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FOREWORD

Radiation damage in materials is a field of increasing importance
because the number of reactor service years is growing very fast. There
were 429 nuclear power units working in the world as of July 1989.
Despite the absence of new orders in the US and the after-Chernobyl slow
down of atomic power reactor construction in the USSR the overall number
of reactor units in the world is still growing and the total number of
reactor operation years grows now by more than 1 year a day. It means
that more and more reactor units (or their components) come to the end of
their design service life and the problems connected with their exchange
or extension of the service life become more and more important.

The Nuclear Data Section of the IAEA has been involved in the field
of nuclear data for radiation damage assessment for about twenty years.
Its programme on reactor neutron dosimetry resulted in Lhe creation of
the International Reactor Dosimetry File (IRDF) in 1982. This file is
being updated constantly by NDS, the last version is now IRDF-85 and the
creation of the next version is underway. Another activity of the NDS in
this field is the international intercomparison exercise REAL, several
rounds of the exercise were run and the results of these activities were
discussed by the participants at the meeting.

The first Advisory Group Meeting on Nuclear Data for Radiation Damage
Assessment and related Safety Aspects was convened by NDS eight years ago
in October 1981. The present meeting was a second one on this topic and
it was intended to summarize the progress and status of nuclear data for
radiation damage assessment since the first meeting.

The participants have emphasized that since the first meeting a
number of spallation neutron sources were put into operation and many
material radiation damage studies are conducted now at these facilities.
The distinguishing feature of spa]lation neutron sources is that the
neutron energy spectra which they produce in most cases have a high
energy component which may give a significant contribution to radiation
damage. The proper understanding of radiation damage experiments in
these neutron fields requires a better knowledge of nuclear data at high
neutron energies.

These ideas were formulated in detail in the conclusions and
recommendations of the participants which are contained in this report.

Another new issue was the need for activation cross-section data of
long-lived isotopes. This topic is also considered in the conclusions
below.
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EXPERIMENTAL AND THEORETICAL INVESTIGATIONS
FOR WWER PRESSURE VESSEL NEUTRON EXPOSURE
EVALUATION IN CZECHOSLOVAKIA

B. OSMERA
Nuclear Research Institute,
Rez, Czechoslovakia

Abstract

A sixty degree symmetry sector of VVER-440 and WER-1000 mock-ups in
radial direction was realized in the LR-0 experimental reactor at the NRI
£e£. Suitable geometrical conditions and technical arrangements of the
LR-0 enable us to construct full-scale physical models of the WER type
reactors in radial direction from the core to the biological shielding of
the reactor. This mock-ups represent the core periphery and radial
shielding heterogeneities of the WER-type reactors. The neutron
spectrum was measured by proton recoil methods at the edge of the core,
surveillance capsule position, on pressure vessel inner and outer walls.
Neutron spectra calculations were performed by means of one- and two-
dimensional transport codes ANISN and DOT-3.5 using data cross section
libraries EURLIB-4, VITAMIN-C and CASK. The intercomparison of measured
and computed data was done for differential spectra and integral
quantities.

The precise physical model makes it possible to obtain direct
experimental estimation of some quantities for the power reactors such as
fast neutron spectra at "crucial points" (surveillance specimen position,
inner and outer PV wall) and some space-energy indexes for radiation
damage monitoring.

I. Introduction

The radiation damage evaluation and prediction is a ne-
cessary part of safety and economy analysis of any WWER power
reactor. Knowledge of the space-energy distribution of neutron
flux impining on a reactor pressure vessel is required for the
evaluation of the radiation damage . Since 1980 a great attena-
tion has been paid to the investigation of the neutron field
parameters near the vicinity of the pressure vessel (PV). The
experimental and theoretical studies began in the frame of the
contract between Skoda Concern and N.R. I., IAE Moscow joined
the work later.

The reactor characteristics cannot be always calculated wiht
sufficient reliability and it is necessary to measure the needful
quantities not only in the particular reactor but also in
benchmark mock-ups from its components or fulscale low power
assemblies of the reactor .



To rech demanded quality in the energy-space neutron flux
density distribution measurements and monitoring the correspon-
ding neutron spectrometers and methods were developed and im-
proved /2/. Further progress wad reached since the Working
Group on Reactor Dosimetry (WGRD) at the Czechoslovak Atomic
Energy Commision has been established in 1980 /3/. Some publi-
shed results associated with the WGRD activity could be found
for example in /4, 5, 6/„ During the Reactor Dosimetry Spe-
cialist reeting, held in Prague, Mart 27 - 28, 1985 /?, 8/
and Czechoslovak Reactor Dosimetry Seminar, Held in Prague,
October 20 - 22, 1987 /£•/ organized vy WGRD, the problems of
the progress in this field have been discussed and correspon-
ding recommendations and conclusions have been adopted.

Since 1S'83 the main effort has been concentrated on the
WWER power reactor mock-up experiments on the LR-0 experimen-
tal reactor assembly.

A sixty degree symmetry sector of WER-440 and VVER-1000
mock-ups in radial direction was realized in the LR-0 expe-
rimental reactor at the NRI fiez. Suitable geometrical condi-
tions and technical arrangements of the LR-0 enable us to
construct full-scale physical models of the WER type reactors
in radial direction from the core to the biological shielding
of the reactor. This noc—ups represent the core periphery and
radial shielding heterogeneities of the VVER-type reactors.
The neutron spectrum was measured by proton recoil methods at
the edge of the core, surveillance capsule position, on pres-
sure vessel inner and outer walls. Neutron spectra calculations
were performed by means of one- and two-dimensional transport
codes ANI3K and DOT-3.5 using data cross section libraries
EURLIB-4, VITAMIN-C and CASK. The intercomparison of measured
and computed data was done for differential spectra and inte-
gral quantities /11, 12/, fig. 1. 2.

The precise physical model makes it possible to obtain
direct experimental estimation of some quantities for the
power reactors such as fast neutron spectra at "crucial points"
(surveillance specimen position, inner and outer PV wall) and
some space-energy indexes for rsdiation damage monitoring.

The WEE mock-ups at the LR-0 experimental reactor could
be also utilized for experimental investigation into different
ways of decreasing the PV radiation loading (such as rearran-
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gement of the core, steel shielding cassettes at the edge of
the core, etc.)' The series of this experiments have started
this year.

The Light Water Experimental Reactor LR-0

The LR-0 reactor was designed for research on neutron-
physical parameters of active zones of the pressurized water
reactors of the WER type. A multi-purpose design of the
technology equipment allows accomplishment of experiments
with WER-1OOO- or WER-440-type assemblies in symmetric or
nonsymmetric arrangements with the standard or variable pitch
in the "triangular core lattice. Measurements may be performed
with absorption clusters in WER-lOOO-type assemblies shifted
to desired heights, one chosen absorption cluster can be moved
in the course of an experiment. The core is controlled mainly
by changing moderator level in the reactor vessel. Thus, clean
cores without absorption elements may be simulated. The H-.BO.,
concentration in the moderator may by of 0 to 12 g H-.BO, per
1 H-O, the moderator may be heated up to 70 °C. The heat from
uranium fission in fuel elements is dissipated into the mo-
derator. The termal power of the reactor is limited to 5 kW
for 1 hour and the thermal neutron flux density in the centre
of the reactor core to 10 ^ nf^s /!/•

II. Description of the WWER-440 Mock-up and Experiment

The V/Y/ER-440 symmetry sector (60°) from the core periphery
area to the inner region of the biological shield with the
ionization chamber channel modelled on the LR-0 facility is
seen on Fig. 1. The core and radiation shielding models (steel
faceted belt, core basket, barrel and -water leyer) were loca-
ted inside the aluminium tank of the LR-0, the pressure vessel
(steel) and biological shielding simulators were outside the
tank. The LR-0 tank wall thickness is 16 mm.

The fuel composition in the core was chosen in such, a way
that the radial-azimutha! power distribution within its periphe-
ry area, where the fast neutron source important in the radia-
tion damage of the reactor vessel is formed, was close as much
as possible to the equilibrium power distribution in the core
pheripheral area of the commercial VVER-440 (standard loading).
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A - core
B - basket
C - barrel
D - LR-0 tank
E - pressure •vessel
F - biological shield
T - displacing tank
W - water

FIG 1 Schematic view of the WWER-440 mock-up
(numbers show measurement points)

A - core
B - core shroud and thermal shield
C - barrel
D - displacing tank
E - LB-0 tank
F - pressure vessel
G - heavy concrete
K - channel of ionization chamber
W - water

FIG 1a Schematic view of the WWER-1000 mock-up
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The region of the maximum value of the fast neutron flux densi-
ty incident on the pressure vessel is on the mock-up symmetry
axis. The active mock-up core height is 125 cm.

For simulation of the water density reduction which takes
place in the WER-440 operation conditions the steel displacing
tank is placed in the space between the barrel and the LR-0
tank.

The pressure vessel consists of three identical layers
which can be cuccessivelly shifted in radial direction in
order to form an additional 65 mm air gap layer for the spectro-
rnetric measurements "over the vessel thickness".

The azimuthal length of the pressure vessel and biologi-
cal shielding models was twice smaller than the core and the
basket and barrel models. However, the pressure vet-eel and
shielding models could be shifted in azimuthal direction for
performing mesûrements within the 30° azimuthal range.

The power distribution in the core was measured by means
of the fuel element gamma activity (about 600 elements).

Measurements of differential energy distribution of the
fast neutron flux density were carried out within the energy
range of 10 keV - 10 MeV and 100 keV - 10 MeV recpectivity
at selected points of the mock-up (see Fig. 2). The following
proton reooil detectors were used:
- a scintillation detector with a 10 x 10 mm stilben crystal

for measurements within the 0,5 MeV - 10 KeV energy interval
- s 40 diameter sphere proportional hydrogen—rilled counter,
gas pressure 981 kPa, for measurements within the 0,3 ?IeV -
1,4 MeV energy interval (îîCK 1045 chamber)

- a similar counter, the hydrogen pressure of 3S2,4 kPa, for
measurements within the 0,01 MeV - 1,0 MeV interval (SP-2
chamber). The method of PSD was used to decrease the gamma
background below 120 keV.

During the measurements in the water layer between the
barrel and the LR-0 tank the spectrometer was set in the displa-
cing tank using the cylindrical experimental channel. (Using
the channel only, the Spectrum is perturbed /10/.) All the
measurements were carried out at the central plane of the mo-
del core in four or five overlapping energy ranges depending

13
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FIG. 2. Measured neutron spectra normalized to <t> (E > 1 MeV)
in point 3, spectrum 2, measured in dry channel.

on the choice of the detectors and the amplification parameters
of this output signals. To perfora the whole set of the spectra
measurements the LR-0 power changed within 0,1 V/ - 3 kW.

The experimental results (50 logarithmically equidistant
points per decade) were smoothed by using the cubic parabola
which was drawn through 5-2 points depending on the statis-
tical spread. The statistical uncertainties of smoothed neutron
flux density spectra are reparted in /10/.

Activation measurements were performed at positions of pro-
ton recoil measurements using different types of activation de-
tectors.

The measured spectra are presented on Fig, 2 /8, 1.1.Ho 1man/,
the azimuthal distributions on Pig. 3 /10, 12/.
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Aziir.uthal distribution of trie fast neutron flux

^density: 1 - behind the pit, TJi(n,p) Co;
2 - the same, calculation; 3 - before the pressure
vessel, 115In(n,n')115mIh, and the proton recoil
detector in the integrated mode; 4 - behind the
pressure vessel, the proton recoil detector in the
integrated node.

FIG. 3.

Calculations

The calculations of the fast neutron flux characteristics
were carried out using the approximated formula for the neutron
flux density calculation in 3-D geometry based on ID and 2D
calculations (in the r, r-© and r-Z geometries) /13, 14, 15/.
For ID calculation of the neutron flux density the ANISN code
/16/ was used, the 2D calculations were performed by the DOT-III
code /!?/. In the calculations the oross-section libraries
DLC-23/CA3X, VITALIIIÎ-C and EURLIB-4 /18, 19, 20/ were used.
SpP-5 approximation, 1 - 3 cra step in steel-water composition,
0,5 step in the azimuthal range weighted difference scheme,
were used. The distribution of neutron source density over
the core was specified on the basis of experimental investiga-
tions of fuel element power density distribution in the core
and calculations.

Table 1 lists the experimental and calculation values
of the normalized integral neutron flux densities at points
2, 3, 6 of the mock-up /10, 12/.

The results were obtained at a water layer thickness of
12 cm (which corresponds to a water density of 770 kg/m-̂ ).
The calculation values were obtained in SpP, - approximation
using the cross-section library DLC-23/CASK.
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TABLE 1 RELATIVE INTEGRAL ENERGY DISTRIBUTIONS OF NEUTRON FLUX DENSITIES

Measure-
ment
point

3

6

Exoeriment
r\ T* r* O 1

culstion

Exp.

Cal.

Exp.

Cal.

Exp.

Cal.

E . , MeVmin '

0.11

35.5

38.1

2.65

2.56

0.603

0.69

0.55

20.3

20.8

1.62

1.57

0.256

0.26

1.1

10.9

11.0

1.0

1.0

0.096

0.1C

3.0

2.16

2.1

0.267

0.26

0.0147

0.0154

5.0

Û.6C8

0.66

0.105

0.10

0.0058

0.0062

Figs. 4 shows the normalized calculation and exprimentpl
differential energy spectra at points 3 and 6. In these cal-
culations the EURLIB-4 cross-section library was used /12, 10/e
î.Iore detailed analysis of the results could be found in /12,10/.

III. Conclusions

The investigations carried out for the first time on the
models the WER reactor types represent the first important
stage of research work an quality assessment of radiation load
of WER reactor type pressure vessels.

Since 1̂ 86 the experimental data of the WEE-440 mock-up
(standard core) measurements have been adopted for the evalua-
tion of the neutron dosimetry data in surveillance specimen
programme /2l/. ïhe neutron spectra at the surveillance speci-
men point, ?V inner and outher walls in the central plane of
the core together with the corresponding space-energy indexée
were recommended for further use in this type of reactor with
the standard core loading (modelled in mock-up). Simultaneously
the data of the LR-0 experiments were widely used for the eva-
lution of the neutron flux measurements at the PV outer wall
of power reactors by activation detectors /22/.
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l - EXP. . CflLC 2 - F.IJR.

to 10
ENERGY (EV)Differential energy spectrum of the neutron flux
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FIG. 4.
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The corresponding space-energy indices are reported in
Table 2 (9, ?.1. Holm an/. These indices were used for the eva-
luation an neutron flux density estimation in nuclear power plant
at PV (0) in point corresponding to the mock-up experiment /22,9/.

TABLE 2

SPECTRAL INDEX

Point

SB E
(a) C

R=163,5 cm E/C

P V ( I ) E

TN (b) C
R=177, 1 cm E/C

PV(0) E

TN (e) C
R=192 cm E/C

E f w e v ]

0,1

3,04

3,OO
1,01

2,49
2,31
1,08

5,35
5,87
O , 9 l

0,5

1,80
1,81
O,99

1,59
1.53
1,04

2.60
2,71
O.96

1

1

1

1

2

.406

.415
0,98

O,486
0,521

0,93

O,3O2
0,286
1,06

3

. 180

. 184
0,98

0,247
0,262
0,942

0, 128
0, 115

1,11

5

0,054

0,056
0,96

0,098
0,099

0,99

0,047
0,043
1 ,09

SB: surveillance box; PV(I): pressure vessel inner surface; PV(O): pressure vessel outer surface;
E: experiment; C: calculation.

SPACE INDEX R/R, <t> (E > I MeV)

R . [cm]

R j [ cm]

E
C

E/C

163,5

177,1
a/b

8,2
8,65
O,95

192
a/e

79,4
73,44

1,08

SPACE INDEX R/R, (E > 0.5 MeV)

R , [ c m ]

R i [ C m ]

E
C
E/C

163,5

177,1
a/b

9,2
10,2
0,9

192
a/e

55
49

1,12
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TABLE 2a. 90% ENERGY RESPONSE INTERVALS OF MONITORS

Monitor/
Point

* 54 Fe

* 63 Gu

+ 93 Nb

++115 In

(n, )

(n, }

(n, n')

(n, n')

+ SB monitors,

SB PV (I) PV (0)
B /MeV/

2.2-7.7 2.3-8.7 2.1-8.7

4.9-11.1 5.2-11.7 5.2-11.6

0.63-5.2 0.69-6.2 0.475-5.1

0.92-5.6 1.0-6.5 0.76-5.7

++ mock-up detector

AZ

n .IS •».is.*

•6-30'

active zone

AZ

.13. »5 .ts.gSS*

material specimen

monitors capuule

FIG. 5. Relative distribution of fast neutron flux density in SB depending on SB orientation during irradiation.
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FIG. 6. Azimuthai distribution of SB activation.

