. 21, togetherwith the photon branching ratios.

The informationin Fig. 21 waa obtained mainly from

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

Elliott et al. (E168),H&saer et al. (Ha68a),R6pke

et al. (R068, R069), and Huang and Ophel (Hu69), to-

gether with the 1967 compilationby Endt and van der

Leun (En67).

The evaluationby Dickens (Di71) of the (n,n’)

cross sections to the first 13 excited states of
27
Al, which is baaed on several (n,n’) and (n,n’y)

measurements,was adopted in our evaluation for the

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

used the (n,n’)measurement of Towle and Gilboy

(T062) and Tsuksda et al. (Ts61), and the (n,n’y)

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

(Ma65)todetermine the cross sections. For the neu-

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

extrapolationof the lower energy results that pasaed

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 aec-

tiona to atatea with excitation energy between 3.5

and 5 MeV.

4.811

4.580

4.508

4.409

4.055

3.956

3.678

3.001

2.980

2.732

2.210

1.013

0.843

0

(3/2+)
g a

8- $
1/2+ I I I I 1 I I I I I

5 1 II II I I 81111111
9/2+ 1

3/2+

5/2+

7/2+

3/2+

II

1/2+

27A,

Fig. 21. Energy-leveldecay scheme for
Note that the energy ecale is

27A1.
distorted.
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The (n,n’) excitation cross sections that re-

sulted from this analysis and much of the available

experimentaldata are shown in Figs. 22-31. Because

some of the levels are too closely spaced to be

clearly resolved in the meaeurements,we combined

the excitation cross section to nearby levels in sev-

eral of the figures. In all cases the shapea 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
27
Al(n,n’) Cross Sections for E (27AI.)>

5 MeV.

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

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

the total inelastic cross section for neutron energies

above 5 MeV waa estimated from direct measurements

at 7 MeV by Thomson (Th63) and Towle and Owens (T067),

from measurements of the ground state (n,n’y) transi-

tions between 5 and 9 MeV by Dickens (Di71), and by

subtractionof 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,na) reactions, is given in Fig. 32.

The portion of the inelastic cross section due to

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

tracting the component from states with Ex < 5 MeV

(Sec. 2.4.1), and the remainder was distributedamong

the states in
27
Al with Ex > 5 MeV by using a simple

evaporationmodel. In this calculation, the cross

section was asaumed to have the form

u

where

able.

(Ex) ‘(E: -Ex)

E: is the total

exp (EXIT),

center-of-masa

(1)

energy avail-

The nuclear temperaturesused in the calcula-

tions are based approximatelyon (n,n’)measurements

by Thomson (Th63) at 7 MeV and Graves and Rosen

I I I I [ I I 1 I

—

INELf%TIC S(XTTERING CROSS SECTION

EX = 0.843,1.013 MEV

e MFIRTIN.L968
X GLRSCO1.1.1972
0 TOWLE. 1962
A TSUKROfl.1961
v TRNfIKfl.L969
•I KINNEY. 1970
d STELSON. 1965
M BONGZZOLR. 1s65
b MITTLER. 1968

I I I 1 [ t 1 I I

2. 4. 6. 8. 10. 12. 14. 16. lB. ‘Zo.

Fig. 22. Measured and evaluated
levels of 27AI.
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I

(Gr53) at 14MeV, and are given by

T=0.52E~”265 (MeV),

where En is the laboratoryneutron

the expression

(2)

energy in MeV.

This choice of temperaturealso agreea with an ine-

laatic neutron-spectrummeasurementby 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 secondaryneutron energies, a significantly

higher temperature (1.9 MeV) results, indicating that

the simple evaporationmodel used here might under-

estimate the cross section for higher energy inelas-

tic neutrons.

The (n,n’) cross sections for Ex> 5 MeV that re-

sulted from the above analysis are represented in the

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

titious levels in
27
~ with excitation energies be-

tween 5.25

represents

excitation

for Ex< 17

and 18.875 14eV. Each of these “levels”

a bin or group of levels over a range of

energies. Bin widths of 0.5 MeV are ueed

MeV and widths of 0.75 MeV for higher ex–

w
m.
0’

0
m,
0

w
.

