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MEASUREMENT OF THE 2.35-MEV WINDOW IN 0 + n
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Calculations are made showing that the ion temperature of a deuterium plasma with a Maxweilian
distribution can be found by measuring the transmission of the d-d neutrons through liquid oxygen.
The method is useful for temperatures up to 6 keV. It does not depend on the absolute neutron yield
but does require accurate total neutron cross sections for oxygen. In this experiment the cross sec-
tion of natural oxygen was measured from 2.0 to 3.0 MeV by neutron time-of-flight at the Oak Ridge
Electron Linear Accelerator (ORELA). The fitted cross sections have a 110.9 ± 1.7 mb minimum at 2351.
keV.

[Fusion, calculate deuterium plasma neutron spectrum, measured o T for 0(n,n), 2 to 3 MeV, 2.35-MeV
resonance minimum.]

Introduction

Stelson and Barnett1 suggested that the ion tem-
perature for a deuterium plasma can be deduced from
the transmission of the neutrons from the plasma
through a thick scatterer of liquid oxygen. The
method is independent of the absolute ion density and
absolute d-d cross section and not very sensitive to
uncertainties in the shape of the d-d excitation func-
tion. The principle is illustrated in Fig. 1. The
three neutron spectra were calculated for deuterium
plasmas with Maxwellian distributions at ion tem-
peratures of 1, 6 and 10 keV and normalized to the
same peak heights. At a low temperature the spectrum
is narrow and centered near 2.45 MeV but, as the tem-
perature increases, it shifts upward in energy and is
broadened by the kinematic effects. The figure also
shows a curve for the neutron total cross section of
oxygen. This curve was relatively well known'^
before the present work. Since the minimum cross sec-
tion at the 2.35-MeV s-wave resonance is only about
one-tenth of the non-resonance cross section, a thick
oxygen scatterer has a relatively narrow high trans-
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Fig. 1. Neutron total cross section of oxygen
(left ordinate) and. predicted neutron spectra for a
deuterium plasma (right ordinate).
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mission "window" at 2.35 MeV. We see that the overall
transmission of a plasma neutron spectrum increases
with temperature. Thus, given accurate neutron cross
sections for oxygen near the minimum, one can deduce
the ion temperature by performing a relatively simple
transmission measurement.

The spectra in Fig. 1 were calculated as discussed
by Faust and Harris,* by integration over the Maxwel-
lian distribution and over all laboratory angles be-
tween the product nuclei produced in the D(d,n}3He
reaction. We wrote a computer code to calculate the
spectrum from Eq. (11) of Faust and Harris and to
calculate the transmission of this spectrum through
oxygen. The masses and Q-values for the (d,n) reac-
tion are known.5 For the (d,n) cross section we use
the expression"

Sd.n = s(Ed> E^e-Zim (1)

where 2*n = 2nZ1Z2e
2/fiv = 44.40/Edl/2,

S(Ed) = 1.05 + 0.003 Hj,

and Ed is the deuteron energy in keY in the laboratory
system. The units of o,j n are millibarns but, as
stated above, absolute values are not required. Hale
and Dodder6 deduced the S(Ed) for low energy deuterons
(1 to 50 keV) from an R-matrix evaluation. (Actually,
the energy dependent term in S(Ed) has a negligible •
effect on the transmissions.) ;

To calculate the overall transmission through oxy-
gen for the plasma neutrons we need accurate neutron
cross sections and a corresponding analytical expres-
sion near the 2.35-MeV minimum. We could use a multi- •
:level R-matrix for which the level parameters of the j
s-wave resonance would be based on the present work \
Jand the parameters for more distant levels would be
obtained from the literature.z>7 For simplicity we !
use the R-matrix formalism only for the s-wave reso- !
nance and describe the off-resonance cross sections by
; empirical non-theoretical parameters. For s-waves the
:single-level approximation for the 0.9976 fraction of
16(1 is

ffo(E) = 0.9976 (2)

where k is the neutron wave number for neutron energy
E and where the parameters r, y and E o are the boun-
dary radius, neutron reduced width and resonance
energy, respectively. (The units in Eq. (1) and the
following are barns and MeV.) We parameterize the
total cross section by the expression
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°T<E) * °o(E) + A + BAE + C(aE)2 +

2.0

(3)

(4)

and AE = Eo-E. The last term, oi(E), describes the
broad resonance tails above 2.8 MeV^ There are seven
adjustable parameters, namely, r, yc, f0, A, B, C and
D.

