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ABSTRACT

Differential cross sections for the production of y-rays by [n,n” v 1 reactions in
aluminum and iron have been measured at 125° as a function of the incident neutron
energy from 0.8 - 13 MeV, The Karlsruhe isochronous cyclotron was used to produce

a pulsed beam of neutrons having a continuous energy spectrum from ~ 0.5 - 30 MeV,
The vy -ray energies were measured using a Gellil detector. The incident neutron
energies were determined Ey the time-of-flight technique. The energy resolution
obtained in this measurement wds < 1.7keVat 0.8 MeV and <110 keV at 13 MeV,
respectively. Neutron flux determination was accomplished by use of o calibrated pro-
ton recoil detector. Below approximately 3 MeV our results can be used to determine
inelastic scattering cross sections for the excitation of six levels in aluminum and five
levels in iron, A comparison of the presented results with other available data is shown

and discussed,

ZUSAMMENFASSUNG

Es wurden vy -Produkfionswirkungsquerschnitte fur verschiedene vy-Linien aus [n,n"y I-
Reaktionen an Aluminium und Eisen im Energiebereich zwischen 0.8 und 13 MeV gemes-
sen. Ein gepulster Neutronensirah! mit einem kontinuierlichen Energiespekirum zwischen
~ 0.5und 30 MeV wurde im Karlsruher Isochron-Zyklotron erzeugt. Der Nachweis
der .y -Strahlung erfolgte mit einem GelLil-Detektor. Die Neutronenenergie wurde
aus der Flugzeit ermittelt, Die Energieauflssung lag zwischen 1.7 keV bei 0.8 MeV
und € 110 keV bei 13 MeV. Zur Bestimmung des Neutronenflusses diente ein Protonen-
riickstoﬁztihler; Es werden Wirkungsquerschnitte fur den 843 keV- und 1013 keV-Uber-
gang in 27A| ‘sowie den 846 keV-Ubergang in 56Fe gezeigt und mit den Ergebnissen

anderer Autoren verglichen.
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- INTRODUCTION
The measurement of -y -ray production cross sections for neutron interactions in

medium weight and heavy nuclei, mainly-in the MeV region, is of current interest

in several areas of applied physics. Such cross sections are; ‘in particular, required

for the design of fast fission reactor assemblies and for the study of hypothetical

fusion reactor blankef systems.  More generally, this need is being exemplified by
the large number of high priority requests. The cross section measurements should
have as high accuracy as possible to be useful for application purposes. In cddmon,

the resolution should be high encugh to allow reproduciion of the actual cross section

in saf'isfactory de’rc'zil o

In ’rh:s pctper, a new ?echnlque for ’rhe medsuremen‘r of high reso[uhon y =ray pro-

duchon Cross sections over a wide energy range is described At the Karlsruhe

:sochronous cyclo’rron hlgh reso!u’non dlfferenhuf cross sechons of aluminum cnd
iron hcwe been measured m‘ an cmgle of 125 To’rai cross sections for the emission
of the y -rays of 843 1033 1719, 2209 2980 + 3001 keV [Al] cmd of 846
1238 1808 2093 + 2111 keV [Fe] were obi'amed by mult:plymg the dlfferenhci

cross sec’nons at 125 by 4 'lT As an exumple of fhese mecxsurements results are

| presented For the produchon oF 843 keV and 1013 keV ¥- rqys in olummum and
of 846 keV Y —rcys in n"on, m fhe reglon from 0 8 - 4 5 MeV

'_EXPERI-_MENTAL ME_THO_D -

* The experimental equipment consisted of a lithium drifted germanium high ‘resolution

Y -ray spectrometer used in conjunction with the Karlsruhe fast neutron time-of-
flight spectrometer, which has been deseribed previously.
For operation of the time~of-flight specirometer the Karlsruhe isochronous cyclotron

was used fo provide a pulsed beam of neutrons having a continuous spectrum of energies

" in the range ~ 0.5 to 30 MeV, a pulse width ‘€ 2'nsec and a pulse recurrence frequency

of 200 KHz. Neutron production was Gc.eo'r_np!i'shed by bombarding d thick natural uranivm

target with approximately 45 MeV deuterons from the internal beam of the cyclofron.