0

C4
.

0

a
0 .
0

a
G

d

citation energies. This treatment as quasi-discrete

levels allows the energy-anglerelationshipsof 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-masemotion.

2.5 The27 A1.(n,np)26Mg,
27
Al(n,na)

23
Na, and

.- “/
“Al(n,2n)z0Al Cross Sections

The thresholdsfor the (n,np), (n,na),and

(n,2n) reactions on 27A1 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 reg;ons.

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

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

several intermediateresults (A157, A161). Informa-

tion on this cross section ia also available from

gamma-ray productionmeasurements for the 1.809-MeV

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

excited atate in Mg. Many of the higher statea in

INELFISTIC SCflTTERING
Ex = 2.210 MEv

CROSS SECTION

WINTERHFILTER. 1963
TSUK90fio1961
TFWIFIKR.1969
KINNEY. 1970
TOWLE. 1962
MflRTIN. L968
GLfIsGOW. 1972
STELSON. 196S
fl[TTI-ER. 1968
flONflZZOLR. 1965

2. 4. 6. 8. 10. 12. 14. 16. 18. 20.

NEUTRON ENERGY. MEV

Fig. 23. Measured and evaluated inelastic-scatteringcross section to the 2.210-MeV level of
27A1.
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26
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 llmit 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 sectfons, together

with tbe total (n,n’), the (n,ny), and the (n,2n)

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

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

states in Al that decay by gamma emission, and the

total (n,n’) ia the sum of the (n,ny), (n,rip),and

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

mental informationavailable on the (n,na) cross sec-

tion, the curve in Fig. 34 is only a rough estimate.

The only direct informationon the (n,2n) cross

section comes from activationmeasurements (MS60,

CS63) involving the isomeric first excited state of
26
Al at excitation energy 229 keV. Becauae many pho-

ton tranaitiona in
26
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 baaed roughly on the assumption

that highly-excitedstates in
27
N. decay 50Z 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 ie only a rough es-

timate.

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

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

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

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

q
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Fig. 27. Measured and evaluated inelastic-scatterig
cross section to the 3.678-MeV level of Z?fi.
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Fig. 33.

(l-)

(3)+

0+

2+

2*

0’

26Mg
26

Energy-leveldecay echeme for Mg. Note
that the energy scale is distorted.

reactions to certain higher-excitationetates in
27
Al.as decaying by proton or alpha emission. This

representationassumes a sequence in the reactiona

that is only partially true; however, it should

cauae no difficulty in moat practical problems, and

it allowa the energy-anglerelationship of second-

ary neutrons to be better preserved in the labora-

tory system.

18
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Fig. 34. The total neutron-emiasioncross section
compared to its constituent (n,
(n,na),and (n,2n) reactione.

~:> ~:q) ,

curve is defined as that part of the (n,n’)
cross sectk.nwhichresuits in photon emle-
sion.

2.6 The
27U n 27M ~rosa Section

The threshold for the (n,p) reaction with 27Al

occurs at 1.90 MeV. For neutron energies below

5 MeV, we adopted an earlier evaluation by Joanou

and Stevena (J064),which was alao ueed for ENDF/B(II).

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

urements that use the 9.5-rein!3-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 resulte of Ferguson and Al-

bergotti (Fe67),which are Substantially lower than

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,abeolute 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. Thera-

fore, because the preponderanceof experimentaldata

near 14 MeV suggest a substantiallyhigher (n,p)

croaa section, we chose the evaluated c-e to follow

approxi=tely the measurements of Meni (MS60), re-

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

2.7 The 27A1.(n,d)26Mg and
27
Al(n,t)25Mg Croaa Sections

The thresholdafor the
27
A3.(n,d) and 27Al(n,t)

react%ona 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 aa the (n,p) cross saction. The re-
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Fig. 37. Measured and evaluated
27
Al(n,p)27Flgcross section from 13 to 20 FleV.