Measurements

The time-of-flight method

Neutron transmission measurements were made by the
time-of-flight method at the 200-n flight path at
ORELA. Electrons were accelerated in 5-ns bursts and
allowed to strike a Be-clad water-moderated target to
produce a broad neutron spectrum. Collimators in the
evacuated flight path defined a 7.6-cm diameter
neutron beam. Filters of 0.3 gr/cmz of 1 0B and 3.8 cm
of uranium attenuated low energy neutrons and y rays.
The flux was monitored by a fission counter near the
source. To minimize effects of possible variations in
flux the samples were oscillated in and out of the
beam several times for each measurement.

The neutron detector was a 2.0-cm thick NE-110
plastic scintillator. Neutron flight times were mea-
sured relative to the initial y-ray burst, and neutron
energies was calculated relativistically. Data were
collected in a time channels corresponding to 1.0 keV
at the 2.35-MeV resonance or to about a third of the
overall 2.8-keV energy resolution. Uncertainties
related to resolution broadening and time-of-flight
measurements are negligible for present purposes.

For the energy region of Interest there are three
small backgrounds: 1) room background, 2) y rays which
are generated by capture in the hydrogen in the source
and decay with a 17 iisec half-life, and 3) y rays from
the 10B(n,aY) reaction in the pyrex face of the detec-
tor photo-tube. To facilitate the measurement of the
Y-ray backgrounds the data were recorded in three con-
tiguous ranges of pulse height. From the y rays
observed in the higher ranges at late times when there
wr J no proton recoils we deduced the corrections to
the proton recoil spectra in all ranges. The final
cross sections show that the uncertainties in back-
ground subtraction are negligible. All counts were
corrected for the 1108 nsec deadtime in the digital
time analyzer. We expect the deadtime corrections to
be accurate and the following results, which involve
corrections from 1% to 43% for the various measure- '
ments, show no evidence of errors. Larson, et
al.8 give further details jf measurements at ORELA.

Thin sample measurements

Our main effort was devoted to cross sections near
the 2.35-MeV minimum, but 1P this section we describe
auxiliary experiments to find the off-resonance cross
sections. We measured the transmission for oxygen by
repeatedly alternating a 7.62-cm thick BeO sample with
a "matching" Be sample. Altogether the BeO and Be
were cycled 400 times in five experiments which took
200 hours. After correcting for deadtime losses and
backgrounds we added counts from the five experiments
and converted to cross sections. Figure 2 shows the
cross sections from 2.0 to 3.0 HeV. The data have
been averaged over time channels to give point spa-
cings of about 5 keV at the minimum and 20 keV off
resonance. The curve is a least squares fit obtained

using Eqs. (2-4); Table I lists the best fit parame-
ters. The uncertainties are statistical except for
the parameter A, for which the statistical part was
only ±2 mb and the main uncertainty is related to the
composition of the sample, as discussed below. The
deviations of points from the curve near 2.9 MeV are
attributed to the narrow 2.889 MeV resonance,' which
is omitted from the fitting equation.

Neutron Energy (MeV)

F1g. 2. Neutron total cross section of oxygen
determined from the relative transmission of
"matched" BeO and Be scatterers. The curve is a
seven-parameter fit from Eqs. (2-4).

Perhaps we could have terminated the experiment at
this point 1f we had had complete confidence in the
scatterers. We do have confidence in the matching Be
sample; it was machined and weighed carefully and has
an areal density of 0.5494 atoms/barn. The dimensions
and weight of the BeO scatterers are also known but
there are small uncertainties in composition.