To evaluate the surveillance specimen monitors it is
neccesary to take into account real geometry and reevalute the
corresponding space index. A systematic error is coused by
undefined azinuthal position of the monitors in SB during
irradiation. The neutron flux distributions were studied
in a. physical model at 3R-0 reactor (Skoda). The recuits
are presented on Figures 5, 6/5, F. Vychytil/. To complete
the problem of error propagation in neutron flux monitoriong
/23/ with full error matrix it is necessary to estimate the
corresponding matrixes of the measured and calculated spectra
(relating sensitivity studies needs the cross section error
matrixes). The mock-up program an LR-0 reactor is being
acornpcanied by benchmarks in sphere and slab geometry (iron,

252iron-water with Of source) which have been extensively
used for the spectrometers intercalibration. The last but not
least part of this work is the fluence monitoring at PV (0)
by means of activation detectors. The standardized procedure
of monitoring including an effective computing method
should be the goel of this programme.
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TABLE 3

NEUTRON FLUXES IN THE NORD NUCLEAR POWER PLANT (GDR)

Ep/MeV/

point
SB E

c
(8) E/C

PV(I ) E
(b) C

E/C

PV(0) E
(e) C

E/C

0,1

4,68+16
4,26+16

1,10

4,65+15
3,81+15
1,22

1,04+15
1,14+15
0,91

0,5

2,77+16

2,57+16

1,08

2,97+15
2,52+15

1,18

5,03+14
5,25+14
0,95

1

1,54+16

1,42+16

1,08

1,87+15
1,65+15
1,13

1,94+14

2

6,25+15
5,90+15
1,06

9,O8 + 14
8,60+14
1,05

5,85+13
5,54+13
1,05

3

2,77+15
2,61+15

1,06

4,62+14

4,32+14

1,07

2,52+13
2,23+13
1, 13

5

8,31+14
7,95+14
1,04

1,83+14

1,63+14
1,12

9,08+12
8,34+12

1,09

SB: surveillance box; PV(I): pressure vessel inner surface; PV(O): pressure vessel outer

INTEGRAL CROSS-SECTIONS

Detector & ( E ~} 1 tlo.V ) Cffl^

Point

SB
PV(0)

PV(0)

93,Nb(n,n)

2.238-25

2.359-25

46Ti(n,p)

9,887-27

54Fe(n;p)

7,49-26

5,863-26

63Cu(n, °£)

5,53-28

6,668-28

58Ni(n,p)

-

7,921-26

55Mn(n,2n)

-

3,925-28

TABLE 4. STATISTICAL UNCERTAINTIES (PERCENT) OF SMOOTHED NEUTRON FLUX DENSITY SPECTRA

Energy Range, MeVMeasurements
P°int 0.012-0.12 0.12-0.8 0.8-2.4 2.4-7.0 7.0-10.0

2

3

6

5-10

10-25

2-25

2-10

3-20

1-10

2-20

2-15

2-6

1-10

2-10

1-20

2-20

15-30

10-25
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SOLID STATE TRACK RECORDER PRESSURE VESSEL
SURVEILLANCE NEUTRON DOSIMETRY AT
COMMERCIAL NUCLEAR POWER REACTORS

F.H. RUDDY, J.G. SEIDEL
Westinghouse Science and Technology Center,
Pittsburgh, Pennsylvania,
United States of America

Abstract

Solid State Track Recorder neutron dosimetry methods developed
under the U.S. Nuclear Regulatory Commission Light Water Reactor
Pressure Vessel Surveillance Dosimetry Improvement Program have been
applied for pressure vessel surveillance dosimetry at commercial nuclear
power reactors. More than 800 SSTR neutron dosimeters have been
deployed at twelve different power reactors during twenty-two cycles of
operation. More than 300 SSTR have been analyzed, and results with
uncertainties in the 2-5% range have been generally obtained.

Several new areas of application of SSTRs for radiation damage
assessment for safe routine operation or extended life operation of
power reactors are planned and these applications are discussed.

1. INTRODUCTION

In 1977 the United States Nuclear Regulatory Commission
established the Light Water Reactor Pressure Vessel Surveillance
Dosimetry Improvement Program. Among the dosimetry methods developed
under this program for light water reactor pressure vessel surveillance
is the use of Solid State Track Recorders (SSTRs). The status of the
development of SSTR neutron dosimeters was reported at the last meeting
in this series. Since that time SSTR neutron dosimeters have been used
for pressure vessel surveillance dosimetry at commercial nuclear power
reactors by a number of U.S. Utilities.
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One of the key accomplishments in the extension of SSTR neutron
dosimetry methods to the higher neutron fIuences characteristic of
pressure vessel surveillance dosimetry applications was the development
of methods to produce ultra low-mass fissionable deposits. A second
key development was the establishment of routine automated track

3scanning methods for SSTRs. The overall v a l i d i t y and accuracy of these
techniques for high fiuence SSTR neutron dosimetry have been verified by
irradiations in U.S. National Institute of Standards and Technology
(formerly National Bureau of Standards) standard neutron fields. These

4results are described in a separate paper at this conference.

2. REACTOR CAVITY SSTR NEUTRON DOSIMETRY

Dosimetry sets containing radiometric foils and flux wires as
wel l as SSTR neutron dosimetry are deployed at power reactors in key
locations outside of the pressure vessel in the annular gap or reactor
cavity region. These dosimetry sets are placed during maintenance
outages and left in place during the operating cycle until the next
outage, at which time the dosimetry set is retrieved for analysis and
replaced with dosimetry for the subsequent operating cycle. To date,
SSTR neutron dosimeters have been deployed for a total of 22 operating
cycles at twelve different power reactors. Of the twelve reactors, one
is entering its fourth cycle of operation with SSTR neutron dosimetry in
place and two are in their third operating cycle.

A typical SSTR neutron dosimetry set consists of separate
235 239aluminum and cadmium covered U and Pu dosimeters and cadmium

007covered Np and U dosimeters or a total of six SSTR-fissionable
deposit pairs per set. To date, a total of more than 800 SSTRs have
been deployed in nuclear power reactors and more than 300 have been
analyzed. Fission reaction rates have been measured with uncertainties
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that are generally in the 2-5% range, and, with the exception of one
damaged dosimetry set, more than 96Ä of the fissionable deposits have
been found to be reusable in subsequent dosimetry cycles.

3. OTHER PLANT LIFE EXTENSION RELATED
SSTR APPLICATIONS

SSTR neutron dosimeters offer advantages for other applications
related to the emerging field of nuclear plant life extension (PLEX).
SSTR neutron dosimetry has been applied at neutron fluence rates as low
as 3 x 10 n/cm /sec and can be applied accurately up to fluences of

18 2 6about 5 x 10 n/cm . In addition to pressure vessel surveillance,
other possible areas of SSTR dosimetry application include:

(1) Reactor Vessel Support Surveillance
(2) Equipment Qualification (EQ) Surveillance
(3) Reactor Vessel Internals Monitoring

3.1 REACTOR VESSEL SUPPORT STRUCTURE SURVEILLANCE DOSIMETRY
Recently, fluence rate effects on neutron embrittlement were

deduced from analyses conducted as part of the pressure vessel materials
surveillance program at the High Flux Isotope Reactor at Oak Ridge

7 8National Laboratory. ' Materials tests revealed that the embrittlement
rates of several ferritic carbon steels were higher than anticipated for
the corresponding neutron fluences, presumably due to the much lower
fluence rate in HFIR compared to metallurgical test reactors. An
immediate concern is that the fluences and fluence rates obtained in the
HFIR specimens are similar to those anticipated for the support
structures for reactor pressure vessels. Indeed, a need for neutron
dosimetry to evaluate potential neutron-induced embrittlement in vessel

8 9support structures has been identified. '
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In most cases, the neutron fluxes received by support structures
are much less than those obtained at cavity dosimetry locations.
Whereas the sensitivity of radiometric dosimetry decreases with neutron
fluence, SSTR neutron dosimetry is less difficult at the fluences
anticipated in support structure neutron dosimetry because of less
stringent low-mass requirements for the SSTR fissionable deposits.
Therefore, SSTR neutron dosimetry offers a proven and immediately
a v a i l a b l e method for addressing dosimetry concerns related to pressure
vessel support surveillance.

3.2 ER SURVEILLANCE
Degradation due to aging and service wear limits the life of

many reactor components that are located within reactor containment.
The useful life of these components is shortened by aging effects that
are generally accelerated by the effects of radiation exposure and
elevated temperatures. Pre-use qualification tests use worst case
conditions with respect to radiation and temperature. Maintenance
and/or replacement of these components are often based on conservative
assumptions regarding the reactor operating environment. SSTR neutron
dosimetry provides a means to obtain data to verify that equipment
qualifications with respect to neutron exposure are not exceeded either
during routine or extended life service.

Because the neutron fluxes to be monitored are of the order of
C O10 n/cm /sec, the much higher sensitivity of SSTR neutron dosimeters

relative to radiometric flux foils makes SSTRs the method of choice for
EQ surveillance dosimetry.

3.3 REACTOR VESSEL INTERNALS MONITORING
Irradiation effects on core structural elements have recently

become a subject of concern due to the potential effects of irradiation-
assisted stress corrosion cracking on grid plates, core plates, and on
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top guides, control rods, and control rod drive assemblies. Because
11 12the anticipated neutron fluxes are in the range from 10 -10

2n/cm /sec, the use of SSTR neutron dosimeters is limited to rather short
exposure times due to the present SSTR upper fluence l i m i t of about

18 25 X 10 n/cm . However, methods are currently under development at the
Westinghouse Science & Technology Center that should extend the present
high fluence l i m i t to a significantly higher level. Therefore, imminent
applications of SSTR neutron dosimetry in core structural element
monitoring are anticipated. These developments in SSTR technology
should also open other fields of SSTR application such as the use of
SSTR neutron dosimeters in replacement reactor surveillance capsules.

4. CONCLUSIONS

SSTR neutron dosimeters provide a useful and versatile means for
obtaining data for radiation damage assessment. Among the many
advantages of SSTR neutron dosimetry are:

(1) SSTRs have a wide range of sensitivity ranging from cosmic
18 2ray-induced neutron background up to about 5 x 10 n/cm .

(2) Because SSTRs are passive devices, they can be deployed and
retrieved during plant outages, thereby reducing the
radiation doses to required support personnel. During
operation, no support personnel or electronics are
necessary.

(3) SSTRs measure integrated neutron exposure. Detailed time
history corrections are not needed.
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(4) SSTR neutron dosimeters can be deployed in harsh ß/'j and
temperature environments. SSTRs are totally insensitive to
ß/'j background and have been used at temperatures in the
680-830'F range.12

(5) SSTRs can be miniaturized, introducing minimal
perturbations into the neutron field being measured.

(6) SSTR neutron dosimetry is a high accuracy technique.
Uncertainties in the 2-5% range are obtained routinely in
cavity dosimetry measurements, and, with care,

14uncertainties less than 1% can be obtained.

(7) SSTRs are a permanent record. An SSTR retains the tracks
produced during a neutron dosimetry exposure, and the SSTR
can be stored as a permanent Quality Assurance record for
time periods relevant to the routine or extended life
operation of a reactor.

The use of SSTR neutron dosimetry for reactor pressure vessel
surveillance has become commonplace, and extended applications in other
radiation damage assessment areas related to safe routine operation or
extended life operation of nuclear power plants are planned.
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BENCHMARK REFERENCING OF ULTRA LOW-MASS
SOLID STATE TRACK RECORDER NEUTRON DOSIMETERS
IN NBS STANDARD NEUTRON FIELDS

F.H. RUDDY
Westinghouse Science and Technology Center,
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E.D. McGARRY
National Institute of Standards and Technology,
Gaithersburg, Maryland
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Abstract

Ultra low-mass fissionable deposit fabrication techniques
developed for light water reactor pressure vessel surveillance
dosimetry with solid state track recorders have been verified
through irradiations in standard neutron fields at the National
Institute of Standards and Technology (formerly NBS). Excellent
agreement has been obtained between independent absolute
calibrations of the fissionable deposits based on ultra low-mass
radiochemical spiking techniques and on the response to a known
neutron fluence in the standard neutron field. The status of and
the results of standard irradiations carried out to date are
described.

1. INTRODUCTION

The status of the development of S o l i d State Track Recorders
(SSTRs) for h i g h fluence neutron dosimetry was described at the
preceding meeting in this series, and the present status is described

2elsewhere in these proceedings . SSTRs have now been used for pressure
vessel surveillance dosimetry in more than 22 cycles of operation at
commercial power reactors.

A key to the successful use of SSTR neutron dosimetry for this
purpose is the development of techniques to produce ultra low-mass

3fissionable deposits . SSTR neutron dosimeters are deployed in the
reactor cavity region of power reactors and are t y p i c a l l y left in place
for one operating cycle. During that time the dosimeters are exposed to

1 fi Ofast neutron fluences in the range (2-5) x 10 n/cm . In order to
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obtain accurate results, SSTR track densities must be kept below about
1̂ ,6 4. i / 2 410 tracks/cm

This is accomplished by l i m i t i n g the mass of the fissionable
3 2deposit so that track densities in the range from about 5 x 10 /cm to

5 25 x 10 /cm result. The deposit masses required to accomplish this
purpose are contained in Table 1.

Table 1. Required Fissionable Deposit Masses for SSTR Cavity
Neutron Dosimetry

Isotope
239Pu
239Pu
235u
235U
237Np
238U

Cover
AI
Cd
AI
Cd
Cd
Cd

2Deposit Mass (grams/cm )
1.3 x 10~13

6.3 x 10~13

1.9 x 10"13

9.5 x 10"13

4.7 x IQ'10

3.2 x 10~9

The masses of these deposits are much less than those conven-
-13 2tionally used in SSTR neutron dosimetry. For example, 1.3 x 10 g/cm

of plutonium corresponds to only 3 atoms per square /im of surface area.
3Special isotopic spiking techniques have been developed for

absolute mass calibrations of these deposits. Selected deposits have
been irradiated under controlled conditions in standard neutron fields
at the National Institute of Standards and Technology (NIST - formerly
the National Bureau of Standards) to verify the absolute mass
calibrations by testing the response of ultra low-mass SSTR neutron
dosimeters in known neutron fields. The results of these benchmark
irradiations are contained in this report.
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2. EXPERIMENTAL

NIST (formerly NBS) maintains standard neutron fields (or
benchmark fields) to supply calibration irradiations and certified
fluence standards. Two different types of irradiations were carried out

937 238at NIST. Isotopes with threshold neutron responses ( Np and U)
were irradiated in the NIST cavity fission source, and isotopes with

235 239primarily thermal neutron responses ( U and Pu) were irradiated in
a thermal neutron field.

2.1 235U FISSION SPECTRUM IRRADIATIONS
235The NIST Cavity Fission Source (see Figure 1) provides a U

thermal-neutron induced fission spectrum in a 30-cm diameter cavity of
the NIST research reactor. The foils to be irradiated are positioned

235inside of a cadmium p i l l box which is sandwiched between two U driver
discs. When the reactor is operated at maximum power (20 megawatts),

235 . 10 2the U spectrum fluence rate is 4 x 10 n/cm -s. Fluences are based
252upon the known source strength of a standard Cf field relative to the

235U field by comparisons of irradiated nickel foils. First the nickel
foils are irradiated in the californium spectrum and their activity is
used to validate the efficiency calibration of a germanium gamma-ray
counter. The nickel foils are then included in each Cavity Fission
Source irradiation as fluence monitors. The NIST reactor is operated at
predetermined fixed fractions of 20 MW for cycles lasting about three
weeks. The fluence rate is normally very constant (±2%) but it is

235monitored during each U irradiation by a separate fission chamber and
when necessary power-time variations are taken into account. Certified
fluences are normally reported to an accuracy of 1.5-28 .
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NBS CAVITY FISSION SOURCE

23!U SOURCES

DETECTOR STACK

CADMIUM ENCLOSURE -

SPHERICAL CAVITY (30 cm

GRAPHITE ACCESS PLUG

CAVITY FISSION SOURCE
AND CADMIUM COVERED
DETECTOR CAPSULE

GRAPHITE THERMAL COLUMN
(94 cm x 152 cm x 162 cm block)

235Figure 1. U Cavity fission source. Upper view: relative positions of
neutron sensor foils, fission disks and cadmium enclosure. Lower
view: the assembly in the thermal column of the NBS reactor.