suiting curve was

ment by Glover and

shown in Fig. 38.

able for the (n,t)

normalized to the lone measure-

Weigold (G161)at 14.8 MeV, as

There are no measurements avail-

reaction, so we assumed the same

shape for the (njt) cross section aa was used for

the (n,d) cross section,with an 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 A.l(n,Ci)24Na Cross Section

The:; A2.(n,a)reaction forms
24
Na which 13-de-

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

a large number of cross-sectionmeasurements 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 availablemeasurements and to the

EWDF/B(II) curve in Fig. 39. Our resulte lie below

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

somewhat of a compromise between the measurements of

Butler end Santry (Bu63) and Tewes et al. (Te60). It

is interesting to note that if the Tewes data are

renormalizedby a factor of 1.37, very good agree-

ment with the Butler data is obtained.

20

NEUTRON ENERGY, ilEV

Fig. 38. Evaluated
27
Al(n,d)26Mg and

27
Al(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 ia 124 mb at 14 MeV. Past 14 MeV, the curve ia

well determined and is baaed mainly on the data of

Butler and Santry (Bu63) and Paulsen and Liskien

(pa65).
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3. PHOTON-PRODUCTIONCROSS SECTIONS AND F.NERGY
SPECTRA

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

In the absence of data at epithermalneutron en-

ergies, we assumed that the photon energy spectrum

resulting from

applies at all

radiative capture of

neutron energies for

thermal neutrons

the (n,y) reac-

tion. In evaluating the

20 MeV.

1

1.0

thermal spectrum, we took

the energies of the prominent photons primarily from

the measurements of Orphan et al. (Or70), and relied

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

for the photon intensities. preliminary low-backg-

round

(Ju71)

measurements on a

were also used in

very pure sample hy Jurney

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 from 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. (Or70). The intensity of the continuum

was normalized to bring the total energy per capture

up to the binding energy of 28Al. Table II lists

the composite photon spectrum (lines plus continuum)

grouped into 0.5-MeV bins,togetherwith spectra meas-

ured by seven previous authors. The total photon

multiplicity for the evaluated spectrum is 2.035

photonsfcapture. The last four columns in Table II

agree semi-quantitativelyexcept at the lowest ener-

gies. The large multiplicity in the lowest energy

bin for the evaluation results mainly from the ex-

tremely intense 30.6-keV photon from the first ex-

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

not become aware of the measurement by Harden et al.

(HS69) given in Table II until after the evaluation.

We plan to incorporate those results into the evalu-

ation at a future date.

3.2. Photon Production from
27
Al(n,xy) Reactiona

Inelastic scattering is the dominant source of

photons in the MeV neutron energy region. The three

classes of inelastic gamma raya that we considered

are discrete photons resulting from excitationof
27

states in Al with E% ~ 5 MeV, discrete photona re-

sulting from cascades to levela below 5 MeV from high-

er states in a continuum or unresolved region, and

transitionacompletelywithin the continuum region,

defined here to be states in
27
Al with Ex > 5 MeV.

Contributionsfrom the first two classes of transi-

tions are described in Sec. 3.2.1, and the third

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

tons from inelaatic scattering, photons from (n,py),

(n,npy),and (n,2ny)reactions are also included in

the evaluation.

3.2.1 Discrete Photons from
27
Al(n,XV) Reactions

The photona from inelastic scattering to levels
27

in Al with E% < 5 MeV are included explicitly in

the evaluation. The cross section for these discrete

photona was calculated below En = 5 MeV from the

evaluated (n,n’) excitation cross aectione, together

Photon Energy

Bin (MeV)

o - 0.5
0.5 - 1.0
1.0 - 1.5
1.5 - 2.0
2.0 - 2.5
2.5 - 3.0
3.0 - 3.5
3.5 - 4.0
4.0 - 4.5
4.5 - 5.0
5.0 - 5.5
5.5 - 6.0
6.0 - 6.5
6..5- 7.0
7.0 - 7.5
7.5 - 8.0

