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Measurement of the Al(a, a } Na reaction cross section
in the energy region 7.13 to 9.01 MeV
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The cross section of the Al(n, a) Na reaction relative to that of the U(n, f) has been measured

by the activation technique in the 7.13—9.01 MeV energy region. The neutron energy resolution
varied between 70 and 130 keV (FWHM). The characteristics of the neutron source such as the
mean energy of the neutrons and the energy distribution of the neutron Aux have been determined
experimentally and were validated with theoretical model calculations. The applied experimental
techniques made it possible to decrease the overall uncertainty of the measurements to 2—3%. The
results con6rm. that the excitation function in the investigated energy region has a resonance struc-
ture as observed by Schmitt and Halperin in 1961. By using the data obtained for the energy distri-
bution of the neutrons the "true" excitation function has been restored and the parameters of the
Lorentz-type peaks have been calculated.

I. INTRODUCTION II. KXPKRIMKNTAI.

The Al(n, a) reaction is widely used as a reference re-
action both in reactor dosimetry and for measurement of
the flux of monoenergetic neutrons. It has, however,
been shown in Ref. 1 that the accuracy of experimental
data as well as of evaluations do not yet meet the require-
ments set for standard reference data. All evaluations
represent the Al(n, a) excitation function as a smooth
curve. At the same time, there are experimental works
which suggest that the excitation function is not a
smooth function of the neutron energy. For example, in
1961 Schmitt and Halperin observed several peaks in the
E„=6.1-8.3 MeV energy interval at better than 100 keV
energy resolution. So far, these results have not yet been
supported or disproved.

On the other hand, the Advisory Group Meeting on
Nuclear Standard Reference Data (Ref. 3) concluded that
an improvement in the accuracy of the Al(n, a) cross
section is only possible if experiments with 1-2% uncer-
tainty are performed with high neutron energy resolu-
tion.

This paper reports a measurement of the Al(n, a)
cross section relative to the U(n, f) cross section as a
function of neutron energy, using the activation method.
In order to fulfi11 the above-mentioned requirements spe-
cial attention has been paid in the experiment: (a) for the
detailed investigation of the neutron source so that high
accuracy in the calculation of the distribution of the neu-
tron flux along the sample could be achieved and thus an
energy resolution on the order of 70 keV could be provid-
ed together with the accurate determination of the mean
neutron energy; (b) and for determination of the activity
of the samples and of the fission rate with 1 —2%%uo accura-
cy.

Samples of metal aluminium with diameter 19 or 10
mm and about 0.5 mm thick were mounted on the
aluminium backing of the UF4 layer of the fission
chamber. The distance between the fissioning layer and
the samples was controlled with +0.1 mm accuracy. The
chemical purity of the Al samples was better than
99.99%%uo.

The fission chamber, continuously fed by Ar gas, con-
tained a 0.133 mg/cm thick and 19 mm diameter urani-
um tetraAuoride layer (99.999% U). The layer was
prepared in the Khlopin Radium Institute (Leningrad) by
vacuum evaporation. Its weight and surface homogenei-
ty were certified with better than +1% and +2% accura-
cy, respectively.

Neutrons of energy from 7.13 to 9.01 MeV were pro-
duced via the H(d, n) He reaction on the tandem ac-
celerator EGP-10M of the Institute of Physics and Power
Engineering (IPPE) using a 50 mm long target cell. The
deuterium gas pressure was about 26 kPa and controlled
with +0.2% accuracy. The diameter of the deuterium
beam was less than 5 mm. Molybdenum foil served as
the entrance window of the cell. Samples were placed
7.0+0. 1 cm from the end of the gas target at the 0 direc-
tion. The maximum angle substanded by the sample was
8.7'.

Two series of irradiations have been performed. In the
first one we used two samples of 19 mm diameter. In the
second series we used a pair of samples with 19 and 10
mm diameter and a more uniform Mo window which
provided better energy resolution.

