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4. Cross Section Measurement

4.1 Sequential Charged Particle Reaction
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4.1.1 Introduction

It is important to precisely estimate the induced activities and dose rates in structural

materials in view of safety designs of D-T fusion reactors. Recently it was pointed out that the

activation processes via not only primary neutron reactions but also sequential reactions

should be considered in activation calculations 1-2]. A sequential charged particle reaction

(SCPR) is defined as the reaction induced by secondary charged particles, so that the

'but'on of SCPRs to the nduced radioactivity s ordinarily much smaller than that of the

primary reactions. However, the productions of radioactivity via SCPRs would influence

severely on the total induced activity in the following two cases-. (1) SCPRs produce

undesirable long-lived radioactive nuclei in low-activation materials and 2) charged particles

emitted from nearby another material promote the sequential reaction rates in a boundary

region locally. Therefore, we focused on two special cases and carried out experimental

studies on the effective cross sections or reaction Fates of the SCPRs [ )-5].

In the former case, we aimed at measuring the effective cross-sections for the

production of radioactivity via SCPRs in the low-activation candidate materials, such as

low-activation steel (F82H), pure vanadium and LIF. LiF is a composition of the candidate

breeding materials such as FLIBE (LiF, BeF2) and FLINABE (LIF, NaF and BeF2). In the

latter case, we simulated the surface of a cooling pipe in a D-T fusion reactor where many

'led protons are generated n cooling water irradiated with high-energy neutrons. The

enhancement of the radioactivity production around the surface of a cooling pipe makes

corrosion products more activated. It gives rise to critical safety issue because the corrosion

products are carried along cooling loops into ex-vessel regions. In order to obtain the

distribution of sequential reaction rates with the distance from the attached hydrogen

compound, we selected natural Fe, Cu, V, Ti, W, Pb and low-activation ferrite steels F2H as

samples.
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4.1.2 Experiments

Neutron irradiation experiments have Niobium

been performed at the FNS facility. D-T neutron foil

neutrons were generated by bombarding a
__A>

Ti_3 H rotating target with a deuteron beam of Measured
pellet

350 keV at 20 mA. We prepared two kinds of

sample and set it in front of the D-T neutron luminum wrapping foil

target. Typical arrangements of the irradiated Exp I

samples are shown in Fig. 41-1. A typical Aluminum wrapping foil

distance between those samples and the target neutron ,
:X:X::': Laminated

outer surface was 30 mm. X foils

In the Exp, three pellets were stacked

and wrapped with aluminum foil as shown in

Fig.4.1-1. The size of each pellets was l0mm� Polyethylene board

X I mm. The purities of vanadium and LiF were Exp II

99.9 and 99.99 %, respectively. The gamma Fig. 4 1 -1 Typical arrangements of the irradiated
samples

rays emitted from the irradiated center pellets

were measured by a HPGe detector for the following nuclei: "Co(Tj,,=77.27d ) via the

nat Fe(pn) reaction in F82H, "Cr(T,12=27.7d) via the natV(pn) and 54 Mn(TI/2=312d) via the

nat V((xn) reaction in pure vanadium, and 7Be(TI/2=53.12 d) via the 7Li(pn) and

22 Na(TI/2=2.6y) via the 19F(un) reaction in LiF.

In the Exp. IT, several sheets of thin foil were laminated on a polyethylene board 3

mm in thickness which simulated water flowing inside a cooling pipe as shown in Fig. 4 - .

Note that the range of proton recoiled by 14-MeV neutron in polyethylene is less than 3 mm.

3
The size of the foil was IO X 1 0 X 005-0.25 mm . We have measured the distribution of

sequential reaction rates with the distance from the attached polyethylene board for seven

materials (Fe, Cu, V, Ti, W, Pb and F82H). We measured the gamma-rays emitted from the

irradiated samples by a HPGe detector for the following nuclei: 56co, 65 Zn, 51 Cr, 48 VI 184 Re,

206 Bi via the (pn) sequential reactions in iron, F82H, copper, vanadium, titanium, tungsten

and lead.

