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ABSTRACT
Alpha--particle production cross sections and spectra are being measured at the spallation
source of fast neutrons at the Los Alamos Meson Physics Facility (LAMP@. Detectors at
angles of 30,60,90 and 135O are used to identify alpha particles, measure their energy
spectra, and indicate the time-of-flight, and hence the energy, of the neutrons inducing the
reaction. The useful neutron energy ranges from less than 1MeV to appmximately 50
MeV for the present ex rimental setu . Targets under study at present include C, N, 0,
56Fe, 5 Co,
9Y and 93Nb. Results for 59C0 illustrate the
27f?3 Si,
capadilitiesof the approach.

g.

58960Ni,

f

I. Introduction

Neutron-induced reactions that produce helium are of importance for technology and for the
understanding ofbasic nuclear physics processes. Struchual mdterials can he weakened
by helium accumulation f o m nuclear reactions, and it is therefoa important to know the
helium production cross section to assess radiation damage effects in, for cxample, fusion
reactor structural materials. Thc understanding of biological effects from fast neutron
badiation, for cancer therapy for example, have the basic nuclear interactions as their
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starcing point. To address questions of ba$c nuclear physics, such as nuclear reaction

mechanisms,preformationprobabilities of alpha particles in the nucleus, nuclear level
densities, optical model parameters and kospin effects, nuclear data over a wide range of
energy are essential.

The present program of investigating alpha-particle production by fast neutrons has been
underway at the LAMPF spalhtion neutron source for several years. 1-4 The facility,56
known also as WNR, i s now operating reIiably and with increased neutron production.
The status of our work on (n,a)reactions is summarized in this report.

E.Experimental
Neutrons over the energy range from below 1 MeV to over 50 MeV are produced by the
WNR spallation neutron sourcc facility at the Los Alamos Meson Physics FaciIity
(LAMPF). The source is created when the 800 MeV LAMPF proton beam interacts with a
tungsten target to produce neutrons. The 90-degree neutron production angle is chosen
for these measurements because the neutron spectrum below 30 MeV is the most intense at
this angle and the component abovc 50 MeV is small compared with that at other
production angIes.6 A collimator system limits the beam dimensions at the sainle
position to 50 m x 50 mm. The flight path from the source to the sample to be
investigated is 9.123 m. Neutron flux is monitoicd with a fissionchamber containing both
2% and 238U placed at 10.2 m from the source.-/ AI1 cross sections are normalized to
the fission cross sections of these isotopes.8-10 The neutron spectrum from one
experiment is shown in Figure 1 and is typical of the incident neutron spectra for aU
experiments on this flight path. It shows the characteristic spallation spectrum, similar to a
fission spectrum but generally for energetic and with a hardening of the spectrum above 10
MeV.
Samples are placed in the center of a conventional scatteringchmber [Fig. 21. Up to four
samples in addition to the calibration aIpha source and an "empty"target, can be placed in a
ladder. The samples are usually foils, nominally 10 crn in diameter with a supporting ring
that leave a clear m a 8.9 crn hdiameter. Because of the need to observe low energy
alpha particles, often two or more foils with different thicknesses are used. For 59Co for
example, a thin target (3.56 mg crn-2) was used for some runs, while, for others, a thicker
target (7.12 mg cm-2) served to enhance the yield for higher energy alpha particles in the
bombarding range of En > 20 MeV.

Detector telescopes with AE and E counters are placed at 30,60,90and 1350 to the
incident neutron beam direction. The AE counters are thin-window Iow pressure gas
proportional counters, 4.45 cm thick operated at 1.3-3.3kPa torr of 90% Ar 10%CO2
or (nominally) 90% Xe -1O%CO2. Windows of 0.21 rngkm2 mylar on both the entrance
and exit are used. The E-counters are silicon surface barrier detectors, 450 mm2 by 500
pm thick and therefore stopping to alpha particle of 33 MeV or less. Alpha particles of
somewhat higher energy can be identified and separated from lower energy alpha particles
to furnish data on the production cross section at neutron energies approaching 50 MeV.
At energies where the maximum alpha particle energy exceeds 33 MeV, thc spectral data are
"folded over",with alpha-particle energies of greater than 33 MeV being registered with
energies lower than 33 MeV. Spectral information at these higher neutron energies is
therefore complicated and nun-unique.
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The solid angles of the telescopes, determined by measuring the physical dimensiom and
also by using the alpha-panicle source, are in the range of 10 to 25 msr. The energy
calibration of each system is performed with a mixed 22a+22?h alpha-particle source.
Incident neutron energies are dekrmined by time-of-fight over the 9.I23 m flight path.
The neutron source was pulsed with the 800-MeV proton beam which has a pulse width of
about 150 ps. The neutron pulse width at the source is wider than the proton pulse width
because ofmdtiple scattering. The width varies with energy but is less than 1 ns over the
range of neutron energies investigated here. The spacing between source pulses is
typically 1.8 ps. At this flight path, "frame overlap" occurs below 200 keV neutron
energy, which is well below the threshold for (n,xa) reactions on 59Co. The
approximately 0.5% frameoverlap in the 2% fission chamber monitor is subtracted in the
data analysis.
Tn addition, therc is a macropulse structure consisting of a pulse train of these source pukes