The irradiation time varied between 3 and 8 hours.
The time variation of the neutron flux was monitored and
accounted for. Some irradiations were repeated to check
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the reproducibility of our procedures.
The cross section of the Al(n, a) Na reaction has-

been determined by the measurement of the activity of
Na(T, &2

= 14.96 h, E&= 1392 keV, I&=99.92%,
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III. EVALUATION OF THE EXPERIMENTAL
RESULTS

A. Investigation of the parameters
of the neutron source

In order to calculate the mean neutron energy and the
energy resolution, the precise determination both of the
thickness of the entrance window and of the deuteron en-
ergy is of primary importance.

The thickness of the Mo foil was determined on the
one hand by weighting a piece of rectangular foil with
known dimensions, and on the other hand, by the mea-
surement of the ionization loss of 5.5 —7.7 MeV a parti-
cles from radioactive sources. The agreement between
the results of the two techniques was better than 1%.
From this we concluded that the mean ionization loss of
the deuteron beam in the entrance window can be calcu-
lated with the same accuracy using literature data, thus
providing a better than 0.1% accurate determination of
the deuteron energy behind the entrance window. The a
technique was also used in the determination of the inho-
mogeneity in the thickness of the foils, i.e., the broaden-
ing of a peaks was measured. In the first series of experi-
ments the thickness of the entrance window was 6.45
mg/cm with 5z =0.46 mg/cm, and in the second series
it was 8.08 mg/cm with 5z =0. 1 mg/cm, where 5„ is
the nonuniformity of the foil.

The deuteron energy was measured by means of the
time-of-fhght (TOF) method in a fixed part of the drift
tube. The calibration constant c in the equation Ez =cf,
where E& is the deuteron energy and f is the NMR fre-
quency, was determined with 0.35% accuracy at
(626.7+0.5) cm fiight path and at a time uncertainty of
about 0.3 nsec.

The mean energy and the energy distribution of neu-
trons were checked in a separate transmission experi-
ment. The (6.293+0.005) MeV resonance in the total
cross section of ' C was used for this purpose. For the el-
imination of background neutrons the TOF method has
been applied. The values of the transmission were mea-
sured with -3.5% accuracy. The experimental results
were compared with Monte Carlo (MC) calculations in
which the following factors were taken into account: di-
ameter of the deuteron beam; energy loss, angular and
energy straggling of deuterons in the entrance window;
energy spread of deuterons caused by inhomogeneities in
the Mo foil; energy loss of deuterons in the gas; reaction
kinematics. In these calculations the only variable pa-
rameter was the calibration constant c.

As can be seen in Fig. 1 the agreement between the ex-
perimental and calculated results is excellent. The value
of the calibration constant c thus obtained agrees within
0.2% with that measured in the TOF experiment. The
above results prove that the energy distribution of the
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FIG. 1. Measured and calculated transmission values for
neutrons on ' C as a function of the NMR frequency {neutron
energy). The dotted line represents the ideal transmission func-
tion, that is, if the energy distribution of neutrons is considered
a 5 function (the ENDF/8-U evaluation has been used for the
total cross section of ' C).

B. Determination of the 6ssion rates

Fission products have been registered in 2m. geometry
in a light-weight fission chamber. Losses of pulses due to
the discriminator threshold have been accounted for by
the extrapolation of the fragment spectrum down to zero

neutron Aux has been calculated correctly. A more ex-
tensive description of the calculation of mean energy and
energy distribution of neutrons can be found in Ref. 5.

The MC calculation shows that in our case the energy
distribution of the neutron Aux is close to a normal distri-
bution with a standard deviation, S, slowly varying with
energy:

1 series (19 mm diameter): S, =81.48 —3.68 E„,
2A series(19 mm diameter): S2~ =37.44+0.085 E„,
28 series(10 mm diameter): S2& =40.59—1.11 E„,
where E„ is in MeV and S obtained in keV. This energy
resolution is very close to that obtainable in this kind of
experiment since the resolution is limited by the interac-
tions of the deuteron beam with the structural materials
of the target assembly.