% Binding
Energy

TABLE 11

CAPTURE GAMMA-RAY SPECTRUM OF 27AI FOR THERMAL NEUTRONS IN

PHOTONS/100 CAPTURES

Bartholomew Groahev Draper Greenwood Harden Maerker

1958a 1959a 1963a 1969 19691965a _— —

0.5
9.2 2.3 6.1

7.7 4.9 3.3 12.5
5.4 4.3 7.0 10.4

8.1 13.0 8.8 10.8 13.1
4.6 15.0 10.0 20.0 20.5
13.5 10.9 17.0 17.3 15.9
6.9 11.8 7.0 13.6 14.3
1o.7 13.1 15.0 16.3 16.1
7.6 15.4 16.0 18.8 17.6
3.3 5.5 6.5 6.8
2.5 0.8 2.3 2.8
3.4 5.3 6.4 6.0
1.5 1.7 1.5 2.2
0.5 0.1 0.7
20.0 24.0 32.0 37.0 33.0 32.4

50 69 71 42 93 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

26.5

100

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

2.4.1). Above E = S MeV, however, the second andn
third classes of transition described above become

possible, and a calculationbased on statistical

theory was made to estimate these continuum contri-

butions. The calculationyielded estimates of con-

tinuous photon-energyspectra (given in Sec. 3.2.2)

as well as contributionsfrom the continuum states

to the discrete photons that are associatedwith the

resolved states below E = 5 MeV.
x

The statisticaltheory calculationswere per–

formed with the code SPECTIO, using a method similar

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

incident neutron energy, the probabilityof exciting

states of excitationenergy Ex in the residual nuc-

leus (27AI.)by neutron emission from the compound
28

state ( AI) was asaumed to have the form

Nn AEX = (E (E ) p (Ex) ,
‘Ex) ‘inv xmax (3)

ma ia the maximum energy available in thewhere E

center-of-masasystem, c1~nv(Ex) is the inverse cross

section for the transition,and p(E ) is the densitY
x

of states at energy Ex in the residual nucleus. The

decay by photon emission of atatea in the residual

nucleus waa aasumed to be described by

NY(EX,E:) AE = (Ex-E~)2L+1p(E+),x (4)

where E and E; are the excitation energies of the
x

initial and final atat~s, respectively,and i iS

the multipole order of the transition.

For the (n,n’y) calculations,a level density

expressionof the form

P(EX) = .SXp(Ex/T) (5)

was includedwith 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 (i?=l)

were assumed, We determined the normalizationof

the calculationsby the total inelastic cross section.

Transitionsentirely within the continuum region were

assumed to be independentof spin. However, in cal-

culating the population of discrete levels due to

transitionafrom the continuum region, the number of

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

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

exP(-J(J+l)/zcJ ), where u 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 ststes

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

A summary of the discrete photon transitions

from (n,n’) reactions that were included in the eval–

uation is given in Table III. These transitionsare

from 27Al states with Ex < 5 MeV and result from the

decay scheme shown in Fig. 21. The evaluated curves

for a selection of discrete gamma raya are compared

to the available experimentaldata in Figs. 41-50.

Anisotropies in the photon angular distributionsare

small (Sec. 5.3). Often the experimentalresults at

a single angle (p=cosfl)have simply been multiplied

by 4n steradians for the comparisons shown in Figs.

41-50. Where integral results are available, the

“M” entry in the figures ia left blank.

TAELE III

GAMMA RAYS FROM INELASTIC SCATTERING

E
‘i ‘f

(Me:) l?!!?!Q m

4.811 4.811 0.
4.580 4.580 0.
4.508 4.508 0.
4.409 4.409 0.
3.956 3.956 0.
3.798 4.811 1.013
3.567 4.580 1.013
3.396 4.409 1.013
3.212 4.055 0.843
3.113 3.956 0.843
3.042 4.055 1.013
3.001 3.001 0.
2.980 2.980 0.
2.943 3.956 1.013
2.835 3.678 0.843
2.732 2.732 0.
2.665 3.678 1.013
2.601 4.811 2.210
2.370 4.580 2.210
2.298 4.508 2.210
2.210 2.210 0.
1.848 4.580 2.732
1.719 2.732 1.013
1.507 4.508 3.001
1.224 3.956 2.732
1.013 1.013 0.
0.843 0.843 0.
0.791 3.001 2.210
0.170 1.013 0.843
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Fig. bl. Measured and evaluated 27Al(n,n’y)cross section for the 0.843-MeV photon from the 0.843 + O-MeV
transition in 27AI.