The BeO scatterars were fabricated by pressing
99.94% BeO powder with 0.4 mole percent LijO at 1000°C
in a graphite die. The density of the pressed sample
was nearly that of BeO. To determine the residual
LigO in the BeO we made a preliminary evaluation of
CTf for oxygen from the observed transmission. These
results showed a very small peak resulting from the
257-keV Li resonance.9 By comparison of the fitted
peak to the resonance cross section1" of Li we find
the sample has 0.6 ± 0.2 atomic percent Li, a little
less than in the original mixture.

If we were to make the reasonable assumption that
the sample is a uniform mixture of L12O and BeO, we
would conclude that its areal density for Be is 0.25%
less than for the matching Be sample. Because of this
slight mismatch we would expect a very small dip at
the 622-keV Be resonance.9 Actually, the preliminary
analysis revealed a peak rather than a dip. By
fitting tliis peak and comparing to the known reso-
nance10 we find the areal density of the Be in the BeO
to be 1.2 ± 0.3% more, rather than 0.25% less, than in
the matching Be.



We considered two possible explanations for this
discrepancy. The first was that the BeO sample was
more dense in the center. We rejected that because
the overall density was nearly that of BeO and because
the resulting oxygen cross section at low energies
would be too low relative to the thermal value.9 The
second explanation, which we accept, is that the sam-
ple has uniform density but is not stoichiometric.
Thus the BeO sample has 0.5486 atoms/barn of oxygen.

The total cross section for oxygen was found from
the observed transmission T by the expression,

° " °-012" °-006
where og e and c u are known^ cross sections for Be
and Li. At the 2.35 MeV resonance the subtraction for
Li and Be is 36 mb with a ±7 mb uncertainty from
fitting the Li and Be resonances at 257 and 660 keV.
This uncertainty is propagated to the parameter A in
Table I. The possible systematic uncertainty in our
assumption of a non-stoichiometric mixture is not
included.

Table I. Best-fit parameters for Eqs. (2-4) for
pure oxygen as deduced from measurements with BeO-Be
and with liquid oxygen. Numbers in parenthesis are
uncertainties in tha last significant figures. Param-
eters indicated by asteriskb are recommended. The
parameter A should be increased for impure oxygen.

Parameter Units BeO-Be Liquid Oxygen

r
yZ
Eo
A
B
C
0

fm
MeV
MeV
barn

barn-MeV-
barn-MeV-2

MeV

4.98(1)*
0.0429(2)
2.3508(2)
0.0820(80)
0.19(1)*
0.40(3)*
0.063(4)*

0.0438(1)*
2.3507(1)*
0.1001(17)*

Measurements with liquid oxygen

A thick liquid oxygen scatterer was used to obtain
good statistics and small systematic uncertainties
near the 2.35-MeV resonance. Figure 3 shows the scat-
terer, a cryostat designed and used previously by
Kalyna3 for similar measurements at Columbia Univer-
sity.

FILL £.

H[ ?•

3

1 & I
PRESSURE 1

' —-LIQUID Na ^, '

I """"" I
1

^VACUUM

,-••'•' L I Q U I D 0 2 ' • ' • ' •

E EXHAUST

-

-1SO cm-

Fig. 3. Liquid oxygen cryostat.
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In thirteen experiments we measured the transmis-
sion relative to a matching "dummy" cylinder. Each
experiment required about fourteen hours during which
time the cryostat and dummy were cycled about five
times. The same uranium and boron filters were used
as above. Also a 36-cm liquid oxygen filter was added
for seven of the thirteen experiments. This filter,
by removing most neutrons outside of the 2.35-MeV
resonance, eliminates backgrounds that might be
created by a broad spectrum of fast neutrons reaching
the. detector room before the neutrons of interest. The
measurements with and without the filter proved that
such backgrounds were negligible.

