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Gamma-Ray Production Cross Section Measurements
Using A White Neutron Source From 1 to 400 MeV

S. A. Wender, R. O. Nelson and C. M. Laymon

Los Alamcs National Laboratory
Los Alamos, NM 87545

Abstract

The continuous energy (white) neutron source at the Los
Alamos Meson Physics Facility (LAMPF) is used to measure
photon-production cross sections over a wide range of
neutron energies. Detector systems have been or are being
developed to measure gamma rays in the energy range from
hundreds of keV up to several hundreds of MeV. 1In
particular a high resolution Ge datector system is used to
detect gamma rays from several hundred keV to ovar 6 MeV. A
5 crystal BGO detector system is used for measuring gamma-
rays from 1 MeV to approximately 20 MeV. A large volume BGO
detector with an active shield is used to measure gamma rays
in the range from 5 to 40 MeV. We are presently developing
a multi-element gamma-ray telescope to measure gamma rays
with energies from 50 MeV up to several hundred MeV.

Introduction

The high energy and high intensity of the continuous
energy (white) neutron source at the Los Alamos Meson
Physics Facility (LAMPF) makes possible the measurement of
gamma~ray production cross sections for incident neutrons in
the energy rangse tr?m below 1 MeV to over 400 MeV. Several
recent publications '2 have described the operating
parameters of the neutron source in detail so we will
include only a short description of it here. We will then
describe the program of gamma-ray measurements that are
associated with this source including past, present and
planned experiments.

There are several advantages in using a white neutron
source for ganma-ray mexsurements. First, a wide range of
neutron energies is available. In the case of this source,
neutrons with energies from below 1 MeV to over 400 MeV are
prodiced. Second, the energy coverage is continuous. 1In
most cases, the nautron eilergy resolution is not limited by
the source but rather by the length of the flight path and
the time resolutinn of the detector system. Third, data is
acquired simultanecusly at all neutron enerjies. This
greatly reduces the systematic errors associated with taking



sequential runs at different energies over a long period of
time when studying the enerqgy dependence of the cross
sections. Fourth, at any one time, the neutron beam is
shared amongst several experiments. This greatly reduces
the competition for beam time compared to facilities that
require the dedicated use of the eritire accelerator for
experiments. In tha past, typical experiments have run for
several months.

There are some disadvantages to using a white neutron
source. First, experiments tend to be more complicated
because the energy of the incident neutron must be
determined experimentally. Clearly, this complication can
be an advantage if one is interested in measuring the enerqgy
dependence of a reaction. Second, backgrounds are more
difficult to understand because neutrons are present at all
times. Third, it is necessary to know the velocity of the
scattered particle. Because this is not a problem for
photons, white sources are ideal for gamma-ray moasurements.

Neutron Source

Neutrons are produced following spallation reactions
induced by the 800 MeV pulsed proton beam from tha LAMPP
accelerator incident on the neutron production target. The
present production target consists of a cylinder ¢f tungstan
7.5 cm long and 3 cm in diam. The target is situated in a
vacuum chamber 2 m in diam and 1.2 m high which is
surrounded by approximately 7 m of steel and magnetite
concrete. There are penetrations in this shield at 15° to
the left and to the right, 30° left and right, 90° left and
right and 60° right with respect to the incident proton beam
in the horizontal plane. The beam to each flight path ic
separately controlled by individual shutters. As the
neutrons drift along the collimated flight path, they become
dispersed in time and energy. It is then possible to tag
the energy of the incident neutron by measuring its time-of-
flight (TOF) relative to the time-of-arri ~1 of the proton
pulse. The non-relativistic expression for the TOF of the
neutron is:

TOF = 72.3%1%E[""°
where the TOF is in nsec, the flight path, 1, is in mete.s
and the neutron energy, E,, is in MeV. The neutron energy
resolution is given by : AE/E = - 2#AT/TOF. From this
relationship it is clear that the resolution improves wi-h
increasing flight path; however, the intensity decreases
with longer flight paths.

The proton beam has a time structure consisting of
macropulses which are typically 625 usec long with a
repetition rate of 40 Hz. Within each macropulse are sharp
(<300 psec wide) micropulses. The number of micropulses/sec
depends cn the macropulse rataea and the pulse-to-pulse
separation of the micropulses which is an adjustable



parameter. In the past, typical separations have been
1.8 usec; however, separations as small as 360 nsec are
possible.