The measured neutron Aux was 30—40% lower than
the calculated one, the deviation being significantly
higher than the uncertainty of the MC calculation. This
discrepancy is likely to be caused by local temperature
rise in the gas along the beam which results in a decreas-
ing number of deuteron nuclei available for neutron pro-
duction. Therefore, it may be possible that the effective
energy loss of deuterons is less than calculated, conse-
quently, the actual mean neutron energy is —10 keV
higher than calculated. Accordingly, the accuracy of
determination of the mean neutron energy in the present
experiment is 15—20 keV.
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pulse height. This correction did not exceed 0.5%. The
fragment self-absorption in the UF4 layer was calculated
by the method described in Ref. 6. For the average range
of the fragments in the vacuum-evaporated UF4 1ayer,
Rf =(4.76+0.32) mg/cm has been used which was de-
duced from the experimental results of Budtz-Jdrgensen
and Knitter. The calculated loss due to fragment self-
absorption varied from 0.22% to 0.38% and was not tak-
en into account. However, in the evaluation of the
overall uncertainty of the cross-section measurements a
0.5% additional error was introduced to account for the
uncertainty in the efficiency of fragment detection.

Since the count rate of the fission chamber was low
(( 1 cps), the infiuence of any electromagnetic noise on
the count rate must be considered. The analysis of count
rates in short time intervals of the fission chamber,
current integrator and of a scintillation neutron detector
makes it possible to determine the number of spurious
pulses in the fission chamber. In 87% of the irradiations
this correction was not greater than l%%uo and in 10% it
was 1 —2%.

The contribution of background neutrons originated
from (d, n) reactions on the structural materials has been
determined in separate experiments using an empty tar-
get cell. This correction ranged from 3.5% (at Ed
equivalent to E„=7 MeV) to 12% (at Ed equivalent to
E„=9MeV) and was measured with about 20% accura-
cy. For neutron energies greater than 8.5 MeV, the con-
tribution of the H(d, np) reaction has also been taken
into account. The calculated correction was 0.5% at
E„=S.7 MeV and 3.1% at E„=9.1 MeV. The cross sec-
tion of this reaction is known to about S%%uo accuracy (Ref.
8) which results in less than 0.3% uncertainty in the
determination of the fission rate.

C. Determination of the foil activities

Three independent methods, namely the 2mP-y coin-
cidence technique, y spectrometry and P counting in a
given solid angle have been used in each case to deter-
mine the activity of the Al samples. After the irradia-
tions the y spectra of the foils have been measured and
the other techniques were used only when the contribu-
tion of the Al(n, p) reaction could be neglected. Separate
experiments were made to investigate the radiochemical
purity of the irradiated samples. Beta counting in the
5—150 h time interval after the irradiation showed pure

Na activity in the samples. The 14.98 h half-life ob-
tained for Na is in excellent agreement with the litera-
ture value (Ref. 9).

l. 2sP-y coincidence technique

The 2mP-y coincidence counting system consisted of
two scintillation detectors. A thin plastic scintillator
served as the P detector. For the detection of y rays a
NaI(T1} crystal was used. In order to discriminate from
the backscattered and the annihilation y quanta, the
threshold of the y channel was set to about 600 keV. The
count rates Np, N, and N&z can be described by the fol-
lowing equations:

Np = A [op+ (1—Ep).c,],
N =Ay

Npq
= A [ep. q+. (1—ep) (g, e2+q2. si)],

where 3 is the true activity of the sample, c&, c& and c2
are the efficiencies for the P particles and for the two y
lines of Na in the P channel, gi and gz are the
e%ciencies for the two y lines of Na in the y channel.
The quantities K and g are

E=E1+C2

9 11+92 91 92

Then

Np. Nr ep q+(1 —ep). (rii. Ep+gp Ei)

Npi, ri. [ep+(1—ap).F]

=E.
Npy

In order to determine the value of E, activity measure-
ments have been performed with different Co standard
sources (e, =e,2) as well as with neutron irradiated Al foils
of 27 —130 mglcm thicknesses (ai&az) using 0.5, 1, and 2
mm thick plastic scintillators in the P channel. On the
basis of the obtained results the value of K for Al foils
with thickness ~130 mg/cm is 0.989&K &1. Thus if
we assume K =1 then the expected systematical error in
our Na activity measurements is not greater than 1.1%.

2. Gamma spectrometry

The activity of the Al foils was measured with a Ge(Li}
y spectrometer. The absolute full-energy peak efBciency
of the detector for extended sources has been determined
by traditional methods. The uncertainty of the ef5ciency
curve, fitted with power functions, is about 1% in the
800—1500 keV energy region. Losses due to dead-time,
random, and true pileup have been accounted for.