Fission neutron return spectra for spherical cavities in
graphite have been studied extensively by means of neutron transport
calculations and by experiments accomplished to develop standard neutron

f\ 7fields in spherical geometries ' . For the 30-cm diameter cavity at
MIST, the response of threshold fission detectors to neutrons returning
from the cavity walls is less than 0.3K of the uncoilided fission
neutron fluence from the fission source disks; for detectors with
thresholds above 1 MeV, the response to the wall-returned neutrons is
less than 0.1%. The Cavity Fission Source is generally not used to
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235irradiate low-energy-sensitive integral dosimeters such as U and
239DPu.

235The U fission disks and the internal structure of the cadmium
p i l l box are shown in the upper half of Figure 1. Small perturbations

235to the U fission spectrum (which result in less than 5% total
corrections) come from scattering and absorption in the structure of the
Cavity Fission Source, but the effects of scattering dominate. The
scattered neutrons may be separated into two categories:

(1) Neutrons which are scattered into the dosimeters that are
being irradiated within the p i l l box. These neutrons come from
scattering in the fission disks, in the cadmium p i l l box, and in the
aluminum top-hat-shaped assembly. This inscattering is essentially
independent of position of the dosimeter in the stack. These scattered
neutrons may produce more activity in the dosimeters than would occur in
an unperturbed fission spectrum. Because the fluences reported by NIST

235are for an unperturbed U fission spectrum at the locations of the
SSTRs or nickel fluence monitors, scattering corrections are applied to
each measured reaction rate.

(2) Neutrons which interact with other foils in the dosimeter
stack. Again the scattering effects dominate, but the effects are both
a function of position and the number of foils in the stack. Nearest
neighbors are most significant and the effects decrease rapidly with
distance. The correction factors are larger for the lower energy
thresholds and Figure 2 shows the calculated factors as a function of
effective threshold of various common threshold dosimeters. Corrections
for the nickel and SSTR dosimeter stack are for a cadmium p i l l box
containing four nickel foils with three SSTRs between them. Depending
upon the relative positions and type of threshold, the integrated
correction factors that are applied to the measured reaction rates may
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Figure 2.

The functions used to account for scattering effects for various kinds of dosimeters in different
foil-stack configurations are shown for four different threshold reactions: Np(n,f)FP,

U(n,f)FP, Ni(n,p) Co, and "Cu(n,a) Co. The respective thresholds of these reactions are
approximately 0.6 MeV, 1.0 MeV, 3.0 MsV, and 5.5 MeV. A calculation which accounts for material
types, f o i l thicknesses, and distances between a particular dosimeter and its nearest neighbors is
done to derive the net integrated scattering effects for each dosimeter.

be both greater than or less than unity. These corrections are
determined by Monte Carlo neutron transport calculations.

Total net corrections for these two types of scattering and the
particular irradiation geometry have been applied for all irradiated
SSTR deposits. These corrections include the wall-return spectrum
corrections factors of 0.997 for 237Np and 0.999 for 238U and the

Ni(n,p) Co reactions.
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2.2 SSTR THERMAL IRRADIATIONS
As mentioned, SSTR dosimeters with low-energy neutron response

were not exposed in the Cavity Fission Source but in a thermal neutron
field at the center of the 30-cm graphite cavity in the NIST Reactor
thermal column. As opposed to specifying certified fluences, the

235thermal irradiations specified U fission rates. This was
235accomplished by irradiating an SSTR package back-to-back with a U

fission deposit of known mass, 96 nanograms (±1.5%). The known-mass
deposit is an active electrode in a fission chamber which looks very
much l i k e the cadmium p i l l box mounted in the aluminum holder in the
Cavity Fission Source. The irradiations were carried out by placing the
fission chamber containing the monitor deposit and one SSTR package into
the cavity before the bora I curtain at the thermal column was raised.
The fission chamber was then made operational on a predetermined time
cycle and the curtain was raised. By monitoring the fIuence rate, the
stability of the irradiation as well as the desired duration could be
determined. The total sum of the monitored fissions provided the basis
for determination of the fIuence rate at the SSTR package.

Determination of fluence gradients and perturbation effects are
still in progress so final data for the thermal irradiations are not
a v a i l a b l e at this time.

3. RESULTS

CORadiometrie analysis of the Co content of the nickel flux
foils were used to determine the neutron flux at the locations of the
nickel foils. The magnitudes of the fluxes were plotted as a function
of foil position in order to determine the corresponding fluxes at the
locations of the SSTR neutron dosimeters by interpolation. Figure 3 is
a plot of typical neutron flux results for an irradiation in the NIST
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cavity neutron source. The SSTR fluxes were corrected for the radial
gradient (0.500" diameter nickel foils and 0.250" diameter fissionable
deposits were used) and for neutron scattering as discussed previously.
After the irradiation, the SSTRs were etched in 49/ï HF for one hour at
22.0*C to reveal the tracks which were counted both manually by two
independent scanners and with the Westinghouse R&D (now Science &

4Technology Center) automated track counter . The known irradiation time
was used to calculate the total fast neutron fluence, which was used
with the number of fissions derived from the track count to derive a
deposit mass. The neutron-induced fission cross sections used were
312 mb (±2.3%) for 238U and 1359 mb (*2.1A) for 237Np.

The deposit masses derived from the NIST irradiations are
compared with the masses obtained from radiometric spiking calibrations
in Table 2. In general, the overall agreement of the masses derived
from the NIST benchmark irradiations and those derived from the
independent radiometric mass calibrations is quite good. A slight bias
(4%) exist between the NIST and radiometric mass scales. The cause for
this discrepancy is being investigated although its overall impact on
the 2-555 uncertainty requirement for reactor cavity dosimetry is m i n i m a l .
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Table 2

Overall Comparison of Fissionable Deposit Masses Derived
From NIST Benchmark Neutron Irradiations and

By Ultra Low-Mass Radiometrie Spiking Techniques

Isotope

O3P238u
238U
OQQ238u238u
238U
O5Q238U
OQO238U
237Np
937237Np
937237Np
937237Np
238U
9372J/Np
O9O238u
237N

Spi ke
Solution

HEDL-12
HEDL-12
HEDL-K1
HEDL-13
HEDL-13
HEDL-13
W R&D-5
HEDL-8
HEDL-7
HEDL-7
W R&D-7
HEDL-12
HEDL-8
W R&D-9~"
W RAD-8

Mass (nanograms)
RMb

8.01
4.34
1.63
1.58
1.64
2.06

17.07
3.63
0.315
0.302
4.88
2.88
0.667
1.73
7.48

NISTC

7.60
4.24
1.53
1.59
1.61
2.16

16.16
3.42
0.310
0.268
4.65
2.74
0.634
1.62
7.36

Average

Mass Ratio
RM/NIST

1.054
1.024
1.065
0.994
1.019
0.954
1.056
1.061
1.016
1.127
1.049
1.051
1.052
1.068
1.015
1.040 * 0.038

aHEDL spike solutions were prepared and calibrated at the Hanford
Engineering Development Laboratory. W R&D spike solutions were
prepared and calibrated at the Westinghouse Science & Technology
Center.
Mass determined by ultra low-mass radiometric spiking techniques.

£+Mass determined from fissions produced in an irradiation in an NBS
standard neutron field.
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4. DISCUSSION AND CONCLUSIONS

Typical plots of SSTR track density as a function of position
are shown in Figure 4 for SSTRs exposed to the same fissionable deposit
in a power reactor cavity exposure and in the NIST Cavity Neutron
Source. It can be seen that the track density distributions are quite
similar, indicating that the mass distribution of the deposit did not

917 Q
DEPOSIT #1288 "' Np 3 63 x 10 g

CAVITY IRRADIATION

MBS BENCHMARK IRRADIATION

Figure 4. Track density distribution obtained from SSTRs in contact with
the same ultra low-mass fissionable deposit irradiated for one
cycle in the cavity region of a power reactor and in the NIST
cavity neutron source. Isometric contour plots, and selected
slices of the track count (z) vs microscope field position
(x and y) are shown.
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undergo an observable change in the time between the start of the power
reactor cavity exposure and the end of the NIST Cavity Neutron Source
exposure.

The general agreement between the independent absolute
radiometric mass calibrations (Westinghouse STC) and the masses derived
by benchmark field neutron irradiations (NIST) is encouraging and serves

3as an overall verification of the radiometric spiking methods used to
calibrate the ultra low-mass fissionable deposits used in SSTR neutron

4o'osimetry and of the track scanning techniques used to analyze the
exposed SSTRs.
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MEASUREMENT OF LONG-LIVED ISOTOPES AND
HELIUM PRODUCTION IN FUSION MATERIALS*

L.R. GREENWOOD
Argonne National Laboratory,
Argonne, Illinois,
United States of America

Abstract

Results are summarized for measurements of the production rates for long-lived radioisotopes and helium in fusion reactor materials. Measurements have
been performed at T(d,n) generators, near 14 MeV; at broad-spectrum Be(d,n)accelerator-based neutron fields; and in various fission reactors. These
activation data are used to predict the production of these isotopes in fusion
reactor materials for waste disposal and maintenance applications. Heliumdata are needed for the simulation of fusion materials damage in fission
reactor irradiations and as a stable product dosimeter. Nuclear data needs
and future plans are discussed.

Introduction
Accurate measurements of neutron cross sections are needed for a varietyof reactions from threshold to 14 MeV for the prediction of activity levels in

fusion reactor materials. Longer-lived activities are of particular interestsince they may seriously impact reactor maintenance and the disposal of wastematerials. Helium production data is needed for the prediction of theevolution of radiation damage in materials. For many materials and reactions
there have been few measurements and we must rely on calculations of the
required cross sections. Consequently, we have been involved in measurements
of selected reactions at 14 MeV and in integral neutron experiments in
reactors and accelerator-based neutron sources.

Activity Measurements at 14 MeV
Neutron irradiations have been conducted at the Rotating Target Neutron

Source II at Lawrence Livermore National Laboratory. Samples were placed in
for up to 2 weeks and in more remote

net fluences up to Id*8 n/cm2. The
as shown in figure 1.1 Data have beenmany standard dosimetry reactions in
More recently, we have focussed on

A list of these reactions with
references is given in Table I,

the highest flux region near the sourcelocations for much longer times with
neutron energy spectra were calculated,published2 for 22 reactions, including
the energy range from 14.5-14.9 MeV.
reactions leading to longer-lived isotopes.measured cross sections, halflives, and . tit. ̂.n̂ o t^ y i v c u mMeasurements have also been reported^.4 for the 2?A1 (n,2n)26/\i (7.2xlC)5 y) anc[54Fe(n,2n)53Fe(^)53Mn (3.7xl06 y) reactions; however, these are not listed inTable I due to their steep energy dependence near 14 MeV, which makes themhighly useful for fusion reactor dosimetry and plasma diagnostics.5 Activity
measurements for the reactions listed in Table I were performed with either
gamma, x-ray, or liquid scintillation detectors. The nuclear decay data used
for these measurements were adopted from reference 6. In most cases, chemical
separations were required to remove shorter-lived, interfering reactions.

* Work supported by the United States Department of Energy, Office of Fusion Energy, under contract
W-31-109-Eng-38.
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FIGURE 1

Calcu la t ed neut ron spectra for RTNS II w i t h Ej = 360 keV and a T1Ï2 target.

Table T Production of Long-Lived Isotopes near 14.8 MeV

Reaction
50V(n,2n)49V6

56Fe(n,2n)55Fe

63Cu(n,p)6JNi

6 4Ni(n,2n)6 JNi

6 0Ni(n,2n)5 9Ni

9 4Mo(n,p)9 4Nb

'VatMo(n,x)94Nb

92Mo(n,2n)91Nb

94Mo(n,2n)93Mo

94Mo(n,x)93mNb

9BMo(n,x)93mNb

]VatMo(n,x)93rnNb

<7,mb

258J 39

454i35

5414

958 £64

1044 25

55-t6

7.8±08

603±119

550Ü36

5.7±09

1.36±027

075±0.11

Ti/2,y
090

2.7

100.

100.

7.5xl04

2.0xl04

2 Oxl O4

680.?

3500.

16.1

16 1

161

C/Ea

2.8

1 4

0 91

1 2

6.0

082

-

033

2.5

2 0

-

-

Reference

17

18-20

18-20

18-20

18-20

1

1

1

17

17

17

17

"Ratio of ALICE calculation/experimental result
bVanadium data at 14.3 MeV
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Chemical procedures generally involved ion-exchange reactions, as discussed in
the references.

Neutron fluences were determined for each irradiation from dosimetry
samples. For shorter runs, the 93Nb(n,2n)92mNb (10 day) reaction was used todetermine the fluence assuming a value of 463 mb for the cross section.7 For
longer runs, the fluence was determined by the 5^fe(r\,p}$^Mn reaction usingcross sections given in reference 2. These measurements can be used to
determine the production of each isotope in fusion reactors, as given in Table
II for the STARFIRE reactor design.» Such calculations can be directly
compared with previous predictions of these activities in fusion materials.

Table II: Comparison with ALICE Calculations

Reaction Ratio - C/E
50V(n,2n)49V 2^8

56Fe(n,2n)55Fe 1.4

63Cu(n,p)63Ni 0.91

64Ni(n,2n)63Ni 1.2

60Ni(n,2n)59Ni 6.0

94Mo(n,p)94Nb 0.82

92Mo(n,2n)91Mo(/3+)91Nb 0.33

94Mo(n,2n)93Mo 2.5

94Mo(n,x)93mNb 2.0

The pre-compound, statistical model computer code ALICE9 was used tocalculate neutron cross sections for the reactions given in Table I. The
calculations and experiments (C/E values) are also compared in Table I and
figures 2-4. As can be seen, the agreement is generally only good to about afactor of two. ALICE appears to consistently overpredict the values for
(n,2n) cross sections. In the case of 92M0(nj2n) the calculation is only 1/3of the experiment. As discussed in reference 1, our data is also much higher
than other experiments. Consequently, the difference may be due to the
uncertainty in the halflife of 680*130 y6, since a value of 300 years or less
would lower the cross section accordingly to be in better agreement with thecalculations and other data. Similarly, for 60Ni(n|2n) our value is much lessthan calculations and the systematics of other nickel isotopes. In this case,
the halflife is only known to 7.5*1.3 x 10^ y6 and a value of 3xl05 y or
longer would raise the measurement to 400 mb or greater, in better agreementwith calculations and systematics. We are planning to remeasure the halflifeof 59Ni since this is easily made in thermal neutron reactions with 58Ni and
the value can be determined by standard mass spectrometry techniques.

Additional materials were irradiated at RTNS II and we plan to measure
neutron cross sections for the reactions 14N(n,p)14C (5730 y), 94Zr(n,2n)93Zr
(1.5xl06 y), and 93Nb(n,2n)92Nb (3.6xl07 y).
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Comparison of measured cross sections for the production of 63Ni from63Cu (diamond) and 64N1 (circle) and for 55Fe from 56Fe (plus) with ALICE
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Comparison of measured cross sections for the production of 93̂ o (circle),94Nb (plus), and 93mNb (diamond) from 94Mo with ALICE calculations (lines),
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Activity Measurements in Rare Earth Materials
Argonne is collaborating with several other laboratories to measure

activities is rare earth materials following a recommendation of the 16th
International Nuclear Data Committee meeting in Beijing, PRC, in October 1987.
This work is included in a Coordinated Research Program sponsored by the IAEA.
The experimenters include J.W. Meadows, D.L. Smith, and the author at Argonne;
R.C. Haight at Los Alamos National Laboratory (LANL); and Y. Ikeda at the
Japan Atomic Energy Research Establishment (JAERI). Identical packets of
foils consisting of copper, silver, europium, terbium, and hafnium, as well as
titanium, iron, and nickel dosimeters, were irradiated in a E^ = 7 MeV Be(d,n)
neutron field at ANL10; a 10 MeV H(t,n)3He field at LANL; and at 14 MeV at the
Fusion Neutronics Source Facility at JAERI. The ANL and LANL neutron fields
are illustrated in figure 5; the JAERI field is similar to the RTNSII facilityshown in figure 1.

Samples have been irradiated and gamma counted from both ANL and LANL.
The JAERI irradiations have been completed and analysis will commence shortly.
Table III lists preliminary results for several reactions which we havemeasured; however, the data has not yet been corrected for room-return,
target-related background, or multiple scattering. In the case of 152Eu the

the 15lEu(n,7) reaction rather than the
the thermal flux is quite low at each151Eu is very high (5900 barns). In
decay time is needed for the decay of

When all of the data is available
possible to adjust the calculated

activity is probably due primarily to
(n,2n) reaction from 153Eu. Althoughfacility, the thermal cross section ofthe case of 108m/\g and 178m2nf( m0reinterfering silver and hafnium isotopes,with suitable corrections, it should becross sections for these reactions
applications. resulting in recommended values for fusion
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FIGURE 5

Measured neutron spectra for the Be(d,n) neutron field at Argonne and the
10-MeV H(t ,n) 3He field at Los Alamos.

