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Neutron sputtering yields have been measured for radioactive nuclide production reactions at a 

14.9 MeV neutron energy. Materials investigated were F, Mg, AI, Sc, Ti, V, Cr, Fe, Co, Ni, Cu, Zr, Nb, 

Mo, Pd, Ag, Cd, In, Ta, Re, Pt, Au, Pb and SS316. The 14.9 MeV neutrons were produced by a D-T 

neutron generator at the Fusion Neutronics Source (FNS). The sputtered radioactive materials 

deposited on the collectors were investigated by the neutron activation analysis. In this work, all 

measurements were performed in air. Several different distances between the sample and the collector 

of the sputtered materials were chosen to be 0.2, 0.5, 1.0,2.0,3.0 and 5.0 mm to deduce the sputtering 

yield. The sputtering yields of fifty-seven reactions belonging to (n, 2n), (n, a), (n, p) and (n, np) have 

been measured. The systematics for reduced sputtering yield as a function of the atomic number (Z) 

have been derived for (n, 2n), (n, a), (n, p) and (n, np) reactions. A simple power function RSn=aZb was 

very good to describe the systematics, where the parameters a and b were fitted according to the type 

of reactions. Most of the deviations between measured values and the systematic results are within a 

range of 25 %. Backward sputtering yields were lower by a factor of 1.5 to 180 than forward ones. The 

present results are discussed along with others experimental results and calculation results. 

Keywords: Neutron Sputtering Yields, D-T Neutron, FNS, (n, 2n), (n, p), 

(n, a), (n, np), Fusion Reactor, Systematics 
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1. Introduction 


The development of materials for fusion reactors has been recognized as a fundamental 

issue affecting the ultimate technological and economic feasibility of fusion power. With the 

application of intense neutron fluxes in science, technology and power generation, the effects 

of high energy neutron bombardment, not only in the bulk material, but also at the surface 

become important. One of these surface effects is neutron sputtering, i.e., the removal of 

atoms (or clusters and microsize particles) from the surfaces during bombardment. It has been 

suggested that Me V neutron bombardment of the container walls of thermonuclear fusion 

reactors may lead to particle emission and cause both serious wall erosion and plasma 

contamination 1). 

When energetic neutrons bombard a solid and the energy is transferred to a surface or a 

near-surface atom, sputtering can occur. There is a general physical interest in the neutron 

sputtering in connection with radiation damage 2) and ranges of energetic ions in solids 3). 

Further, the neutron sputtering turned out to be an important process for emitting radioactive 

wall atoms into the coolants in nuclear reactors 4). In fusion research, the neutron sputtering is 

of interest as being one of the mechanisms which introduce atoms from the solid wall of the 

plasma chamber into the hot deuterium-tritium plasma 5). With the development of the fusion 

technology, especially for ongoing projects, e.g., the International Thermonuclear 

Experimental Reactor (ITER), the experimental data of the neutron sputtering yields should 

meet the needs for the basic material damage studies and the engineering design of fusion 

reactor. 

Most of experimental. measurements and theoretical treatments for neutron sputtering 

yields were carried out during the decade of 1970. After that time, there was almost no data in 

the literature on the fast neutron induced radioactivities recoil sputtering yields. Unfortunately, 

the neutron sputtering yields are still poorly investigated, mainly because the neutron fluences 

available are a factor of 10-100 lower than expected. The experimental data on the neutron 

sputtering yield is very scarce and contradictory. Different measurements on Nb, for example, 

had different results in widely scattering in the sputtering yields 6-8) and had large differences 

with the results predicted by theory 9-10). Usually, the experimental data were much higher 

than the theoretical predictions 11-12). The highest reported sputtering ratios have been 

associated with the observation of micron sized "chunks" of target material 5.8,13-17). If the 

higher sputtering ratios were correct, neutron sputtering would be a critical issue for the fusion 

reactors. 

The neutron sputtering yields, Sn=YIN, have been reported by some research groups 6-7, 

13,18-22), where Y is the number of atoms sputtered on a collector, and N is the total number of 

neutrons seen by the target. Since 1992, the researchers at the Fusion Neutronics Source 

(FNS) have started a systematic measurement for the neutron sputtering yields (Sn) by using 
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the FNS facility. Y.Ikeda et al 23) have reported some results for Sn due to (n, 2n), (n, p) and 

(n, a) reactions in AI, Fe and Nb. 

In this paper we report some new results for Sn by using the same facility and the same 

methods as that used by Y.Ikeda. Present measurements have been performed for Sn on 24 

materials of F, Mg, AI, Sc, Ti, V, Cr, Fe, Co, Ni, Cu, Zr, Nb, Mo, Pd, Ag, Cd, In, Ta, Re, 

Pt, Au, Pb and SS316 with fifty-seven reactions. In order to examine a probable systematics 

for the forward sputtering yields, all Sn is reduced by corresponding cross section values, 

which is defined as a reduced sputtering yields (RSn ). A systematic study on RS as a n 
function of the atomic number (Z) of the target materials for (n, 2n), (n, a), (n, p) and (n, np) 

reactions have been demonstrated. All present measurements were carried out by using 

collector positioned in air. On the one hand, due to the collision with air atoms, the sputtered 

atoms will attenuate passing through the air, which will lead to an incomplete collection of the 

sputtered atoms. Especially for high Z atoms, the range of the sputtered atoms is very short in 

air. For example, the range of the sputtered atom for 92Nb with an average kinetic energy of 

160 KeVin air was roughtly estimated to be 0.2 mm. In order to overcome this drawback, we 

need to measure the relation of the sputtering yields on the distances in air. Several different 

distances between the target and the collectors were chosen to be 0.2, 0.5, 1.0, 2.0, 3.0 and 

5.0 mm. The sputtering yield in the surface of the target investigated (0 mm) was deduced 

from extrapolation of the sputtering yields at the different distances. On the other hand, with 

this method one can know the change of the sputtering yields along with the attenuation in air. 

Moreover, one can obtain some informations of the energy distribution of the sputtered atoms 

from the sputtering yields at different distances and the energy loss in air. Based on these 

reasons, we employed the sample configuration in the air. 

2. Experimental procedures 

2.1 Materials with reactions 

The material released at a surface in the sputtering of solids by the neutron bombardment 

is mostly neutral atoms in the ground state, and only very few are emitted in the form of ions 

or small clusters 24). For the neutron sputtering, the material released has been only little 

investigated. The most extensive sputtering yield measurements have been performed for 
Au 6,14, 25-29) and Nb 8, 13-14,30-36) materials. 

Generally the neutron sputtering yields are very small, typically 10-5 to 10-4 atoms per 

incident neutron, of which 10-8 to 10-6 atoms per neutron are radioactive-primary-knockon 

atoms. Because the sputtering yields are very low, it is very important to select suitable 

materials and reactions. First, the cross section of the reaction must be not too low so that the 
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recoil atoms emitted can be detected. Second, the half-life of the reaction should be suitable so 

that the irradiation time and the time of measuring the activity of the collector foil can be 

sufficiently long . Third, the material should be solid with sufficiently smooth surface beacuse 

most of sputtering is caused from the surface layers. In four rounds experiments, twenty-four 

kinds of materials fluorine, magnesium, aluminium, scandium, titanium, vanadium, 

chromium, iron, cobalt, nickel, copper, zirconium, niobium, molybdenum, palladium, silver, 

cadmium, indium, tantalum, rhenium, platinum, gold, lead and stainless steel 316 with fifty­

seven reactions were chosen for the measurement of the sputtering yields. All reactions and 

their associated decay data were listed in Tab.l. 

2.2 Collector preparation 

The sputtering yields have mostly been measured by subjecting a target material, each 

with collector foils on each side to a given neutron fluence in a vacuum. The present 

measurement was performed in air. For this method, it needs to measure the change of the 

activity at the collector with the distance between the target and the collector. The range of the 

sputtering atoms is very short because of attenuation by the air, which was very serious for 

high Z atom. In the present measurement, several different distances between the target and the 

collector were used to deduce the function of Sn varing with distances. 

The collectors for the sputtering materials were made from the plastic film. Most of the 

collectors were first cut into a 2.5 x 2.5 cm2 • The thickness of each collector is 0.013 mm. A 

plastic ring was made specially as a holder to fix the collector and the target. Each target­

collector assembly consists of one target, two collectors and two plastic holders. The target was 

placed in between two holders. The collector was stuck on the other side of the holder relative 

to the target as shown in Fig.l. The thickness of the holder were 0.2, 0.5, 1.0, 2.0, 3.0 and 

5.0 mm, which separated the target from the collectors. For each material investigated, 4 to 6 

target-collector assemblies were prepared and were loaded into a cylinder plastic tube as a 

target-collector stack. 

Though the method of the activation measurement of the collector has the advantage that 

any contamination on the collectors does not affect the measurements, the surface of the 

collectors should also be cleaned carefully, which will affect the sticking probability of the 

sputtering atoms on the collectors. 

After irradiation, each collector was cut carefully into a round foil with 20 mm in diameter 

from the holder. Then, the activity of the collector was measured by Ge detectors. 

- 3 ­



lAERI-Research 97-082 

2.3 Target preparation 

For every experiment, the metallic target was used except fluorine. Most of samples were 

bought from the Goodfellow Cambridge Limited Company. The thickness of the target foils 

were from 0.005 mm to 0.25 mm as shown in Tab.2 and the size of target was 25 x 25 mm2. 

In order to perform well-defmed sputtering measurements, the surfaces of the target to be 

investigated should be extremely carefully cleaned to avoid any surface debris or loosely 

bound microparticles being knocked off from the target and reaching the collectors. A surface 

layer of oxides, carbides, water and other residuals form will also influence the sputtering 

result. 

2.4 D-T neutron source and sample irradiation 

The 14.9 Me V neutrons were produced by T( d,n) reaction at the neutron generator of 

FNS. All measurements were carried out in four rounds experiments. Two rounds 

experiments were made at a rotational target room utilizing the FNS heavy irradiation machine 

time at an average neutron flux 2.2 x 1012 nlsec. Others two rounds experiments were made at 

a 80° target room at the average neutron flux 1.5 x 1011 nlsec. The target-collector stack 

was placed at the distances of 10 to 50 mm from the neutron source in direction of 00 to d+ 

beam. The irradiation time was changed according to the half-lives of reactions. Excepting the 

27AI(n, p)27Mg reaction for which the sample was only irradiated with 10 minutes, some 

samples were irradiated one day (about 7 to 10 hours), and other samples with long half-lives 

were irradiated two or three days (about 14 to 30 hours). A schematic of the irradiation 

configuration was shown in the Fig.l. The total neutron flux for each sample was given in 

Tab. 2. 

