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NUCLEAR DATA AND MEASUREMENTS SERIES

The Nuclear Data and Measurements Series presents results of studies
in the field of microscopic nuclear data. The primary objective is the
dissemination of information in the comprehensive form required for nuclear
technology applications. This Saries is devoted to: a) measured microscopic
nuclear parameters, b) experimental techniques and facilities employed in
measurements, c) the analysis, correlation and interpretation of nuclear
data, and d) the evaluation of nuclear data. Contributions to this Series
are reviewed to assure technical competence and, unless otherwise stated,
the contents can be formally referenced. This Series does not supplant
formal journal publication but it does provide the more extensive informa-
tion required for technological applications (e.g., tabulated numerical

data) in a timely manner.
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NEUTRON SOURCE INVESTIGATIONS
IN SUPPORT OF THE CROSS SECTION PROGRAM
AT THE ARGONNE FAST-NEUTRON GENERATOR*

James W. Meadows and Donald L. Smith

Applied Physics Division
Argonne National Laboratory
Argonne, Illinois 60439
U.S.A.

ABSTRACT

Experimental methods related to the production of neutrons
for cross section studies at the Argonne Fast—Neutron Generator
are reviewed, Target assemblies commonly employed in these meas-
urements are described, and some of the relevant physical prop~
erties of the neutron source reactions are discussed. Various
measurements have been performed to ascertain knowledge about
these source reactions which is required for cross section data
analysis purposes. Some results from these studies are presented
and a few specific examples of neutron-source related corrections
to cross section data are provided.

I. GENERAL

The Fast-Neutron Generator at Argonne National Laboratory is an 8-MeV
Tandem Dynamitron accelerator which has been in operation since ~1970 [1].
This facility has been used primarily for the production of monoenergetic
fast neutrons for neutron data research in support of fast—fission tech-
nology. Neutrons are produced using charged-particle reactions which are
convenient for this purpose. The accelerator is routinely operated in both
steady-beam and pulsed modes (£ 1 nanosecond to ~ several milliseconds)
depending upon the experimental requirements. In some instances, experi-
ments have been performed using the continuous neutron spectra which are
produced by bombarding thick targets with charged particles.

Table I provides information about the energetics of several neutron
sources which are useful in the production of fast neutrons for nuclear data
research [2]. Figure 1 gives the relative yields for several of these reac-
tions and indicates the neutron energy ranges of applicability.

No source of neutrons is truly moncenergetic. Even for a discrete
transition, finite resolution of the accelerated charged particle beam,
charged-particle energy loss in the target and kinematic effects all

* This work has been supported by the U.S. Department of Energy.



contribute to a broadening of neutron energy. Secondary reactions, which
can compete significantly with the primary reactions at energies above
their thresholds, produce either discrete groups or broad distributions of
neutrons with energies differing from the primary-group energy (see Table I).
As long as the yield of secondary neutrons is significantly smaller than
the primary-group yield, it is usually possible to deal with the secondary
neutrons by experimental methods (e.g. time—of-flight or pulse-height dis~
crimination) or by the application of calculated corrections. When the yield
of secondary neutrons begins to dominate the total yield, the reaction ceases
to be vseful for many applications. Figure 2 indicates the apparent useful
ranges for several neutron sources from Table I and shows the regions where
the neutron yield is approximately monoenergetic. The neutron—energy inter-
val from ~~8~14 MeV is a difficult one for neutron cross section investiga-
‘tions because of limitations in the available neutron source reactions.
This fact is evident from Fig. 2, and it is also reflectad in the generally
poor quality of crcss section data for this region (e.g. Ref. 3).

\‘.

The neutron energy range < 10 MeV is of greatest concern for the work
in our laboratory since it is the region of importance for fast-fission
reactor applications. We have not employed any tritium targets in our
laboratory since lithium and deuterium reactions have proved to be satis-
factory for our requirements. Tritium targets are less convenient to use
than lithium and deuterium because of the safety precautions which must
be observed. The advantages of the T(p,n) reaction have not been suffi-
cient to justify the additional experimental difficulties which would be
encountered in using this reaction instead of Li(p,n) in our laboratory.