The scatterer-detector arrangement used for the measurement of y -ray production
cross sections is shown in Fig. 1. A ring-shaped scattering sample of aluminum or

iron having 12 em inner diameter, 24 cm outer diameter and a thickness of 1 em [Al]
and 0,6 cm [Fel was placed at 57.92 m from the source with Its axis collinear fo the
flight path axis. The energy of the y -rays produced in the scatterer was measured with
a 40 cm3 Gellil detector positioned on the neutron beam axis at a distance of 6 cm
from the scattering sample. The detector and the crystal were shielded from source
neutrons and  y=rays by a suitably shaped collimator [shown in section A-B of Fig. 11
with a total length of 1 m. The corresponding neutron energies were determined by the
time~of-flight method, i.e, by recording the time between the production of neutrons
and the detection of a corresponding y -ray event in the GelLi] detector. In this ex-
periment an average observa’non cngle for the gamma rays/of 125° to the tnCidenf _
neuvirons was chosen The actual geometry, however, allowed the observation of y ray
evenis in The range from 105 to 145°, An average cngle of 125° was used because the
P2 term of a Legendre d:sfnbuhon is zero at 125 and the P4 and higher terms are
genera!ly quite smull The dlfferenhal cross sechon at ]25 may then be mul’rlplled

by 4 T to obtain the totcl Cross sechon For the excitation of an individual level. The
absolute neutron flux at t-he pos;_ho_n of the ring scatterer was measured using a cali-
brated pi’ofon recoil detector. Flux measurement was carried out during the "semple out"
per:od on a 600 sec cycle For every y "ray evenf in the Ge[L|] detector two sngncnis
were derived: the energy information via a siow analog signal and ’rhe time information
via a fast timing signal provided by e conventional ORTEC constant fraction timing
discriminator. The analog signel was digiﬁzed in @ VICTOREEN 2048 channel pulse~
height analyzer. For time recording a digital time analyzer LABEN UC-KBI was used.
The measurements were ccz_i.'riedr out over a fotal fime-of~flight inferval of ~4 Jusec

with 2 nsec channel width.

The two parameter data were processed with a CDC-3100 on-line computer. Only the
information needed to exiract the peak areas of those y ~lines which were produced in
neutron inelastic scattering were accumulated, and sequentially sforecf on the magnetic
disc. With the present storage capacity the 2K time~of-flight specfra from 32 y-lines

could simultanecusly be occumu!afed
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The overall time resolution obtained with the experimental equipment was < 5 nsec.
This resoiuhon of 0.08 ns/m corresponds to an energy resolufion of < 1.7 keV at

0.8 MeV and <110 keV at 13 MeV,
RESULTS AND COMPARISON.

Figs. 2a, Zb show Typica[l y =ray seecrrc background subtracted] for aluminum and
iron, m?egra’red over the incident neutron energy range from 0.8-13 MeV. Only
...'Y' ~lines produced by melqshc neutron sca’r‘rermg have been assigned, The or:gln of
the assigned y-reys can be seen with reference to the level schemes of 7Al and
6Fe as shown in the inserfs of Figs. 2a, 2b The information given in these diagrams
have beer obtained from Refs. 2,3 and 4.y -ray energy determinations were on[y
" made for peak identification ¢ purposes. For the derermranlon of the vy ~ray production
cross section, the dccurate k'nowledge of the neutron flux, the y -ray detector |
efficiency, and of the effects of flux atfenuchon mulhpfe scai‘fermg and fhe y—ray '

' aﬂenucflon in the sample 15 necessqry

The incident neufron ﬂux was cclculofed from fhe measurement with the profon recoil
detector, Hs efficiency was cqlculated by a Monte Carlo method, using the well known
scattering cross sections of hydrogen and the light response curves of R, L. Craun and
D. L. Smrth [f is eshmated that the efﬂcnency was determined to a precision of 8%

in the energy region befween 0.8and 4.5 MeV

The y -ray detector eﬂ:icrency was determined with an JAEA calibration set of 8 v =
sources [~1% accuracyl. By use of an additional 24Nd source the detector efficiency
was also determined at 2.7 MeV relative to the c':asccld.ing y ~ray at 1.37 MeV. Full
peak efficiencies for each y-energy were measured at 25 positions in the scattering
plane. This allows a numerical integration over the total area of the scaiterer. Hence,

- the detector efficiency should be known to about < 3%. The attenuation of the y-rays -
in the sample was less than 15% in the total region of interest, This was calculated -
with a Monte Carlo program applying the attenuation coefficients of White-Grodstein.