2.5 Activity measurement 

The material sputtered and deposited on the collectors is typically much less than 11100 of a 

monolayer, therefore the most sensitive techniques had to be applied for a quantitative analysis. 

For that purpose, there are several techniques such as neutron activation analysis, nuclear track 

detectors 16) and surface analysis techniques37-38), etc. In the present experiment, the 

activation analysis technique was used to determine the activity of the collector foils. 

After the irradiations, the experimental target -collector stack was disassembled. The 

collector was cut carefully from the holder to avoid possible loss of sputtered material. 

Gamma-rays from the irradiated samples and the sputtered materials deposited in the collectors 

were measured using four germanium detectors. One germanium detector was used as the 

standard detector in which the detection efficiency in a standard position (5 cm from 

- 4 
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germanium detector) has been calibrated carefully. The other detectors were used to measure 

relative gamma-ray yields. The efficiencies of the relative detectors were calibrated for each 

gamma-ray peaks by measuring the same sample with both of the relative and the standard 

detectors. 
The average neutron flux <l>n on the sample can be obtained from gamma-ray peak counts 

C1 of the sample 

(1) 

where, 

l: decay constant of radioactivity produced, 

0: the cross section of reaction studied, 

I: y-ray emission probablity in a decay, 

£1: the detector efficiency, 

F : correction factor for non-constant neutron flux during irradiation, 

K: coincidence-summing correction factor, 


ti: duration of irradiation, 


tc: duration of cooling, 


tm: duration of y-ray counting, 


nl: the number of target nuclei of the sample, 


Jl: gamma-ray self-absorption correction factor. 

The gamma-ray self-absorption correction factor, Jl, is given by 

(2) 


where p is the absorption coefficient (cm-l ) 39) and t is the thickness of the sample. For low 

energy gamma-ray and the thick target the self-absorption of the gamma-ray will become 

serious. For most samples this factor is larger than 0.98 as given in Tab. 2, only for Pd, Ta, 

Re, Pt and Pb samples the gamma-ray self-absorption correction factor are 0.75,0.95, 0.90, 

0.95 and 0.95, respectively. 
The amount of sputtering is measured by the sputtering yield (Sn) which is defined as the 

mean nurrtber of atoms removed from the surface of a solid per neutron passing through this 

surface. In nearly all neutron sputtering measurements , a sticking probability of one was 
assumed. The y-ray peak counts C2 at the collector foil is 

- 5 
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hi2 )e-hC2 (1- e-hc = Sn .S2 . <l>n . E2 .[. a· (1- e- ... 2 ) 
(3)

2 A.F.K ' 

where S2 is the area of the collector foil measured, E2 is the detector efficiency. Substituting 
4Jn in equation (1) to equation (3), considering n

1 
equal to WNAalA, we get 

h ts = C2E1CJWNAfl eA,(tC2-tct) (1- e- ... ) 

(4)
n C E AS (1- e-h ...2 )

1 2 2 

where W is the weight of the sample, A is the atomic weight of the target nuclide, a is 
the abundance of the target nuclide in the sample and NA is the Avogadro's number 

(6.022045 x 1023). 

E2 (Er) can be obtained by measuring radioactivity of the same sample in two detectors, 

i.e., the standard detector and the relative detector. The efficiency curve E]{Er) in the standard 

detector has been calibrated. We have 

(5) 


Coincidence summing occurs for radionuclides emitting two or more photons in sequence 

within the resolving time of the spectrometer 40). The probability for such summing effects 
increases with increasing total efficiency (Et;). The coincidence-summing correction depend on 
the decay scheme. For a simple decay scheme as shown in Fig.2( a), if the p1, P2 and p3' are 

emission probability of r1 , r and r3 , E1 ,E and E3 are the detection efficiencies for 2 2 

energies E1 , E2 and E3 , EtJ and Et2 are full-energy-peak: efficiencies at energies E1 and E2 

, respectively. We have 

1 
for rl 

l-E,2 

1
K= (6) 

The correction factors become more complicated when more than two photons are emitted 
in cascade. If the decay scheme as shown in Fig.2(b), as an example, for detecting r], 

such as 847 KeV gamma-rays measured for the 56Fe(n,p)56Mn reaction, the correction factor is 

-6­
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K= 1 (7)
1- P2 £ _ P3 £ _ P4 £ 

,2 t3 ,4 
PI PI PI 

The results for the coincidence-summing correction factor for all reactions were given in 

Tab. 2. 

3. Experimental results 

The typical y-ray spectra from the collectors for each sample were given in Figs. 3-33. 

The neutron sputtering yields were obtained from the value of different positions for each 

sample for forward and backward directions, they were listed in Tab. 3 with their errors. The 

error consists of two parts: one is the statistial error for the peak count and another is all 

identified systematic error. All errors were listed as following: 

£]: 3%, 


£2: depending on the errors of C21 C] I £] (3 %) and K (3 %), 


: peak counts error and statistial error, 
C2 

C1 : peak counts error and statistial error, 

(J: depending on the reactions, about 3 % to 5 %, 


n WNAalA ,only weight Werror, this is very small and can be neglected, 


J.L can be neglected, 


a can be neglected, 


S2: about 5 %. 


The value of sputtering yields at 0 mm distance is obtained by extrapolating the data at 

different distances to 0 mm. The results were also given in Tab. 3. Figures.34-57 showed the 

fitting curves obtained from the sputtering yields of different distances for each target material. 

For most reactions the data of activity at the collector were measured more than three, but for 

some reactions such as 59Co(n,p)59Fe, 65Cu(n,p)65Ni, 90Zr(n,p)90my, 90Zr(n,a)87mSr, 

93Nb(n,a)90my for sample #1, 100Mo(n,2n)99Mo, 92Mo(n,p)92mMo, 96Mo(n,p)96Nb, 

108Pd(n,a) 105Ru, 105Pd(n,p) 105Rh, 11 0Pd(n,2n) 109Pd, 107Ag (n, 2n) 106m A g, 

11 6 C d ( n , 2 n ) 1 1 5 g Cd, <1 12C d ( n , p ) 1 1 2 Ag, 11 5In ( n , a ) 1 1 2 Ag, 11 5In ( n , 2 n ) 114m In, 

198Pt(n,2n)197Pt and 204Pb(n,2n)203Pb, only two data of the activities of the collectors were 

measured because of very weak activities. Some backward sputtering yields were also 

measured only for two distances because of the same reasons. 

- 7 ­
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4. Discussion 

4.1 The systematics of the reduced sputtering yields 

In order to give an overall guide line for Sn from a nuclear reaction point of view, Sn were 

reduced by using corresponding cross section values. We denoted the reduced sputtering yield 
as RSn, that is, 

RS = Sn (8) 
n a(bam)' 

In the present measurement, the experimental data of fifty-seven for RSnhave been 

classified according to their reaction types as (n, 2n), (n, a), (n, p) and (n, np). The reduced 

sputtering yields were plotted in Fig. 58 with respect to the atomic number (Z) of target 

materials for (n, 2n), (n, a), (n, p) and (n, np) reactions. In the Fig. 58 , we found that RSns 

present a strong correlation with Z. With the increasing of Z of the target materials, the values 

of RSns were decreased according to the power form of Z. The systematic trends of four 

reactions were similar. The RSn dependence on Z is given in a very simple power function as 

following: 

RS = a Zb , (9)n 

where a and b are fitting parameters which are given in Tab. 4. 

Following points is worth to be mentioned that for (n, np) reaction the data of the 

sputtering yields were obtained only for four reactions. The activity of 47Sc comes from two 

reactions, i.e., 48Ti(n,np)47Sc and 47Ti(n,p)47Sc.For the natural target the abundance of 48Ti 

is one order higher than that of 47Ti, but the cross sections for the latter is larger than that of the 

former. The ratio of reaction rate between the 48Ti(n,np)47Sc and the 47Ti(n,p)47Sc is about 

2:1. As an approximation we assume the activity of 47Sc mainly coming from the 

48Ti(n,np)47Sc reaction. For another reaction 52Cr(n,2n)5tCr, the activity of 5tCr in SS316 

target comes from two reactions, 52Cr(n,2n)51Cr and 54Fe(n,a)51Cr . The ratio of reaction 

rate between the former and the latter is about 6: 1. So for the same reason we assume the 

activity of 51Cr mainly coming from the 52Cr(n,2n)51Cr reaction. 

Figure 62 showed the ratios of RSnbetween the experimental values and the systematic 

values. For most of reactions, the experimental RSns were predicted by the systematics within 

25 % error bands. Two reactions were exceptions, one was the 59Co(n, a)56Mn reaction 

which was 37 % larger than the systematics, and another was the 52Cr(n,2n)51Cr reaction 

which was 57 % larger than the systematics. It also needs to point out that for the 
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S2Cr(n,2n)SlCr reaction the target was supported by a polyester support. For the same reaction 

using SS316 target the result was in good agreement with the systematics. In addition, it 

needs to keep in mind that for all sputtering experiment, the sticking probability was supposed 

to be one, although the sticking probability would be changed slightly depending on the 

collector materials and the sputtered atoms41). 

In order to confirm the experimental results, the sputtering yields for six samples of 

niobium, palladium, silver, cadmium, indium and gold were measured in twice. Except 

niobium sample, both of which were irradiated at the rotational target room, for other five 

samples, the fITst time was irradiated at the 80° target room and the second one was irradiated 

at the rotational target room. Both of the results for 116Cd(n,2n)llSgCd, 110Pd(n,2n)l09Pd and 

11SIn(n,2n)l14In reactions were almost the same. For 93Nb(n, 2n)92mNb, 93Nb(n,a)89my, 

107Ag(n,2n)106mAg and 197Au(n,2n)1969Au reactions both of the results showed a little 

differences, but both results were in agreement with the systematics within 25 % error bands. 

4.2 Backward sputtering yields 

Because neutrons can penetrate through a solid with large thickness , we have to 

distinguish between the backward sputtering and the forward sputtering. The greater forward 

compared with the backward sputtering yield for energetic neutrons, is caused by the isotropic 

scattering which strongly favours energy transfer in the forward direction 24). In the present 

measurement, the backward sputtering yields for thirteen reactions heve been measured. The 

backward sputtering yields are lower by a factor of 1.5 to 200 than the forward sputtering 

yields depending on the target materials as shown in Tab.3. For 19F(n,2n)18F reaction we 

found the backward sputtering yields was very large. The ratios FIB of Sn between the 

forward and the backward was 1.5. Except this reaction, we can postulate that the ratio FIB 

depends on reaction types, for example, 80-180 for (n, p) reaction, 30-120 for (n, 2n) reaction 

and 5-20 for (n, a) reaction. 