A knowledge of the neutron yield from various target reactions as a
function of energy, of angular distributions, and of spectral shapes for
continuous distributions are often required in data processing. Much of the
requisite information on source reactions was either not available or was of
questionable accuracy when we began to investigate this matter in the early
1970's. The important evaluations of source reactions by Liskien and Paulsen
were not available [4,5]. We have not undertaken a comprehensive program of
investigating source reactions because of the higher priority of other re-
search goals. Nevertheless, we have made various measurements during the
last decade to determine those specific properties of the Li(p,n) and D(d4,n)
reactions which are required for our cross section studies. These included
some measurements on yield, group ratios, background, and angular distribu-
tions at the forward angles of interest for our applications, at energies
relevant to our work. Portions of this work have been reported [6,7] and
some of the results will be mentioned in later sections of the present paper.

The importance of correcting experimental cross sections for the ef-
fects of the other neutrons besides the primary group, when using Li(p,n) or
D(d,n) sources, is indicated by the example shown in Fig. 3 and is discussed
in the caption. The other-group corrections are positive in this example
because 232Th fission has a threshold while 235U fission does not. Other
examples from our work are also informative: The correction for D(d,np)D
neutrons increases from a negligible level < 8 MeV neutron energy to ~ + 57
for 9~MeV neutron energy in measurements of the ratio of (n,p) activation
for 52Cr and 19F and (n,a) activation for 19F relative to 238y fission. On
the other hand, the corrections for 7Li(p,n3He)“He neutrons in measurements
of the ratio of 115In(nm,n’)!1%MIn activation relative to 238y figsion



range from a negligible level < 3.5 MeV neutron energy to - 4% for 5
neutron energy. The corrections in this case are_negative because 1
activation has a lower effective threshold than 38y fission.

8 MeV
S

1S1n

II. PROTON BOMBARDMENT OF LITHIUM

The lithium target assembly used in our laboratory is shown in Fig. 4
and is discussed in the caption. The target thickness for proton energies of
~1.88 MeV can be deduced from the measured neutron yield curve at threshold.
We have used targets with thicknesses in the range ~2 keV to ~200 keV (at
threshold) in our measurements. A knowledge of specific-energy-loss data for
protons in lithium enables us to deduce the effective thickness at other
energies. A comparison of measured vs. calculated resolution for primary
neutrons from the 7Li(p,n)7Be reaction appears in Fig. 5 and is discussed in
the caption.

Neutron production from the tantalum cup used in lithium targets 1is low;
however, it can produce a few percent of the total yield for a low-threshold
reaction when E; is above ~53 MeV. We measured the total yield of neutrons
from a clean tantalum cup using 235y and a fission chamber as a flat-response

detector. The results appear in Fig. 6.

Second-to-first group ratios were measured at several energies and for-
ward angles for the Li(p,n) source using a calibrated scintillator and time-
of-flight techniques. Representative results appear in Fig. 7 where com-
parison is made with the evaluation of Liskien and Paulsen [5]. Our data
were considered in their evaluation.

We found no useful results in the literature for the 7Li(p,n3He)“He
breaitup reaction so we performed measurements at zero degress to determine
the relatve gield and spectrum shapes at a few energies. A fission chamber
containing 235y and time—of-fiight techniques were used in this experiment.
Measurements were made with 50- and 100-cm flight paths. Some of our results
appear 1In Figs. 8 and 9. The neutron spectra can be fitted reasonably well
with the empirical formula

2

E
N(E,) = AE, < - E; ) exp{Epax = Ep) n
max

where

A = normalization constant,

Epax = (E}/Z + Eélz)z, (2)
n

E,. = ——— (3

! P (m, +m )2 )

1 2



m, m
Ep = ~—E +Q )
(m1 + mz) (m1+ mz)
with
m, = proton mass,
m, = 7L1 nuclear mass,
and

Q = reaction Q~value (=3.23 MeV).

Measurements with the scintillator and the fission detector also provided
useful information on the total neutron intensity from lithium targets.
Typical results are given in Table II and Ref. 6.

