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Abstract

Results of the measurement of the 58Ni(n,a)55Fe reaction in the 3.5 - 6.8 MeV energy range is
presented. The measurements were performed using a gridded ionization chamber with a gas
mixture of 95% Xe and 3% CO2 The corrections made to the experimental data, which took
a large number of factors into account, are presented. The nature of the measured cross-
section uncertainties are discussed, and the results are compared with the data of other
authors.

Introduction

The cross section of neutron induced reaction accompanied by the emission of alpha particles
play an extremely important role in the solution of the problem of helium accumulation in
structural materials of nuclear power plants. As a rule, experimental investigations to measure
these cross sections are impeded by the relatively low probability of the (n,a) process. As a
result, spectrometric investigations, which presuppose the use of very thin samples made of
isotopically pure materials, are performed rarely and at barely acceptable energy resolutions.
This situation leads to the unattainability of vital information, and limits theoretical analysis,
which is at the present time the basis of the prediction and evaluation of the (n,cc) reaction
induced by fast neutrons in intermediate weight nuclides. The data on angular distributions of
alpha particles is sparse as well.

The principle experimental method used at the present time consists of a multi-detector system
(based primarily on semi-conductor spectrometry) and activation analysis installations. In the
course of the last five years, the Tohoki University [1] and the FEI institute in Russia, have
developed (practically simultaneously) a highly precise method for the measurement of double
differential (n,a) reaction cross sections using ionization chambers.

This article describes the results of the 58Ni(n,ce)S5Fe reaction cross section measurement.
Principle attention is given to the procedure used to obtain exact absolute values of the o^a

cross section.
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1. Experimental Method

The ionization chamber consists of a set of electrodes (cathode-grid-anode) separated by a gap
filled with a gas. Pulses, generated on each of the three chamber electrodes, contains
information on such charged particle parameters as kinetic energy and the angle of the emitted
particle with respect to the axis perpendicular to the cathode element. The process of the
induction of the charges in a simple flat parallel chamber is described in reference [2]. As a
result of slowing down, the fragment leaves a track in the gas medium consisting of positively
charged ions and free electrons. As a result, an electric field of intensity E is created across
the gap between the electrodes. The created field initiates a movement of positive ions
towards the cathode with a velocity v, and of the electrons toward the anode with a velocity
v,. Assuming that the effect of recombination can be neglected, and omitting the effects
related to the generation of magnetic fields, the charge which is induced on the anode by a
single electron located at a distance x from the point of emission from the cathode, can be
expressed by the following equation:

__ ev~ D- xcos(0) ( xcos(
D v' \ D

It follows then, that the total charge on the anode due to all of the electrons which produce a
track is: «

where p(x) is the ionization density of the gas along the track.

Taking into account the total number of generated electrons no, we obtain

^_ cos(<9) r , v , I, x . _.̂
QA»~-"oe + ^ J xp(x)dx = -no^l- — cos(<9)J ,
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where x = — f xp(x)dx,
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here, x is the location of the centre of mass of the ionization along the track.

Let us examine the Frisch grid ionization chamber and assume that the grid element is perfect:
i.e., that the electrons moving in the space between the cathode and the grid do not generate
any pulses on the anode and that the electrons, after having passed through the grid, are not
deposited on the wire coils. Under such conditions, all of the electrons will cover the same
distance between the Frisch grid and the anode; consequently the anode pulse will be equal to:

It is evident that the Frisch grid does not have any effect on the cathode. The expression for
the charge induced on the cathode is analogous to that of a chamber without a grid, namely:

where D is the distance between the grid and the cathode.
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All of the consideration presented above apply to the case of a perfect grid. The problems that
arise from using real Frisch grids are described in detail in the definitive work published in
reference [2. It is emphasized in that reference that the choice of the grid geometry, as well as
the voltage applied to the electrodes must be done carefully so as to avoid the loss of electrons
on the grid and to shield the anode from the effect of space charges moving between the
cathode and the grid to a maximum degree. In the case of a perfect grid the anode pulse is
proportional to the number of electrons generated by the slowing down of the particles in the
gas. For the case of an "imperfect" grid, the pulse can be expressed by the following
expression:

where A is the fraction of electrons that was captured by the grid. As shown in reference [2],
the charge excess induced on the anode due to the incomplete shielding of the grid is equal to