The measurements by Dickens (Di71),Orphan and

Hoot (Or71), Buchanan et al. (Bu71),Nyberg et al.

(NY69), Clayeux and Grenier (c169),and Chung et al.

(Ch68)were made wi.thGe(Li) detectors and have much

better energy resolution than the older measurements

that were made with scintillationdetectors, mainly

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

shown because a nearby gamma ray was not resolved

in the NaI measurements. Similarly, the sum of the

2.980- and 3.001-MeV photons that is shown in Fig.

48 is compared only to scintillationdetector 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-excitationcroaa sections. Above 5 MeV, the

cross sections contain calculated contributions

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

lated contributions<or the 0.843-, 2.732-, 2.980-,

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

ter agreement with the meaaurementaby Dickens (Di71)

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

(Ar67, Be63, Be66, B065, C169, Ny69, Pr60, Th65).

The measurements by Orphan and Hoot (Or71) at Gulf

Radiation Technology (GRT) that are included in Figs.

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

uation waa completed. There is significantdisagree-

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 meaaurementa,which partially accounts

for the discrepancywith the evaluation. The results

of Figs. 41-50 indicate that the simple calculation

described above generally over-estimatesthe contri-

bution from unresolved statea to the discrete-pho-

ton cross sections.

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

27
Al(n,2ny)

reactions are 10.46 and 13.98 MeV, respectively. The
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Fig. 42. Meaeured and evaluated “Al(n,n’y) cross section for the 1.013-MeV photon from the 1.013 + O-MeV

transitionin 27AI.

photon-productioncross sections and energy spectra

from these reactionswere also estimated in the sta-

tistical theory calculationsdescribed above. These

estimateswere made by assuming that states in 27AI

shove the threshold for particle emiseion (8.271MeV)

decay predominantlyby particle emission. For the

(n,np) resction, rough account of penetrabilityef-

fects on the outgoing proton was taken using the

ainv
factor inEq. (3). Above the threshold for the

(n,2n)reaction, the additionalassumptionwas made

that states in
27
Al at high excitation energy decay

50% by proton emission and 50% by neutron emission.

The calculated cross sections and energy spectra

from the (n,npy)and (n,2ny)reactionswere approp-

riately normalizedwith the evaluated (n,np)and

(n,2n) cross

Because

ia very high

combined our

sections.

the threshold

and the cross

estimates for

for the (n,2ny)reaction

section so uncertain,we

this reaction with the

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

evaluated photon-productioncross sections for the
27
Al(n,npy)26Mgreaction are included explicitly,

and a summary of the discrete photons from this

source is given in Table IV. The decay scheme for
26
Mg is given in Fig. 33. The evaluated cu~e for

the 1.809-MeV photon from the first excited state of
26
Mg is shown in Fig. 51. The (n,np) cross section

waa 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-FleV,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

are also included in

in the
27
A3.(n,p)27Mgreaction

the evaluation. These transi-
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GM RAYS FROM

E’

&

4.313

2.938

2.522

2.132

1.809

1.40

1.129

1.003

TA8LE IV tions are summarized in Table V. The results are

THE 27U (n,np)26Mg HEACTION based entirely on the Dickens measurements (Di71),

‘i ‘f
with a smooth extrapolationto 20 MeV.

I@!l W!Ll

4.313 0.

2.938 0.

{
4.331 1.809
4.350 1.809}

3.941 0.