In time-of-flight measurements using long flight paths and scintilla-
tion detectors, one can usually distinguish between various neutron groups
(e.g. Ref. 8). 1In other types of measurements {e.g. Refs. 9 and 10), no
attempt 1s made to distinguish between the groups experimentally and cor-
rections must be determined analytically. Procedures for determining
other-group corrections for the Li(p,n) source have been reported (e.g.
Refs. 6, 9, 11 and 12). '

Scattering of neutrons from the lithium target cup produces a m-ather
well~defined group of neutrons with lower energy than the direct neutrons.
The magnitude of this scattered flux has been estimated by Monte—Carlo
methods. The relative intensity is not large as is evident from Table II1I.

III. DEUTERON BOMBARDMENT OF DEUTERIUM

We routinely use a gas target rather than a deuterated-metal target
because the former provides superior yield and resolution performance and
much lower background for the energies encountered in our laboratory.
Figure 10 is a schematic diagram of the target cell in current use.
Details about the design and use of these targets appear in the caption.

We find that the yield and angular distribution data from an evalua-
tion by Liskien and Paulsen [4] provide a description of the primary group
which is adequate for our purposes. However, there is very little useful
information available in the literature on the D(d,np)D breakup reaction.
We have performed measurements at several energies and forward angles to
determine the yield and spectra for the deuteron breakup reaction relative
to the D(d,n)3He reaction. A calibrated scintillator and time-of-flight
techniques were used in this work. Figure 1l is a typical raw time-of-
flight spectrum. Background neutrons from the target assembly are in
evidence. Figure 12 shows a background-subtracted spectrum. The relative
importance of background from the empty cell was investigated, and the
results appear in Fig. 13. Figure 14 summarizes the results of zero-degree
yield measurements for D{(d,np)D relative to D(d,n)3He. Figure 15 shows
some typical zero—degree breakup spectra deduced from this work.



Neutron distributions from deuteron bombardment are rather forward-
peaked and the neutron—energy spectrum varies dramaticaliy with angle.
Therefore, even more care is required in calculating source-related cor-
rections for D{d,n)~source than for Li(p,n)-3ource measurements (e.g. see
Ref. 7). Although the gas target assembly we have been using is relatively
massive, detailed Monte~Carlo czlculations have shown that the scattered-
neu.ron flux is fairly modest and 1s dominated by neutrons scattered from
the beam stop (Table III). Forward peaking of the direct neutron flux
reduces the likelihood of scattering from other ccmponents of the target

assembly.

IV. THICK-TARGET APPLICATIONS

Routinely, relatively thick targets of lithium (£ 200 xeV) have been
used to produce pseudo “"white-source” neutron fields for total and capture
cross section studies at low energies < 500 keV (e.g. Ref. 13); occasionally,
they have been used for similar measurements at higher energies. Energy
analysis is accomplished using time-of-flight methods.

We have also focund that the bombardment of "infinitely thick™ targets
of lithium or beryllium with deuterons (the beam stops in the target mate-
rial) provides intense fast-neutron fields which are useful for certain ap-
plications (Table I)., One application is the activation of research samples
to levels high—-enough to permit coincidence measurements to be performed.
We have made comparisons of total neutron yield for several sources using
a flat response detector. Some of our results appear in Table II. For Eg
= 7.6 MeV, the yield from the Be(d,n) reaction (the beam stops in the target)
is a factor of 200 larger than from a gas target containing 4 atm-cm of deute-
rium, when a comparison is made at zero degrees. Figure 16 shows raw time-
of-flight spectra for very-thick Be and Li targets at Eq = 7.6 MeV. These
sources produce broad neutron—energy distributions with E, = 0.4E4 [14].