Table III: Preliminary Results for Rare-Earth Irradiations
(cross sections are listed in millibarns)

Reaction

107Ag(n,2n) l06mAg.

lo9Ag(n,2n)108 'TlAg

151Eu(n,2n)150"Eu

153Eu(n,2n)152Eu
[+151Eu(n,7)]°

159Tb(n,2n)158Tb

l78Hf(n,2n)175Hf

179Hf(n,2n)1T8m2Hf

180Hf(n,2n)179m2Hf

T1/2

8.5 d

127 y

35.8 y

13.3 y

150 y

70 d

31 y

25.1 d

LANL-
exp

5.32

w

219.

529.

340.

420.

w

3.34

(10 MeV)
cale

87.

151.

1264.

647.

1400.

1571.

22.

159.

ANL-
exp

1.41

w

16.4

344.

33.7

42.4

w

2.93

Be(d,n)
cale

23.

18.

17.

54.

34.

1.

—

°152Eu partly due to 151Eu(n,7)
w: indicates waiting for decay of short-lived activities
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Additional Measurements at Argonne
In collaboration with D.L. Smith, we are measuring cross sections for the

reactions 93Nb(n,n')93mNb (16.1 y), 63Cu(n,p)63Ni (100 y), 60Ni(n,p)60Co (5.3
y) and a variety of other reactions using the integral Be(d,n) neutron field
at Argonne^O and a limited number of differential measurements using the
L1(p,n) reaction. Samples have been irradiated and gamma counted, including
dosimetry reactions. Work is now in progress to measure the activity ofby x-ray counting and 63̂ - by liquid scintillation counting.

Helium Measurements
Helium production is known to be an important parameter in the evolution

of the microstructure during the irradiation of fusion materials.
Furthermore, helium is especially useful for fluence measurements since it is
a stable product. Consequently, we have worked closely with D.G. Kneff ofRockwell International, Canoga Park, CA, USA, for many years to both measure
and test helium production cross sections in fission reactors, 14 MeV sources,
and broad-spectrum accelerator-based neutron fields. We recently published^
helium cross sections for 26 elements, 33 isotopes, and for various alloys at
14.8 MeV. Additional materials have been irradiated at RTNS II and at 10 MeV
at Los Alamos National Laboratory and analyses are now in progress.

Table IV shows some of our
measured in the High Flux Isotopes
As can be seen, the nickel, iron
agreement with calculations basedHowever, nickel^, iron^ and copper1
whereby transmutation products are found

recent results^ from fission reactors,
Reactor at Oak Ridge National Laboratory,and chromium results are in reasonable
on the ENDF/B-V gas production file.*3

all have thermal neutron effects
to have significant thermal neutron

helium cross sections. The effect in nickel is quite well-known and is usedroutinely to simulate fusion-like helium production rates in mixed-spectrum
fission reactors. The effect in copper is less dramatic since zinc must be
produced prior to the onset of helium production. (The effect would be
comparable to that for nickel for materials doped directly with zinc.) In
iron, there appears to be a small effect due to 55pe w-jth a thermal (n,a)reaction cross section of about 18 mb. However, more data is needed to sort

Table IV: Helium Production in HFIR
(Ratio of ENDF/B-V Calc./Expt.)

Material C/E Value Comments
Nickel 0.95±0.07 Thermal Effect"

Iron 0.96±0.06 Thermal Effect?6

Chromium 1.06 1 result

Titanium 2.34±0.20

Niobium 0.73±0.03

Copper 0.76±0.05 Thermal Effect0

"Reference 14
6Reference 15
Reference 16
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out the competing effects from the various iron isotopes. This thermal effect
in iron could prove useful for simulating fusion-like conditions in mixed-
spectrum reactors, assuming that we use iron enriched in 54Fe or doped
directly with 55Fe.
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'LOW-ACTIVATION' FUSION MATERIALS DEVELOPMENT
AND RELATED NUCLEAR DATA NEEDS

S. CIERJACKS
KfK-Euratom Association,
Institut für Material- und Festkörperforschung,
Kernforschungszentrum Karlsruhe GmbH,
Karlsruhe, Federal Republic of Germany

Abstract

So-called "low-activation" materials are presently considered as an
important means of improving the safety characteristics of future DT
fusion reactors. Essential benefits are expected in various problem
areas ranging from operation considerations to aspects of decommis-
sioning and waste disposal. Present programs on "low-activation"
materials development depend strongly on reliable activity calcu-
lations for a wide range of technologically important materials. The
related nuclear data requirements and important needs for more and
improved nuclear data are discussed.

1. Introduction

With the continuous progress towards break-even DT fusion facilities,
more thought has been recently given to the material that will be used in
future power-producing reactors. Presently, there are two main goals in
materials research for fusion applications which ought to be achieved
simultaneously:
1. The development of materials which are résistent to large fluences of fast

neutrons with energies < 14 MeV.
2. The development of so-called "low-activâtion" materials (LAMs) in which

the neutron-induced activity is as low as possible, but always within
acceptable limits.

Thus, in addition to a large variety of engineering property specifications,
a broad range of radiological requirements need to be fulfilled for a suit-
able fusion reactor material, not all of which may be simultaneously satis-
fied in an optimal manner. The possible development of low-activity materials
is due to the fact that the activity produced in a fusion reactor is not
intrinsic to the fusion process itself, so that a high degree of control can
be exercised by careful selection of suitable structural materials.

Even though a lot of problems still need to be solved, low-activity
materials are presently seen, in the broadest terms, as an important means
of enhancing the safety and environmental advantages of fusion as an alter-
native energy source to existing fission reactors. Potential benefits are
anticipated in most of the problem areas, ranging from decay heat and acci-
dental releases to aspects of waste disposal. For all aspects of low-acti-
vation materials development, the important requirement is that the induced
radioactivities, the associated surface ï-dose rates, decay heats and
biological hazards need to be well known for a wide span of timescales
ranging from the order of minutes/hours (maintenance, decay heat) to
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tens/thousends of years (reuse/recycling of material, waste management) and
a wide range of potential fusion reactor materials, including critical
impurity elements.

In Sect, 2 the safety aspects for which LAMs are beneficial are summa-
rized. The range of nuclear reactions and neutron spectra important for
activity calculations are briefly outlined in Sect. 3. Section 4 describes
the present status of activity calculations. The nuclear data requirements
and the important needs for improved nuclear data are discussed in Sect. 5.

2. Possible Advantages of LAMs for Safety Considerations

The potential advantages of LAMS with respect to fusion reactor safety
have been discussed in several recent review papers [1-6]. Some of the safety
aspects for which the use of "low-activation" materials is expected to be
beneficial are listed in Table I. The relevant ranges of decay times of the
activation products are also indicated for each topic.

From the point of view of public acceptance of fusion energy, the most
important considerations must be given to those aspects which result in the
radiation exposure of the public, in particular, accidental releases and
waste disposal. The radiological implications of the remaining areas relate
mainly to occupational exposures. These exposures can, however, be considered
rather differently, since, at least in normal operations, personnel in
nuclear installations works in controlled environments. Here exposures are
carefully monitored and maintained within acceptable limits through the
adoption of well established radiological protection practices.

Table I. Fusion reactor safely and environmental aspects for which LAMs are
considered to be beneficial

Topic Relevant timescales for the
decay of activation products

Reactor maintenance Minutes to months
Effluent releases Hours to years
Accidenta] releases Hours to years
Decay heat generation Minutes to years
Handling of expired components Days to years
Reuse/recycling of material Years to tens of years
Waste disposai Tens to thausends of years

Concerning accidental releases of activated material (for instance as a
result of a reactor fire or other conventional accidents), a number of stu-
dies have been performed, but much work remains to be done. A realistic
modelling of suitable exposure scenarios is rather complex, and requires well
agreed methodologies and, in addition to sound technical data, reliable
predictions of radiological quantities such as material-specific radio-
activities, dose rates and decay heats. Ultimately, the consequences of
accidental releases need to be judged according to standard criteria for
acceptable exposures, which can be rather different in various national,
regional or international regulations and recommendations [7,8],
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Regarding decommissioning and waste disposal there is, in principle, a
choice between reuse, recycling and permanent disposal of expired components,
all of which options strongly depend on the induced radioactivity. In the
materials reuse/recycle approach (reprocessing of scrap after a suitable
decay period of about 30 to 100 years) it would be favourable if "hands-on"
processing of the expired components were permitted. For this purpose, how-
ever, the surface ï-dose rates need to range below certain limits (2.5x10
Sv/h according to European standards [9]). For waste disposal the most
desirable option is the deposition of discarded material in near-surface
repositories after suitable cooling times. Present calculations indicate,
however, that the activation levels of current candidate low-activation
steels having the lowest currently attainable impurities of critical elements
remain well above the level for which "shallow-land" burial might be con-
sidered [3,5]. In case that near-surface disposal must be ruled out, a dis-
posal in deep geological repositories is presently seen as the most likely
alternative [1].

3. Nuclear Reactions and Neutron Spectra

Interaction of d-T neutrons and their product particles with the various
reactor materials gives a broad range of transmutation products most of which
are unstable and subsequently decay by emission of Y-rays, ß-particles or
weak X-rays. Only very few a-emitters are produced by activation of fusion
materials. The diversity of kinematically possible reactions with a single
target nuclide is shown in Fig. 1. In addition to all relevant neutron-in-
duced reactions also so-called sequential (x,n) reactions can produce impor-

N-2 N-1 N N + 1
Neutron number —-

Fig. 1 Kinematically possible neutron-induced and sequential (x,n)
reactions for neutron energies E £15 MeV. Sequential (x,n) reactions
are restricted here to the most important types of (p,n), (d,n) and
(ct,n) processes (see text).
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tant radionuclides not achievable in one-step neutron interactions *.
Sequential (x,n) reactions are processes in which charged particles x are
produced in a first-step neutron-induced reaction A(n,x)B, and in which the
emitted charged particles react in a second step by the process A(x,n)C with
the target nucleus A producing the residual nuclide C. In the chart of Fig.
1 only sequential (p,n) (d,n) and (ct,n) reactions have been included, which6are the most important ones. Sequential reactions such as (t,n), ( He,n),
or (x.n'p), (x.n'd), (x,n'o), even though often kinematically possible, have
not been included, mainly because of their largely reduced probability.

The neutron flux and spectra depend on the materials used for the various
reactor components and are influenced by the attenuation and moderation
processes as the neutrons are passing through the material. Thus the neutron
spectra are largely dependent on the reactor engineering concept. Figure 2
shows a typical neutron spectrum in the first wall region which is the most
highly-irradiated component of a fusion reactor. The plotted spectrum is that
calculated for the Culham DEMO reactor design concept [10]. It can be seen
that even in the first wall the spectrum is rather soft, exhibiting a broad
distribution ranging from thermal to 14 MeV neutron energy, and only 12.6%
of the spectrum is concentrated in the 14-MeV peak. The large fraction of
neutrons with energies below 14 MeV results mainly from backscattering in
the blanket and in the other reactor components. From the spectral distrib-
ution shown in Fig. 2 it becomes clear that activity studies in fusion
reactors require nuclear cross sections covering the whole energy range from
thermal (or threshold) to more than 14 MeV.

1C+12-

IE-t-11-

1E+10-

1E+09-

lE-s-OB-

lE-t-07-

1E+06'
I E - 0 1 1E+01 1E4-03 1E-+-05

Neutron Energy (eV)
1E + 07

Fig. 2 First wal l neutron spectrum for the Culham DEMO reactor design con-
cept (solid breeder). Only 12 6% of the spectrum is concentrated in
the 14 MeV peak. (From Ref . 12).

* In order to avoid misunderstandings, it should be mentioned that nuclides
created by sequential (x ,n) reactions can, of course, be produced by mul-
ti-step neutron interactions. But these typically require long reaction
chains with at least one or two intermediate ß -decays which give, in gen-
eral, negligible inventories.
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4. Present Status of Activity Calculations

Neutron-induced activities, their related surface Y-dose rates, decay
heats and biological hazards can be calculated, if the neutron flux level,
the neutron spectrum, the reactor operational scenario, the detailed compo-
sition of the material and the relevant nuclear data are all well known. For
reliable predictions it is essential that all kinematically-allowed nuclear
reaction channels are taken into account. Thus it is important to consider
not only primary, but also sequential neutron-induced reactions, i.e.
reactions that occur due to the presence of large amounts of radioactive or
stable nuclides produced as a result of nuclear transmutations with the
original nuclides of the reactor material. A typical example of this kind
is the production of Ça (T-. /2=1- 03x10 y) which dominates the element
activity of titanium after a decay time of about 5x10 y [11]. In this case

Ca is chiefly produced through the reaction chain Ti(n,a) Ca(n,2n)->-
Ca(n,2n) Ca, where Ca and Ca are stable intermediate nuclei.
For calculations of neutron-induced radioactivities in fusion reactors

there exist presently several activation codes which require two major
nuclear data libraries, one containing multigroup reaction cross sections,
and the other nuclear decay data [12-14]. Most of these can already provide
fairly good radiological predictions for a wide range of technologically
important materials. A typical example of recent calculations with one of
these codes is given in Fig. 3. The diagram shows the calculated activities
versus cooling time for twelve elements irradiated in a first wall spectrum
typical of a DEMO reactor [10]. The results were obtained from recent KfK
calculations [15] using the UKACT1 and UKDECAY2 libraries as the primary input
to the UK inventory code FISPACT [12,16]. A wall loading of 5 MW m"2 for 2.5
years was assumed. The enormous differences in the activity levels as a
function of cooling time clearly demonstrate the necessity for a careful
selection of elements (and critical element impurities) to be used as pos-
sible constituents of fusion reactor structural materials.

While all of the existing activation codes are largely complete with
respect to neutron interactions, sequential (x,n) reactions have, to our
knowledge, been ignored in all previous work. The KfK group has recently
shown, at least for protons, deuterons and ct-particles, that these processes
can significantly contribute to the integral radiological quantities [17].

*? f\ ^One stressing example of this kind is the production of Al (T1/0=7.2xlO23 23 26 *•/*•y) through the sequential reaction Na(n,zo) -* Na(a,n) Al (z stands for
any particle other than a). This is illustrated in Fig. 4 which shows the
integral surface ï-dose rate of sodium as a function of the time after
irradiation. In order to suitably separate the effect of sequential (x,n)
reactions, the dose rates were calculated twice: Once with and once without
including these reactions, while leaving all other conditions unchanged. In
this way the difference of the two curves in Fig. 4. is a good measure of
the contribution of sequential reactions to the total induced dose rates.
As can be seen the effect is most pronounced in the time range beyond ~100

O £.years, where the top curve is governed by the Al activity. The bottom curve
(excluding (x,n) reactions) shows also a wide plateau in the region 10 -10
years, but this results from neutron-induced reaction chains leading to
•̂°Be (T1/2=1.6xl06 y). Inclusion of the sequential 23Na(a,n)26Al reaction
in the calculation gives by 9 orders of magnitude higher dose rates in this
range. It even places the long-time dose rates significantly above the
"hands-on" level of 2.5xlo"5 Sv/h [9],
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A summary of the KfK work on sequential (x,n) reactions performed up
to now [18] is given in Table II. This table lists the important radionuclides
produced in element activation by sequential (x,n) reactions on Na, Mg, V,
Cr and Fe. A comparison of the inventories achieved for calculations with
and without (x,n) reactions is shown in the third and fourth columns. The
numerical values given in these columns are total inventories which might
have been produced by more than one sequential reaction or more than one
neutron reaction chain, respectively. In the last column the type(s) of
sequential (x,n) reaction(s) leading to the production of the corresponding
radionuclides are indicated. For the elements Na, Mg, V and Cr, the addi-
tionally produced inventories drastically alter the integral element activ-
ities and/or the related dose rates and decay heats, while the additional
activities for iron are masked in the integral quantities by other radionu-
clides with comparable half-lives. Already these limited results give a clear
indication that sequential (x,n) reactions cannot be neglected in reliable
activity calculations.

5. Nuclear Data Needs

5.1 General Requirements

The nuclear data base required for activation calculations in support
of LAM development primarily concerns energy-dependent neutron activation
cross sections and decay data for a very large number of stable and radio-
active nuclides. The requirements and the status of these data have been
recently reviewed by several authors [19-23]. In addition, other data such
as Bremsstrahlung data (for predictions of dose rates and decay heats),
double-differential charged-particle-emission cross sections or differential
cross sections and stopping powers of charged particles (for estimates of
(x,n)-induced activities) and CEDE factors (for calculations of biological
hazards) are needed for calculations of all radiological properties. Con-
cerning neutron data, the required data base can be divided into two main
groups: 1) Data needed for the determination of space-dependent neutron
fluxes in the various reactor components, and 2) data required for the
estimate of radioactivities induced in potential "low-activation" fusion
materials.