4.3 Comparison with other experimental results 

At 1970's and the begining of 1980's some experimental groups have made some 

measurements on the neutron sputtering yields for some materials as Au, Nb, AI, Fe, V , Mo , 

Cr , Ni and Co. Most of experimental study on the neutron sputtering is focused on Nb and 

Au, with the neutron sources for reactor neutrons as well as neutrons from a T( d,n) and a 

Be( d,n) neutron sources. The measurements have been made by measuring the amount of 

deposition on a collector foil assuming a sticking probability equal to 1. In most cases 

polycrystalline targets were used at room temperature in a vacuum condition. Sputtering yields 

data of experiments with single crystals on Nb and Au IS. 27. 32) agreed within the 
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experimental error. Most reliable measurements are made with Sn < 10-5 as only upper limits. 

Microparticles or chunks have been found on the collectors by two experimental groups in 

sputtering rough surfaces contribution less than 10% to the total sputtering yield 15.24). Present 

results were compared with the results of Y.Ikeda 23), M.Thomas 42), R.Behrisch 43) and 

a.K.Harling 4) as shown in Tab.5. 

4.3.1 (n,2n) reaction 

For (n,2n) reaction, except for M.Thomas· results, most of other experimental results 

were larger than the present results as shown in Fig.59. The sputtering yields for twenty-nine 

reactions have been measured for atomic number Z from 9 to 82 in the present experiment . 

Many results of the neutron sputtering yields were obtained for the first time in the world, for 

example, 19F(n,2n)18F, 45S c (n,2n)44mSc, 59Co(n,2n)58Co, 65Cu(n,2n)64Cu, 

90Zr (n,2n)89Zr, 110Pd(n,2n) 109Pd, 102Pd(n,2n) 101Pd, 107 Ag(n,2n) 106mAg, 

116Cd(n ,2n) 115gCd, 115In(n,2n) 114In, 181 Ta(n,2n) 180mTa, 187Re(n ,2n) 186Re, 

196Pt(n,2n)195Pt, 198Pt(n,2n)197Pt and 204Pb(n,2n)203Pb reactions. For 93Nb(n,2n)92mNb 

reaction, M.T.Thomas et al using (d,t) neutron gave the RSn=2.28 xl0-7 barn-1with the total 

neutron dose 3xl016, a.Harling gave RSn=1.58xlO-7 barn-I, R.Behrisch gave 

RSn=1.70xlO-7 bam-1 and Y.Ikeda gave RSn=2.5xl0-7 bam-I. The present results were 

RSn=5.73XIO-8 barn-1and 4.48xlO-8 barn-I, which were about 3-5 times lower than other 

results. For 197Au(n,2n)1969Au reaction, a.Harling gave RSn=5.5XIO-8 barn-I, R.Behrisch 

gave RSn=I.10xl0-7 bam-1and Y.Ikeda gave RSn=6.0XI0-8 bam-I. The present result was 

RSn=6.53XIO-9 barn-1 which was about one order lower than Ikeda·s result and about 17 

times lower than Behrisch·s result. Thomas· results for 58Ni(n,2n)57Ni, l00Mo(n,2n)99Mo, 

SS316(n,2n)51Cr and SS316(n,2n)57Ni reactions were about 2-3 times lower than the present 

results. 

4.3.2 (n,p) reaction 

For (n,p) reaction, the discrepancies among the experimental results of three groups, i.e., 

Y.Ikeda, M.Thomas and a.Harling, as shown in Fig.60, were very large. Present results for 

24Mg(n,p)24Na, 27 AI(n,p)27Mg, 59Co(n,p)59Fe, 65Cu(n,p)65Ni, 90Zr(n,p)90my, 

105Pd(n,p)105Rh, 112Cd(n,p)112Ag and SS316(n,p)56Mn reactions were obtained for the first 

time in the world. For the same target nickel, the reduced sputtering yield for two reactions: 

58Ni(n,p)58Co and 60Ni(n,p)60Co, should be the same value according to the present 

systematics beacuse their atomic number Z is the same. Y.Ikeda gave approximately equal 

results for both reactions. For the former reaction M.thomas gave a 3.5 times larger value than 

that of the latter and also a.Harling gave 3 times value. It is unable to explain from our present 
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systematics why so much different values were reported in the reduced sputtering yields for 

the same Z . Another example is Mo sample for 4 kinds of (n,p) reactions. In the present work, 

two reactions: 92Mo(n,p)92mNb and 96Mo(n,p)96Nb have been measured with almost the 

same values. M.Thomas has reported all these reactions having very large different values in 

each. The value of reduced sputtering yield for the 96Mo(n,p )96Nb was two orders larger than 

that of the 95Mo(n,p)95mNb reaction. For the same reaction, such as, 6ONi(n,p)60Co reaction, 

the maximum disparity between Y.Ikeda's and M.Thomas' values was about 35 times. For 

the 56Fe(n,p)56Mn reaction, the present result was the same with Y.Ikeda within the 

experimental error, but was 4 times larger than that of O.Harling. For the 4STi(n,p)4SSc 

reaction, the present result was in good agreement with O.Harling's within the experimental 

error. 

4.3.3 (n, a) reaction 

For (n,a) reaction, the experimental results of two groups Y.Ikeda and O.Harling were 

shown in Fig.61. The present results for 45Sc(n, a)42K, 59Co(n, a)56Mn, 90Zr(n, 

a)S7mSr, 92Mo(n, a)S9m+gZr, 10SPd(n, a)105Ru and 115In(n, a)112Ag reactions were newly 

obtained. For the 27AI(n, a)24Na reaction, the present result was in good agreement with 

Y.lkeda's result. For the 93Nb(n, a)90my reaction, Y.lkeda's result was higher about 4 times 

than the present results. For the 51Y(n, a)4SSc reaction, the differences for three experimental 

results were small. For the 50Y(n, a)47Sc reaction, O.K.Harling's result was about 3 orders 

lower than the present systematics, and for the 5OTi(n, a)47Ca, the 54Fe(n, a)51Cr and the 

62Ni(n, a)59Fe reactions, O.K.Harling's results were about one order lower than the present 

systematics. 

4.3.4 (n, np) reaction 

For (n, np) reaction, only one experimental result: SS316(n, np )57Co reaction, was given 

before our experiment by M.Thomas with RSn=7.56xl0-s barn-1 which was one order lower 

than the present result. The present results for 4STi(n, np)47Sc and l02Pd(n, np)lOlmRh 

reactions were newly obtained. According to the scarcity of the arailable data for (n, np) 

reaction, present systematics for this reaction only gave a rough result. 

4.4 Theoretical considerations 

Sputtering processes can generally be described using the concepts developed for radiation 

damage in the bulk of a material 2,44-48). An incident neutron interacts with an atom of the 

solid and it produces an energetic primary knockon atom with energy T. These primary atoms 
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collide further with lattice atoms and/or with electrons and making up a collision cascade. If a 

primary knockon atom and a collision cascade are initiated in the near-surface layers of the 

solid, energetic atoms may reach the surface and can be released. The sputtering yield is 

derived as the mean number of cascade atoms per incident neutron which reach the surface with 

sufficient energy to overcome the surface potential, which is of the order of 2-10 e V 49). 

In sputtering experiments with neutrons, the primary knockon atoms can be produced in a 

nuclear reaction such as (n, p), (n, a), (n, 2n), (n,np), etc. Inelastic scattering refers to those 

events in which a particle is emitted, leaving the residual nucleus in an excited state which 

decays by photo emission 50). The recoil energy Tis 

(10) 

where 

(11) 

where En is the incident neutron energy, Q is the inelastic excitation of the nucleus, Al is the 

target mass, J.l=cos(J and (J is the scattering angle, and the maximum transfered energy Tm is 

(12) 

The radioactive primary knockon atoms starting with an energy T in the direction 9 of the 
neutron may have a range distribution FR(T, 9,x)dx in the direction x normal to the surface. If 

they start, which are uniformly distributed, in the solid of thickness c at distances Xo from the 

surface, the probability for an atom to reach the surface and be emitted is given by 

,If the thickness c is much larger than the mean range, this can be transformed to 

here the surface potential is neglected, because we assume that the majority of the atoms arrive 

at the surface with much higher energies. 

The primary knockon emission yields in the forward directions are given by 51-53) 
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(13) 


where a(E,,) is the cross section of reaction between the incoming neutron and the atoms in 

the solid, N is the number density of atoms in the solid. The mean projected range of a 

primary knockon atom starting with T in a solid in a direction (J relative to the surface normal, 

given by 

r~FR(T,(J,x)dx
(R(T,(J» =Jo_ . (14)

Jo FR(T,(J,x)dx 

For nearly perpendicular neutron incidence «(J =0), the denominator is close to 1. For single­

energy neutrons we get for the forward emission yield of radioactive primary knockon atoms 

(15) 


where K was introduced as an adjustable paremeter depends on the geometry, the surface 

binding energy of the target material and the direction of the neutron flux. 
U sing average kinetic energy T= T ,,/4, the theoretical mean ranges have been calculated 

using the results of Schlott 56) for the low and intermediate energy ranges. 

(R(T» ( J.l~) = 
em 

(16) 

where 

(17) 


where A l' Z1 and A2, Z2 are the atomic masses and the atomic numbers of the target atoms and 

the recoil atoms, respectively, £ is defined as a reduced energy, and Cl and Ci are obtained 

from Fig.4 and 7 of Schiott 54). 

The calculated results are given in Tab.6 with K= 1. The kinetic energies of the residual 

nucleus are varies from 700 Ke V to 70 Ke V with atomic number from 9 to 82. The maximum 

mean range is about 2 J.lm for fluorine and the value decreases with increasing Z. The 

- 13­



lAERI-Research 97-082 

comparison between the calculated results and the experimental results are also given in Tab.6. 

The ratios CIE changes with Z depending to the type of reaction are given in Fig.63. The 

result shows that the ratios CIE varies from 0.5 to 5 depending on the type of reactions. For the 

same material, according to the present systematics, (n,a) reaction gives the largest the 

reduced sputtering yield and (n,2n) gives the lowest ones ( for example, the ratio of the 

reduced sputtering yields (n,2n) to (n,a) reactions is 0.36 for Z=20 and 0.13 for Z=100) in 

the reactions considered. This cann't be explained by the present sputtering theory. In order 

to explain the systematics of RSn, it is necessary to develop a new neutron sputtering theory. 

s. Summary and conclusion 

We made a systematic study on the neutron sputtering yields. Twenty-four kinds of 

materials have been chosen for sputtering experiments at the neutron energy 14.9 MeV using 

FNS D-T neutron facility. The present work was made to provide experimental data of the 

sputtering yields induced by 14 MeV neutrons. In the present work, the data of twenty-nine 

(n, 2n) reactions for Z from 9 to 82, ten (n, a) reactions for Z from 13 to 49, fourteen (n, p) 

reactions for Z from 12 to 48, and four (n, np) reactions for Z from 22 to 46 were measured. 