V. CONCLUDING REMARKS

Our investigations of the Li(p,n), D(d,n), Be(d,n), and Li(d,n) reac-
tions have provided the information we need for cur current research programs,
but these results do not begin to satisfy the general need for a comprehensive
investigation of the source reactions commonly used for fast—neutron cross
section research. More detailed angular distribution measurements are needed
to reduce the uncertainties in experiments where the relative neutron yield
away from zero degrees is of considerable importance. Systematic measurements
of breakup neutron spectra and yield, relative to the primary group, should be
performed as a function of energy and angle. Although the Be(d,n) and Li(d,n)
reactions are under investigation at higher energies (Eg > 10 MeV) as required
for fusion and medical research applications [14], there has not been much
effort devoted to developing these source reactions for nuclear data studies
at lower energies.

ACKNOWLEDGEMENT

The authors are indebted to P. T. Guenther for his contributions to our
investigation of the Be(d,n) and Li(d,n) neutron source reactions.



10.

1l.

12.
13.

14,

15.

REFERENCES

S. A. Cox and P. R. Hanley, IEE Trans. Nucl. Sci. 18, 103 (1971).
A. H. Wapstra and N. B. Gove, Nuclear Data Tables 9, 267 (1971).

"Neutron Cross Sectioms, Vol. II, Curves,” D. I. Garber and
R. R. Kinsey, Report BNL-325, Third Edition, Vol. II, Brookhaven
National Laboratory (1976).

Horst Liskien and Arno Paulsen, Nuclear Data Tables 11, 569 (1973).

Horst Liskien and Arno Paulsen, Atomic and Nuclear Data Tables 13,

57 (1975).

J. W. Meadows and D. L. Smith, "Neutrons from Proton Bombardment of
Natural Lithium,” Report ANL-7938, Argonne National Laboratory (1972).
Tabular information is available from the authors on request.

D. L. Smith and J. W. Meadows, "Method of Neutron Activation Cross
Section Measurement for E; = 5.5-10 MeV Using the D(d,n)He-3
Reaction as a Neutron Source,” Reprrt ANL/NDM-9 (1974).

A. B. Smith, P. Guenther, R. Larsen, C. Nelson, P. Walker and
J. F. Whalen, Nucl. Instr. and Methods 30, 277 (1967).

Donald L. Smith and James W. Meadows, “Measurement of 58Ni(n,p)SBCo
Reaction Cross Sections for Ep = 0.44 - 5.87 MeV Using Activation
Methods," Report ANL-7989, Argonne National Laboratory (1973).

Donald L. Smith, "A Spec:rometer for the Investigatior of Gamma
Radiation Produced by Neutron~Induced Reactions,” Report ANL/NDM-12,
Argonne National Laboratory (1975).

Donald L. Smith, "Fast-Neutron Gamma-Ray Production from Elemental

Iron: E, £ 2 MeV," Report ANL/NDM-20, Argonne National Laboratory
{1976).

J. W. Meadows, Nucl. Sci. Eng. 49, 310 (1972),

W. P. Poenitz and D. L. Smith, "Fast Neutron Radiative Capture Cross
Section of 232Th," Report ANL/NDM~42, Argonne National Laboratory (1978).

M, A. Lone, "Intense Fast Neutron Source Reactions,"” Symposium on
Neutron Cross-Sections from 10 to 40 MeV, ed. M. R. Bhat and

S. Pearlstein, BNL-NCS-50681, Brookhaven National Laboratory (1977).

Donald L. Smith, "Remarks Concerning the Accurate Measurement of Dif-
ferential Cross Sections for Threshold Reactions used in Fast-Neutron
Dosimetry for Fission Reactors," Report ANL/NDM-23, Argonne National
National Laboratory (1976). See also Report IAEA-208, International
Atomic Energy Agency, Visuna, Austria (1978).

The submitted manuscriat has been authored
by a contractor of the U.S. Government
under contract  No.  W-31-109-ENG-38.
A ingly, the U. 8. G retans a
nonexclusive, rayalty-free license to publish
or reproduce the published form of this
contribution, or allow Others to do so, tor
U. S. Government purposzes.




1‘

2.

4.

5.

6.