For flux and spectrum calculations the most important neutron data are
total, double-differential neutron-emission and photon-production cross
sections. These cross sections must be known for the entire energy range from
thermal (threshold) to 15 MeV for the important structural, tritium-breeding,
shielding and magnet materials e.g. Li, Be, 0, Fe, Cr, Ni, V, Pb, Cu etc.
Even though a large amount of data for this purpose are already available
from previous work in fission reactor development, there is still a consid-
erable demand of additional data more specific for fusion applications. Such
demands have been reviewed in the past by some groups, e.g. [19,21,22]: A
general observation was that data below 8 MeV and at 14 Mev are widely
available, while data in the intermediate range from 8 to 14 MeV are scarce,
and need further investigation.

The required data base for activity calculations is much broader. For
an adequate assessment of potential "low-activation" materials and the
effects of critical impurity elements on the radiological properties appro-
priate libraries must contain cross sections for all possible neutron-induced
reactions and all potential target nuclei. A few of the presently existing
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Tjblc II . Impor tan t radioisotopcs produced by sequen t i a l (x,n) reactions, but only very weakly
produced by neu t ron- induced reactions

Element

Na

Mg

V

Cr

Radio-
N u c l i d e

26AI
2Vl

«Mn
5 3Mn

Inventory
wi th

Sequent ia l

5 2 x l 0 1 8

I . 2 x l 0 1 8

6 8 x i o ' j
8 3 x l 0 1 6

I J x i O 1 8

after 2 5 y I r r ad ia t ion
wi thou t

(x,n) Reactions (at /kg)

2.9xl05

3 7 x l 0 1 6

2 '2 x l om6 . 3 x l O l u

5 2 x l 0 1 5

I m p o r t a n t
Sequential
Reactions

23Na(a,n)26Al
26Mg(p,n)26Al
2 5Mg(din)2 6Al
50V(on)53Mn
5 1V(o'n)5 4Mn
53Cr( n)53Mn

Fc

2 3 x i 0 17

1.9x10 '
2 .7xi0 1 7

1.2x!0

2 IxlO
S.OxlO

16 ,52Cr(o,n)55Fe

neutron data libraries used for activity calculations are listed in Table
III. As can be seen from this table these libraries typically cover almost
ten thousend reactions for many hundreds of target nuclei [12,24-26]. For
instance, the UKACT1 library contains cross section data in the 100-group
GAM-II format for all important reactions on 625 target nuclides. These
include all stable isotopes and radionuclides with half-lives longer than 1
day with atomic numbers ̂  84, including a large number of first and second
isomers. All first three libraries of Table III are not independent of each
other. They are all based on the early US activation library, REAC [27], which
then has been largely extended and improved in the three laboratories, all
of which are presently maintaining their own files. The listed versions of
the files all contain contributions from each other. In recent years,
exchanges of additions and improved parts of the files have been made on the
basis of an inofficial collaboration. All currently released libraries were
known to have still weaknesses, e.g. with respect to still lacking reaction
data, unsatisfactory capture data, simple THRESH-code generated cross sec-
tions, and sometimes insufficient isomeric and ground state cross sections.

Table III. Presently available activation libraries for fusion reactor development

Name

UKACT1

REAC2

REAC-ECN-3

JENDL-3 *

Laboratory/
Country

Harwell/UK

Hanford/LSA

ECN-Petten/NL

JEARUpn

Number of
reactions

-8 700

-9000

-8 500

-2000

Responsible
maintainer(s)/Ref

R A Forrest [ i l ]

F M Mann/[25]

H. Gruppeiaar'[24]

JAERI-NDC,'[26]

* Activation file (not yet released)
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Therefore, further improved versions are in progress, e.g. REAC-ECN-4 at
Fetten, UKACT2 at Harwell and USACT-88 at Hanford. After release of the new
versions it is expected that the inofficial cooperation could continue to
create a joint activation library for common use in Europe and the United
States [28]. The present intent is to take the best parts from each of the
three libraries, and to use a pointwise format similar to that of ENDF-IV.
While in Europe and the United States the activation libraries for fusion
applications have been separated from the general purpose files ENDF/B and
JEF, the activation library in Japan is still part of JENDL-3. The JENDL-3
activation file presently contains only about 2.000 reactions, but it is
expected that the number of reactions will be extended to ~ 4.000 by early
1991 [26]. The Japanese activation file will not be released before the
general purpose file JENDL-3 has been finalized.

5.2 Needs for Additional and Improved Nuclear Data

In the past, work on activation cross section and decay data libraries
has been mainly driven by the force of completeness rather than by the intent
of achieving good accuracy in the first instance. At present, increasingly
more attention is given to the improvement of the quality of the data con-
tained in the interim libraries. Some types of data for which more and/or
better-quality data are currently required are given in Table IV.

Table IV. Some present requirements and current activities for extended and/or im-
proved nuclear data

Type
of data

Institution,
country

Current activity,
status

Activation reactions leading IAEA/CRP,
to long-lived nuclei US

Activation cross sections for EC, UK,
selected important reactions US

Cross sections for inclusion KfK,
of sequential (x,n) reactions EC, UK

Decay data: halve-lives, US, EC
spectra] distributions

Measurements or evaluations
in progress [21]

Improvements by new évaluât,
and model calculations [28]

Selection of important
reactions subject to further
systematic studies [18]

Review of decay data under-
way at NNDC[19]

One particular type of data which has been first reviewed for complete-
ness and accuracy concerned activation reactions leading to long-lived
radionuclides with half-lives longer than 5 years [21]. Good quality data
of this type are important to answer questions currently raised at the pol-
itical level about the type and amount of waste expected from fusion reac-
tors. Therefore, work was organized by initiative of IAEA, and in this con-
text the corresponding activation cross sections were compiled and screened,
and high-priority needs were identified. For improvement of this data base,
measurements and new evaluations within a Coordinated Research Program (CRP)
organized by the Nuclear Data Section of IAEA have been initiated.
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A second type of data are cross sections for other important reactions.
Although there is a general need for a tremendous number of activation cross
sections, primarily only the most critical ones need major effort. On this
basis Forrest [29] has recently released a list with high-priority needs.
This compilation contains 256 reactions leading to the most important
radionuclides produced in elements ranging from boron to bismuth. The
important reactions were selected through sensitivity studies performed by
means of a special sensivity option of the FISPACT code. In addition to
selections made at Harwell, this list includes also important reactions
selected by the groups at Ispra and at Hanford. (For details of this list
see Appendix 2 of the Summary Report of Workshop 1 of this Meeting). Impor-
tant improvements are expected to come mainly from two types of work: a) New
evaluations and b) replacement of THRESH-code generated data by better
estimates from more accurate nuclear models.

The necessary inclusion of sequential (x,n) reactions in activity cal-
culations requires a completely new data base not yet contained in any of
the present libraries. The three types of nuclear data needed for this pur-
pose are : 1. Double differential neutron-induced charged-particle-emission
cross sections for neutron energies between 0 to 15 MeV. 2. Differential
charged-particle-induced neutron-emission cross sections for the range
~1-15 MeV. 3. Stopping powers for the involved charged particles and target
elements. While charged particle stopping powers are readily available from
various compilations, the first two types of data exist only for limited
isotopes and incident particle energies. Especially, experimental double
differential neutron data are only scarcely available. The few existing data
sets refer almost completely to the energy range 14-15 MeV, so that adequate
data must be taken from broad-scale systematics of model calculations. The
situation is much better for charged-particle cross sections, where suitable
measurement, compilations and systematics exist, e.g. the compilation of
experimental results by Lange et al. [30]. There is, however, no sufficient
information on the isotope dependence of such cross sections. In general,
there is a need of more double differential neutron and differential
charged-particle cross sections in the energy range between ~1 and 20 MeV.
The existing data base is too scarce to establish suitable systematics over
sufficiently large ranges of incident energies, target masses and relevant
types of nuclear reactions. At this stage of the investigations on sequential
(x,n) reactions, however, important data needs cannot be specified in more
detail. Identification of individual critical cross sections will be subject
to forthcoming sensitivity studies.

Further improvements are also needed for a large amount of decay data,
particularly half-lives and spectral data [19,31]. For instance in the, Har-
well dacay data-library UKDECAY2 for 1314 nuclides [12] no spectral decay
data for 420 radionuclides are included, since such information was not
available, neither from the the European and the US main purpose files, nor
from the handbook Table of Radioactive Isotopes [32]. Especially for the
nuclides which contribute significantly to the total dose rates, more and/or
better-quality spectral data are needed. In addition to spectral data, also
the half-lives of long-lived radioisotopes need to be reviewed. As has been
shown by Greenwood [31] these are often badly known. In a recent investigation
this author showed that several measured activation cross sections were
clearly deteriorated in accuracy due to large uncertainties (up to 20%) in
the corresponding half-lives.
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6. Summary

At present, low-activation materials promise to become an important means
for the development of fusion as a safe and environmentally-acceptable energy
source. Potential benefits are expected in various areas of utilization
ranging from considerations of normal reactor operation to aspects of pos-
sible accidents and reactor decommissioning. In order to quantify the bene-
fits to be gained from the use of low-activity materials in all reactor
components, more complete and accurate predictions of the induced radio-
activities and their related quantities such as surface Y-dose rates, decay
heats and biological hazards are needed. This requires adequate activation
codes and appropriate nuclear data libraries. Although there have been great
advances in recent years in establishing appropriate computer codes and large
activation libraries, further progress is still needed concerning complete-
ness and accuracy. Currently major effort is put into improvements of the
following types of important nuclear data: 1. Threshold and capture reactions
leading to long-lived radionuclides. 2. Other important neutron-induced
reactions producing the most critical activities in elements ranging from
boron to bismuth. 3. Charged-particle emission spectra of neutron-induced
reactions and charged-particle induced reactions needed to treat the impor-
tant sequential (x,n) reactions. 4. Half-lives of long-lived radionuclides
and lacking spectral information for the decay of nuclides contributing
significantly to the total surface tf-dose rates. In addition to these
activities, there is a stressing need for detailed error estimates of crit-
ical nuclear data, in order to specify the uncertainty levels of current
predictions for the radiological properties of potential low-activation
materials.
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Abstract

Foil activation measurements on the surface of massive cylindrical
metal targets irradiated with IGev protons along the cylinder axis are
reported. The reaction rates for 13 dosimetry reactions are reported for
aluminium, iron and composite aluminium-uranium targets. The activation
on the surface is mainly produced by secondary neutrons generated in
multiplication processes inside the massive targets, but effects of
possible interference from secondary protons are also discussed.

The process of neutron multiplication in high energy proton
bombardments of massive targets has recently received a considerable
attention in literature. In this context the term "massive, target"
usually means that it is large enough for the proton beam striking the
target to loose a considerable portion of its initial kinetic energy or
slow down completely.

Recently some work with massive targets of lead, iron, aluminium +
uranium was performed at the IGev proton accelerator of the Institute of
Nuclear Physics in Gatchina (near Leningrad, USSR)(1,2,3}. The reaction
rates for production of several nuclides in the dosimetry material foils
placed on the surface of the targets were measured. The aim of this work
was to get experience in high energy neutron dosimetry and to produce
benchmark data for testing calculational models of high energy particle
transport in massive solid media.

The purpose of the present paper is to describe the results of the
measurements of activation reaction rates in foils placed on the surface
of aluminium, iron and composite aluminium-uranium targets. The geometry
of the experiment is shown on Fig. la and Ib.

The targets were irradiated with a beam of IGev protons up to the
integral flux of the order of 10̂  protons. The range of IGev protons
in lead and iron is less than the length of the target (60 cm in all
cases), but in case of aluminium only part of kinetic energy is deposited
in the target and the protons come through. The activation foils were
placed on the surface of the cylindrical target as shown on Fig. la. To
avoid possible shielding effects the foils were not mounted in stacks,
but separately with the help of special plastic holders as shown on Fig.
la.
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FIG 1 Geometry of massive targets used in experiments The dosimetry
foil locations are also shown

The measurements of induced y~activity in the foils were started 3
hours after irradiation and were done with two germanium spectrometers
with 0.7 and 1.2 Kev resolution at 122 Kev. The detector efficiences
were calibrated against the standard sources with accuracies ranging 0.6

1.5%. The errors quoted in the tables include uncertainties in
efficiency and statistics but do not include uncertainties in branching
ratios and monitor cross-section. All activities were recalculated to
the moment when the irradiation was stopped and then the reaction rates
were calculated taking into account the duration of the irradiation. The
foils of 99.999 pure aluminium were used for monitoring the beam. The
yield of 22$a was measured, the reference cross-section of
27Al(p,pna) 22Na was taken to be 12.6.10"27 barn.

The results of the measurements are shown in Tables 1,2,3 and Figures
2 and 3. The effect of the presence of a uranium cylinder inside the
aluminium target is clearly seen. In case of (n,y) reactions the
effect (increase of yields) is more pronounced, for other reactions the
effect is significant only in the vicinity of the uranium material
itself, the yields behind the uranium bloc can be seen to decrease in
several cases.

Analysis of possible systamatic errors shows that the more likely
sources of such errors are contributions to foil activation from protons,
in those cases when they can lead to the same residual nuclides.
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Table 1. Reaction rate data measured from activation foil detectors placed
on the surface of aluminium massive target, exposure time 4.35 hrs.

!

t
i

j
_
i

i
i
i
i
i

;

i

i
i
i
i
!
i

i
i

i
!
i
i
i
i

Distance
from entry,

cm
Reaction
59Co(n,a)56Mn
59Co(n,3n)57Co
59Co(n,2n) 58Co

_ „
59Co(n,p) 59Fe
59Co(n,Y)60Co
27Al(n,a)24Na
197Au(n,4n)194Au
197Au(n,2n)196Au
197Au(n,3n)195Au
117Au(n,y)198Au

_ ..
238U(n,T)239U->239Np
238U(n,2n)237U
93Wb(n,2n)93Nb

* Standard

i

! 5.
i

! 0.

! 0.

! 0.

! 0.

! 0.

! 0.

! 0.

! 0.

! 0.

Ï 1.

! 0.

! 0.

! 0.
i

Reaction

5

0136(1.5)

0688(2)

216(1)

0194(4)

229(6)

040(2)

188(2.5)

436(2)

367(7.5)

20(1.5)

430(4)

667(3.5)

116(3.5)

! deviationsi
i
i

i
! 14

! 0.

! 0.

! 0.

! 0.

! 0.

! 0.

! 0.

! 0.

! 0.

! 2.

! 0.

! 0.

! 0.
i
! int
•
;

rates*
;
»

0297(1.5)!

162

417

(1.5) !

(1) !

0324(4) !

327(7) !

0624(1.5)!

394

774

66(

139

(2.5) !

(2) !

7) !

(1.5) !

425(4) !

934(3) !

169(3) !

%
,

are !i
i
i

0

0

0

0

0

0

0

0

0

2

0

0

0

30

x 10-°

.0328(1)

.172(1.5)

.434 (1)

.032(4)

.342(6)

.0627(1.5)

.417 (2.5)

.788(2)

.703

.256

.425

.942

.163

(7)

(1)

(5)

(3)

(3.5)

given

sec

;

i

! 0

! 0

! 0

! 0

! 0

! 0

! 0

! 0

! 0

! 2

!0.

! 0

! 0
t

-1 ;

54 !
j
t

.0237(1.5) !t

.138(2) !
f

.325(1) !

.022(5) !
f

.519(5) !
f

.0443(2) !
9*

.308(2.5) !
f

.558(2.5) !t

.534(7) !
i

.879(1) !
i

395(4) !
f

.723(3.5) !i

.116(3.5) !
t

! in brackets !
•
«
t

«
t
*
*
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Table 2. Reaction rate data measured from activation foil detectors placed
on the surface of iron massive target.

Time 8.567 hrs.