The neutron sputtering was characterized by the reduced sputtering yield which depends 

strongly on the atomic number Z of target materials. A simple power function was very good 

to describe the systematics. For most of reactions, the experimental RS s were predicted by n 

the systematics within 25 % error bands. Backward sputtering yields of thirteen reactions 

also have been measured, which was lower by a factor of 1.5 to 180 than forward one. 

Further, from the present systematics, one can deduce the sputtering yields for some 

important materials, especially for those the recoil nuclides with no activities. In a fusion power 

reactor, for example, ITER, the fITSt wall are bombarded with a high flux. 14 MeV neutrons and 

wall material particles are sputtered back to the plasma. In addition to the effects on the plasma, 

this process results in the cause of wall erosion. A material with a large erosion rate should be 

avoided as a candidate for the material of the first wall. The erosion rates of the candidate 

materials, such as vanadium-base alloys, can be estimated from our systematics. Moreover, 

the radioactive nuclides sputtered from the first wall into the coolant, mainly come from the 

non-elastic reaction, can be calculated from the present work. 

The present systematics, however, cann't be explained well by the theory at the present 

moment. The sputtering theory will be developed based on the present systematics. 
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Table 1 List of reactions and associated decay data for the neutron 

sputtering experiment 

Z Reactions Abundance 

(%) 

TII2 Energy 

(keV) 

Branching 

ratio (%) 

(/ 

(mb) 

Q-values* 

(MeV) 

9 19p (n,2n) 18p 100 1.83h 511 193.8 51.8 -10.43 

12 24Mg (n,p) 24Na 78.99 15.03h 1368 100 167.6 -4.73 
13 27AI (n,Cl) 24Na 

(n,p) 27Mg 
100 15.03h 1368 100 113.9 -3.13 

100 9.46m 843.7 73.1 62.3 -1.83 
21 4SSC (n,Cl) 42K 

(n,2n) 44msc 
100 12.4h 1524 18.8 53.3 -0.4 

100 2.44d 271 86.6 131 -11.32 

22 

47Ti (n,p) 47SC 

48Ti (n,p) 48SC 

(n,np) 47SC 

7.4 3.422d 159.4 68.5 121.5 0.18 

73.7 43.67h 983.5 100 59.6 -3.21 

73.7 3.422d 159.4 68.5 20.7 -11.44 

23 SIV (n,Cl) 48SC 99.75 43.67h 983 100 16.9 -2.06 

24 S2Cr (n,2n) slCr 83.79 27.7d 320 10.2 376 -12.04 

26 S6Pe (n,p) s6Mn 91.8 2.58h 847 98.9 111 -2.91 

27 S9CO (n,Cl) s6Mn 

(n,2n) S8CO 

(n,p) s9pe 

100 2.579h 846.7 98.9 32.3 0.33 

100 70.8d 811 99.4 630 -10.45 

100 44.5d 1099 56.5 45.7 -0.78 

28 sBNi (n,p) S8CO 

(n,2n) S7Ni 

(n,np) , S7Co 

68.3 70.8d 811 99.4 269 0.4 

68.3 35.99h 1377.6 77.6 42 -12.2 

68.3 271.65d 122.06 85.6 661 -8.17 

29 6SCu (n,2n) 64Cu 

(n,p) 6sNi 
30.8 12.7h 511 38.6 961 -9.91 

30.8 2.52h 1115.8 15.13 18.8 -1.35 

40 ~ (n,p) 90my 

(n,Cl) 87mSr 
(n,2n) 89Zr 

51.5 3.19h 479 91 12.28 -1.5 

51.5 2.81h 388.4 87 3.82 1.76 
51.5 78.4h 909 99 832 -11.98 

41 93Nb (n,Cl) 90my 
(n,2n) 92mNb 

100 3.19h 479 91 4.94 4.93 
100 10.15d 934 99 464 -8.83 

42 92Mo (n,p) 92mNb 

(n,Cl) 89m+BZr 
96Mo (n,p) 96Nb 

looMo (n,2n) ~o 

14.8 10.14d 934.5 99.2 58.8 0.43 

14.8 78.43h 909.2 99 25.6 3.71 

16.7 23.55h 778.2 96.8 24.7 -2.4 

9.6 66.02h 739.4 12.6 1380 -8.29 

46 

102Pd (n,2n) 10IPd 

I02Pd (n,np) 10lmRh 

nopd (n,2n) I09Pd 

losPd (n,p) lOsRh 

108Pd (n,Cl) 105Ru 

1 8.47h 296.3 18 1179 -10.57 

1 4.34d 306.77 87 270 -7.81 

11.8 13.43h 88 96 1550** -8.82 

22.2 1.47d 319.1 19.7 42.7 0.22 

26.7 4.44h 724.2 17.8 3.33 2.05 
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Table 1 (continued-I) 
Z Reactions Abundance 

(%) 

TIn Energy 
(keV) 

Branching 
ratio (%) 

cf 
(mb) 

Q-values* 
(MeV) 

47 I07Ag (n,2n) 1000Ag 51.83 8.41d 450 28.4 557 -9.54 

48 116Cd (n,2n) 115'Cd 

112Cd (n,p) 112Ag 
7.5 55.38h 336 95 780** -8.7 

24.1 3.14h 617.3 42 18.1 -3.17 

49 1I5In (n,2n) 114mln 

(n,a) 112Ag 
95.7 49.51d 190 95.6 1255** -9.04 

95.7 3.14h 617.6 42 2.66 2.73 
73 181Ta (n,2n) 180mTa 100 8h 93 5 1297 -7.58 
75 187Re (n,2n) 186Re 62.6 3.78d 137 9.2 1560** -7.36 

78 196Pt (n,2n) 195Pt 

198Pt (n,2n) 197Pt 
25.3 4.02d 98.9 100 1692+ -7.92 

7.2 18.3h 191 16 1100** -7.56 

79 197Au (n,2n) 196'Au 
196mAu 

100 6.2d 355.65 87.6 1894 -8.07 

100 9.7h 188.23 37.8 1300 -8.07 

82 204Pb (n,2n) 203Pb 1.42 52.02h 279.2 81 2120 -8.39 
SS 

316 

56Fe (n,p) 56Mn 
52Cr (n,2n) 51Cr 

58Ni (n,p) 58CO 

(n,np) 57CO 

(n,2n) 57Ni 

-59.3 2.58h 846.75 98.9 111 -2.91 
-14.4 27.7d 320 10.2 376 -12.04 

-9.6 70.8d 811 99.4 269 0.4 

-9.6 271.65d 122 85.6 661 -8.17 

-9.6 35.99h 1377.6 77.6 42 -12.2 

# : Data were taken from Refs. 55 and 56. 

* : En=14.9 MeV, Qtool (T-2 Nuclear Information Service in the Internet) was used to 
calculate reaction Q-values. 

** :Data were taken from Ref. 57. 
+ : The cross section was calculated using the systematic formula at Ref.56. 
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Table 2 List of neutron flux and correction factors for the sputtering experiment 

Z Reactions Energy Thickness Neutron flux Correction factors 

of target Total Average 

(keY) (mm) (x1016) (x10t2/s) K Jl 
9 19p (n,2n) 18p 511 0.1 3.44 2.5 1 0.9994 

12 24M~ (n,p) 24Na 1368.6 0.1 6.92 2.3 1.062 0.9996 

13 27AI (n,a) 24Na 1368.6 0.1 8.09 2.4 1.062 0.9993 

(n,p) 27Mg 843.8 0.1 0.0093 0.16 1.001 0.9972 

1014 0.999 0.9992 

21 4SSC (n,a) 42K 1524 0.025 0.394 0.19 1 0.9998 

(n,2n) 44mSc 271 0.25* 1 0.996 

22 47Ti (n,p) 47SC 983.5 0.1 0.871 0.16 1 0.9986 
48Ti (n,p) 48SC 1037 1.006 0.9987 

(n,np) 47SC 159.4 1 0.9963 

23 Sly (n,a) 48SC 983.5 0.025 0.429 0.17 1 0.9997 

24 S2Cr (n,2n) SICr 320 0.015** 14.18 1.9 1 0.9994 

26 S6Pe (n,p) s6Mn 846.75 0.1 8.22 2.3 1.037 0.9974 

27 S9CO (n,a) S6Mn 846.75 0.02 0.809 0.16 1.037 0.9994 

(n,2n) S8CO 810.76 1 0.9994 

(n,p) S9pe 1099 1.005 0.9995 

28 s8Ni (n,p) S8CO 810.76 0.1 0.789 0.13 1 0.9969 

(n,2n) s7Ni 1377.6 1 0.9978 

(n,np) S7CO 122.06 1.036 0.9829 

29 6SCu (n,2n) 64Cu 511 0.02 8.23 2.4 1 0.9993 

(n,p) 6sNi 1115.8 1.044 0.9995 

40 90Zr (n,p) 90my 479.51 0.02 7.92 2.2 1 0.9994 
(n,a) 87mSr 388.4 1.078 0.9993 

(n,2n) 89Zr 909.2 1 0.9996 
41, #1 93Nb (n,a) 90my 479.51 0.025 15.4 2.3 1 0.9988 

(n,2n) 92mNb 934.51 1.076 0.9992 

41, #2 93Nb (n,a) 90my 479.51 0.025 15.5 2.2 1 0.9988 
(n,2n) 92mNb 934.51 1.076 0.9992 

42 'ILMo (n,p) !lLmNb 934.51 0.015 15.28 2.5 1.076 0.9995 

(n,a) 89m+8Zr 909.2 1 0.9995 
96Mo (n,p) 96Nb 778.2 1 0.9995 
I~O (n,2n) 99Mo 739.4 1 0.9995 

46,#1 uupd (n,2n) IO'JPd 88.04 0.25 0.368 0.11 1 0.7477 
46,#2 JU"Pd (n,2n) lU1Pd 296.3 0.008 17.03 2.4 1.167 0.9992 

102Pd (n,np) IOlmRh 306.8 1 0.9993 
llopd (n,2n) 1000d 88.04 1 0.9903 
IOsPd (n,p) IOSRh 319.1 1 0.9993 
I08Pd (n,a) IOsRu 724.2 0.999 0.9997 