{
1.809 0.
3.585 1.809}

{

4.350 2.938
4.331 2.938}

2.938 1.809

{

3.941 2.938
4.350 3.585}

TAELE V

GAMMA RAYS FROM THE 27Al(n,p)
27Mg ~CT1oN

1.936 1.936 0.

1.692 1.692 0.

0.984 0.984 0.

0.952 1.936 0.984
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Al(n,n’y) cross section for the 2.210–MeV photon from the 2.210 + O-MeV

transition in 27AI..

?
0, f

27Fig. 45. Measured and evaluated Al(n,n’y) cross
section for the 2.732-MeVphoton from the
2.732 + O–MeV transitionin 27AI.

;~. . . .
NaJmON E;ERGY, ‘k

o.

Fig. 46. Measured and evaluated 27
Al(n,n’y) cross

section for the 2.980-MeV photon from the
2.980 + O-MeV transition in 27A1.
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Fig. 49. Meaaured and evaluated
27
Al(n,n’y) crosss

section for the 3.212-MeV photon from the
4.055 + 0.843-MeV transition in 27AI.
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Fig, 50. Meaaured and evaluated
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Al(n,n’y) cross

section for the 4.580-MeV photon from the
4.580 + O-Mev transition in 27AI.
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Fig. 52. Combined
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Al(n,xy) cross section for the

1.719- and 1.809-MeV photons, correspond-
ing to the 2.732 + 1.013–MeV transitionin
Z7A1 and the 1.809 + O-MeV transition in

26Mg, respectively.

3.2.2 ContinuumPhotons from
27
Al(n,xy) Reactfens

At neutron energies shove 5 MeV, an important

component of the photon-productioncross section re-

sults from transitionsoriginatingwith levels in
27
Al having Ex > 5 MeV, either to other continuum

levels or down to levels with E~ < 5 MeV. To meas-

ure the cross sections for these unresolved photons,

unfolding techniquessre necessary that require high-

quality data having good statisticsand low back-

ground. Consequently,little information (Pe64,

Dr70) of this nature existed until recently. For

this evaluation,photon-energyspectra from continuum

states formed in (n,n’), (n,np),and (n,2n) reactions

were estimated from the statistical-theorycalcula-

tions described in Sec. 3.2.1.

Comparisonsare given in Figs. 53 and 54 between

the evaluated photon epectra for all processes (in-

cluding the resolved lines of Sec. 3.2.1) and the

experimentalresulte of Drake et al. (Dr70) at 7.5

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

Hoot (Or71) over two higher neutron-energyregions

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

become available until after the evaluationwas 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-
Y

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

tirely to the calculatedunresolved photon spectrum.

The agreement between the evaluation and Drake’s re-

sults showo in Fig. 53 is poor, particularlybecause

unresolved photons with E > 4.5 FleVwere not ob-
Y

served in the measurements. The evaluated results

are in better agreement with Orphan’s measurements

in Fig. 54, particularlyfor higher photon energiee.

0.1i

I I I I I I I

n

:Q
,

> I I I I
2 4

I I t

6 a
Ey(MeV)

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

n

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

duction cross section meaeured by Orphan and Hoot

(Or71) to the evaluated curve, The data in Fig. 55

include all photons from all reactions. The evalu-

ated curve appeara 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 (n,2n) 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

distributionsof 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 experimentaldata available

for the energy distributionsof secondary neutrons

from that reaction. Therefore, the neutron spectra

29



1! iHI
En=7.71-9.78 W

111
111

~f L ~~--1

I I I I I I I I
1.0–

o.l–

~

$
c
a 0.01Q, 111I I I I I I t 1 , 1

;h

:

‘111110.1

0.01
0 2 6

Er &V)

— ORPHAN,1971
--—- EVALUATION

Fig. 54. Measured and evaluated
tra from all reactions
neutron energy regions
12.56-16.74MeV.

photon energy
averaged over
7.71-!3.78FleV

spec-
the
and

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

statistical-theorycalculation described in Sec.

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

assumed to proceed in the sequence

27
Al+n+

28A1* * 27ti* + n + 26A1 + Zn .