lasting approximately 800 ps and repedted 40 times per second. The time-of-ff ight is
measured between a beam pick-off unit and the E-detectors. A c o n d o n factor is included
to account for the alpha-particle flight time from the cobalt target to the detectors. A
reference time is taken from source gamma-rays that scattered into the E-detectors, and the
t k calibration is accomplished by a commercial time calibrator. An accurate
measurement of the flight path is made by placing a graphite sample in the beam and noting
the time-dependent structures observed with the telescopes as well ;is with the fission
chamber. Using well known energy scales up to 7.7 MeV in the carbon total cross section,
the flight paths are determined.11.12 The time rcsofurion.of the present experiment bascd
on the width of the gamma peak is approximately 3 ns,which results in 3 ncutron energy
rcsolution of 300 keV, 830 keV and 2500 keV at neutron energies of 10,20and 40MeV
respectively.
The electronics are based on standard NIM and CAMAC modules. After amplification and
shaping, conversion of the signals from analog to digital form is performed by E R A
ekctronics13 to allow for the storage of four bE, four E, and four h e signals from the
detecton, two E and two t h e signals from the ffux monitor (there was a redundant foil
also in the fission counter), and several ancilIary signals.
Data are acquired in event mode using the XSYS data acquisition s ~ s t e r n . 1A
~ clear
identification of alpha particles is obtained in a two-dimensional AE- E plot (see Fig. 3).
In replaying the event-mode data, windows are placed around the alpha-particle group as a
condition for accepting an event. The energy loss in the aE counter, always much less than
that in the E counter,is used only for particle identification purposes. Once an event is
identified as an alpha particle, the measured energy in the E-detector is corrected for energy
loss in the target (assuming that all alphas were produced half-way through the target) and
for energy losses in the windows and gaq of the AE detector.
These techniques a ~ not
e unuswal for particle detection and identification, but their use wirh
spallation neutron sources introduces new complexity. considerations of shielding and
count rate differ from experiments with lower intensity white or monoenergetic neutron
sources. Because of the high end-point of the neutron spectrum, there are significant
numbers of neutrons with high penetrating powers. Thus shielding needs to be chosen
carefully. The copper shielding in Fig. 2 proved to be quite effective, In the present
experimental configuration, much of the copper near the beam path has been replaced by
tungsten and there is additional lead placed near the detectors to reduce &e event rate from
gamma rays.
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The count rate during the beam macropulse is high enough that transfer of data via the
CAMAC bus cannot be carried out between events. Rather, the data must be stored in the
FERA memory unit and the transfer accomphhed between macropulses. At the highest
beam pulsing rates, the macropulses, approximately 800 microseconds lung, are separated
by 8 milliseconds. The hstantaneousrate is at present low enough so that a dead-timc
correction is not necessary. For detectors with larger solid angles or for neutron sources
that would produce more neutrons per pulse, this correction mght become important. The
time spectrum of events in one of the silicon detectors (Fig. 4) illustrates that there are
many more events from neutrons above 50 MeV than from lower energy neutrons, and
these highex energy neutrons could cause dead-time problems if the rates were significantly
higher.

Angle-integrated cross sections and emission spectra are obtained by weighting che data at
the detector angles by sin 8 and smm.ing. For most angular distribution shapes, this
procedure gives results similar to fitting by Legendre polynomials.

III, Results
Targets that are presently being studied are C, N, 0,2 7 ~ 1 ,1v,
s 5 6 ~59&,
~ , 58,6%i
*%, and 93Nb, We present here some recent results on 59Co to indicate the quality of ;he
exprimentd data as well as to provide cross section inhmdtion on this material which is
an important constituent of alloys used in structural materials. Helium-producing reactions
on this isotope have been studied at ER= 14 MeV by detecting thc alpha-particle reaction
products,l5 and furthermore, there is a large body of activation data for the
59Co(n,~x)5~Mn
reaction, and cross sections for this reaction must equal those for alphaparticle production at incident neutron energies below about 12 MeV where othcr alphaparticle producing channels are negligible. Thus there are several checks on the accuracy of
the present results, and the present results extend the data base for helium production well
above the energy range reported in the literature,