AP'.„ - eA —-cos(<9)
\ D )

where a is the so-called ineffectiveness of the grid, which is constant for fixed geometry grids.
The distortion generated by the incomplete shielding of the anode by the grid, can be corrected
at the data processing stage. The losses incurred by the capture of electrons on the grid are
not amenable to be corrected because A. is a function of the emission angle of the particle and
the location of the origin of the track in the working volume of the chamber. The reliable
operation of the chamber is possible only if A=0. This condition can only be achieved if no
electric field lines within the chamber terminated on the grid. In such a case, an electrical lens,
which focusses electrons away from the coil windings, is formed in the space between the
coils. In this case, electrons will not be captured by the coils. However, strictly speaking,
another condition must be satisfied, namely, that the drift velocity of the electrons must be
substantially larger than the diffusion velocity of the electrons. These last conditions are met
practically for all used working gases if the ratio of the voltage of the electric field to the gas
pressure (E/P) is larger than 0.5 Torr. volts/cm.

It is shown in reference [2] that the lines of force do not terminate on the grid if the following
condition is met:

where V m , V ^ and V^ are the voltages applied to the anode, the grid and the cathode
respectively; Y is the distance from the anode to the grid, so that

p = ln-,
a

where r is the radius of the grid coils, d is the distance between the coil windings;

where a is the distance between the cathode and the grid.
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V —V
For the detector used in this experiment -^——-^ > 0.60

For o, obtained by the method of conformal mapping, the following expression holds true:

where / and Y are defined above. The evaluation of a can be determined using the simplified
equation

Ina In
2nY Vlnr)

For the chamber under consideration, o = 0.026.

To a first approximation, excluding the dependence on o, PMl can be defined by

It is not difficult to obtain a formula for the correction of the anode pulse in the case of
incomplete shielding of the anode

PT -P - i
rAn ~ * * - '

and for the cosine of the angle

cos(<9) = — '
XID{PAn)

A two-dimensional spectrum for 128x128 channels was constructe in order to obtain the
dependence of X/D on Pm . After having obtained the X/D on Pm dependence, it is possible to
calculate the cosine of the emission angle for each of the emitted alpha particles.

As the alpha particle is emitted from the target, a certain amount of energy is lost due to its
attenuation in the target layer. As the value of the cosine decreases, the average distance x
which the alpha particle traverses in the target layer increases in accordance with the following
relationship:

D
*=2cos(6>) '

During data processing, it is absolutely necessary to introduce a correction to account for the
energy loss of the alpha particle in the target layer. This is accomplished by constructed a
dependence of the location of the centres of well separated alpha trajectories as a function of
l/cos6. The slope of this curve corresponds to the losses sustained by the alpha particles as
they are emitted in a perpendicular direction.
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2. Measurement procedures

The measurements were performed relative to the ̂ U fission cross section, a widely used
standard in the monitoring of the neutron flux. In this experiment, both uranium and nickel
targets were mounted on a separate cathode element of the ionization chamber. The thickness
of the uranium oxide layer was 260 mg/cnr. The absolute number of nuclei was determined
by measuring the alpha activity of the sample. The detector assembly on the side of the
uranium layer was set up so as to establish a counting regime of the detector (i.e., only the
beginning section of the fragment track was used to suppress the alpha particle emission and
the effect of the target layer.