The decay of
28Al* and 27 *

Al by neutron emission waa

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

tion of equal branching for proton and neutron emis-

sion from 2JAI*. We used Eq. (5) to express the

level density. The nuclear temperaturedefined by

Eq. (2) was used for
28ti* and 27Al*

, with an appro-

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

latter case.

5. ANGULAR DISTRIBUTIONS

5.1. Elastic Neutron Angular Distributions

The angular distributionsof neutrons from elaa-

tic scatteringwere taken as isotropic below 100 keV,

and no attempt waa made to include anisotropy near

the large resonances. From 0.1 to 8 MeV, Legendre

coefficientswere derived from all available data

sets that were complete enough to fit (mainlyLa57,

Ch66, T062, TS61, Ki70, and Be58). The coefficients

used for the evaluationwere obtained by drawing

smooth curves through plots of the fitted values,

thus completely averaging over the resonance struc-

ture. The resulting coefficients for l-> 0 were in-

creased empiricallyby up to 20% between 2.5 and 5

MeV to avoid violating Wick’s limit (W149). Repre-

sentative comparisonsbetween the measured ~nd eval-

uated angular distributionsat neutron energies be-

1
low 8 MeV are given in Figa. 56-58.

4
0 Wnw.W71

I i

Fig. 55. Measured and evaluated total photon-pro-
duction cross section from all 27A1.(n,xY)
reactions.

To obtain the distributionsat higher energies,

optical-modelcalculations,using the Agee-Rosen

parameters (Ag66),were compared to the cluster of

measurements between 14 and 15 MeV, and to the

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

attempting to refine the parameters,we altered the

calculated angular distributionaempirically to im-

prove agreement with experiment,and new Legendre

coefficientswere derived from the adjusted distri-

butions. A smooth interpolationfrom 8 to 14 MeV

was then made. The Legendre coefflclenta that re-

sulted lead to non-negativedistributionsat all

neutron energies, and do not violate Wick’s lower

limit (wi49) for the O“ cross section. The result-
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Fig. 56. Measured and evaluated angular distribu-
tions for elastic scattering from 0.22 to

0.98 MeV. The dashed curves represent the
evaluated ahapea normalized to the meas-
urements; the solid curve gives the same
ahapes normalized to the evaluated elastic
cross sections.

ing differentialcross sections are compared to the

measurementsbetween 8 and 15 MeV in Fig. 59.

5.2. Nonelastic Neutron Angular Distributions

The angular distributionsof secondary neutrona

from all (n,n’)reactions, including (n,np) and

(n,na),are assumed to be isotropic in the center-

of-mass syatam. The extensive comparisonsgiven by

~~

1.0 ❑ .s no –O.s –Ill

CIZIS THETFI <CM>

Fig. 57. Measured and evaluated angular distribu-
butions for elaatic scattering from 2.01
to 4.50 MeV. See caption to Fig. 56 for
details.

Kinney and Perey (Ki70) of their inelastic angular

distributionmeasurement with the results of other

authors indicate that isotropy is usually a reason-

able assumption. There are examples, of course,

where isotropy does not hold but the deviationa are

generally not too severe.
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Fig. 59. Measured and evaluated angular distribu-
tions for elastic scattering from 8.0 to
14.8 MeV. See caption to Fig. 56 for
details.

No data are available for the angular distribu- transformetionto the laboratory system. At each

tions of neutrona from the (n,2n) reaction. For incident neutron energy, average Q-values that were

this evaluation laboratory angular distributions obtained from the energy spectra were used in the

were provided for the (n,2n) energy spectra mis- calculations.

cussed in Sec. 4. These distributionswere obtained 5.3. Secondary Photon Angular Distributions

by assuming isotropic emission of a dineutron in the A3.1secondary photons from both (n)y) and (n,x’y)

center-of-masssystem and performing a two-body reactions are assumed in the evaluation to be iso-
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tropic in the laboratorysystem. For the (n,y) re-

action, no data are available on the angular distri-

butions, but the assumptionof isotropywould cer-

tainly be valid at low neutron energies where s-wave

capture dominates and where the croaa section is

largest.