The angle-integrated energy spectra of alpha-particleesfor En near 14MeV is given in
Figure 5. To facilitate comparisons with nuclear model codes and with previously reported
data at En = 14 MeV,lS alpha-particle emission spectra are reported here as functions of
channel energy. The agreement of the present results with those of Ref. 15 is seen to bc
excellent in this figure.
The total alpha-production cross section is obtained by integrating the spectra over the
channel energy. Results are given in Figure 6 for the excitation function of 59Co(n,xa)
fromthreshold to 50 MeV. It is seen that the production cross section increases
monotonically over this energy range. Statistical mors are plotted on the figure, and they
are small, ranging from & 7% at 6 MeV where the cross section is small and the neutron
energy bin is 0.5 MeV wide, to 3% above 15 MeV where the cross section is larger and the
neutron energy bin is 1 MeV. Even at 40 MeV, where the cross section is relatively large
but the neutron flux is lower, in a 2 MeV wide energy bin, the statistical uncertainty is less
than 3%.

Systematic uncertainties in these data include those that influence the overall normalization
as well as those that could change the shape ofthe excitation function. These uncertainties
are fisted in Table I. The largest uncertainty comes from integrating the data h m the
detectors at four angles to obtain the angle-integrated cross section. The next most
important conrribution to the uncertainties is the non-uniformity of the fission deposit in the
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fission chamber. That distribution was mapped by t h e d neutrons at the Los Alamos
Omega West Reactor and is now known to the accuracy quoted.

IV.Discussion
The present approachgives results for the 59Co(n,a>reaction in good agreement with the
large body of activation data where the two can be compared, namely in the region below
threshold for (nab) and (n,pa) reactions. The present results extend the data barn for
neutron-induced alpha-particle production to much higher energies than previously
reported.
The cross section for the 59Co(n,a)reacrion is seen to incrcase monotonically in the region
from threshold to 50 MeV, in a region where the total cross section does not vary much.16
The reaction mechanism thtwghout this energy range appears to be statistical evaporation
from a compound nucleus as evidenced by the shape of the aIpha-particleemission spectra
and the near isotropy of the majority of the alpha particles. For the most energetic part of
the alpho-particle emission spectrum at the higher incident neutron energies, there is
evidence of precompound alpha-particle emission: thc specm h-we an excess of particks at
the high energy end of the spectra and the angular distributions for this part of the spectra
are fomard-peaked,
This method, using a spallation neutron source, has been shown to yield reliable data wi,th
very low backgound, The results are in good agreement with other measurements over the
energy range where comparisons are possible. The spallation source fills in regions where
rnonoenergetic sourccs encounter difficulty, for example between 9 and 14 MeV and above
15 MeV. The present results show that the range from threshold to 50 MeV can be covered
well with the present techniques.
V. Acknowledgments

We wish to thank Dr.Paul W. Lisowski and the operations staff of the WNR spallation
neutron source for reliable operation of this facility. The assistance of Dr. Ronald 0.
Nelson, Monika Hoeberling, and Carrol George on data acquisition issues is gmefully
acknowledged.

References:
1. S.

M.Grimes and R. C. Haight, “Facilities for Measuring (n,z>Reactions,” Roc. ht.
Conf. on Nuclear Data for Science and Technology, ed.S . M. Qaim, (SpringerVerlag, Berlin, 1992) p. 410.

2. F.Gowkner, S. M.Grimes, C.E.Brient, T. M. Lee,S. M. Sterbenz, F. B. Batemav,
R. C.Haigbt, P. G.Young, M. B. Chadwick, 0. A. Wa.son, and H.Vonach, “The
59Co(n,a) Reaction fiom Threshold to 30 MeV,” Proc. Int. Conf. on Nuclcar Data
for Science and Technology, Gatlinburg, TN, USA, May, 1994 (to be published).

' '

OCT-25-1994

16:83

FROM

RCCEL. LRB, OHIO UNI'JER.

TO

88121568931585667040

P.88

6

3. S. M. Sterbenz, F. B. Baternan, T. M.Lee, R, C.Haight, P. G. Young, M. B.
Chadwick, F. C. Goeckner, C.E. Brient, S. M.Grimes, H. Vonach and P. MaierKomor, "The 56Fe(n,a)Reaction from Threshold to 30 MeV, Proc. Int. Conf. on
Nuclear Data for Science and Technology, Gatlinburg, TN, USA, May, 1994 (to be
published),
4.

R. C . Haight, T. M. k,
S. M.Sterbenz, F. B.Bateman, S. M. Grimes, R. fedroni, V. Mishra
N. Boukharouba, F. C. Goeckner, 0.A. Wasson, A. D. Carlson, C. M. Bartle, P. Maiw
Kornor, and H. Vonach, "Neurron-induced Charged-Particle Emission Studies below 100 MeV a
WNR," Proc. Int. Conf. on Nuclear Data for Science and Technology, Gatlinburg, TN, USA
May, 1994 (to be published).