! ! Reaction

! Distance
! from entry,
! cm
! Reaction

Î 59Co(n,

! 59Co(n,
i
! 59Co(n,
t
! 59Co(n,

! 59Co(n,
i
! 2 7Al(n,

a)56Mn

3n)57Co

2n) 58Co

p) 59Fe

T)6°Co

a)2%a

! 197Au(n,4n)194Au

! 197Au(n,2n)196Au
i
! 197Au(n

! 117Au(n
i
! 2 3 8U(n,

! 238U(n,
i
! 93Nb(n,
i

,3n)195Au

,Y)l98Au

Y)239U-23%

2n)2 3 7U

2n)93Nb

! 5
i

! 0

! 0

! 0

! 0

! 0

! 0

Î 0

! 0

! 0

! 1

p ! 1

! 1

l 0

.5

. 027(2 )

.131(2)

.419(1)

.040(3)

.214(7)

. 0 7 9 ( 2 . 5 )

.432(3)

.953(2)

. 6 2 6 ( 6 )

.781(2)

.028(3)

.157(3)

.204(2 .5 )

t

! 0

! 0

J 0

i o

! 0

i 0

l 0

! 1

! 0

! 1

! 1

! 1

! 0

14

.036(2 .5 )

.169(1)

.498(1)

.045(2.5)

. 2 4 4 ( 7 )

.091(2)

.516(2.5)

.035(2.5)

.840(6)

.932(1.5)

.155(3)

.317(3)

.208(2 .5)

rates* i

i

Î 0

! 0

! 0

! 0

! 0

! 0

Î 0

! 0

! 0

! 1

! 0

! 0

! 0

30

.024(3)

.105(4)

.295(1)

.025(4)

.194(7.5)

.053(3)

.310(2.5)

. 5 7 6 ( 2 . 5 )

.508(7)

.389(1.5)

.719(4.5)

.755(3 .5)

.138(3)

i

j

Î 0

Î 0

! 0

! 0

! 0

! 0

! 0

! 0

! 0

Î 0

! 0

Î 0

! 0

j
54 !

j

. 007 (4 ) !
i

.034(2) !
i

.087(1) !

.007(5) !
t

.140(5) i
t

.016(3.5) Î
»

.093(3.5) !
i

.160(3.5) !

.143(11) !

.809(1) !
*

.331(3.5) Î
t

.205(6) !

.040(2 .5 ) !
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Table 3. Reaction rate data measured from activation foil detectors placed
on the surface of aluminium-uranium massive target.

Exposure time 6.083 hrs.

;

!
!
i
.'
i

i
i

i _
i

i _
!
»_
!
!
f

1

!
t
Î
|

!

! Re-

Distance !
from entry, ! 5.5

cm !
Reaction !
59Co(n,a)56Mn !
59Co(n,3n)57Co !
59Co(n,2n) 58Co !
59Co(n,p) 59Fe !
59Co(n,Y)60Co !
27Al(n,a)24Na !

_ _ _ _ __ - _ _ . „ _ _ _
197Au(n,4n)194Au !
197Au(n,2n)196Au !
197Au(n,3n)195Au !
117Au(n,Y)198Au Î
238U(n,Y)239U->239NP !
238U(n,2n)237U !
93Nb(n,2n)93Nb !

iction
;
! 14
!
i

! 0.044(1.5)

! 0.186(2.5)

! 0.647(2.0)

! 0.093(3.5)

! 0.967(4.5)
i

! 0.581(3.5)

! 1.663(2)

! 1.391(7)

! 11.643(1)

! 5.843(2) !

! 1.738(5)

! 0.351(2)

rates* !

! ! !
! 30 ! 54 !
! ! !
i i g

! 0.024(2) ! !

! 0.113(3) ! !
|

! 0.347(3) ! !t
! 0.041(5) ! !

9

! 1.844(5) ! !
|

! 0.070(2) ! !
t

! 0.346(5) ! Ît
! 0.796(2.5) ! !

! 0.772(7) ! !t
! 17.200(1) Ï !

3.803(2) ! !
f

! 0.894(5) ! !
i

! 0.166(3) ! !
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FIG. 2. Reaction rates multiplied by 1CT15 for different activation reactions
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FIG 3 Reaction rates multiplied by 1(T15 for different activation reactions

To evaluate the contribution from protons an additional iron foil was
placed and the yields of 55, 56, 57QO were measured in it. Co isotopes
could be produced in iron in the result of proton capture and subsequent
emission of neutrons. Among all Co isotopes 56-Co has the largest
production cross-section, but we could not detect it with any certainty
above the background radiation. S^Mn, which could be produced by both
neutrons and protons through 56Fe(p,2pn) and 54Fe(n,p) was detected
very easily. This enabled us to estimate the upper limit for proton flux
on the surface of the cylinder as being very small, Np/Nn < 0.005. So
the conclusion is that protons are not likely to contribute significantly
to production of isotopes in our measurements.
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Abstract

Irradiation experiments at spallation neutron sources are of
particular interest in view of the development of such a source for
fusion simulated radiation damage experiments. Such an irradiation is
executed in a spallation neutron spectrum at the beam stop of LAMPF,
Los Alamos. This neutron spectrum is much harder than a fission
spectrum, a few percent of the neutrons have energies above 10 MeV and
up to some hundreds of MeV. Temperature during irradiation was 140°C.
The neutron spectrum is monitored by monitor foils. From the foil
activities the spectrum is deduced h^ unfolding codes. The irradiation
has reached a fluence of 2.21x10 n/cm. It is found that the
spallation neutrons are accompanied by a few percent of high energy
protons.

On some foils total He production and solid transmutation
products are measured. On a Ni foil the radiation damage is measured
by positron annihilation. Tensile-tests are executed on Al probes.
Cross-section data needs are discussed.

1. INTRODUCTION
Radiation damage by fast (14 MeV) neutrons is expected to be a

severe problem in future fusion reactors. The search for appropriate
materials requires a high intensity neutron source which simulates the
neutron spectrum and the radiation conditions at the first wall in a
fusion reactor. For this purpose 14 MeV, deuteron-lithium and
spallation neutron sources have been proposed /!/.

Before the beam stop area of LAMPF/LANL Los Alamos was rebuilt as
a spallation neutron source of medium intensity for radiation damage
experiments 121, already in the old beam stop configuration,
irradiations with spallation neutrons were possible. The experiment
described here was carried out in the old beam stop configuration.

Politecnico di Milano, 20133 Milano, Italy.
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2. IRRADIATION
On the side of the beam stop of LAMPF (Los Alamos), a capsule was

irradiated. During the irradiation the capsule (Fig.l) was cadmium-
covered, sealed off hermetically and filled with helium gas.
Thermocouples were placed inside the aluminium matrix. The channels
numbered 0 till 12 were filled with samples for radiation damage
effect measurements; the detector set positions are labelled Cl till

19 2C7. The fluence reached was 2.21x10 n/cm (detector set position 2),
corresponding to about 0.04 dpa in iron. Temperature during
irradiation was found to be 140°C.

Fig.l Irradiation capsule. C1-C7 position of 7 detector sets. 0-
12 radiation damage samples.
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3. NEUTRON FLUENCE MONITORING /3/
Seven sets of detector foils were placed in the positions

labelled C1-C7. Each set contained nine foils of the following
detector materials: Co, Mb, Au, Ni and Ti. The measured reaction rates
were used as input in the SAND II adjustment procedure. In Fig.2 the
5%-50%-95% response functions in the output spectrum for each reaction
rate are shown. An adequate covering may be observed in the region
between a few MeV and 200 MeV while in the low and very high energy
range the information is clearly very scarce. In the two regions of
scarce covering the adjustment is actually only a kind of
normalization. In Table I the adjusted fluence rates are given in five

Ti-42Ar
Ti-44Ti

Nl-56Co
5% 50% 95% N i-54 M n

Au-195Au
Ni-47Co

Fe-He
Ti-46Sc

Fe-54Mn
Ni-58Co

Nb-93 Nb

1 10 100
ENERGY (MeV)

1000

Fig.2 Response function of the detectors in adjusted spectrum of
position 2 (centre of capsule).

TABLE I: Adjusted fluence rates for all detector positions in the capsule

Fluence rate per
Energy groups
(upper limit)
Position 2
(n/cm .s.mA)
Ratio to pos.Z
Pos.l
Pos. 3Pos. 4
Pos. 5
Pos. 6
Pos. 7

I
(1.3 eV)

2.58xl09

.95
1.04
1.03
.93

1.02
.96

II
(0.1 MeV)

2.21xl012

.97
1.04
1.00
.96
.97
.89

III
(44 MeV)

3.45xl012

.97
1.05
1.02
.96
.96
.91

group
IV

(200 MeV)

l.lSxlO10

1.03
1.18
1.26
1.00
1.06
1.05

V
(800 MeV)

6.6xl09

1.04
1.23
1.23
1.02
1.08
1.01

Total
fluence

rate

5.68xl012

0.97
1.04
1.01
0.97
0.97
0.90
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9large energy groups in n/cm .s.mA for position 2 and for the other
positions the ratios of the fluence rate with respect to the one of
detector set 2 (centre of capsule). The measured fluence above 44 MeV
is surely due partly to protons which lose energy much faster than
neutrons.

It has to be noted that the particle fluence above 50 MeV is
responsible for 50% of the He production. The same effect is observed
by F. Hegedus /4/. The high energy particles cause spallation
reactions with the material leading to spallation products; this means
nuclei with a smaller energy. These nuclei slow down and cause damage.
It is expected that the small high energy particle fluence is
responsible for a relatively great part of the damage.

4. CROSS-SECTION LIBRARY
A 100 group cross-section library was prepared using the energy

grid and the weight spectrum given by Greenwood /5/. The energy grid
from 10 to 800 MeV is detailed enough to make the derived group
cross-sections relatively problem-independent. In the energy range of
interest for fission reactors, data files exist to be used with
confidence. At higher energy, however, the situation is much worse and
most of the data come from calculations with scarce or no experimental
validation.

For Co(n,y) and Nb(n,y) the ENDF B/V dosimetry file was used
while for the Nb(n,n') and Fe total He production the data of Hegedus
/4/ and Greenwood /6/ were employed, respectively.

The calculations by ALICE code /7,8/ are the only data at our
disposition for the other ten reactions. ALICE gives the cross-section
for the formation of a nuclide considering the many paths through
different particle (or combination of particles) emission; as a
consequence our final cross-section data are the sum for all the
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stable Isotopes of a detector material, of a large number of (n,x)
reactions. The upper energy limit of ALICE calculations is 200 MeV and
we have arbitrarily extrapolated the data up to 800 MeV assuming an
E dependence of the cross-section with energy. The calculated
cross sections, which have a relative low energy maximum, show a
cross-section decrease of approximately E ' up to 200 MeV. The rapid
fall with energy of most of the cross-sections makes this assumption
of little weight on the results with the exception for the Ti(n,x) Ar
reaction.

5. TOTAL HELIUM MEASUREMENTS /3/
Samples of Ni, Co, Fe (4 samples), Au, Ti and V were analyzed for

total helium content at Rockwell International Corporation (USA) /9/.
The Ni, Co, Fe, Ti and V samples were etched to remove approximately
0.025 mm of surface material. This was done to remove material which
could have been affected by helium recoil either into or out of the
samples during irradiation. The Au and Nb disks could not be etched
because they were too thin. As already pointed out in section 3, more
than half of the production is due to the small fraction of the
neutron fluence above 40 MeV.

6. TRANSMUTATION PRODUCTS
One of the problems with high energy neutron sources, especially

spallation sources, is the production of transmutation products. In
the LAMPF irradiation, a series of pure samples were irradiated
especially to measure which and how much of these products are formed.
Some radioactive transmutation products due to spallation were
determined /3/: 93Nb(n,x)88Zr(+ 88Y), NiCn,x)54Mn, Ti(n,x)42Ar(+ 42K)
and V(n,x)42Ar(+ 42K).
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At the same time, samples of pure Ni and Au (2) were analysed for
total impurities and transmutation products using an ICP-MS at JRC-
Ispra CI).

The use of inductively coupled plasma mass spectrometer (ICP-MS)
is quickly expanding because of its improvement in the detection limit
of several elements (part per trillion, across essentially the entire
Periodic Table) together with the additional possibility of measuring
isotope ratios /15,16,17/.

The work described was carried out using a Plasma Quad ICP-MS (VG
Elemental, Winsford, Cheshire, UK).

Analyses and data reported were obtained making use of the
"Standard addition" method.

The samples (irradiated foils and matrix before irradiation) were
accurately weighed, dissolved with redistilled HC1-HNCU before
dilution, by weighing, with de-ionised water. Each standard addition
analysis was performed running two different spiked solutions and
sample solution together with a blank samples. The amount of the
standard added should be roughly the same as the amount of unknown
elements present in the sample solution.

Table IV shows preliminary results obtained on irradiated nickel
foil. Differences in concentration measured for the transmutation
products after irradiation are clearly reported. The results are
expressed in part per m i l l i o n on the solid sample.

The standard deviation can be considered between 2-370 and the
average accuracy of the final results should be contained within 570.
Precision and accuracy related with the isotope ratios measured can be
compared with the uncertainty obtained measuring the "natural" ratios.

Using the same general criteria, Table V shows the results
obtained for two different Au irradiated foils which give the
opportunity to derive the internal reproducibi1ity of the measurement.
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TABLE II: Chemical composition (wt%) and metallurgical state of the two high purity aluminium alloys,
placed in the irradiation capsule (see /13/)

ISML Approximate Metallurgical
designation USA condition Mg Si V Fe Cu Zn Mn Ti

correspondance
5188 5252 H112 2.68 0.001 0.21 0.0013 0.0010 0.0002 0.0005 0.001
or Al-Mg-V as extruded
5153 6063 T4 0.72 0.34 - 0.0030 0.0026 0.0002 0.0002 0.001
or Al-Mg-Si press quenched

condition
(not

artificially
aged)

TABLE III: Tensile tests on two irradiated high purity Al alloys (see ref./14/)
Spec. S(0.2)(MPa) S(u)(MPa) e(pu)(%) e(pb)U)

Alloy Temp. Condition mean mean mean mean
Non-irradiated 6 - 61.0 - 145.5 - 21.4 - 31.9

Al-Mg-V 20°C
ISML-5188 Irradiated
(H112)

150°C Irradiated

1
4
3
5

54
57
62
63

.8

.3

.4

.0

161
56.0

161
147

62.7
143

.7

.7

.7

.0

23.
161.7

24.
20.

145.4
20.

4
5
5
2

24.0

20.4

34.
34.
37.
36.

8
0
5
2

34.4

36.9

Non-irradiated F - 116.2 - 199.8 - 14.9 - 18.3
Al-Mg-Si 20°C
ISML-5153 A 220.2 272.5 10.8 16.9
(T4) Irradiated B 225.9 220.9 280.8 274.0 10.6 10.9 15.8 15.8

D 216.5 268.7 11.3 14.6

C 180.8 210.1 9.2 22.3
oo 150°C Irradiated 184.5 211.9 8.4 20.7

E 188.1 213.7 7.5 19.1



oo
K) TABLE IV: Comparison between matrix before irradiation and an irradiated sample of nickel (Ni 7)

(a. m. u. )
Isotopes
measured

n
65V
£.T.CUborCu
55Mn
53Cr52Cr
51V
48
474/T1

TABLE V:

(a.m.u)
Isotopes
measured

n
195pt
194Pt
193 Tr
191ïr
186.,

[cone. ]
Matrix

before irradiation
Ni Ni bis

[ppm]
7.4
7.8
1.4
1.5
1.4
0.2

1.0

7.8
8.1
1.4
1 .5
1.5
0.16

1.1

Comparison between matrix
[cone. ]
Matrix
before
[ppm]
1 .7
1.7
0.32
0.30
n c

Sample 2

2.5
2.3
0.9
0.8
n c

[cone. ]
Irradiated foils

Ni 7 Ni 7bis
[ppm]

15.8
13.9
2.7
2.2
2.1
0.3
1.8
1.8

before irradiation
[cone. ]

Irradiated foils
Sample 2bis

[ppm]
2.4
2.3
0.95
1.1

13.7
13.2
2.6
2.0
2.3
-

1.6

and two

Sample 4

2.2
2.1
0.6
0.7
n c

Isotopic ratios
natural before after

irradiation
65r .63.Cu/ Cu

0.447 0.449

53r ,52rCr/ Cr
0.113 0.115

47Ti/48T.
0.102 0.103

samples (Au 2, Au 4) irradiated

Isotopic ratios
natural before

irradiation
194pt/195pt

0.973 0.979
191lr/193lr

0.597 0.620

0.405

0.105

0.100

after

0.922

0.606



Experimental conditions and more details regarding the assessment
of analyte matrices wit! be presently reported in a specialised
analytical review.

7. POSITRON ANNIHILATION STUDIES /10/
Irradiated disks of high purity Ni were studied by positron

annihilation techniques. The so-called "Doppler broadening" technique
was applied, based on the measurement of the energy spectrum of the
annihilation radiation. The shape parameter /!!/ used in this work 1s
the ratio S between the area of a central portion of the 511 keV peak
and the total peak area. The energy window used to define the central
portion of the line was chosen such that S = 0.5 for the reference
samples of annealed Ni. Comparing regularly this reference with the
measurements on the irradiated foils, we obtained full reproducibility
of S values within a purely statistical fluctuation of 3x10" . A
special problem in this measurement was the high gamma background
level given by the active species (mainly Co and Mn) present in
the irradiated samples. Therefore, a special experimental procedure
was developed, keeping the disturbance at a constant level.