The measurements were made in the neutron energy range from 3.5 MeV to 6.8 MeV. The
D(d,n)3He reaction in a solid deuterium target having a thickness of 1.4 mg/cm2 was used as
the neutron source. Two 58Ni targets (with an isotopic enrichment of 95.9%) having a
thickness of 250 mg/cm2 and 155 mg/cm2 respectively, were used in this experiment. This
made it possible to determine the role played by the target parameters in the (n,a) cross
sections. The first target was irradiated using the KG-2.5 accelerator; the second was
irradiated using the EG-1 accelerator, both at the FEI institute.

Two spectra were constructed for each incident neutron energy: the ̂ U fission fragment
spectrum in the monitor channel, and the two-dimensional (angle-energy) set of alpha particle
data emitted by the excited nickel in the main channel. The ionization chamber was filled with
a mixture of Xe + 3% of CO2 to a pressure of 2.5 at, permitting the registration of alpha
particles with energies up to 9 MeV. A crucial role in this experiment was played by the
determination of the optimal distance between the neutron generating target and the detector.
This was due to the considerable influence of the inevitable gamma ray background on the
energy resolution of the detector 6EO. If the value of 6EO was 72 keV for the spontaneous
decay of 252Cf, then the value for the beam flux would be 170 keV.

3. Corrections and uncertainties

To eliminate distorting factors in the measured data, a number of corrections have been
introduced in the reaction cross section ratio 58Ni(n,a)/23*U(n,f) data. These can be subdivided
into three groups.

A. Determination of the number of238!! nuclei in the target.

- The loss of particles in the uranium target leading to the loss in counting efficiency by

- Taking into account of the alpha spectrum tail which has an effect on the target
thickness introduced a correction of (0.5±0.2)%.

- Taking into account of the dead time in the alpha particle counting: 0.2% (this
includes the time for data registration and for recording the data on disk).

B. Determination of the incident neutron beam density.

- Loss of fission fragments due to their absorption in the uranium target with the
assumption that the transit equivalent in uranium dioxide is 5 mg/cm2; the correction
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for this effect is (2.6±1.3)%.
- Counting efficiency of the fission fragments which leave the target layer is estimated

at (99.4±0.3)%, (including the pulse discrimination level).
- Background due to room return and electronic noise: <0.1%.
- The fissioning of incidental isotopes by fast neutrons were disregarded, (the 238U

enrichment in the target was 99.99%).
- Uranium fission events due to neutrons scattered by structural materials in the

detector assembly were calculated by the Monte Carlo method; this correction
amounted to (2.5±0.5)%.

- The fissioning in traces of 235U by thermal neutrons had an effect of less than 0.1%.
- The difference between the neutron flux densities incident on the nickel and uranium

targets was taken into account by means of a correction coefficient: (2. l±0.5)%.
- The background of neutrons originating from the D(d,n)3He reaction in the

deuterium target substrate for neutron energies > 5.5 MeV, contributed a correction
of approximately (1.0±0.5)%.

- Photo fission in ^'U was neglected.
- Kinematics effects in the D(d,n)3He reaction contributed to the distortion of the

measured ratio by (0.8±0.4)%on the average.

C. Counting of alpha particles originating in the 5*Ni(n,a) reaction.

- The loss of alpha particles in the target. (1.2±0.7)%. (This correction was introduced
for each neutron energy taking the angular distribution of the alpha particles into
account).

- Background in the two-dimensional matrix: (1.0±0.5)% (omitting the nitrogen peak).
- Consideration of the isotopic composition of the nickel target gave a correction of

(4.3±0.1)%.
- Alpha counting efficiency (94±3)%.
- Geometry counting efficiency (99±1)%.
- Kinematics effects in the (n,a) reaction: (3±1)%.

The total uncertainty of the measured quantities is made up of statistical and systematics
components. The statistical error component, determined for both counting channels, namely
for fragments and alpha particles, was less than 5%, (for most of the points the uncertainty
was 1.5 to 2.5 %). The systematic error consists of all correction errors Aj , the error in the
determination of the number of nuclei in the nickel target A2 (2%) and uncertainties in the " 'U
fission cross section A3.