47,#1 lIJ/Ag (n,2n) 100mAg 450.98 0.1 0.75 0.13 1 0.9947 
47,#2 I07Ag (n,2n) 106mAg 450.98 0.1 8.59 2.3 1 0.9947 
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Table 2 (continued-I) 
Z Reactions Energy 

(keV) 

Thickness 

of target 

(mm) 

Neutron flux Correction factors 

Total 

(x1016) 
Average 
(x1012/s) K J.1 

48,#2 116Cd 

112Cd 
(n,2n) 11S~d 

(n,p) 112Ag 
336.24 0.005 16.15 2.2 1 0.9997 

617.3 1 0.9998 

48,#1 116Cd (n,2n) llSgCd 336.24 0.25 0.256 0.11 1 0.9857 

49,#2 11SIn (n,2n) 114mln 

(n,a) 112Ag 
190.29 0.01 17.29 2.4 1 0.9989 

617.3 1 0.9997 

49,#1 11SIn (n,2n) ll4mln 190.29 0.1 0.256 0.11 1 0.9888 

73 181Ta (n,2n) lSOmTa 93 0.01 6.33 2.5 1 0.9545 

75 187Re (n,2n) 186Re 137.16 0.05 0.748 0.13 1 0.9034 

78 196Pt 

198Pt 
(n,2n) 19SPt 

(n,2n) 197Pt 
98.9 0.01 14.98 2.1 1.004 0.9485 

191 1.062 0.9906 

79,#2 197Au (n,2n) 1969Au 

196mAu 
355.65 0.02 7.99 2.3 1 0.9947 

188.23 1 0.9813 

79,#1 197Au (n,2n) 1969Au 355.65 0.02 0.877 0.18 1 0.9947 

82 204Pb (n,2n) 203Pb 279.2 0.2 19.42 1.8 1.004 0.9521 

SS316 S6Pe 

S2Cr 

s8Ni 

(n,p) S6Mn 

(n,2n) SICr 

(n,p) S8CO 

(n,np) S7Co 

(n,2n) s7Ni 

846.75 0.1 16.68 2.3 1.037 0.9975 

320 1 0.9958 

811 1 0.9974 

122 1.036 0.9874 
1377.6 1 0.9979 

*: Targets with 0.025 mm thickness were used at the distances of 0.5 and 1 mm and target 

with 0.25mm thickness was used at the distance 2 mm. 

**: Target with a polyester support. 
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Table 3 Forward and backward sputtering yields by 14.9 MeV neutrons. 

Reactions 0' Forward and Distances between sample and collector foils (mm) Sn RSn FIB 

(bam) Backward 0.2 0.5 1 2 3 5 (l/neutron) (l/bam) 

1~(n,2n)18F 0.0518 Forward - 5.9SE-07 4.21E-07 3.97E-07 3.34E-07 - S.89E-07 1.14E-OS I.S 

Error - 7.78E-OB 5.57E-OB S.l4E-08 4.35E-OB - B.B34E-OB 1.71E-06 

Backward - - 3.72E-07 3.62E-07 3.23E-07 - 4.0SE-07 7.82E-06 

Error - - 4.B3E-OB 4.71E-OB 4.2SE-08 - 6.077E-OB 1.17E-06 

24Mg(n,p)24Na 0.168 Forward - 9. 14E-07 6.09E-07 3.3BE-07 2.29E-07 1.34E-07 9.46E-07 S.63E-06 173 

Error - 1. I 6E-07 7.77E-OB 4.33E-OB 3.73E-OB 2.32E-OB 1.11E-07 6.6IE-07 

Backward - 4.7IE-09 1.92E-09 1.42E-09 - - 5.47E-09 3.26E-OB 

Error - 6.66E-IO 2.94E-IO 2.47E-IO "" - 7.00E-IO 4.17E-09 

27Al(n,a)24Na 0.1139 Forward 6.10E-07 5.69E-07 S.OSE-07 3.94E-07 2.9BE-07 1.61E-07 6.62E-07 5.BIE-06 20 

Error 7.BIE-OB 7.2BE-OB 6.45E-OB S.04E-OB 4.07E-OB 2.3BE-OB B.S9B-OB 7.S4E-07 

Backward 3.12E-OB 2.04E-OB 1.40E-OB 7.21E-09 - - 3.27E-OB 2.B7E-07 

Error 4.26E-09 2.73E-09 1.90E-09 9.92E-lO - - 4.BOE-09 4.2IE-OB 

27Al(n,p)27Mg 0.0623 Forward I - 2.37E-07 1.96E-07 1.2BE-07 B.SBE-OB 4.25E-OB 2.B2E-07 4.S3E-06 B3 

Error - 3.02E-OB 2.SIE-OB I.64E-OB 1.20E-OB S.50E-09 3.67E-OB S.B9E-07 

Forward 2 - 2.33E-07 2.01E-07 1.24E-07 5.70E-OB 4.7BE-OB 2.63E-07 4.22E-06 

Error - 3.00E-OB 2.62E-OB 1.62B-OB 7.B9E-09 6.3BE-09 3.46E-OB 5.SSE-07 

Backward - 1.2I E-09 4.27E-IO - - - 3.42E-09 S.49E-OB 

Error - 2.2SE-lO 1.41E-lO - - - 6.BOE-IO 1.09E-OB 

4SSc(n,a)42K 0.OS33 Forward - 7.92E-OB 6.99E-OB 4.B4E-OB - - 9.S2E-OB 1.79E-06 S 

Error - 1.03E-OB 9.03E-09 6.3IE-09 - - 1.24E-OB 2.33E-07 

Backward - 1.0BE-OB 6.06E-09 - - - 1.92E-OB 3.6E-07 

Error - 1.52E-09 B.47E-lO - - - 3.00E-09 S.63E-OB 

I4sSc(n,2n)44msc 0.131 Forward - S.74E-OB 3.7BE-OB 1.9BE-OB - - 7.93E-OB 6.05E-07 

Error - 7.3BE-09 4.BBE-09 2.55E-09 - - 1.14E-OB B.7E-OB 

4&yi(n,p)48SC 0.0596 Forward 1 - 3.94E-OB 1.9BE-OB 1.04E-OB 6.47E-09 - 4.67E-OB 7.B3E-07 

Error - S.14E-09 2.62E-09 1.3BE-09 B.37E-IO - 6.0BE-09 1.02E-07 

Forward 2 - 4.19E-OB 2.01E-OB 1.2IE-OB 7.04E-09 - 4.B4E-OB B.l1E-07 

Error - S.50E-09 2.66E-09 1.60E-09 9.09E-lO - 7.50E-09 1.26E-07 

Fri(n,npt7Sc 0.0207 Forward - 1.47E-OB 7.39E-09 3.9SE-09 2.64E-09 - 1.70E-OB B.2IE-07 

Error - 1.96E-09 1.02E-09 S.67E-IO 3.61E-lO - 2.S0E-09 1.21E-07 
SIV(n,a)48Sc 0.0169 Forward 1 - I.B2E-OB 1.6BE-OB B.B4E-09 S.B2E-09 3.11E-09 2.15E-OB 1.27E-06 11 

Error - 2.40E-09 2.24E-09 1.16E-09 B.lSE-10 4.42E-IO 2.79E-09 1.6SE-07 

Forward 2 - 1.6BE-OB 1.57E-OB B.76E-09 6.30E-09 3. 16E-09 2.07E-OB 1.23E-06 

Error - 2.2SE-09 2.l2E-09 1.ISE-09 B.72E-IO 4.51E-lO 2.SBE-09 l.S3E-07 

Backward - 1.2BE-09 4.60E-I0 2.10E-lO - - I.B9E-09 1.12E-07 

Error - 2.50E-I0 l.lOE-lO 6.60E-l1 - - 3.00E-lO 1.7BE-OB 

S2Cr(n,2niICr 0.376 Forward - I.BSE-07 9.10E-OB S.02E-OB 3.13E-OB - 2.15E-07 5.71E-07 

Error - 2.S4E-OB 1.43E-OB 6.62E-09 4.22E-09 - 3.00E-OB 7.9BE-OB 

SS316 0.376 Forward - 9.17E-OB 6.31E-OB 2.92E-OB 1.24E-OB - 1.39E-07 3.7IE-07 
s2Cr(n,2n)'51Cr Error - 1.46E-OB 9.S2E-09 3.79E-09 6.B3E-09 - 2.37E-OB 6.3E-OB 

- 22­



lAERI-Research 97-082 


Table 3 (continued-I) 
Reactions 0' Forward and Distances between sample and collector foils (mm) Sn RSn FIB 

(bam) Backward 0.2 0.5 1 2 3 5 (llneutron) (llbam) 

SOpe(n,p)S6Mn 0.111 Forward 5.62E-OS 4.51E-OS 2.2SE-OS LISE-OS 7.54E-09 - 5.S4E-OS 5.26E-07 96 

Error 7.23E-09 5.79E-09 2.95E-09 1.53E-09 9.S7E-1O - 7.60E-09 6.S4E-OS 

Backward 3.30E-1O 1.30E-1O - - - - 6.l1E-1O 5.51E-09 

Error 9.24E-ll 4.45E-ll - - - - 1.90E-I0 1.71E-09 

SS316 0.111 Forward - 2.67E-OS 1.53E-OS 7.71E-09 - - 3.79E-OS 3.42E-07 104 

sOpe(n,p)S6Mn Error - 3.40E-09 1.96E-09 9.94E-1O - - 5.69E-09 5.13E-OS 

Backward - 2.21E-1O 2.71E-1O 1.00E-I0 - - 3.64E-1O 3.27E-09 

Error - 3.73E-ll 4.96E-ll 2.30E-ll - - 7.27E-ll 6.55E-1O 

S9Co(n,a)S6Mn 0.0323 Forward - 3.09E-OS 2.39E-OS 1.39E-OS 1.03E-OS 4.65E-09 3.57E-OS 1.11E-06 19 

Error - 3.94E-09 3.0SE-09 I.S0E-09 1.37E-09 6.47E-1O 4.65E-09 1.44E-07 

Backward - 1.35E-09 S.64E-IO 4.24E-I0 - - 1.92E-09 5.94E-OS 

Error - I.S9E-IO 1.17E-I0 6.90E-ll - - 2.50E-IO 7.74E-09 

S9Co(n,2n)S8Co 0.63 Forward - 1.25E-07 6.99E-OS 3.53E-OS 2.7SE-OS - 1.41E-07 2.25E-07 