The energy dependence of the neutron flux depends on
the angle of the flight path relative to the incident proton
beam and the material of the neutron production target. A
plot of the measured neutron intensity as a function of
neutron energy for our tungsten target at 15° is shown in
fig. 1. The vertical scale in fig. 1 is the number of
neutrons/str/MeV/micropulse. The number of neutrons/sec
over the area of the sample is the product of the intensity
given in fig. 1, the solid angle subtended by the sample,
the micropulse rate and_the neutron energy bin width. A
similar plot for the 90° flight path would show orders of
magnitude less intensity above 200 MeV but approximately a
factor of 2 greater intensity below 20 MeV. Lighter mass
target materials (eqg., copper) would show generally less
neutron intensity over the entire range with a greater
reduction occurring at lower energies. Thus the flux would
be more nearly constant as a function of energy for these
materials. The neutron flux is monitored during an

experiment using a fission ioniigtion cgggbcr opersated in
the TOF mode with deposits of U and uU.

Gamma-ray measurements

We will separate the experimental progr:m into three
gamma-ray energy ranges. The gamma rays in the energy range
from several hundred keV to approximately 15 MeV are from
decays of bound state levels. The gamma rays in the energy
range from 5 to 40 MeV are from the decay uf capture states
with the giant dipole resonance being dominant. Very hard
photons in the energy range above 50 MeV are from
bremsstrahlung processes, and =° decay.

Two detector systems are used for measuring low energy
gamma rays. The first consists of an array of five 7.6 cm
long x 7.6 cm diam BGO scintillators as shown in fig. 2.
These detectors are characterized by high efficiency, low
sensitivity to neutrons, timing on the order of 1-2 nsec and
gamma-ray energy resolutions of approximately 5-10 §.

These detectors have been used for measurements of gamma
rays both from light nuclei where the transition energies
are large and the level dentity is small, and from rare
esarth elements where the density of gamma-ray transitions is
so large that only continuum measurements are possible.
Because we have 5 detectors, angular distribution
coefficients can be obtained up to order a4 in the usual
Legendre polynomial expansion,

As an example of the data obtaigod with this system,
fig. 3 shows typical data from the C(n,n'y) rsaction. 1In
fig. 3a, we have gated on neutrons between 4 and 15 MeV, in
fig. 3b, we have gated on neutrons from 15 MeV to 200 MeV.
As can be seen from the figure, the decay of the first



excited state at 4.44 MeV dominates the low-energy-neutron
spectrum while in the higher-energy-neutron spectrum gamma
rays from the decay of the 15 MeV state are also seen. Figqg.
4 shows the preliminary results for the a; angular
distribution coefficients for the 4.44 MeV state as data
points. Also shown in fig 4 are the evaluated aj
coefficients (solid line) which were obtained with only two
detectors. The reason for the large discrepancy between the
two data sets is that in fitting our data we did not a2ssume
that the a4 coefficients were zero as in the evaluated data.
In fact our measurements show that the a4 coefficients are
often large.

Continuum measurements are much more difficult than
measurements involving discrete lines for two reasons.
First, it is essential that the detector response be
unfolded from the pulse height spectrum and second, accurate
determination of backgrounds becomes a major problem.
Considerabhle effort has been put into measuring the response
functions” of the BGO detectors and unfolding the response
from the data. There are many components to the background
which have to he removed from the data. Time uncorrelated
background may be determined from data preceeding the beanm
pulse. Sample-independent, time-dependent backgrounds can
be measured by running without a sample. Backgrounds
associated with target containers may be determined from
"empty~-can® runs. The background most difficult to
determine comes from neutrons scattered from the sample
depositing energy in the detectors. The data have been
corrected for this background by measuring the pulse-height
spectra for a Beryllium sample and determining the
normalizing factor with a Monte-Carlo computer code.4