The "durany" scatterer was an evacuated cylinder
whose length and end plates matched the cryostat. To
confirm the matching we measured the relative trans-
mission for a broad neutron spectrum with both scat-
terers evacuated. The relative transmission was
0.9990 ± 0.0005; hence, the uncertainty in matching
was negligible.

To determine the length of the oxygen container we
placed the cryostat unfilled at right angles to the
beam at 80 m from the source and made shadow graphs
using the highly collimated electromagnetic radiation.
We averaged for the slight curvature of the end pla-
tes. The resulting length, 149.9 ± 0.3 cm, was later
corrected for the shrinkage of stainless steel tc the
temperature of liquid oxygen.U

To fill the cryostat we evacuated it and then
filled from a reservoir of high purity liquid oxygen
through valve F In Fig. 3 with valve S closed and the
exhaust valve E open. When the filling was complete,
as indicated by tie exhaust being liquid rather than
gas, the cooling nitrogen reservoirs were filled,
valves E and F were closed and valve S was opened.
The liquid oxygen then cooled itself by boiling in the
closed system while it consumed considerable liquid
nitrogen. After about ten hours it became quiescent
at about one-third atmosphere pressure. The quiescent
condition continued for the many days of the measure-
ments; the temperature of the liquid oxygen increased
gradually and the pressure increased at about one-
tenth atmosphere per day. Upon completion of the
first six experiments we evacuated the cryostat and
refilled it from a fresh supply for the last seven
experiments.

To find the areal density of the sample we used a
precision absolute gauga to measure the oxygen vapor
pressure of the closed system, found the corresponding
density of the liquid oxygen from Scott's tabula-
tion, 11 and calculated the areal density for the sam- ;
pie length. The pressures for the thirteen measure-
ments ranged from 0.308 to 0.836 atm. and the corres- :
ponding areal densities ranged from 6.69 to 6.47
atom/barn.

: The liquid oxygen was produced by Linde Air
Products and distributed in 168-L containers by
Tennessee Welding Company of Knoxville, TM. The dis-
tributor determined the oxygen percentage in a gas
sample from each container using either a Taylor oxygen
analyzer or the Linde-Shaker method. They reported
!99.68% oxygen by volume of gas for the first supply
and 99.71% for the second, which was transferred two
weeks later. After our final experiment we extracted
a liquid sample from the lower connector of the
cryostat and had the resulting gas analyzed at this
laboratory by gas chromatographic comparison to 99.995S
oxygen. The gas was found to contain O.O6!6 Ar and
less than 0.015!- Ng; i.e., 99.93% oxygen. From these
two independent analyses we conclude the purity was
99.8 ±0.13. ;

U



The impurities are of consequence only at the
2.35-MeV minimum where the cross sections of argon and
nitrogen are much larger than for oxygen. We need not
know the exact relative amounts of Ar and Ng because
the neutron cross section for monatomic Ar at 2.35 MeV
is about the same as for diatomic N2. On the basis of
average cross sections*" we corrected the observed
minimum by -3.3 ± 1.6 mb to account for the 0.2 ± 0.1%
impurity.

Figure 4 is a typical result (experiment 2 ) . The
points show averages over channels, with finer aver-
aging at the minimum. The curve was obtained by
least-squares adjustment of A, Y z and E o in Eqs. (2-
4) with the other four parameters fixed from Table I.
Essentially the position, width and minimum have been
fitted. In this figure, and in similar figures for the
other twelve experiments, points on the wings of the
resonance are fitted remarkably well considering that
the transmissions were 0.1% or less. This shows that
backgrounds have been subtracted properly.
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Fig. 4. Neutron total cross section of oxygen from
experiment 2 for liquid oxygen. The curve is a
three-parameter fit.

