
urn
XA0053826

Measurement of gamma-ray production cross sections in 27AI(n,xny) and
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Abstract: The prompt y-radiation from the interaction of fast neutrons with samples of Al
and enriched 208Pb was measured using the white neutron beam of the LANSCE/WNR
facility at the Los Alamos National Laboratory. From the aluminum y-ray spectra
excitation functions for prominent y-ray transitions in various residual nuclei (in the range
from F to Al) were determined for neutron energies up to 400 MeV. In addition to the
primary purpose of the 208Pb experiment, the study of (n.xny) reactions leading to various
lead isotopes, y-ray transitions in residual Tl nuclei were analyzed and cross sections were
derived in the neutron energy range from the effective threshold to 200 MeV. In the
neutron energy range up to 200 MeV all experimental results were compared with nuclear
model calculations using the code GNASH.

1. Introduction

One method to measure photon-production cross sections in neutron induced
reactions is the use of a "white" neutron spallation source and high-resolution y-ray
spectroscopy. The incident neutron energy is determined by the time-of-flight method and
y-ray production cross sections can be measured simultaneously for a wide neutron energy
range.

As a part of the program for white neutron source (n.xy) measurements at the
LANSCE/WNR facility [1] of the Los Alamos National Laboratory y-ray production cross
sections for Al and 2O7-2O8pb were investigated. In the course of this CRP we reported the
y-ray production cross sections for discrete y-ray transitions in Tl nuclei produced by
208Pb(n,pxny) reactions. In our study of Al(n,xy) reactions production cross sections were
measured for y-ray transitions in 11 residual nuclei in the element range F to Al.

Al was chosen to be studied as this element is monoisotopic and thus well suited for
testing of model calculations. In continuation of a study of (n,xny) reactions on 207-208pb
[2,3] less intense y-rays related to the 208Pb(n,pxny) reactions were identified in the already
measured spectra and analyzed. In the energy range up to 200 MeV the experimental
cross sections were compared with the results of model calculations performed with the
code GNASH [4].
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Table I: Nuclear reactions and y transitions 2. Experiment and Data Reduction
investigated in "'AI(n.xy) reactions.

The experimental set-up and the data
reduction procedures are described in
Refs. [3,5,6] and only a short summary is
given here. Al samples (2 mm and 6 mm
thick plates) were positioned at distances
of 20.0 m and 41.5 m from the neutron
production target. The prompt y-
radiation was detected with high-purity
Ge detectors with tungsten collimators
positioned at y-ray emission angles of 90°
and 125°. At 125° the angle-integrated y-
ray production cross section is
approximately given by 4rc times the
measured cross section. For the
isotopically enriched Pb sample (99.56%
208Pb) only the position at the distance of
41.5 m from the neutron production
target was used. Only results measured
with the Ge detector at 125° are given in
this paper. The transitions chosen for
analysis are summarized in Tables I and
II.

Two-dimensional spectra, neutron
TOF versus gamma pulse-height, were
recorded for the Ge detector. The
neutron energy range between 3 and 400
MeV for the Al measurement and
between 3 and 200 MeV for the lead
measurement, respectively, was divided
into energy groups with increasing widths

(0.25 to 50 MeV) according to the neutron energy resolution of the experiment. Then a
one-dimensional y pulse-height spectrum was derived from the two-dimensional spectrum
for each neutron energy group and y-peak areas were determined. Corrections were
applied for the attenuation of the y rays within the samples. For reactions with low
thresholds the contributions of multiply scattered neutrons were estimated [6].

The neutron fluence was measured with a fission chamber containing a 2"SU fission
foil using 23SU(n,f) cross sections given by Lisowski et al. [7].

Because of uncertainty in our knowledge of the Ge detector dead time, experiments in
the 14-MeV neutron energy range were performed at the Institute of Physics of the Slovak
Academy of Sciences to determine better absolute normalizations of the cross sections
[8.9].

Reaction

rAI(n,n 'Y)

:7Al(n,2ny)

27Al(n.py)

: 'AKn,pny)
:7Al(n,dy)

: 'Al(n,p2ny)
: 7Al(n,dnjL

2 'Al(n.p3ny)
27Al(n,d2ny)

:7Al(n,2p3ny)
: 7Al(n,any)

27Al(n.3p3ny)
-7Al(n.apny)
-7AI(n.3p4ny)
27AI(n.ap2ny)
:7Al(n,3p5ny)
27Al(n,ap3ny)
27AI(n.4p6ny)

: 7Al(n.a2p4ny)
: 7AJ(n,2a2ny)

Residual
nucleus

27AI

26 Al

: 7 Mg

26Mg

25Mg

24Mg

: ! Na

"Ne

21Ne

: oNe

1SF

y Transition
investigated

9/2+ -> 7/2+
3/2+ -> gs

5/2+ -> 3/2+
7/2+ -» gs
9/2+ -> gs

3+->gs
1+-4 0+

5/2+ -> 3/2+
3/2+ -> gs
5/2+ -» ss

3+ -» 2+

2 + ^ 2 +

2 + ^ g s

3/2+ -» 1/2+
3/2+ -»gs

2 + ^ g s

5/2+ -»gs

2+-^gs

5/2+ -» gs

2+-H>gS

3+ -»gs

Energy
(keV)

793.0
1014.4
1720.3
2211.1
3004.2:'

416.9
829.4

955.3
984.6

1697.9

1002.4

1129.7

1808.6

389.7
974.8

1368.6

440.0

1274.5

350.5

1633.8

937.1

a This line was not resolved from the 2981.8 keV
(3/2+ —> gs) transition.
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A major problem in such white source experiments might be the presence of isomers
with half-lives exceeding a few nanoseconds in the residual nuclei. When isomers are
present in the cascade preceding the y-ray transitions investigated (as in the nuclei 2O5T1
and :oiTl studied in the present experiment), the measured y-radiation is not emitted
promptly. Such delayed transitions may be detected in this type of experiment but they
cannot be properly correlated with the neutron energy because the measured TOF includes
the decay delay. For the measured y-ray production cross sections for transitions in 2<bTl
and ~OIT1 corrections were estimated to be small (see Ref. [5]) and neglected. The
measured cross sections give in good approximation the cross sections indicated in the last
column of Table II.