The second detector system for low energy gamma-rays
consists of two Ge detectors at 90° and 125°. These
detectors have excellent gamma-ray energy resolution so that
it ie possible to identify particular reactions by the
energy of the gamma rays detected. The time resolution is
on the order of 5 nsec, and their efficiency is typically
10% that of a 7.6 x 7.6 cm Nal dgtector. Fig. S5 shows the
pulse height spectrum for the na Fe(n,xv) reaction for
neutron energies between a) 26.8 and 29.8 MeV, and r) for
neutron energies between 38.7 and 41.2 MeV. Identified on
the plots are the (n,n'), (n,2n'), (n,p) etc. reactions that
are observed. Fig. 6 shows preliminary resulta for gho
excitation function of the second excited state in 3°Fe (E
= 931 keV) excited in the (n,2n) r.agtion. The curve in tlg
6 is a preliminary GNASH calculation” and the circles are
data from Oak Ridge®. This type of measurement is very
useful for checking calculational models as well as
providing excitation function data for specific elements.

For the energy range between 5 and 40 MeV we are using
an actively shielded 10.2 cm diam by 15.2 cm long BGO
dotector. The detector and its 8.5 cm thick plastic anti-
coincidence shield are surrounded by 10 cm of lead,



approximately 5 cam of borated polyethylene and approximately
20 cm of polyethylene.

The goal of the experiments in the 5 to 40 MeV energy
range is to measure the strengths, widths and locations of
higher multipole resonances. In particular, we plan to
T asure the isovector 9iant quadrupole resonance (IVGQR; in

Ca which is reported’ to be located at 34 MeV excitation
energy. Because the neutron is uncharged, the effective
charge, which multiplies the direct part of the capture
amplitude, is small for multipoies greater than 1 (see ref.
8). The collective, or resonant, part of the capture
amplitude is therefore not obscured by the direct part as is
the case for proton capture. Evidence for E-2 strength is
seen through its interference with the dominant electric-
dipole radiation amplitude. Thil interferance manifests
itself as an asymmetry about 90° in the gamnma-ray angular
distribution. Fig. 7 shows pulse height spectra measured at
90° for several incident neutron energies obtained during a
33 hour run last Year. The vertical lines bracket the
expected location of the ground state gamma ray. As seen
from this series of plots, the yield is good in the region
of the giant dipole resonance (Ep=11] MeV). At higher
energies, where the flux and cross section are lower, longer
runs will be required to obtain better statistics. We are
planning to continue this experiment in the 1990 run cycle
Eg measur. the fore-aft asymmetries and map out the IVGQR in

Th.rc has recently been considerable interest in
measuring the cross sections for neutron-proton
bremsstrahlung (NPB) processes. In particular, the gamma-
rays observed in heavy-ion reactions have been attributed to
NPB processes but the data are very sparse and it appears
that some of the data may be in error. NPB provides a
simple system for studying off-shell effects in the nucleon-
nucleon potential. Meson-exchange currants have been
calculated to be large and it has been suggested that
contributions from heavier mesons may alsc be observed. For
these reasons, we are considering performing a NPB
measurement at the white neutron source.

Presently, we are studying two approaches to these
measurements. The first involves measuring the scattered
neutron and the recoil proton in calorimetric detectors.

The second approach involves detecting t“he hard photons
directly using a multi-element gamma-ray telescope. Such a
detector is very insensitive to neutrons and therefore will
have low background rates. This detector should be usaful
for detecting NPB events below the pion production
threshold. Above the pion threshold ic will be necessary tc
demand a coincidence with the recoil proton to unambiguously
identify NPB events. The best expariment will probably
involve measuring all three particles in coincidence. The
goal for the 1990 run cyclc is to install a multi-element
gamma-ray detector at 90° and imprcve on a recent experiment
done by the Grenoble group at SATUPNE.



Conclusion

The white neutron source at LAMPF is an excellent tool
for measuring photon-production cross s3ections for discrete
gamma-ray lines over a wide gamma-ray and neutron energy
range. Continuum measurements are somewhat more difficult
because of the uncertainties in the backgrounds. Medium
energy neutron physics experiments are made possible by the
high energy component of the bean.
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Figure captions

1. Measured neutron flux as a function of neutron enerqgy
from the white neutron source at 15° with respect to the
incident proton beam. The units are neutrons/MeV/str/
micropulse.

2. Diagram of the 5 crystal BGO detector system St the white
neutron source. The detectors are located at 39 90°
125°, and 145°

3. Pulse height spectrum measured for the 12C(n,n"y)
reaction for neutrons in the energy bin a) 4 to 15 MeVv, and
b) 15 to 200 MeV.