Error - 1.60E-OS 9.20E-09 4.S1E-09 4.50E-09 - 1.SSE-OS 2.9SE-OS 

59Co(n,p)s9pe 0.0457 Forward - 1.29E-OS 9.43E-09 - - - 1.77E-OS 3.SSE-07 

Error - 2.21E-09 2.40E-09 - - - 2.70E-09 5.91E-OS 

s8Ni(n,p)s8Co 0.269 Forward - 7.00E-OS 5.44E-OS 2.63E-OS 2.07E-OS - S.72E-OS 3.24E-07 

Error - 1.00E-OS 7.OlE-09 3.69E-09 2.95E-09 - 1.25E-OS 4.65E-OS 

SS316 0.269 Forward - 6.S1E-OS 4.21E-OS 1.S2E-OS - - 1.04E-07 3.S5E-07 

s8Ni(n,p)S8CO Error - 1.03E-OS 6. 37E-09 3.36E-09 - - 1.66E-OS 6.l7E-OS 

ssNi(n,2n)S7Ni 0.042 Forward - 9.05E-09 5.l5E-09 2.S6E-09 2.SSE-09 - 9. 17E-09 2.1SE-07 

Error - 1.20E-09 6.61E-IO 4.02E-1O 4.57E-IO - 1.25E-09 2.9SE-OS 

SS316 0.042 Forward - 6.43E-09 3.90E-09 2.31E-09 - - S.36E-09 1.99E-07 

s8Ni(n,2n)S7Ni Error - 9.03E-I0 5.S6E-I0 4.13E-IO - - 1.25E-09 2.99E-OS 

s8Ni(n,np)S7CO 0.661 Forward - 2.l1E-07 1.33E-07 5.91E-OS 4.17E-OS - 2. 64E-07 3.99E-07 

Error - 2.S0E-OS 1.70E-OS S.l6E-09 6.14E-09 - 3.4SE-OS 5.26E-OS 

SS316 0.661 Forward - 1.53E-07 9.S0E-OS 5.35E-OS - - 2.07E-07 3. 14E-07 

s8Ni(n,np)S7CO Error - 2.93E-OS 1.56E-OS LISE-OS - - 4.15E-OS 6.27E-OS 

6SCu(n,p)6sNi O.OlSS Forward - 3. 1 SE-09 2.09E-09 - - - 4.S4E-09 2.5SE-07 

Error - 6.99E-I0 6.20E-1O - - - 9.50E-1O 5.05E-OS 

6SCu(n,2n)64Cu 0.961 Forward - 1.55E-07 7.S9E-OS 3.31E-OS 2.74E-OS - 1.77E-07 1.S4E-07 29 

Error - 1.99E-OS 1.02E-OS 4.35E-09 3.5SE-09 - 2.50E-OS 2.6E-OS 

Backward - 4.92E-09 4.72E-09 3.07E-09 - - 6.lOE-09 6.35E-09 

Error - S.03E-IO 6.9SE-I0 4.69E-1O - - 1.10E-09 1.14E-09 

9Ozr(n,2n)89Zr 0.S32 Forward 5.25E-OS 3.51E-OS 1.63E-OS S.03E-09 - 1­ 5.7SE-OS 6.94E-OS 57 

Error 6.92E-09 4.65E-09 2.10E-09 1.09E-09 - - 7.54E-09 9.06E-09 

Backward 9.79E-1O l.03E-09 1.02E-09 - - - 1.02E-09 1.22E-09 

Error 2.79E-1O 2.62E-I0 1.74E-1O - - - 2.S0E-IO 3.37E-1O 

~Zr(n,p)9Omy 0.0124 Forward 1.07E-09 7.32E-I0 - - - - 1.37E-09 1.11E-07 

Error 2.37E-IO 1.34E-10 - - - - 2.S0E-IO 2.26E-OS 
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Table 3 (continued-2) 
Reactions (J Forward and Distances between sample and collector foils (mm) Sn RSn FIB 

(barn) Backward 0.2 0.5 1 2 3 5 (llneutron) (l/barn) 

rxzr(n.a)87mSr 0.003S Forward 7.59E-10 5.31E-lO - - - - 9.21E-10 2.41E-07 

Error 1.99E-lO 1.23E-lO - - - - 2.40E-10 6.2SE-OS 

93Nb(n,2n )92mNb 0.464 Forward 2.32E-OS 1.6SE-OS 7.53E-09 3.62E-09 - - 2.66E-OS 5.73E-OS 

#1 sample Error 3.l5E-09 2.15E-09 1.02E-09 5.29E-lO ­ - 3.75E-09 S.OSE-09 

~3Nb(n,2n)92mNb 0.464 Forward - 1.46E-OS 7.01E-09 3.44E-09 - - 2.0SE-OS 4.4SE-OS 

#2 sample Error - 1.S9E-09 9.26E-10 4.7SE-lO - - 3.00E-09 6.47E-09 

93Nb(n,a)9Omy 0.0049 Forward S.45E-lO 6.79E-10 - - - - 9.7SE-10 1.9SE-07 

#1 sample Error 1.29E-10 9.SSE-ll - - - - 1.50E-10 3.04E-OS 

~3Nb(n,a)9Omy 0.0049 Forward - S.69E-10 5.67E-10 2.41E-10 - - 1.33E-09 2.70E-07 

#2 sample Error - 1.16E-lO 7.66E-11 3.69E-ll - - 2.00E-lO 4.05E-OS 

l~o(n,2n)~o 1.3S Forward - 2.19E-OS 7.99E-09 - - - 6.01E-OS 4.35E-OS 

Error - 3.S1E-09 1.51E-09 - - - 1.14E-OS S.27E-09 

92Mo(n,a)89Zr 0.0256 Forward - 4.S1E-09 2.79E-09 1.73E-09 1.52E-09 - 4.99E-09 1.95E-07 

Error - 6.46E-lO 3.S0E-lO 2.63E-lO 2.76E-10 - 7.49E-10 2.93E-OS 

92Mo(n,p)92mNb 0.05SS Forward - 1.75E-09 6.S3E-10 - - - 4.43E-09 7.54E-OS 

Error - 3.49E-lO 1.56E-10 ­ - - 1.02E-09 1.73E-OS 

~o(n.p)~b 0.0247 Forward - 3.S1E-10 7.23E-ll - - - 2.01E-09 S.13E-OS 

Error - 1.31E-10 2.97E-11 - - - S.03E-10 3.25E-OS 

IIOpd(n,2n)I09pd 1.55 Forward - 2.64E-OS 1.16E-OS - - - 6.01E-OS 3.SSE-OS 

#1 sample Error - 7.65E-09 5.64E-09 - - - 1.76E-OS 1.14E-OS 

IIOpd(n,2n)I09pd 1.55 Forward - 4.61E-OS 2.40E-OS 1.37E-OS - - 5.96E-OS 3.S5E-OS 

#2 sample Error - 6.23E-09 3.26E-09 1.90E-09 - - S.94E-09 5.77E-09 

102Pd(n,2nio1Pd 1.179 Forward - 2.71E-OS 2. 15E-OS 7.4SE-OS - - 4.59E-OS 3.9E-OS 

#2 sample Error - 4.64E-09 3.S4E-09 3.00E-09 - - 9. 19E-09 7.79E-09 

I08Pd(n,aiosRu 0.0033 Forward - 1.60E-lO 3.91E-ll - - - 6.55E-10 1.97E-07 

#2 sample Error - 3.6SE-ll 1.76E-ll - - - 1.96E-lO 5.9E-OS 

losPd(n,p)losRh 0.0427 Forward - 1.44E-09 6.S1E-lO - - - 3.04E-09 7.13E-OS 

#2 sample Error - 2.S4E-I0 2.05E-lO ­ - - 6.09E-I0 1.43E-OS 

I02Pd(n,np)IOlmRh 0.27 Forward - 5.S1E-09 3.61E-09 7.SSE-I0 - - 1.24E-OS 4.61E-OS 

#2 sample Error - 9.32E-IO 6.26E-I0 3.54E-I0 ­ - 2.49E-09 9.21E-09 

107Ag(n,2n)I06mAI 0.557 Forward - 1.16E-OS 6.45E-09 - - - 1.97E-08 3.54E-08 

#1 sample Error - 3.50E-09 1.64E-09 - - - 6.3E-09 1.13E-OS 

107Ag(n,2n)I06mAI 0.557 Forward - l.l0E-OS 4.94E-09 2.46E-09 - - 1.56E-08 2.S1E-OS 

#2 sample Error - 1.51E-09 7.04E-10 5.36E-10 - - 2.503E-09 4.49E-09 

116Cd(n,2n)IlS'Cd 0.7S Forward - S.90E-09 4.l1E-09 - - - 1.93E-OS 2.47E-OS 

#1 sample Error - 2.74E-09 1.49E-09 ­ - - 6.00E-09 7.69E-09 

1I6Cd(n,2n)IlS'Cd 0.7S Forward - 1.60E-OS 9. 14E-09 6.16E-09 - - 1.95E-OS 2.5E-OS 

#2 sample Error - 2.12E-09 1.26E-09 9.64E-10 - - 3.00E-09 3.S5E-09 

t12Cd(n,p)t12Ag 0.01S1 Forward - 3.4SE-lO 1.40E-IO ­ - - S.65E-10 4.7SE-OS 

#2 sample Error - 9.49E-l1 7.65E-ll - - - 2.50E-lO 1.3SE-OS 
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Table 3 (continued-3) 

Reactions 0' Forward and Distances between sample and collector foils (mm) Sn RSn FIB 

(bam) Backward 0.2 0.5 1 2 3 5 (l/neutron) (l/bam) 

llSln(n,2n)1l4In 1.255 Forward - 1.21E-OS 4.57E-09 - - - 3.21E-OS 2.56E-OS 

#1 sample Error - 3.OSE-09 1.32E-09­ - - 7.70E-09 6. 14E-09 

I15In(n,2n)1l4In 1.255 Forward - 1.54E-OS 7.S2E-09 - - - 3.04E-OS 2.42E-OS 

#2 sample Error - 2. 17E-09 1.42E-09 ­ - - 5.47E-09 4.36E-09 

mln(n,a)1l2Ag 0.0027 Forward - 2.00E-lO 1.19E-lO 1­ - - 3.35E-lO 1.26E-07 

#2 sample Error - 3.S6E-l1 3.19E-ll - - - S.3SE-l1 3.15E-OS 

181Ta(n,2n}l~a 1.297 Forward - 5.91E-09 4.40E-09 I.S3E-09 1.06E-09 - S.45E-09 6.52E-09 