Table II summarizes the thirteen experiments and
the best-fit parameters. Since the experiments were
performed with variations in technique in an effort to
reveal any systematic errors, it is significant that
the variations in the best-fit parameters are con-
sistent with the counting statistics. As discussed
above the experimental variations included the use of
two different shipments of liquid oxygen, a range of
temperatures for the liquid, and an oxygen filter for
the seven experiments indicated in the table. Also a
neutron collimator near the detector was enlarged to
increase the counting rate a factor of two for the
last four experiments. Other minor variations were
made but no systematic errors were discovered.

The mean values and uncertainties of A, y2 and
E o from Table II are included in Table I. For y% or

E o the uncertainty is the standard error of the mean.
For the background parameter, A, the ±1.7 mb uncer-
tainty comes mostly from the 3.3 t 1.6 mb subtraction
for Impurities of Ar and N2 in the oxygen. The other
small uncertainties in A are ±0.34 mb standard error,
±0.2%(±0.2 mb) in sample length and ±0.2%(±0.2 mb) in
the conversion from pressure to density** of liquid
oxygen.

Table II. Least-squares parameters for the liquid
oxygen experiments.

Experiment
Number

1
2
3
4a
5a
6a
7
8a
ga
10
11*
12
13a

A
(barns)

0.0997
0.0996
0.0981
0.0995

0.1013
0.0989
0.0999
0.0990
0.1008
0.1012

0.102S
0.1012
0.0997

2
MeV

0.0439
0.0438
0.0436
0.0435

0.0437
0.0441

0.0435
0.0440
0.0436
0.0438
0.0442

0.0435
0.0437

Eo
MeV

2.3508
2.3508
2.3509
2.3510

2.3510
2.3508
2.3510
2.3507
2.3506
2.3506
2.3505
2.3505
2.3504

Experiments with additional 36-cm liquid oxygen
filter.

Discussion

For che averaged parameters in Table I for the
liquid oxygen experiment the resonance minimum is
110.9 ± 1.7 mb at 0.8 keV above the resonance energy
E o. (The minimum of 93 ± 8 mb from the BeO-Be experi-
ment does not agree within the quoted uncertainty, but
we discard this value because of possible further
systematic uncertainties related to the BeO sample, as
discussed above.)

Using the same cryostat Kalyna3 found a 95 ± 5 mb
minimum at 2362 keV. We believe we made several
significant improvements over Kalyna's early work.
Fowler, Johnson, Haas and Feezel^ found a 0.13 b
minimum. .However, that result had a large 'jncertainty
because it involved a 30% correction for resolution
when a T(p,n) source was used and a factor-of-two
correction when a Li(p,n) source was used.

For measuring the temperature of a deuterium
plasma we recommend the resonance parameters from the
liquid oxygen experiment and the non-reconance parame-
ters from BeO-Be measurements. These values, which
are indicated by asterisks in Table I, are for pure
oxygen. In practice the liquid oxygen will have a
snail impurity of Ar and Ng just as in the present
measurement, in that case the parameter A should be
^increased 1.6 mb for each 0.1% impurity by volume of
the gas.

Figure 5 shows the predicted transmission versus
ion temperature of the d-d plasma neutrons for three
thicknesses of liquid oxygen. The transmission for a
given thickness rises rapidly with temperature and
falls slowly; the ordinate in the figure shows the
ratio to the maximum. A thick sample gives a desir-
able strong energy dependence but a small trans-
mission. Thus, a compromise thickness must be
chosen.



The main uncertainty in the present work is the
±1.7 mb in the minimum which was propagated from the
uncertainty in impurity of the oxygen. This error
will propagate to a snail uncertainty in ion tem-
perature. For example, for a scatterer of 5 atoms/
barn the uncertainty for 4 keV ions is ±0.025 keV. It
increases at higher temperatures where the curve in
Fig. 5 has less slope. But it is probable that
uncertainties about the Maxwellian distribution in the
plasma and in the measurement of transmission will
outweigh the errors of the present work.

Fi<j. 5. Predicted neutron transmission versus
temperature of a deuterium plasma for three
thicknesses of oxygen. The ordinate shows the
ratio to the listed maximum transmission.
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