The energy dependence of A, is as follows:
- for En< 5.5 MeV it is 1.7%;
- for En< 6 MeV it is 2.3%;
- for En> 6 MeV it is 3.4%.

The energy dependence of A3 is as follows:
- for E,,< 5 MeV it is 2.4%;
- for E,,< 6 MeV it is 3.3%; .
- for En> 6 MeV it is 3.9%.

Thus, the total error of the measured slNi(n,o)3SFe reaction cross section is less than 8.5%.
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4. Measurement results

The measurement results are listed in the Table. In addition, the Table also lists the
corresponding reference values for 238U.

For reasons given in reference [3], the authors used results given in reference [4] in the region
of the first fission probability, instead of using the recommended of values given in the ENDF
file. Figure 1 shows the total 58Ni(n,a)55Fe reaction cross section measurement results in the
4.8 MeV to 5.2 MeV neutron energy range, which is the range in which the measurements
using the KG-2.5 and EG-1 accelerators overlap. The measurements were made using nickel
targets of two different thicknesses. As can be seen in the figure, the data fall within the error
bars of the two measurements.

Figure 2 shows the total set of data measured in this experiment together with data measured
by other authors [5-9]. Leaving the physical analysis of the results aside, it is worthy to note
the presence of a fine structure in the o(n,a) cross section at the neutron energy region of
approximately 5 MeV. It must noted that our data lie somewhat lower than those of the other
authors. The structure of the o ^ E J function can be observed in detail only at higher energy
resolution.

At incident neutron energies larger than 6 MeV, the absolute values of the cross sections are
by and large in relatively good agreement with those of other authors. However, in the region
of the "plateau", the scatter of the data is considerably higher and exhibit a significant increase
in their error bars. It can be stated that the energy dependencies of a^ of all of the given
experiments are not in good agreement. Not only can the evaluations of the data given in the
BROND, JEF-2 and ENDF files resolve the differences in the experimental data, but neither
can they give an adequate description of the real situation and explain the differences in their
data.
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Measurement results of the 58Ni(n,cc)55Fe reaction cross section

N
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

En+AEn M e V
3,55±0,ll
3,75±0,09
3,95±0;08
4,14±0,08
4,26±0,08
4,36±0,07
4,47±0,07
4,59±0,07
4,69±0,06
4,81±0,06
4,92±0,06
4,95±0,06
5,04±0,05
5,05±0,05
5,13±0,05
5,18±0,05
5,32±0,05
5,44±0,05
5,56±0,05
5,69±0,05
5,82±0,05
5,94±0,04
6,08±0,04
6,2I±0,04
6,35±0,04
6,47±0,04
6,60±0,04
6,72±0,04
6,83±0,04

or M 6

533
544
545
547
548
548
549
549
541
534
533
534
533
533
536
536
538
545
548
572
588
610
642
686
752
799
840
872
897

an.a M 6

5,51
7,68
10,2
13,4
17,0
19,6
21,9
24,9
25,3
27,8
25,5
26,4
26,9
27,0
29,6
32,7
38,3
44,5
47,6
52,9
54,8
55,3
59,7
55,3
63,3
70,7
72,4
78,0
68,0

±A an,a M 6
0,40
0,61
0,7
1,0
1,4
1,5
1,7
2,1
2,1
1,8
1,6
1,9
1,7
1,7
2,1
2,2
2,6
3.0
3,3
3,6
3,6
3,7
4,5
4,1
5,2
5,3
5,5
5,9
5,3
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Figure 1. The 58Ni(n,a)55Fe reaction
cross sections measurement results
in the 4.8 MeV to 5.2 MeV neutron
energy range showing the data
measured in the range in which the
measurements using the KG-2.5
and EG-1 accelerators overlap.

5.2 5.3

Figure 2. Comparison of the
58Ni (n,a) cross section
measurement results with those

obtained by other authors [5-9].
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