4. Preliminary aj; angular distribg&ion coefficients (data
points) for the 4.44 MeV state ig C as a function of
neutron energy measured in the C(n,n'y) reaction. The
solid curve is the evaluated a; anqular distribution
ccefficients assuming a4 = 0.

5. Pulse height spectrum for the "tFe(n,xy) reaction
obtained using a Ge detector for a) 26.8-29.8 MeV and,
b)38.7-41.2 MeV incident neutrons. The gamma rays are
labeled by their energies (keV) and reactions.

6. Preliminary values for the cross section as a function of
ggutron enerqgy for e second excited state (E,-931 keV) in

Fe following the Fe(n,2n) reaction. Also lhown is data
from Oak Ridge, and a preliminary calculation using the code
GNAS,

7. Pulse height spectra for various incident neutron
energies on a natural Ca target. The vertical lines show
the location of the expected ground state gamma ray.



Flux from 238U(n.f)

vvrrr— ) A o s ! AASS Ao \ A ——v
3
+ u
+ <
+ g
[ .
+ ]
ﬁ M
+
g 1
L d
Y
g
y 4
(=
- 1e
ﬁ <
ﬁ ]
I )
s 4
i
o
- 12
ﬁ 4_|
[
- 1
AAAS A_a s o a A | PO | VP S -—
Y \
O} O Ot (Ot 0!

dn/rm/pAe/u

1000

Neutron Energy

Figure 1



> CRYSTAL BGO GAMMA-RAY SPECTROMETER

=|‘/ ‘

Lead

Fission chamber
flux monitor

e
Collimated flight path e

Sample

A1 |eup %

BGO detector
Lead

7.6 x 7.6 cm BGO

J

: i)

355 cm

T Beam stop

<18 m to source -* 10 m to beam stop

Figure 2




12¢(n,0'1) 84, = 90°

\'/; bt

B, = 4.0 - 15.0 MV

——
-

"sz &40 MoV

B, = 15.0 - 200.0 MeV

‘P.

-'.li

' U.'. ii r'f f i ‘l'; i

10 ¢
10" §
-
8
19
s &
~‘-.;v_?
o { 1.1
- ; _e.s_u‘___zu.§§§§ 1d
y v
..LI?(L:.L_L- &
E 10
-
8
‘1 E
:
i
10" ;
Lo

21 mzmauAmnsm:uvmmmo
CHANNEL

Figure 3



LD T

0985

126(n,n*y=4.44 MeV)

rfv T L4

ENERGY (MEV)

Figure 4



(vu‘n) ogoy

(wg'w) (oM 7
- (wy'w) 9111 - 3
- (Lute) BT K
(wz'w) LII1
»
L 3 . -3
. (4'®) ppTL
s
- J A.ﬂ.‘va—— -
T = i
"
(3 ~
- 5 o J
(éu‘w) 0101
= o 4
N (ug'v) 116 8
|
L{.u'v) vl (du'n) 648 -1
(wg‘v) (OO
-
Np— v Y u
| s ¢
f21wno)

(ug'w) OC1L

10

>
2
~
b~
]
d
7 8
e R
T .
¢ 4 m
(wz'w) e
13
(du'v) gc0
( w'u) dre 13
i
1 § 7 T W
# ] 2 L] 3 °

Channel

Figure 5



Cross Section (m>)

*Fe(n.2ny,_,)*Fe

UNL O
GNASH —
ORNL O

a 'l .

A,

E, (MeV)

Figure 6




nt |

e B Ep = 15-16 MeV -
Enp = 9-10 MeV 4

- . E, = 23.5 MeV _

E, = 17.6 MeV

v

16

> ;
230 V b b b ‘o 120 140 160 100 200 730 ' 23

tin

T Y ) [ ] . 'I: ) ) ] [] ) ) -
Ep = 22-23 MeV
= 23 o
En = 11-12 MeV P ]
i _ {] Ey = 30.3 MeV
E, = 19.6 MeV - » E -
- 15

i ‘do 100 170 1% 140 b Teo 2%e zu%;;hbioanlhuonwnumz:o 230

Figure 7