The evidence for any radiation damage caused in the irradiated
sample, n, by the relatively low dose of neutrons in the presence of
pre-existing structural disorder must come from a careful comparison
with a non-irradiated sample, c. Fig.3 shows the dependence of the S
parameter on the annealing temperature for both samples, with curves
drawn through the experimental points as guides for the eye. The
following features are evident:
1) in the initial state, both samples are characterized by an S

parameter definitely larger than in bulk nickel, which is
represented by the reference line at 0.5; sample c starts slightly
above sample n;
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Fig. 3 Isochronal annealing of Ni shown through the dependence of
the annihilation peak parameter S on the annealing
temperature (dots: sample n; circles: sample c).

2) the two curves cross at 100°C; from 150°C to 400°C both curves
display a plateau, with n-points now slightly above c-points;

3) a sharp fall of both curves down to the reference occurs above
400°C; above 450°C no further variations occur (a shallow minimum
visible around 600°C certainly has no physical meaning, and is due
to a small alteration of the reference that we have removed with a
second anneal ) .

We interpret the experimental data as follows. Let us discuss
sample c first: the high initial value of S comes from positron
trapping at dislocations and other defects, most probably vacancy
clusters of various size produced by the motion of dislocations under
mechanical stresses. These point defects disappear at a rather low
temperature, causing the small decrease in S occurring below 150°C.
From this point to about 400°C positrons are captured only by
dislocations: the plateau in the S curve corresponds to saturated
trapping at dislocations, which gives less narrow annihilation lines
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than vacancy cluster trapping. Between 400°C and 450°C dislocations
disappear, leaving the positron free to annihilate from a delocalized
bulk state, corresponding to the lowest S value. Dislocation removal
at a temperature below 40% of the melting point in K degrees is not
unusual for a pure specimen /12/.

We have now a key to interpret sample n data. The dislocation
density of this sample cannot be much different than the one of
sample c. However, a three-month ageing, during irradiation, at a
temperature of 140°C has certainly suppressed, or at least greatly
reduced, the population of point defects which gives the initial high
S of sample c, and that we have seen to disappear below 150°C.
Sample n thus starts below sample c. However, in the plateau the order
is reversed. This could be explained by a larger fraction of positrons
trapped at dislocations in sample n than in sample c. Actually, even
if both samples have the same origin, the dislocation network cannot
be completely identical. We do not think, however, that this
explanation is correct since most probably both samples contain a
dislocation density more than sufficient to give saturation, i.e. 100%
positron trapping, as it normally occurs for severely deformed metals.
In our opinion, the different plateau level is due to the existence of
another defect species corresponding to a higher value of S than
dislocations, which trap positrons in competition with dislocations.
The nature of this additional defect population, introduced in the
sample by radiation damage, can only be conjectured until not
positively identified by electron microscopy in a sample with a
sufficiently high level of radiation damage. It seems reasonable to
identify these defects with microvoids which do not anneal out below
150°C like small vacancy clusters, either because they have reached
the critical size of a particularly stable configuration or because
they are stabilized by the presence of He. In any case, they seem to
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disappear above 400°C, when a major structural rearrangement occurs
with the annealing of the dislocations.

Admittedly the experimental evidence on which we base our
deductions is weak, as it comes only from small differences, barely
above the statistical error margin.

8. TENSILE TESTS ON ALUMINIUM PROBES
In the capsule, several tensile test specimens were irradiated in

19 2the fluence of 2.2x10 n/cm corresponding to about 0.04 dpa.
The chemical composition and the metallurgical state of the two

extended high purity aluminium alloys are given in Table II /13/. The
first alloy (Al-Mg-V) is of the non heat-treatable type and one can
only change the strain hardening during fabrication. The second alloy
(Al-Mg-Si) is of age-hardenable type and after the press quenched
condition (T4) one could effectuate a precipitation hardening
treatment, for example 8 hrs at 160°C (T6 condition).

The results of the tensile tests are given in Table III /14/. The
PIE results are very different for the two alloys. The Al-Mg-V alloy
has an irradiation softening behaviour; only S(u), the ultimate
tensile stress, increases, which was not expected. On the contrary the
Al-Mg-Si alloy shows a significant hardening behaviour. However, a
more precise analysis of all experimental circumstances, gives two
concurrent causes:
a) irradiation damage;
b) dispersion hardening caused by the thermal treatment during

irradiation; the specimen capsule was irregularly cycled according
to the beam functioning, during 4 months between 20 and 140°C
(measured on the outside wall of the capsule) and so the original
T4 condition changed to the T6 condition!

To separate these two causes, more experiments are necessary.

86



9. DATA NEEDS FOR SPALLATION SOURCES
In order to interpret radiation damage experiments in spallation

sources, the main problem is the cross-section knowledge above 20 MeV
up to a few hundreds of MeV, depending on the reaction. All such
cross-sections available up to now are calculated. Some calculations
extend up to 40 MeV, others up to 200 MeV, and thereafter are
extrapolated arbitrarily. Measurements as well as calculations up to
800 MeV are difficult and costly. The calculations have to be verified
by differential measurements. Integral measurements may give some
confidence in calculated cross-sections but not an absolute knowledge.
This applies to dosimetry reactions, total He production, dpa
calculation for structural materials and to transmutation product
calculations. Apart from further theoretical calculations, at least a
few differential measurements and integral measurements are necessary
if a consistent cross-section file for energies up to some hundreds of
MeV is to be constructed. The maximum energy depends on the primary
proton beam energy envisaged in eventual future spallation source
projects. It may be as high as 800 MeV, or even 1 GeV.

It would be desirable to construct a unique file which would have
been discussed by and agreed upon by an international group of experts
and used in Europe, Japan, USA, USSR and the rest of the world
interested in this field. This holds not only for dosimetry reactions
and cross-sections to determine radiation damage, but also for cross-
sections and other nuclear data needed for the design of spallation
sources, their shielding requirements and its applications.
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DOSIMETRY OF MEDIUM ENERGY PROTONS AND NEUTRONS
IN RADIATION DAMAGE SIMULATION EXPERIMENTS
(Summary)

F. HEGEDÜS, S. GREEN, W.V. GREEN, M. VICTORIA
Paul Scherrer Institute,
Villigen, Switzerland

1. Introduction
In 1978 a program was started at the former Swiss Federal Institute

for Reactor Research to study first wall material damage of fusion
reactors. The program is focused on the "Proton Irradiation Experiment"
(P1REX), however other studies, e.g. the usefulness of spallation sources
for material damage simulation have also been performed.

The dosimetry associated to this program will be shortly described.

2. PIREX II

Thin (0.1 mm) material samples are irradiated with 590 MeV protons.
The temperature of the sample is controlled. On the irradiated area,
30-50 mm^, the typical current density is 0.4 mA/cm^.

The planar dose distribution is determined by measuring an activity
map of a strong gamma line of a long lived radio isotope (e.g. 22ua in
Al) . This measurement is done by moving the sample in front of a lead
collitnator. On the rear side of the collimator there is a Ge gamma
counter.

The helium concentration is measured by vacuum extraction inside a
calibrated mass spectrograph.

The solid transmutational products are determined by two methods.
One is by calculating the individual isotope yields by using the HETC
code. The yield of some isotopes is measurable by gamma counting and the
reliability of the calculated yields can be checked. Another method to
measure the solid transmutational products is the mass spectrometry which
has not provided up to now satisfactory and reproducible results.

In the near future a new method, the "Totally Reflected X-Ray
Fluorescence" (TXRF), will be tested using a monoenergp.tic synchrotron
radiation source. This method is well suited to measure the chemical
yield of the solid transmutational products:

- By setting the primer X-ray energy just below the K shell binding
energy of the target atom, the dominating effect of the target
atom is eliminated.
The sensitivity is 1-2 ppm, which is less than the 10-100 ppm
yield of the transmutational products typically accumulated in the
irradiated samples.

The principle of the TXRF method and the description of our
spectrometer is given in Ref. l and 2.
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3. The Strength of the Spallation Neutron Flux of SINQ for Radiation
Damage Fusion Technology
The SINQ Spallation neutron source was simulated and its source

strength measured in terms of the radiation damage parameters:

Total flux of spallation neutrons with energy E > 1.0 MeV; spectral
energy distribution; helium and displacement damage production rates; and
their ratio. This simulation used the proton beam of the TK1UMF
accelerator in Canada, and its molten lead beam stop as the source of
spallation neutrons. The helium production per proton of beam was
measured for several materials by vacuum extraction in a calibrated mass
spectrograph; the spectrum, flux intensity, and the displacement
radiation damage parameter were measured by multiple foil activation
flux-unfolding combined with radiation damage calculations.

The helium to dpa ratio matches the fusion reactor first wall case;
but the helium production in iron per mA*year at a radial distance of
15 cm is estimated to be 6 appm compared to 310 appm at the end of life
in the first wall of NET.

Detailed description of this experiment is given in Ref. 3.
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EVALUATION OF RADIATION EFFECTS
IN AMORPHOUS (-SOLID) MATTER

W. MATTHES
Joint Research Centre,
Commission of the European Communities,
Ispra Establishment,
Ispra

Abstract

A theoretical model of evaluation of radiation effects in solid
matter is presented. At low radiation exposures changes in the atomic
densities of the atoms in the media can be neglected and the equations
become linear and are solved analytically. As an example damage
production rates in 56pe were calculated in the energy range 7.0 to
40 MeV.

A) General Theoretical Model

The theoretical evaluation of radiation effects is based on the
following model.

We consider different types of particles moving in the solid matrix
and characterized by their corresponding fluxes

xvt) [I/cm sec], e.g.: neutrons, gammas, carbon atoms, oxygenu.(
atoms .... etc . and different types of stationary atoms
characterized by their corresponding atomic densities

N J xt ) [ I / c m ], e .g. : iron-atoms, argon-atoms ... .etc .
We make the assumption, that moving particles collide only with
stationary atoms and put the physics of the problem into the
parameter.

( v / R ) vhich is the microscopic cross-section for the
reaction-event R in a collision between a moving
particle of type j and velocity v (Lab. System)
and a stationary atom of type

The standard particle balance-argumentation then leads to the
following coupled set of non-linear equations for the fluxes and
the densities:
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^ between a moving particle of type j with velocity v

\s

The quantities introduced in these equations in more detail are:

(v/T) total microscopic cross-section for a collision
between a moving particle of
and a stationary atom of type

(v'/iv) microscopic cross-section for a collision between
^ {jrv'} and A*- leading to a particle of type i

leaving the collision with velocity v.

P^ = J.

D - JT
3

(vAwJ microscopic cross section for a collision between, C, { j,v} and X leaving one /M, atom at the collision
point

v//*̂  microscopic cross-section for a collision between
{j,v} and TV- leaving no xx-atom at the collisionC-point .

Interesting physical quantities (e.g. vacancy - interstitial -
heat - ionization etc. production for radiation damage
evaluations) may then be calculated by expression like:

D = ' R' dxdvdt (3)
3

where the function R . ( xvt ) has to be chosen according to the
damage type of interest.
A fully numerical procedure for solving the coupled set of
equations (1) and (2), based on the Monte Carlo methods, is
realized for example in the code TRIDYN written by W.Möller et
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B) Linearized Model

Under low irradiations we may neglect the change in the atomic
densities of the stationary atoms and need only to solve the
linear (Boltzmann-) equations for the fluxes of the moving
particles. In this (linearized 1 ) case the definition of an
"adjoint Boltzmann equation" makes sense and we may put the
quantities D in the form:

D = T ( Q. D. dxdvdt (4

where

D.(xvt) is obviously the total effect produced by one
source particle of type j injected into the system
at x and at time t with velocity v.

This function D. may be obtained directly as the solution of the
adjoint (or backward-) transport equation.

. . (5
V-

where the source H . has to be constructed individually for each
damage type under investigation.
Thé symbol R for the reaction-event indicates in this case the
setii^lVj, i2v2,...i v } of particles of types {i..i~...i M}
produced in the collision (between the incoming particle {jv}
and X ) and leaving the collision point with their corresponding
velocities {v1v_...v }.

D(R) = o/ D. (xv t)v ' *- m im v m '

characterizes the total radiation effect (e.g. damage) due to the
particles {i..i2.-.iM> (generated in a collision and) injected
into the system at the (collision-) point x at time t.

The quantities <̂  are defined by

J O if the particle i does not leave the collision point
1 if the particle i leaves the collision point
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Their choice depends on the detailed collision (or damage-}
model.

The integration \ dR indicates an integration over all the
velocities {v..v-...v } and a summation over all possible reaction
events R.

We simplify the adjoint equation (5) further by

a) neglecting space and time dependence, and
b) allowing for two particles only to leave a collision.

The adjoint equation becomes (we may use the energy variable T):

$. ——* + D. 7 A/ G-. (r) Ä //. f TA/ \*-^(r/*J])Ct) *'£ (6^ 2 > 3 ̂  x ,/TN. j ^ *J s*
where the R-integral is now explicitely:

iff ' ~ ~ ̂
'he f
given by
The production rate per cm for the quantity D (eq.4) is then

D = ̂  ( Q.(T)D.(T)dT (1

where

Q.(T)dT is the (mean) number of j type particles producedD 3(by an external source) per cm per sec and
D.(T) is the total effect produced by a particle of type j

injected into the system with energy T.

Further comments on the linearized Forward - and Backward
Boltzmann-equations in the context of radiation damage, dealing
also with analytical solutions, may be found in the article
written by M.M.R.Williams [2J.

C) Radiation Damage Cross-Section

As an example we apply equations (6) and (1) for the damage
production rate (vacancy production) in iron Fe (in a
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stationary neutron field $J(E)) in the energy range from 7.0 to
40.0 MeV. The external source of ions of different types j
(production rate Q-of moving particles) is given by0

Q..(T) = ( dE ̂ (E) IjCT/E) (8)

where

-2_^.(T/E) is the macroscopic cross-section (for neutrons of
energy E) for the production of j-type atoms with
recoil energy T.

The damage production rate ( 7 ) becomes :

D = ̂  yf ( E ) 2~D ( E ) dE ( 9 )

where we have introduced

2Q(E) =\ dTX(T/E) D_.(T) (10)

as the macroscopic "radiation damage cross-section".

Eventually we arrive at a number of steps for the "EVALUATION OF
RADIATION DAMAGE CROSS-SECTIONS FOR (HOMOGENEOUS) AMORPHOUS
STRUCTURE MATERIALS".

PEOBLEM:

The damage produced in a neutron field may be calculated by:

) Z (E)dE (11)

We construct a method for a fast calculation of the radiation
damage cross-section 2f ( E ) and evaluate <— ( E ) for vacancy
production in IRON.
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THE RADIATION DAMAGE CROSS SECTION (E ;

is decomposed in the following form:

dT .Z . (T/E} • D . (T) (12
nuclear Damage
model model

where

2~. ,(T/E) is the production cross-section for reaction
products of type j with recoil energy T, and

D.(T) is the damage produced by a projectile j
injected with energy T into the medium.

The summation over j goes over all reaction products .
The "RECOIL PRODUCTION CROSS SECTION <Z.(T/E)"

may be split in the form:

T (T/£.)*= T A/ -er-
-̂ - . l / / /<-*- oJ -£ c t

where
3number of atoms of type M per cm

0
(E) (neutron) non-elastic differential cross section for

0 nuclei of type

y , (E) yield of i-type residual (or transmutation) nuclei in a
\j i~^^ neutron reaction with a nucleus of type a*.

f. (T/E) normalized recoil spectrum of the i-type nuclei produced
L> in a (neutron-) reaction with a >*<—type nucleus.

The possible recoil nuclei produced in neutron reactions with Fe-

nuclei in the considered energy range (7.0-40.0 MeV) are given in
Table 1. Fig. 1 and 2 give some examples of the differential-
production cross-sections of residual nuclei and their recoil
spectra.
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Table 1:Light particles emitted and residual nuclei produced
in reactions between neutrons,(in the energy range
7.0 [MeV] to 40.0 [MeV] and Fe as target nuclei

TARGET NUCLEI 56Fe

Emitted Particles \? , n,
Residual Nuclei:

49Ti

51V
52V

50Cr
51Cr
52Cr
53Cr
54Cr
55Cr

53

54
Mn
Mn

55Mn
56Mn

53
54
55

Fe
Fe
Fe

56
57
Fe
Fe

, -t>

,-3

Fe

FIG. 1. Differential production cross-sections for some reaction products
(56Fe, S2Cr and He) in neutron reactions with iron. (For 56Fe only the
inelastic production cross-section is given).
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FIG. 2. Examples of (normalized) recoil spectra for the reaction
product 49Ti for two (neutron-) input energies.