The error introduced by this source is quite small, < 2%.
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The neutron flux attenuation and multiple scattering correction applied to our data is

still preliminary. These calculations were made at only five energies in steps of 1 MeV.
The presently available results from a Monte Carlo calculation give a maximum correction
of about 15%. Since the two effects, the flux attenuation and the multiple scattering,
are of the same order of magnitude and in opposite directions [i.e. tend to cancel each
otherl, the estimated error, also with the preliminary correction, should be < 8%.
Considering the above sources of error, the overall uncertainty of our da’rc apart from

couni‘:ng sfa’nshcs, is about 12 %

The y-ray production cross sechons ob’fcuned For the 846 keV y-ray of iron are compcxred
inFig, 3 with other measuremenfs In genercl there is good agreement between the pre-
sent results and those from Harwell. 7 The Harwell measurements cover fhe energy region
from 0 9 3.5 MeV, Good agreement is also found with the measurements of Nishlmurq
et ai [LJAERT 651 be'rween 2,5and 2,6 MeV The dam points from Japan 7 in the range
from T 610 1.9 MeV and From TNC3 above 3 MeV are genercd[y higher than the present
values, whlch is what wou[d be expected for the latter resu[ts, since mulhple scattering
effects have been negiected. The n,n" cross sections which have parhally been included
in the figures can be direcfly compared with our measurements up to 2.1 MeV. Above this
energy ’rhe y=ray produchon cross sechons olso confcm contributions from melcshc
scattering to hlgher levels. In the region 1.6 to 2 1 MeV our data are in excellem‘
agreement w:fh the measurements ofGliboy and Towle EA[dermqsfonl. Above 2.1 MeV
their data are 'syS’remc':z’ri.call.y lower as 'expé;:fed. With a few exceptions the préSehf
measuremenis between 1 and l .5 MeV agree with the n,n’ data obtained at Argoﬁ'ne.]
Figs. 4 and 5 show the results for the 843 keV and the 1013 keV Y-ruy’rﬁeasuremenfs of
aluminum. Up to 3.6 MeV there is noﬂ cqsca.ding.from higher levels to the-843 keV level.
In the upper part of Fig. 4, 14 values from Argonhe]*2 ' weﬁ_a available for comparison.
The agreement with most values is excellent; ‘there is a large discrepancy for only two
data points, at 1,175 and 1.275 MeV. Between1.4 and 3.5 MeV. our data are in good |
agreement with measurements from the Aldermaston and the Studsvik groﬁp. 14 Disagreement
is found with the result obtained at NRD.]5 Though the TNC;dc_falé between 3.6 and

4.5 MeV coincide with the present results within the quoted uncertainty, there is again

the already mentioned systematic deviation toward higher cross section values. .
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Fig. 5 compares our results with the measurements from Argonnelz, Aldermcsfonw,
Sfudsvfkml and TN“VC'.'lé All data points of Argonne and 2 points of the Aldermaston
measurement are considerably higher than ocur average curve. It can be supposed that
a large part of the discrepancy might be due to a shift in the absolute energy scales.
Excellent agreement is found with the recent rﬁeusuremen’rs by the Studsvik group. The
TNC data and the result of the Kentuck_y17 group are, in general, higher than our

data for the reasons which have already been mentioned..

In summary, the present results are in good agreement with other data. For the
discrepancies possible explanations were discussed, Our~3000 data points provide
good definition for the aluminum and iron y -ray production cross section in the range

from 0.8 - 4.5 MeV. It could be demonstrated that the y-ray production cross sections

for these elements show rapid fluctuations with energy, which are still present at 4.5 MeV.
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Fig. 2a Gamma ray spectrum for the mwb,_ fn,n’y 1 reaction for neutrons in the energy range from 0,8-13 MeV.
Insert: Energy level and decay scheme for 27Al,

b Gamma ray spectrum for the mm._um [n,n"y I reaction for neutrons in the energy range from 0.8-13 MeV,
Insert: Energy level and decay scheme for 96Fe,
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