5 . P. W. Lisowski, C. D. Bowman, G. J. Russell, S. A. Wender, "The Los Alamos National Laboratc
Spallation Neutron Sources," Nuel. Sci. Eag. 106, 208 (1990).

6. H. Cond6, R. Haight, H. Klein and P.Lisowski, "New Neutron Facilities for Nuclear
Data Measurements at En > 10 MeV," Proc. Int. Cod. on Nuclear Data for Science
and Technology, Jiilich 13-17 May, 1991, ed. S. M. Qaim, (Springer-Verlag, Berlin
1992) p. 386.
7. S. A. Wender, S. Balestrini, A. Brown, R. C. Haight, C. M. Laymon, T. M. Lee, P. W.
Lisowski, W. McCorkle, R, 0. Nelson, W. Parker, and N, W. Hill, "A Fission Ionization
Detector for Neutron Flux Measurements at a Spallation Source," Nucl. Tnstr, Methods in
Physics Research A336, 226 (1993).
8. P. W. Lisowski, private communication (1992).

9. L.W. Weston, P. G , Young, W. P. Poenitz, An Evaluation of Neutron Data for 235U,
MAT 9228, Revision 2, ENDFB-VI, available from the National Nuclear Data
Center, Brookhaven National Laboratory, February, 1993.

10. L. W. Weston, P. G. Young and W. Pmnitz, An Evaluation ofNeutron Data for
238U, MAT 9237, Revision 2, ENDFLB-VI, available from the National Nuclear
Data Center, Brook haven National Laboratory, January, 1993.

E. Holden, Neutron Cross Sections,
Vobwne I , Neidron Rmmance Parameters and Themil Cross Sections, Part A; Z=I
ro 60,Academic Press (NewYork, 1981) p. 6-2.

11. S. F.Mughabghab, M. Divadeenarn, and N,

12- S. Cierjacks, F. Hinterberger, 0.Schmalz, D. Erbe, P. v. Rossen and B. Leugers,
"High Precision'Time-of-Flight Measurements on Neutron Resonance Energies in
Carbon and Oxygen between 3 and 30 MeV,"Nucl. hstr. and Methods 169,185
(1980).

13. ERA: Fast Encoding and Readout ADC Data Acquisition System, LRcroy Research Systems
Corporation, Chestnut Ridge, New York,product litcrature.
14. N. R. Yoder,

"XSYS,WCF Data Acquisition Software," Indiana University Cyclotron F a d :

internal report (199 l),
IS. R. Fischq G. Traxler, M. Uhl,H. Vonach, and P. Maier-Komor, Phys. Kev. C34,
460 (1986).

-

OCT-25-1994

16:84

FROM

QCCEL. LRBi

OHIO UNIUER.

TO

80121568931585667848

P.89

7
16. S. Cierjacks, P.Forti, D. Kopsch, L. Cropp, J. Nebe, and H.Unseld, KfK
Karlsrunhe report KFK-100,suppl. 2 { 1969). Data obtained from CS,RSfrle,
revised 29/8/83, from the National Neurron Dard Center, Brookhaven National
Laboratoty.

Table I -- Systematicuncertainties: In addition to the statistical errors presented in Figure 6, the
following systematic errors should be included.

Neutrm flux determination:
Percent

Overall normalization:
Amount of material
(including non-uniformity
of deposit)

3%

Cross section

I%below 15MeV
2%from 15 to 50 MeV

Uncertainty of extrapolating
to zero pulse height

1%

1% below 20 MeV,
2%above 20 MeV

Shape versus energy

Target thickness

2%

Solid angle

3%

Efficiency of detecting alphas

1%

Dead-time of detecting alphas reIative to fissions in FEW

2%

Uncertainty of extrapolating 4 angles
to an angle-integratedcross section

5% below 20 MeV
10% from 20 to 50 MeV

toral

7% below 20 MeV
12%above 20 MeV
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Figure Captions
1 Flux spectrum taken from one run showing the spallation neutron spectrum at !?&degree
production angle.
a

2. Layout of the detector chdmber showing the collimdted beam, shielding and detector positions,

3. Particle ID spectrum showing the clean separation of alpha particles.

4. Time spectrum of events in S2 detector showing the large number of events at early times
induced by highenergy neutrons.
5. Alpha particle emission spectra from59Co at a few incident neutron energies. The results are
given as functions of channel energy.

6 . Excitatiun function ofcross section for alpha-particle production for neutrons incident on 59Co.

7. Angular distribution of selected alpha particle energy ranges for different incident neutron
energies showing the tendency for forward peaking at high En and high Ea.
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