Error - S.92E-I0 9.24E-lO 2.67E-lO 3.13E-lO - 1.52E-09 1.17E-09 

187Re(n,2n}I86Re 1.56 Forward - 5.42E-09 3.32E-09 1.43E-09 ­ - S.25E-09 5.29E-09 

Error - I.3SE-09 5.S9E-I0 3.31E-lO - - 2.27E-09 1.46E-09 

196pt(n,2n)195Pt 1.692 Forward - 6.43E-09 4.17E-09 1.70E-09 ­ - 1.0IE-OS 5.96E-09 

Error - 1.14E-09 7.3SE-I0 4.S1E-lO - - 1.50E-09 S.S7E-10 

198Pt(n,2n)197Pt 1.1 Forward - 3.99E-09 2.46E-09 - - - 6.47E-09 5.SSE-09 

Error - 1.05E-09 6.S9E-I0 - - - 1.50E-09 1.36E-09 

197Au(n,2n)1969Au I.S94 Forward - S.3SE-09 5.73E-09 2.31E-09 1.17E-09 ­ 1.24E-OS 6.55E-09 113 

Error - 1.09E-09 7.S0E-I0 3.34E-lO l.S1E-lO - 1.62E-09 S.55E-I0 

#1 sample Backward - 1.05E-lO 1.l2E-10 - - - 1.lOE-lO 5.SlE-11 

Error - 4.39E-ll 3.29E-ll - - - 4.50E-ll 2.3SE-ll 

197Au(n,2n)196gAu I.S94 Forward - 6.23E-09 2.75E-09 9.20E-lO - - 1.OSE-OS 5.6SE-09 29 

Error - S.3SE-lO 3.72E-lO 1.31E-I0 ­ - 1.61E-09 S.53E-I0 

#2 sample Backward - 2.05E-I0 1.12E-I0 ­ - - 3.77E-lO 1.99E-lO 

Error - 1.12E-lO 2.S3E-l1 - - - 2.07E-lO 1.1E-lO 

197Au(n,2ni96mAl 1.3 Forward - 6.07E-09 2.45E-09 1.20E-09 - - S.67E-09 6.67E-09 

#2 sample Error - 9.72E-I0 4.17E-I0 2.16E-I0 - - 1.56E-09 1.2E-09 

204Pb(n,2n)203Pb 2.12 Forward - 4.70E-09 2.09E-09 - - - 1.06E-OS 5E-09 

Error - 1.2SE-09 6.06E-lO - - - 3. 1 SE-09 1.5E-09 
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Table 4 The fitting parameters of the systematics for RSn 

reactions a b 
(n, p) 0.026312 -3.3846 

(n, ex) 0.011956 -2.9149 

(n,2n) 0.028811 -3.5487 

(n,np) 0.17452 -3.9481 
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Table 5 The Comparison of present results with others experimental results for RSn• 

Reactions 

Cross 

Section 
(mb) 

Present 

systematic~ 

(l/bam) 

Present 

measurement 
(l/bam) 

Y.Ikeda 
Ref.23 
(l/bam) 

M.Thomas 
RefA2 
(l/bam) 

R.Behrisch 
Ref.43 
(l/bam) 

O.Harling 

RefA 
(l/bam) 

24Mg(n,p)24Na 167.6 5.S6E-06 5.65E-06 
27Al(n,p)27Mg 62.3 4.47E-06 4A5E-06 
~i(n,pt6Sc 270 7.53E-07 9.1S5E-OS 
48Ti(n,p)4SSc 59.6 7.S9E-07 7.S3E-07 7.1 S1E-07 
56Pe(n,p)56Mn 111 4.2SE-07 5.26E-07 S.OOE-07 1.61E-07 
59Co(n,p)s9pe 45.7 3.76E-07 3.SSE-07 
SSNi(n,p)S8CO 269 3.33E-07 3.24E-07 S.50E-07 7AOE-OS 6.32E-07 
~i(n,p)60CO 130.3 3.33E-07 7.S0E-07 2.20E-OS 2. 14E-07 
6SCu(n,p)65Ni IS.S 3.02E-07 2.5SE-07 
WZr(n,p)9Omy 12.3S 9.95E-OS 1.10E-07 
92Mo(n,p)92mNb 5S.S S.44E-OS 7.54E-OS 4.05E-OS 
95Mo(n,p)9SNb 41.9 S.44E-OS 2.00E-07 3.S2E-OS 
95Mo(n,p?smNb 60 S.44E-OS 3.S7E-09 
96Mo(n,p)96Nb 24.7 S.44E-OS S.13E-OS 3.32E-07 
lOSPd(n,p)105Rh, #2 42.7 6.2E-OS 7.13E-OS 
112Cd(n,p)112Ag, #2 lS.l 5.37E-OS 4.7SE-OS 
SS316(n,p)s6Mn 111 4.2SE-07 3A2E-07 
SS316(n,p)ssCo 269 3.33E-07 3.S5E-07 7AOE-OS 

27Al(n,a)24Na 113.9 6.77E-06 5.S1E-06 7.00E-06 
4SSc(n, at2K 53.3 1.67E-06 1.79E-06 
»ri(n,a)47Ca 10 1A6E-06 1.01E-07 
SOV(n,a)47Sc 50 1.2SE-06 4.32E-09 
Sly(n,a)48Sc 16.9 1.2SE-06 1.27E-06 2.00E-06 1.56E-06 
S4Fe(n,a)SlCr 96 S.9SE-07 1.24E-07 
S9Co(n,a)S6Mn 32.3 S.04E-07 1.11E-06 
63Cu(n,a)60Co 45 6.53E-07 9.33E-07 
62Ni(n,a)s9pe 24 7.23E-07 4.63E-OS 

WZr(n,a)87mSr 3.S2 2.56E-07 2.41E-07 
93Nb(n,a)9Omy, #1 4.94 2.3SE-07 1.9SE-07 S.OOE-07 
93Nb(n,a)9Omy, #2 4.94 2.38E-07 2.70E-07 
92Mo(n,a)S9m+gZr 25.6 2.22E-07 1.95E-07 
losPd(n,a)lOsRu, #2 3.33 1.7E-07 1.97E-07 
llSIn(n,a)ll2Ag, #2 2.66 1.42E-07 1.26E-07 
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Table 5 (continued-I) 

Reactions 
Cross 
Section 
(mb) 

Present 
systematic~ 

(l/bam) 

Present 

measurement 
(l/bam) 

Y.Ikeda 
Ref.23 
(l/bam) 

M.Thomas 
Ref.42 
(l/bam) 

R.Behrisch 
Ref.43 
(l/bam) 

O.Harling 
Ref.4 
(l/bam) 

19P(n,2n)18p 51.S 1.11E-05 1. 14E-05 
45Sc(n,2n)44msc 131 5.S4E-07 6.05E-07 
52Cr(n,2n)51Cr 376 3.64E-07 5.71E-07 1.00E-06 S.43E-07 
59Co(n,2n)58Co 630 2.4E-07 2.25E-07 
58Ni(n,2n)S7Ni 42 2.11E-07 2.1SE-07 4.00E-07 7.42E-OS 
65Cu(n,2n)64Cu 961 1.S4E-07 1.S4E-07 
OOZr(n,2n)89Zr S32 5.97E-OS 6.94E-OS 
93Nb(n,2n)92mNb, #1 464 5.47E-OS 5.73E-OS 2.50E-07 2.2SE-07 1.70E-07 1.5SE-07 
93Nb(n,2n)92mNb, #2 464 5.47E-OS 4.4SE-OS 
l<XMo(n,2n)99Mo 13S0 5.03E-OS 4.35E-OS 2.50E-07 2.07E-OS 
IlOpd(n,2n)I09Pd, #1 1550 3.64E-OS 3.SSE-OS 
IlOpd(n,2ni09Pd, #2 1550 3.64E-OS 3.S5E-OS 
102Pd(n,2n)1OIPd, #2 1179 3.64E-OS 3.S9E-OS 
107Ag(n,2n)106mAg, #1 557 3.3SE-OS 3.54E-OS 
107Ag(n,2n)106mAg, #2 557 3.3SE-OS 2.S1E-OS 
1l6Cd(n,2n)llS3Cd, #1 7S0 3. 13E-OS 2.47E-OS 
116Cd(n,2n)llS3Cd, #2 7S0 3. 13E-OS 2.50E-OS 
115In(n,2n)1l4In, #1 1255 2.91E-OS 2.56E-OS 
llSIn(n,2n)1l4In, #2 1255 2.91E-OS 2.42E-OS 
181Ta(n,2n)180mTa 1297 7.11E-09 6.52E-09 
187Re(n,2n)186Re 1560 6.46E-09 5.29E-09 
196Pt(n,2n)195pt 1692 5.62E-09 5.97E-09 
198Pt(n,2n)197pt 1100 5.62E-09 5.SSE-09 
197Au(n,2n)196Au, #1 lS94 5.37E-09 6.53E-09 6.ooE-OS 5.S1E-OS 5.50E-OS 
197Au(n,2n)196Au, #2 lS94 5.37E-09 5.6SE-09 
197Au(n,2n)l96mAu, #2 1300 5.37E-09 6.67E-09 
204Pb(n,2n)203Pb 2120 4.71E-09 5.01E-09 
SS316(n,2n)SICr 376 3.64E-07 3.71E-07 2. 15E-07 
SS316( n,2n)S7Ni 42 2.11E-07 1.99E-07 7.3SE-OS 

48Ti(n,npt7Sc 20.7 S.75E-07 S.21E-07 
58Ni(n,np)57Co 661 3.3SE-07 3.99E-07 
SS316(n,np)S7CO 661 3.3SE-07 3. 14E-07 7.56E-OS 
102Pd(n,np)101mRh, #2 270 4.75E-OS 4.61E-OS 
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Table 6 The results of the theoretical calculation for the neutron sputtering yield 

Reactions Al A2 ZI Z2 (j T P <R> Sn,f RSnt<l/bam) CIE 
(mb) (KeV (glcm3 (cm) (llneutron Calculatio Experiment 