The results obtained by y spectrometry are in good
agreement with those deduced from the 2nP-y measure-
ments. The mean activity ratio for all the measurements
was

(AriA, pr &=1.016+0.023 .

3. Beta counting

A simple end-window Geiger Muller (GM) counter
taken from Debrecen to Obninsk has been used to mea-
sure the activity of the samples. In order to determine
the absolute counting efficiency of the GM counter,
several Al samples, identical to those used for the present
cross-section measurement, were irradiated with 14 MeV
neutrons and their activities were measured by a Ge(Li) y
spectrometer as well as by the GM counter in Institute of
Experimental Physics (IEP). The absolute full-energy

peak ef6ciency of this y spectrometer was determined in-

dependently from that used in IPPE, and for the 1368.5
keV y line of Na it was checked with three Co stan-
dard sources of different origin. In this way, the absolute
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TABLE I. Sources of errors and their magnitudes for the calculation of the uncertainty of the
o.„ /o. „& ratio. 4 is the neutron Aux.

Magnitude (%)
Source of uncertainty

Statistical error
Number of nuclei in the samples
Corrections for background neutrons

from (d, n) reactions
on the structural materials

Corrections for background neutrons
from the H(d, np) reaction

Neutron Aux transfer from the UF4 layer
to the Al samples (MC calculation)

Efticiency in fragment detection
ESciency ratio in P detection

for 10 and 19 mm diameter Al samples
(2m.P-y method)

Systematical error in the determination
of the absolute activity of Al samples

4 o.„
0.8-2
0.1

0.6

0.6

4'.o.„f
1

1

0.9-2.2
(E„=7-9MeV)

& 0.3

0.5

counting eSciency of the GM counter has been deter-
mined with 0.9% accuracy.

In the cross-section measurements, the statistical un-
certainty of the P-activity measurements was better than
0.7%. The mean activity ratio for all the measurements
was

( Ap/32 pr ) =0.980+0.005 .

In the evaluation of the cross sections the activity data
of the 2ni3 ycoincid-ence measurements were used. The
results of the y spectrometry and the P counting were
considered as control data.

the data of Evaluated Nuclear Data File ENDF/B-V
have been used for the U(n, f) reaction cross section.
Our results support the resonance structure already ob-
served by Schmitt and Halperin in the whole investigat-
ed energy region. On the whole, 55 cross-section mea-
surements have been performed at different neutron ener-
gies, and from the measured data an excitation function
was obtained which shows a fairly linear trend with su-
perimposed peaks. A straight line of the form

o l(E„)=2S.0+28.7 (E —7.51),

IV. RESULTS AND DISCUSSIGN

The components of the overall uncertainty of the mea-
sured a.„ /cr„ f ratio are summarized in Table I. In the
calculation of the Al(n, a) Na reaction cross section

where o I is in mb and E„ is expressed in MeV, could be
fitted to the points lying between the resonances. Sub-
tracting this linear part from the measured excitation
function, the resonance structure of the cross section is
more evident (see Fig. 2). Six more-or-less well-defined
peaks can be seen, furthermore, where the energy resolu-
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FIG. 2. The mea, sured cross sections reduced by the appropriate o.~(E„)values for the three different series of measurements. The
smooth curve has been drawn by eye.
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tion is better the resonance structure is more striking.
The experixnentally observable cross section is in the

following relation with the "true" cross section:

a»s(E)= f" a«~e(E )&y(E E)dE

where N(E', E) is the energy distribution of the neutron
Aux incident on the sample and normalized to unity.
Hence the "restoration" of the true cross section from
the measured values is essentially the solution of an equa-
tion of the above type. The solution in the 7.37—9.01
MeV energy interval has been sought in the following
form:

o""'(E„)=25.0+28.7 (E„—7.51)
6 a.I l

(E; E„) +I';/4— (2)

FIG. 3. g and a as a function of I for the resonance at 7.61
MeV. The arrows indicate the interval of the 70% confidence
level.