Several Useful Neutron Sources:

Li +p

Reaction

7Li + p+ n+ 7Be
(gnd. state)

7Li+ p+ n+ 7Be*
(1st state)

711 + p + n + 7Be**-
7L1i + p+ n + 3He + “He
8Li + p+ n + bBe

bLi + p > n+ p + SLi
D + 4

Reaction

D+ d+ n+ 3He
D+d+n+p+D
d+d+ 2n+ 2p
It+tp

Reaction

T+ p+n+ 3He
T+p-+»n+p+D
T+ p~+ 2n+ 2p

T+ d

Reaction

T+d+n+ “He -
T+ d+ 2n + 3He
T+d+2n+p+ D
T+d+ 3n+ 2p

Be + d

Principal Reaction

9Be(d,n)10B
i +d

Principal Reaction

7Li(d,n)BBe

TABLE I.

Q-Value (MeV)
~1.644

~2.079

~-6.18
~-3.23
~5.07
~5.67

Q-Value (MeV)

+3.268
-2.225
~4.45

Q-Value (MeV)

-0.765
-6.258
-8.483

Q-Value (MeV)

+17.639
-2.990
-4.653
-10.708

Q-Value (MeV)
+hob

Q-Value (MeV)
+15.0

Energetics

Threshold (MeV)
1.881

2.380

7.06
3.68
5.92
6.62

Threshold (MeV)

0
4,45
8.90

Threshold (MeV)

1.020
8.342
11.31

Threshold (MeV)

0
4.98
7.75

17.84

Threshold (MeV)
0

Threshold (MeV)
0



TABLE 1I.

Comparison of 0° Neutron Yields@

Principalb Yieldc
Target, Beam Reactions (neutrons/sr/u_ Coulomb)
200-kevd 7Li(p,n)7 Be 7.0(7) fer Ep = 2.3 MeVe
natural lithium 7Li(p,n)7 Be*
7Li(p,ndHe )" He 1.2(7) for Ep = 7.6 MeV
2=-cm long cell D(d,n)3He . _ .
with 2 atm of D(d.np)D 1.4(8) for Eq = 7.6 Me:
D, at 30°C
Thick beryllium 9Be(d,n) _
metal All channels 3.6(10) for Eq = 7.6 MeV
Thick lithium 7Li(d,n)
metal ALl channels 3.0(10) for Eg = 7.6 MeV
8 Measured with a 2331 fission detector.
b Minor source and target component reactions not listed.
€ All neutron energies
d Measured at threshold energy EP = 1,881 MeV.
® Maximum yield at resonance in ’Li(p,n)’Be.
Table III.
Ratio of Neutrons Scattered from Target Beam
Stop to the Unscattered Neutrons at 0°2
Lithium target: Deuterium—gas target:

Ep (MeV) Ratio (x100) Eq (MeV) Ratio (x100)

1.95 1.86 2.0 1.05

2.05 2.71 3.0 0.71

2.15 2.08 4.0 0.43

2.3 0.89 5.0 0.35

2.7 1.02 6.0 0.29

3.7 1.30 7.0 0.26

4.7 1.13

5.7 1.28
4 Beam stop is 0.0254-cm tantalum for each target.
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Fige l. Neutron yields vs. neutron energy for several important
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Fig. 2. Approximate usable energy ranges for neutron
source reactions from Fig. 1. Regions where
secondary neutrons appear are indicated.



10

T T T T I L I J
Other- Group Correction
Factors for 232Th- to -
235y Fission Ratio
Dd,np)
7Liip,n3He) -
1.2 ——— T e -
[ ]
§ - 7Li(p,n'1 -
3]
®
T
c
Re] . ®
o 11 PR g | . -
v .
: o0 O [ ] ..
Q .
Q s ° °
[ ]
had L 1Y ° * .
[ ] . ..
. ®* e
1 L ] L | I 1 i A 1
2 3 4 5 6 7 8 9 10
Neutron Energy, MeV
Fig. 3. Calculated corrections for the effect of secondary neutrons in

238y figsion cross section ratios

are presented. At energies below 5 MeV, the experiment utilizes
proton bombardment of natural lithium as a neutron source. The
corrections for second-group neutrons from the ’‘Li(p,n)”Be*
reaction are significant below 2.5 MeV. From 2.5-5 MeV, both the
first- and second-group neutron energies fall in a region where
232Th and 235U fission cross sections do not vary rapidly with
energy. Therefore, the corrections are very small. Above 3 MeV,
the corrections for neutrons from 7Li(p,naﬂe)“}le reactions are
significant. Deuteron bombardment of deuterium is used as a
neutron source above 5 MeV, however the corrections for secondary
neutrons from the D(d,np)D reaction are negligible below 8 MeV.
The scatter of the points is caused by structure in the 232'I'h(n,f)
cross section and by the spacing of the grid used in calculating

the corrections.

the measurement of 232Th to
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Fig. 4.