The assumption of isotropy for
27
Al(n,xy) reac-

tions is generally supportedby Dickens’ measurements

(Di71) at 55, 75, and 90”. There are exceptions,of

course. The more complete angular-distributionmeas-

urements by Chung et al. (Ch68) at En = 3.5 MeV indi-

cate significantanisotropiesfor the 2.210–MeV pho-

ton [U(OO)/u(90”)- 1.2] and for the 3.001-MeV pho-

ton [U(O”)/U(90°)-.1.4], although less pronounced

effects were observed for these photons by Mathur

et al. (Ma65)between 3.57 snd 4.57 MeV. The other

photons observed in these two measurements (Ch68,

Ma65) are nearly isotropic.

6. DISCUSSION

There are several areas in the present evalua-

tion where improvementscan be made. A better treat-

ment of the resonance structure in the elastic cross

sections and angular distributionsin the keV region

would be useful, and greater applicationof model

codes should improve the elastic results at higher

neutron energies. A more thorough study of the in-

elastic cross-sectionmeasurementswould improve

these data> particularlyif greater use were ~de Of

theoreticalcalculations. Further, an extensive new

measurement of neutron energy spectra as a function

of angle has been made by Kemmerdiener (Ka72) for

l&MeV incident neutrons, and inclusion of these

data should improve the inelastic results at that en-

ergy. There are preliminary indications (MU72) from

calculationsof time-dependentneutron spectra emerg-

ing from aluminum spheres pulsed with 14-MeV neutrons

(Ha70) that the inelasticdata need improvementat

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

particle emission cross sections can be made with re-

cently improved model codes such as COMNUC (Du71).

The capture gannna-rayenergy 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. Finally, Improvementsare possible in

the inelastic-neutronand secondary-photonangular

distributionson the basis of existing measurements

and nuclear theory.

A summary of estimated uncertainties in the

various cross sections is included in Table VI.

These errors represent order–of-magnitudeaveragea

TABLE VI

ESTIMATED ERRORS IN THE EVALUATED CROSS SECTIONS OF 27A.I

ENDF/B
Cross Section Designation

Total MF=3,MT=l

Elastic MF=3,MT=2

Nonelastic MF=3,MT=3

Total (n,n’) MF=3,MT=4

(n,2n) FfP=3,MT=16

Discrete (n,n’) MF=3,MT=51-63
Ex < 5 MeV

Discrete (n,n’)MF=3,MT=64-90
Ex > 5 MeV

(n,y) M3?=3,MT=102

(n,p) MF=3,MT=103

(n,d) m=3,MT=lo4

(n,t) MT?=3,MT=105

(n,a) MF=3,MT=107

Total (n,x’y) MF=13, Sum of
MT=4,28,103

Individual MF=13
(n,xy)Lines MT=4,28,103

Neutron Energy (MeV)

Thermal 0.01— .

~ 5.% f 5%

5% 5%

42 20%

4% 20%

0.1—

* 4Z

4%

20%

20%

1—

f 2%

3%

30%

30%

—

30%

20%

30%

30%

3—

~ 2%

5%

15%

15X

15%

20Z

30%

15%

15%

5

* 2%

8%

10%

10%

15%

20%

20%

15%

15%

8—
* 2%

12%

10%

10%

20%

50%

50%

20%

15%

20%

20%

11—
*z%

20%

15%

15%

25%

50Z

50%

20%

50%

15%

20%

25%

14

* z%

15%

10%

15%

50%

30%

50%

20%

15%

50Z

10%

20%

30%

20—
* 2%

20%

20%

30%

50Z

50%

50%

X2

20%

50%

50%

10%

40%

50%
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over broad energy groups and are not expected to

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

tempt to estimate the errors due to unknown struc-

ture in the cross sections. The accuracy of the

elaatic angular distributionais expected to be gen-

erally t 15%, although larger errors will certainly

occur in regions of structure.
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