Table II: Nuclear reactions and gamma transitions investigated in 2O6Pb(n.pxny) reactions.

Reaction
investigated

2OSPb(n.pny)2O7Tl

20SPb(n,p3ny)205Tl

20SPb(n.p3ny)205Tl

20!>Pb(n.p5nY):ioTl

20SPb(n.p7ny)2niTl
208Pb(n.p7ny)201T!

y Transition
(Level energies in keV)

1682.7 -

203.7 -

923.8 -

680.5 -

-> 351.0

•» 203.7

-> 279.2

331.2 -» gs

1571.7 --» 1238.8

y Energy

1331.7

203.7

720.1

401.3

331.2a

332.9a

Isomers in y cascade
Jit EfkeV] t1/2

3/2+

11/2"
25/2+

11/2"
25/2+

(9/2")
(13/2"
(13/2-

none
203.7

1484.0
3290.6
1484.0
3290.6
none
919.5:

) 2015.0
) 2015.0

1.46 ns
4.5 ns
2.6 ns
4.5 ns
2.6 MS

>.O35 ms
2.9 ns
2.9 ns

Measured
cross section

total

approx. total

approx. total

total
appr. sum of prompt

part of 0(332.2)
and total o(332.9)

3. Results and Discussion

All measured cross sections can be found in graphical representation in Refs. [5,6]
and in numerical form in the CSISRS (EXFOR) data library (entries 13643 and 13645).
In the energy range up to 200 MeV the measured cross sections were compared with the
results of model calculations performed with the code GNASH [4]. The calculations for
the 208Pb(n,pxny) reactions were performed using the same models and parameters which
had been successfully used to describe y-ray production cross sections in 2O7"2O8Pb(n.xny)
reactions [2]. For aluminum, the calculations were carried out with two different options
for modeling multiple preequilibrium emission: the earlier model (MPE1) used for lead
which determines the emission of a second preequilibrium particle from the dominant lplh
states using an exciton model; and the more recent generalized multiple preequilibrium
model (MPE2) [10]. which determines second-particle emission from all preequilibrium
particle-hole states. For the majority of the measured Al(n.xy) reaction there is reasonable
agreement between experiment and model calculation. Only for the 440.0-keV transition
in :"'Na and 937.1-keV transition in 18F there is disagreement which is not understood yet.
Generally the experimental cross sections are better reproduced by the earlier model
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(MPE1), which is difficult to understand since the physical assumptions used are less
accurate. Comparisons of the predictions from these models with experimental emission
spectra data available from the literature, on the other hand, indicate a preference for the
more recent model (MPE2). Figs. 1 and 2 show as examples the measured and the
calculated cross sections for the 440.0-keV transition in r iNa and the 1274.5-keV
transition in 22Ne.

XI

E
100 -:

;

10 -.

1 -

- « ,

V
•/

•/

^ 2 7 A I (

f C'440.0

• • • •

keV

" » • • # • • • • • • • • • •

o

100 -

10 -

1 -

<, /
 E7 =

Al(n,3p3n7) Ne r

Al(n,apr,7) Ne !

^ it**** * r

1274.5 keV

10 30 50 70 100 300 10 3 0 0

Neutron energy (MeV)

Fig. 1: The y-ray production cross section for the
440.0-keV transition in :?Na. • experimental
results. —GNASH calculation (MPE1).

GNASH calculation (MPE2).
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Fig. 2: The y-ray production cross section for the
1274.5-keV -keV transition in : 'Na. Same symbols
as in Fig. 1.

For the 208Pb(n,pxny) reactions there is, other than in the case of reactions with
neutron emission only [2], no agreement between experimental results and model
calculations for the majority of the transitions analyzed. For the analyzed transitions in
2O7T1 and 2O5T1 the model calculation overestimates the measured cross section for neutron
energies above about 70 MeV. There is rather good agreement for the 401.3-keV
transition in 2O?T1 and the calculated cross sections are smaller than the experimental
results for y-ray transitions in :O1T1 for high neutron energies. It seems that our calculation
gives a spectrum of the emitted protons that is too hard. Proton emission is important for
the preequilibrium stage of the reaction only, as proton emission from compound nucleus
decay is strongly suppressed by the Coulomb barrier. An average energy of the emitted
protons from the preequilibrium stage that is too high results in higher cross sections for
reactions with the subsequent emission of only a few neutrons, and in lower cross sections
for reactions with multiparticle emission as less energy is available after emission of the
proton, which is observed in the present study. It should also be mentioned that the
experimental information on discrete levels and y-ray branching in Tl nuclei is not as good
as for Pb, and incomplete level scheme information might also contribute to some of the
observed discrepancies. As examples we give the measured and calculated y-ray
production cross sections for transition in the nuclei 207Tl and 2OIT1 in Figs. 3. and 4.
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Fig. 3: The v-ray production cross section for the
1331.7-keV transition in 2(>7T1. • experimental
results, — GNASH calculation.
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Fig. 4: The sum of the y-ray production cross
sections for the 332.9-keV transition and the
prompt part of the 331.2-keV in 2OIT1. Same
symbols as in Fig. 3.
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