Lithium targets are prepared by evaporating a thin metallic-lithium
film onto a cup which is fabricated from 0.0254=cm thick tantalum
sheet. This cup i1s mounted at the end of a flight tube on a mech-
anism which continuously moves the cup in such a way thatr the col-
limated proton beam traces a circular path on the lithium film.

The combination of this motiom and air-jet cooling enables targets
to dissipate as much as 100 watts/cm? of beam power for several
hours without serious degradation of the lithium film. This
photograph shows the apparatus in the vicinity of the target for
an experimental station which is used in gamma-ray production cross
section measurements.
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Fig. 5. The measured and calculated first-group neutron energy profile for
a nominal 100-keV lithium target are compared. Measurements were
made using a scintillator at 40 meters and pulsed-beam time~of-
flight techniques. The calculation took into consideration the
energy dispersion of the proton beam from bunching, the specific
energy loss of protons in lithium metal, and proton straggling
effectse The proton beam used in the measurements was not magnet—
ically analyzed. It is speculated that the difference between the
calculated and measured spectra is due to an energy tail on the
proton beam which was not specifically identified or taken into
consideration in the analysis. Approximately 3% of the neutron
yield appears in the tail.
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Fig. 9. Examples of measured neutron energy spectra for the reaction
7Li(p,n He)"He. Curves are best fits of Eq. (1) to the data.
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GRID ANC FOIL :
SISSION CHAMBER

Schematic diagram of the target apparatus used for neutron produc—
tion from deuteron bombardment of deuterium gas. Apparatus used
for measurement of activation cross sections relative to standard
fiscion cross sections is also shown. The target has a water-
cooled copper plate attached to the end of a beam tube. A gold
grid with about 75% transmission is imbedded into the center of
this plate. Thin nickel metal foils (2-3 mg/cm?) are fastened to
the grid plate with epoxy cement to provide a vacuum seal as well
as a thin entrance window to the gas cell. The deuteron beam is
stopped by a gold or tantalum end cap to the cell. The entire
target cell is cooled by an air jet as well as by water circulating
in cooling coils. During runs, the cell is pressurized with deute-
rium to 2 atm. The celgp can be evacuated in order to measure back—-
ground from (d,n) reactions on the nickel window and other metallic
components of the target and, especially, from carbon and nitrogén
contamination which tends to accumulate on the target. These con-
taminants provide a source of background which increases steadily
with usage of the target. As is the case for all thin-window tar-
gets, this type of target cannot be used once the nickel foil is
punctured. The targets can be recycled by dissolving the epoxy in
an organic solvent, cleaning off carbon residue, and installing new
foils.
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Fig. ll. Raw time—of-flight spectrum from a deuterium—gas target as measured
with a scintillator at 7.4 meters. Position of the gamma-ray peak
is determined by electronic considerations.
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Fig. 12, Time-of-flight spectrum for neutrons from a deuterium-gas cell
with all background subtracted.
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Fig. 13. Measured ratio of background to total neutron yleld _rom a
deuterium-gas target. This curve is cnly an indication of the
relative importance of the background. Since the background
depends upon the condition of the target, it must be measured
periodically during experiments.
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bombardment of deuterium.
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Fig. 15. Continuous neutron distributions from the breakup of deuterium
by deuteron bombardment. Data deduced from time-of-flight
measurements.
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Fig., 16. Raw time-of-flight spectra produced by stopping 7.6-MeV
‘Measurements

deuterons
were perfo

in thick beryllium lithium targets.,
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