7.5 8.0 8.5 9.0
NEUTRON ENERGY (MeV)

20 I I I I I I I I ) ) I ) ) I I I I I ) I

7.5 8.0 8.5 9.0
NEUTRON ENERGY ( MeV)

FIG. 4. The "restored" excitation function of the
Al(n, a) Na reaction. The insert shows the resonance part of

the cross section separately for the three series of measure-
ments. The data points and the error bars denote the measured
cross sections decreased by the linear part, o.i, and the experi-
mental errors, respectively. The smooth curves are the observ-
able cross sections computed according to Eq. (1).

Here the peak which seems to appear at about 7.18 MeV
has been omitted because evidence of it is only poorly es-
tablished by the two experixnental data points. On the
other hand, we supposed the presence of a sxnall peak at
around 8.1 MeV to explain the shape of the resonance at
about 7.98 MeV.

The E= [E;I, a= Ia;I, and I = [I;I parameters of
this expression have been searched by iteration using the
least-squares-fitting method, xninimizing the following ex-
pression:

3 J
y (E,a, I )= g g o'k" f o.""'(.E—', E,a, I ).4(E', Ek. , Sk~. )dE'

j=l k=1

'2
(g exp)2

where the energy distribution function, @(E,EI, ,Sk ), was assumed to be a Gaussian one, and EI, is the mean neutro. n
energy in the kth measurement (k =1,2, . . . , n )of the jth. series (j = 1,2, 3); o k~ is the experimentally measured cross
section value at Ek mean neutron energy; b o k'P is the experimental error of the o.k" result in the common lo. sense.

Since alxnost every peak is fairly distinct, it was expedient to vary only the parameters of a chosen peak in every step
of the iterative procedure keeping the other parameters constant. In this way, for the experimentally best resolved first
two peaks the following results have been obtained:

Et =(7.61+0.01) MeV, a, =(1.27+0. 17) mbMeV, I,=(55+26) keV,

E2=(7.98+0.01) MeV, a2=(1.21+0.17) mb MeV, I =(55+3~) keV,
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TABLE II. E; and n; parameters of the resonances deter-
mined by a least-squares-fitting iterative procedure with the
condition that I;=55 keV for all the peaks. The given uncer-
tainties belong to the 70% confidence level. The uncertainties
of the E; values are about 0.01 MeV.

No. E (MeV)

7.61
7.98
8.09
8.30
8.52
8.76

~+a~ (mb Mev)

1.23+0. 14
1.20+0. 11
0.09+0.09
0.08+0. 10
0.83+0.18
1.28+0. 19

where the given uncertainties belong to the 70%
confidence level. [The value of y and a as a function of
I for the 7.61 MeV peak is demonstrated in Fig. 3. The
energy parameter is fixed, the a(I ) function was calculat-
ed from the t)y /t)a =0 equation. ]

It is to be noted that the exact determination of all pa-
rameters in Eq. (2) is not possible because of the limited
number of measured points. For instance, for the peak at
8.52 MeV we obtained I =40 keV which is nearly the
same as the former I values, but the corresponding error
interval at the 70% confidence level was 0—150 keV. For
this reason for all the peaks the value of I has been kept
constant at 55 keV, and fina11y the E; and a; parameters
have been sought under this condition. The E, and G.,
values determined in this way are given in Table II.

The "true" excitation function has been computed

«om Eq. (2) using the parameters obtained above and is
presented in Fig. 4. The observable cross sections for the
three difterent series of measurements have also been
computed according to Eq. (I) and are demonstrated in
Fig. 4 together with the at,~u ot(—Ekj. ) and ho k",." values
separately for the three series. One can see that our "re-
stored" excitation function is acceptably consistent with
the experimental results.

The shape of our excitation function resembles that
measured by Schmitt and Halperin, however, their exci-
tation function is shifted towards higher energies by
50—70 keV compared to ours. This shift is about 3 times
larger than the error of the energy determination in our
work. The mean separation between the peaks is about
300 keV, thus these resonances should not be energy lev-
els of the compound nucleus, the mean separation of
which is about 1 keV at about 14 MeV excitation energy.
The authors mentioned above related this observation to
the formation of quasimolecular states. It may be that a
specific system of a Na core and an e cluster forms
when the Al nucleus interacts with the neutron. If so,
then resonances in the excitation function are observable
due to the transitions between the difFerent quasimolecu-
lar states. The mean separation of these energy levels has
been estimated to be about 400 keV.
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