24Mg(n,p)24Na 24 24 12 11 168 572 1.74 0.000118 8. 66E-07 5. 17E-06 5.63E-06 0.92 
27AI(n,p)27Mg 27 27 13 12 62.3 513 2.7 6.69E-05 2.51E-07 4.03E-06 4.53E-06 0.89 
48Ti(n,p)48Sc 48 48 22 21 60.4 298 4.5 1.68E-05 5.72E-08 9.47E-07 7. 83E-07 1.21 
S6Pe(n,p)S6Mn 56 56 26 25 111 257 7.8 7. 32E-06 6.82E-08 6. 14E-07 5.26E-07 1.17 
S9Co(n,pi9pe 59 59 27 26 45.7 244 8.83 6.08E-06 2.5E-08 5.48E-07 3.88E-07 1.41 
s8Ni(n,p)S8CO 58 58 28 27 269 248 8.85 5.7E-06 1.41E-07 5.23E-07 3.24E-07 1.62 
6SCu(n,p)6SNi 65 65 29 28 18.8 222 8.93 5.34E-06 8.3E-09 4.42E-07 2.57E-07 1.72 
9Ozr(n,p)9Omy 90 90 40 39 12.4 162 6.52 4.28E-06 2.31E-09 1. 87E-07 1.10E-07 1.7 
92Mo(n,p )92mNb 92 92 42 41 58.8 158 10.23 2.51E-06 9. 89E-09 1.68E-07 7.53E-08 2.23 
96Mo(n,p )96Nb 96 96 42 41 24.7 152 10.23 2.51E-06 3.99E-09 1.61E-07 8. 13E-08 1.99 
IOsPd(n,p)lOsRh 105 105 46 45 42.7 139 12.03 1.84E-06 5.41E-09 1.27E-07 7. 13E-08 1.78 
112Cd(n,p)1l2Ag 112 112 48 47 18.1 131 8.64 2.38E-06 2.01E-09 1.11E-07 4.78E-08 2.32 

27Al(n,a)24Na 27 24 13 11 114 572 2.7 7. 14E-05 4.9E-07 4.3E-06 5.81E-06 0.74 
4sSc(n,a)42K 45 42 21 19 53.3 338 2.99 2. 84E-05 6.05E-08 1.13E-06 1.79E-06 0.63 
SIV(n,a)48Sc 51 48 23 21 16.9 298 5.98 1.22E-05 1.45E-08 8.59E-07 1.27E-06 0.68 
S9Co(n,a)S6Mn 59 56 27 25 32.3 257 8.83 6. 27E-06 1.82E-08 5.65E-07 1.11E-06 0.51 
9Ozr(n,a)87mSr 90 87 40 38 3.85 167 6.52 4. 37E-06 7.34E-I0 1.91E-07 2.41E-07 0.79 
93Nb(n,a)9Omy 93 90 41 39 4.94 162 8.56 3. 19E-06 8.74E-10 1.77E-07 1.98E-07 0.89 
92Mo(n,a)89m+BZr 92 89 42 40 25.6 164 10.23 2.56E-06 4. 39E-09 1.72E-07 1.95E-07 0.88 
I08Pd(n,a)IOsRu 108 105 46 44 3.33 139 12.03 1.87E-06 4.18E-10 1.26E-07 1.97E-07 0.64 
mln(n,a)1l2Ag 115 112 49 47 2.66 131 7.28 2.78E-06 2.82E-10 1.06E-07 1.26E-07 0.84 

19p(n,2n)18p 19 18 9 9 51.8 743 1.54 0.000196 4. 94E-07 9. 54E-06 1.14E-05 0.84 
4sSc(n,2n)44msc 45 44 21 21 130 324 2.99 2.61E-05 1.36E-07 1.05E-06 6.05E-07 1.73 
s2Cr(n,2ni1Cr 52 51 24 24 376 281 7.19 8.75E-06 2.74E-07 7.29E-07 5.71E-07 1.28 
S9Co(n,2n)S8Co 59 58 27 27 630 248 8.83 5.88E-06 3. 34E-07 5.3E-07 2.25E-07 2.36 
58Ni(n,2n)S7Ni 58 57 28 28 42 252 8.85 5.52E-06 2. 13E-08 5.07E-07 2. 18E-07 2.33 
65Cu(n,2n)64Cu 65 64 29 29 961 226 8.92 5. 19E-06 4. 12E-07 4.29E-07 1.84E-07 2.33 
9OZr(n,2n)89Zr 90 89 40 40 832 164 6.52 4. 19E-06 1.52E-07 1.83E-07 6.94E-08 2.63 
93Nb(n,2n )92mNb 93 92 41 41 464 158 8.56 3.06E-06 7.88E-08 1.7E-07 5.73E-08 2.96 
1~o(n,2n)99Mo 100 99 42 42 1380 148 10.23 2.47E-06 2.1E-07 1.52E-07 4.35E-08 3.49 
IIOPd(n,2n)109Pd 110 109 46 46 1550 134 12.03 1.81E-06 1.84E-07 1.19E-07 3.88E-08 3.06 
lO2Pd(n,2n)101Pd 102 101 46 46 1179 145 12.03 1.8E-06 1.51E-07 1.28E-07 3.90E-08 3.28 
107Ag(n,2n)106mAg 107 106 47 47 557 138 10.49 2E-06 6.57E-08 1.18E-07 3.54E-08 3.33 
116Cd(n,2n)1l5BCd 116 115 48 48 780 127 8.64 2. 34E-06 8.2E-08 1.05E-07 2.47E-08 4.26 
l1sIn(n,2n)1l4In 115 114 49 49 1255 128 7.28 2.69E-06 1.29E-07 1.02E-07 2.56E-08 4 
181Ta(n,2n)18OmTa 181 180 73 73 1297 81.9 16.6 6.1E-07 4.37E-08 3.37E-08 6.52E-09 5.17 
187Re(n,2n)186Re 187 186 75 75 1560 79.3 21.3 4.55E-07 4.87E-08 3. 12E-08 5.29E-09 5.9 
196Pt(n,2n)195pt 196 195 78 78 1692 75.6 21.45 4.23E-07 4. 72E-08 2.79E-08 5.97E-09 4.67 
198Pt(n,2n)197pt 198 197 78 78 1100 74.9 21.45 4.23E-07 3.04E-08 2.76E-08 5.88E-09 4.7 
197Au(n,2n)l96gAu 197 196 79 79 1894 75.3 19.3 4.61E-07 5. 15E-08 2.72E-08 6.53E-09 4.16 
ZQ4Pb(n,2n)'m:spb 204 203 82 82 2120 72.7 11.34 7. 37E-07 5.23E-08 2.47E-08 5.01E-09 4.93 

48Ti(n,npt 7Sc 48 47 22 22 20.7 304 4.5 1.61E-05 1.88E-08 9.1E-07 8.21E-07 1.11 
58Ni(n,np)S7Co 58 57 28 27 661 252 8.85 5.69E-06 3.46E-07 5.23E-07 3.99E-07 1.31 

102Pd(n,np)IOlmRh 102 101 46 46 270 145 12.03 1.8E-06 3.46E-08 1.28E-07 4.61E-08 2.78 
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Neutrons 

'""" .............JL~ target 


FNS(Fusion Neutronics Source) 

Collector foils 

Fig.l Irradiation configuration of neutron sputtering yields measurement. 

E3(P3) 13, E3(p3) 
yl,El (p1 ) 12, E2(p2) 

y4, E4(p4) 

il, E2(p2) 1'1, El (p1 ) 

(a) (b) 


Fig.2 The decay scheme to illustrate the requirement for coincidence- summing corrections. 

(a) A simple decay scheme, and (b) a complex decay scheme. 
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Fig.3 Gamma-ray spectrum of radioactivities emitted from fluorine target 
irradiated with 14.9 MeV neutrons. 
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Fig.5 Gamma-ray spectra of radioactivities emitted from aluminium target 
for (n, a) reaction irradiated with 14.9 MeV neutrons. 

r···· 
·.····.·.·.···.·.··..····f·....··············'....·.1.........................~ 

1000 2000 3000 4000 
Channel 

fl g 
U 

3000 4000 
f...; 

Fig.4 Gamma-ray spectra of radioactivities emitted from magnesium target &i 
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Fig.6 Gamma-ray spectra of radioactivities emitted from aluminium target 

for (n,p) reaction irradiated with 14.9 MeV neutrons. 
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Fig.7 Gamma-ray spectra of radioactivities emitted from scandium target Fig.S Gamma-ray spectra of radioactivities emitted from titanium target tI1 
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Fig.9 	 Gamma-ray spectra of radioactivities emitted from vanadium target 

irradiated with 14.9 MeV neutrons. 
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Fig. 1 0 	 Gamma-ray spectrum of radioactivities emitted from chromium target 
irradiated with 14.9 MeV neutrons. 
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Fig. I I Gamma-ray spectra of radioactivities emitted from iron target 
irradiated with 14.9 MeV neutrons. 
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Fig.13 	 Gamma-ray spectra of radioactivities emitted from nickel target 
irradiated with 14.9 MeV neutrons. 
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Fig.12 Gamma-ray spectra of radioactivities emitted from cobalt target 

irradiated with 14.9 MeV neutrons. 
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Fig.14 	 Gamma-ray spectrum of radioactivities emitted from copper target 
irradiated with 14.9 MeV neutrons. 
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Fig.1S Gamma-ray spectra of radioactivities emitted from zirconium target 	 Fig.16 Gamma-ray spectra of radioactivities emitted from the first niobium ~ 
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I-<irradiated with 14.9 MeV neutrons. 	 target irradiated with 14.9 MeV neutrons. 

~ 
('l) '" 

~ 	 8 
::::rI 
-JlOS 	
1.0 

b 
00 
N 

104 ~···e······· 

1& 
V,) 

~ ] 10'U 

101 

10° 
o 	 1000 2000 3000 4000 

Channel 

Fig.l? 	Gamma-ray spectrum of radioactivities emitted from the second niobium Fig.lS Gamma-ray spectrum of radioactivities emitted from molybdenum target 
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Fig.19 Gamma-ray spectrum of radioactivities emitted from the first palladium Fig.20 Gamma-ray spectrum of radioactivities emitted from the second palladium G1 
target irradiated with 14.9 MeV neutrons. target irradiated with 14.9 MeV neutrons. :::c ...... 
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Fig.22 Gamma-ray spectrum of radioactivities emitted from the second silver Fig.21 Gamma-ray spectrum of radioactivities emitted from the first silver 
target irradiated with 14.9 MeV neutrons. target irradiated with 14.9 MeV neutrons. 
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Fig.23 Gamma-ray spectrum of radioactivities emitted from the first cadmium 
target irradiated with 14.9 MeV neutrons. 
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Fig.25 Gamma-ray spectrum of radioactivities emitted from the first indium 
target irradiated with 14.9 MeV neutrons. 

: : Indi$m 
~ : : #1 1 

lOS 

104 

en 10
3 

C::s 
0 

c,) 102 .........................~..................~!.~ 
101 .........................~.........................) ...........................1......................... 

: : : 
~ 
: 

i 
: 

f 
: 

10° 
0 500 1000 1500 2000 

Channel ...... 

Fig.24 Gamma-ray spectrum of radioactivities emitted from the second cadmium 
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Fig.26 Gamma-ray spectrum of radioactivities emitted from the second indium 
target irradiated with 14.9 MeV neutrons. 
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