In order to determine the neutron flux incident on each stack, niobiurn foils were

attached on both sides of it. A 232 Th fission chamber located at the ceiling of the target room

was used as a monitor for generated neutrons. The counts per 1 0 sec were recorded by using

multi-channel scaling (MCS) and the recorded history was used to make corrections for the

fluctuations of neutron flux.
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4.1.3 R esults and D iscussion ................. ....... ...................
"C, 320keV

The observed gamma-ray spectra
> 7

from the irradiated pure V and LiF pellets
"Mn 835keV

were shown in figs 41-2 and 3 respectively.

The effective cross-sections with respect to C) lo,
14.9-MeV neutrons for producing "Co in

54 7F82H, 5Cr, Mn in pure vanadium and Be,
22N a in L iF w ere derived from the activities 10-- ...... ......... ......... ......... ......... ......... ......... ......... ......0 100 200 300 400 500 600 700 800 900

and neutron flux. The data processing and Energy [ keV I

estimation method have been in detail Fig. 41-2 The gamma-ray spectrum ftom
the irradiated pure V

..... ..... ..... .. ... . ... .... ..elsewhere 3], so it is omitted. The estimation
'Be 478keV

was performed by using the values from the
22 Na 51 1 keV

>European Activation Files 6 EAF XN-97,

EAF SPEC-97, EAF_STOP-97). The cross "Na 1275keV

sections for proton and alpha emission from S00 w
Li isotopes were quoted from the reference 7].

The comparison between the experimental and
the estim ated values are show n in T able 4 . - . 102 ............................. I ......... I...... ......... I......... 1. ......

400 500 600 700 800 900 1000 1100 1200 1300

The effective cross sections for the reaction Energy E keV I
Fig. 41-3 The gamma-ray spectrum from the

induced by proton were overestimated by a irradiated LiF

factor 15-3. For alpha induced reactions, the 1 0 7

range of discrepancy was large. We have to

improve the data associated with alpha
10' A A

especially.

Figure 41-4 shows the obtained Co56
A Mn54

distribution of the reaction rates for E i 01 Cr5l
C05756COproducing in F82H foils with respect to 41M

the distance from the surface of the cr_ lo'
.0polyethylene board. With coming closer to 4.1

the polyethylene board, an exponential of lo,
increase of the effective reaction rate is Z

clearly observed. In the closest region, the o2

reaction rate for producing 56Co reached 1 0.0 0.1 0.2 0.3 0.4 0.5

about 3 of that for producing the main Distance mm
product 54 Mn. The contribution of 56CO to Fig. 4.1-4 The distribution of the reaction rate for

producing 16CO in F82H with respect
the special radiation dose rate would reach to the distance ftom the surface of

about IO % of that of 54 Mn since the contact Dolvethvlene board.
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dose rate factor per unit activity for 56CO is about 4 times larger than that for 54 Mn. During the

operation before the equilibrium is attained, the contribution must be larger than the values, so

that it cannot be neglected in the safety design.

Table 4 1 -1 Measured and estimated effective cross-section for the sequential reaction

Sample Reaction Product Effective Cross Section [�Lbl
Measured Estimated Ratio

F82H 56 Fe(pn) 56co 8.0±0.9 24.2 3.0

"V(pn) 51 Cr 25.7± 16 38.7 1.5

Pure V 5 'V((Y.,n) 54 Mn 1.1 ± 03 0.30 0.3

7 Li(pn) 7Be 20.6± 13 32.6 1.6
LIF -

'9F((xn) 22Na 3.7± 03 25.4 6.9

4.1.4 Conclusion

The effective cross sections for producing the sequential reaction products in F8211,

pure vanadium and LiF with respect to the 14.9-MeV neutron were obtained and compared

with the estimation ones. Since the sequential reactions depend on the secondary charged

particles behavior, the effective cross sections are corresponding to the target nuclei and the

material composition. The effective cross sections were also estimated by using the

EAF-libraries and compared with the experimental ones. There were large discrepancies

between estimated and experimental values.

Additionally, we showed the contribution of the sequential reaction on the induced

activity and dose rate in the boundary region with water. From the present study, it has been

clarified that the sequential reactions are of great importance to evaluate the dose rates around

the surface of cooling pipe and the activated corrosion products.
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