THE DAMAGE FUNCTIONS D(T)

were found by numerically solving the integro-differential
equation for D(T) which has the general structure

D(T) + A(T) — —=• Q(T) + B(T,T' )((T' )dT'C
J

13

where

A(T) is a function of the electronic stopping power and the
total cross-section for ion transport in the medium

Q(T) is a source term depending on the damage type considered

B(T;T') is essentially the scattering kernel for atom-atom
scattering

d(T') is a linear combination of D(T') and D(T-T').
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Fig. 3 shows examples of damage functions where we take D.(T)
to be the number of vacancies produced (by different
projectiles j then injected with energy T into the
medium).

ZVr.)-

Jo

Jo-

T

FIG. 3. Damage functions D(T) giving the number of vacancies produced by
different projectiles (56Fe, 48Ti, a) when injected with energy T into iron.

MACROSCOPIC DAMAGE CROSS SECTION

Combining now

the recoil production cross-sections^". (T/E) as evaluated by
nuclear model codes and

the damage functions D.(T) as evaluated by damage model codes

according to prescription (12), we obtain, see Fig. 4, the
macroscopic damage cross section for vacancy production for iron,
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FIG. 4. Macroscopic damage cross-section for vacancy production in iron.

Details on the numerical solution of the integro differential
equation (13) are described by W.Matthes [3]. The production
cross sections for the residual nuclei and their recoil spectra
were evaluated by M.Uhl [4] from the Institut für
Radiumforschung at the University of Vienna with the nuclear
model code MAURINA.

For the evaluation of the electronic stopping power S.(E) and the
atom-atom reaction cross-sections >̂ . (v/R) we used the

\^f

subroutines developed by BIERSACK [5] on this purpose in his

TRIM - Monte Carlo Programme.
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RADIATION DAMAGE CALCULATIONS
FOR COMPOUND MATERIALS

L.R. GREENWOOD
Argonne National Laboratory,
Argonne, Illinois,
United States of America

Abstract

Displacement damage calculations can be performed for 40 elements in the
energy range up to 20 MeV with the SPECTER computer code. A recent addition
to the code, called SPECOMP, can intermix atomic recoil energy distributionsfor any four elements to calculate the proper displacement damage for compound
materials. The calculations take advantage of the atomic recoil data in the
SPECTER libraries, which were determined by the DISCS computer code, usingevaluated neutron cross section and angular distribution data in ENDF/B-V.
Resultant damage cross sections for any compound can be added to the SPECTER
libraries for the routine calculation of displacements in any given neutronfield. Users do not require access to neutron cross section files. Resultsare presented for a variety of fusion materials and a new ceramic
superconductor material. Future plans and nuclear data needs are discussed.

Introduction
Fundamental radiation damage calculations involve the determination of

atomic recoil distributions induced by neutron irradiations. These primaryknock-out (pka) energy distributions depend on the neutron cross sections and
angular distributions as a function of neutron energy. We perform such
calculations using the DISCS* computer code and using evaluated neutron datafrom the ENDF/B-V file.2 DISCS results for yttrium are shown in figure 1,
where the relative contributions from each reaction channel are displayed.The further calculation of total atomic displacements requires a model for thepartition of recoil atom energy into nuclear and electronic energy loss events
and a model for the production of secondary displacements caused by nuclearcollisions and reactions. We have assumed the Lindhard^ model, with
modifications suggested by Robinson.4 The DISCS code calculates the recoil
atom energy distributions for each nuclear reaction given in ENDF. Angulardistribution data is always given explicitly for elastic scattering and an
evaporation model is assumed for other reactions, except for the (n,xn)
reactions where a Monte Carlo calculation is needed to determine the proper
recoil distributions. For charged particle emission, the evaporation model is
centered on the coulomb barrier. Displacements are also included for (n,7)
reactions and for beta decay. It should be noted that our calculations of thedisplacements per atom (dpa) only describe the fundamental nuclearinteractions and hence are useful as an exposure index which is independent of
the neutron spectrum. However, dpa may not be necessarily related to
materials property changes since many of the displacements may recombine withholes in the lattice and additional molecular dynamic calculations are neededto determine stable defects.

The calculated displacement damage cross sections and recoil energy atomdistributions are stored in master libraries. The SPECTER computer code5 isthen used to calculate displacements and recoil distributions for any given
neutron spectra. SPECTER also contains libraries for gas production" and
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FIGURE 1
Illustration of DISCS displacement damage calculation for yttrium
where the contribution from each major reaction 1s shown separately.

total energy deposition. Hence, users will obtain a comprehensive set ofdamage parameters for 40 different elements for any specified neutron
irradiation and they only need to specify the neutron spectra and length ofirradiation.

SPECOMP Calculations
The calculations from SPECTER only consider pure elements. In order to

calculate displacements from compound materials, the procedures must bemodified to include all combinations of recoiling atoms and matrix atoms. For
example, if we consider Li2U, then we must calculate the probabilities that Liatoms will displace 0 atoms as well as Li atoms and that 0 atoms will displace
both Li and 0 atoms. The relative contribution from each of these
combinations is shown in figure 2. These probabilities are determined by the
Lindhard equations3 which are usually only seen in the reduced self-ion form.
These effects have been discussed by Parkin and Coulter.7
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FIGURE 2

10'

Displacement damage cross sections from SPECOMP are shown for L120.
Each combination of recoiling atom and matrix atom 1s shown separately,
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When considering damage in compounds, it is important to consider the
possible atomic distribution of elements. In a true chemical compound, theprobability that a recoiling atom will interact with a given species simply
depends on the atomic abundance and this is the approximation which we have
assumed in SPECOMP. However, if an alloy contains clumps or segregation of
elements, then the present calculations are not necessarily appropriate and it
might be better to sum the damage for the individual elements or to look at
local damage by region in the material.

Secondary displacements are taken to be zero if the recoil energy is below
a threshold energy, one from threshold up to twice that energy, and equal tothe damage energy divided by twice the threshold at higher energies. For
self-ion damage, appropriate threshold energies are recommended by the ASTM.8
Unfortunately, there is no such agreement as to suitable values for the
threshold energies for compound materials. This presents us with a serious
problem since SPECOMP calculations are found to be very sensitive to our
choice of threshold energies. When considering self-ion damage, the thresholdcan be changed after the calculations by simply renormalizing the results.
This is not the case in compound calculations and it becomes meaningless to
report damage energy cross sections in units such as keV-barns. Thus, a new
calculation must be performed for each choice of threshold energy. The
threshold for a given element will also differ according to the compound sincethe value really depends on the interatomic potentials for a given chemical
species.

SPECOMP calculations can be performed rather quickly since they take
advantage of the recoil atom energy distributions stored in the SPECTER
libraries. These pka distributions only depend on the interaction of neutrons
with a given element and hence do not have to be recalculated for different
compounds. The pka data are stored in a 100 group energy structure at each of
100 incident neutron energies. Hence, there are 10,000 entries for each
element. The SPECOMP code integrates over the allowable range of recoil
energies at each of the 100 neutron energies for each combination of recoil
and matrix atom. The results are then normalized by atomic abundances in each
compound and summed to produce a singe displacement cross section value at
each neutron energy.

Results
Displacement cross sections calculated with SPECOMP are usually added to a

library in SPECTER for routine use, as described previously. SPECOMP also
lists secondary displacement calculations and separate displacement cross
sections for each element in the compound. This may be important to the user
since the net dpa cross section conveys no information regarding the type of
atoms which are being displaced. SPECOMP does not need to list pka recoil
energy spectra since this information is already available for each element in
SPECTER.

SPECOMP calculations have been completed for fusion breeder materials,
such as Li'20 and LiA10£; insulators, such as A^OS, Si02, and TaO; engineering
alloys, such as 316 stainless steel, NbTi, and V-15Cr-5Ti; research materials,
such as CusAu; and the new ceramic superconductor YiE^CusO/. In lieu ofaccurate knowledge of appropriate threshold values, we simply used the same
thresholds for the compounds as we normally use for the pure elements. Thishas the advantage of facilitating comparisons with previous approximations of
damage in compounds which simply sum elemental dpa values weighted by atomicabundances. Calculations for several compounds are listed in Table I andcompared with elemental calculations in figures 3-5.

105



Table I: DPA Ratio (SPECOMP/SPECTER)

Compound
Li2O

LiAlO2

A1203

SiO2

V-15Cr-5Ti

316 SS

CusAu

Nb-Ti

TaO

Fission0

1.43

1.26

0.99

0.99

1.00

1.00

0.98

0.99

0.89

14MeV
1.43

1.23

0.98

0.96

1.00

1.00

0.98

1.00

1.16

STARFIRE6

1.31

1.25

0.99

0.99

1.00

1.00

0.98

0.99

0.96

HFIRC

1.04

1.07

1.00

1.00

1.00

1.00

0.99

0.99

0.86

FFTFd

1.47

1.28

1.00

1.00

1.00

1.00

0.99

0.99

080
a235U fission spectrum
6STARFIRE, first wall spectrum (Ref. 9)
cHigh Flux Isotopes Reactor, FTP, midplane (Ref. 10)
dFast Flux Test Facility, mota, midplane (Ref. 11)
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FIGURE 3

Comparison of dpa cross sections for L1A102 calculated by SPECOMP (solid
line) with a weighted sum of elemental damage (dotted Une).
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FIGURE 4
Calculated damage cross sections for 316 stainless steel. In this case
there is no difference with the weighted sum of elemental damage.

g-*— <o
CD

CO

2o
03
D)
<D
E
CO
Q

10-

10 10' 10 10"
Neutron Energy,MeV

FIGURE 5

101

Calculated damage cross sections for the new ceramic superconductor
Yl-Ba2-Cu3-07. SPECOMP results (solid line) are compared with the
weighted sum of elemental damage (dotted Une).
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As can be seen in Table I and figures 3-5, there may be sizable
differences (eg - LiU2, LiAlU2, and TaO) between the SPECOMP calculations and
damage calculated from a weighted elemental sum. This is shown more clearly
in figure 6 which displays the ratio of the damage calculated with SPECOMP
divided by a weighted sum of elemental damage. In some cases, such as
stainless steel and the vanadium alloy, the results of both calculations are
nearly identical. Three factors appear to be important in determining whether
or not SPECOMP results differ substantially from elemental sums, namely,
differences in atomic mass, differences in threshold energies, and differences
in cross sections. These effects can be seen in figure 2 which shows that
more displacements result when Li is the secondary atom rather than 0; 0
displaces more Li atoms than when Li displaces 0 atoms; and the effect of the
250 keV resonance in the 6|j cross section is clearly seen. As a general
rule, SPECOMP calculations show increasingly larger effects as differences in
mass, threshold energy, and cross sections increase between the elements in
the compound.

2 0 -

tocc
CO
CL

-

16-

14-

12-

10-

0 8 -

06

Li20

TaO

10" 10" 10° 10'
Neutron Energy,MeV

FIGURE 6
Ratios of damage calculated with SPECOMP divided by the weighted sum
of elemental damage are shown for various compounds.

Future Work
SPECOMP is available to SPECTER users and can be easily added to thecomputer code package. Calculations can be run for any combinations of four

elements from the 40 elements now contained in SPECTER. Compounds with more
than four elements would require expansion of the matrices in SPECOMP.
Calculations with other elements require DISCS calculations and additions tothe SPECTER libraries prior to running SPECOMP.

Calculations are now being run for a variety of compounds and recommended
dpa cross sections will be added to SPECTER. In this case, users need not run
SPECOMP directly unless they wish to change the threshold energies. Of

108



course, the largest uncertainties in such calculations remain the assignment
of appropriate threshold energies and further work is needed in this area.

Evaluated nuclear data is now becoming available for ENDF/B-VI. Data
formats will be different from ENDF/B-V and recoil atom energy distributions
may be given explicitly. Consequently, existing damage codes must be revised
to accept the new data prior to recalculating with version VI. There is also
a need to extend the calculations to additional elements and to higher neutron
energies, especially for accelerator-based neutron sources.
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THE EFFECT OF NUCLEAR TRANSMUTATIONS UNDER
NEUTRON IRRADIATION ON MECHANICAL PROPERTIES
OF REACTOR STRUCTURAL MATERIALS

A.I. RYAZANOV, V.A. BORODIN, V.M. MANICHEV
I.V. Kurchatov Institute of Atomic Energy,
Moscow,
Union of Soviet Socialist Republics

Abstract

The paper presents a short review of K he principal nuclear
transmutations in irradiated reactor structural materials and the effect
of transmutant accumulation on irradiation stability of these materials,
in particular, on swelling, irradiation creep, and high temperature
embrittlernent.

1 . IÏTTRODUCTION

The service of structural materials in fission and fusion
reactors is characterized by the irradiation of these mate-
rials with intensive neutron fluxes in the wide energy range
(up to several MeV), Nuclear reactions of neutrons with the
constituent elements of irradiated materials result in compo-
sitional modification of material and can influence its irra-
diation stability, in particular - such effects as swelling,
irradiation creep and high-temperature irradiation embrittle-
ment [l]» Here we present a short review of the modern know-
ledge concerning the effect of nuclear transmutations under
neutron irradiation on irradiation effects in fusion and fis-
sion reactor structural materials.

2. NUCLEAR TRANSMUTATIONS
IN IRRADIATED STRUCTURAL MATERIALS

Let us suppose that an alloy consists of N elements with
the corresponding atomic concentrations CjJ" (1£n « N; 1 ̂  i ̂  i ,
where i denotes the isotope and i is determined by the total
number of isotopes of the n-th element). The variation of the
element concentrations with the neutron exposure $ can be de-
scribed with the set of linear first-order differential equa-
tions :

dci N ik/ N

L (2.D
i l l



where the primed summation sign denotes the summation without
the term for which k =« n and j »i. Â . is the reactor spectrum
Of(E)) averaged cross-section of nuclear transmutation of the
k-th element into the n~th one with the corresponding isotope
numbers

E.max
(2.2)

E'min
where
tion» Emax are E-reactor energy

is the corresponding energy-«dependent cross-sec-
are Emin are the upper and the lower edges of the

spectrum. Thus, the effective transmutation
cross-sections depend on both the neutron cross-sections and
the spectrum of each particular reactor.

Pig. 1 demonstrates typical neutron spectra for fast rea-
ctors (EBE-II), mixed-spectrum reactors (HPIR), and for a con-
ceptual TOKAMAK fusion reactor (CCTR)[2J. It is seen that the
spectra differ considerably, although all of them have a part
of neutrons with high energy (up to 5*8 MeV in fission reac-
tor and a spike at ~14 MeV in fusion reactors), which is over
the threshold for many nuclear reactions. Also, thermal neut-
rons effectively produced in mixed-spectrum reactors can in-
teract with some important constituents of stainless steels,
in particular with nickel and boron.

10 w 10 *• 10'
Neutron energy (MeV)

Pig» 1. Typical apectra for
different reactors: fast re-actor (EBR-II), mixed-spect-
rum reactor (HFIR), and con-
ceptual TOKAMAK-type reactor
(CCTR), After [2] .

Solution of the set (1.1) is straightforward, though for
practical manycomponent materials (structural steels) it can
be somewhat cumbersome and ao numerical calculations are ne-
cessary» At present there exist special computer codes to fa-
cilitate such calculations and a typical result can be found
in Pig, 2 (owned from [3]).
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10 20
Dose (dpa)

Pig. 2. Build up of nuc-
lear product concentra -
tiona in AISI 316 stain-
less steel irradiated in
HEIR. After [3] •

As far as the modification of mechanical properties of ir-
radiated materials is concerned, the most important reactions
are thought to be (n,oc) - reactions that lead to accumulation
of helium and the reactions resulting in the build up or burn
out of some principal and impurity components of structural
alloys, such as Pe, M, Or, Mn, Y, B, etc.

2.1 . -re act ions
The main types of He producing reactions may be summarized

as follows [4] :
a« Reactions with fast neutrons (E ^ 0.1 MeV)
Fast neutrons interact with metal atoms according to such

reactions as
-i- n (some MeV)

and
+ n A-

Z-2 + n"
(2.3)

Some charactristic (n,«c) cross sections are presented in
g. 3.
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20

Pig. 3» Cross sections fo
(n,°0 reactions with prin
cipal components of struc
tural stainless steels.
Afte r [2].
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b. Reactions with thermal neutrons (E ̂ 0.025 MeV)
The most important reactions in this energy range are the

reaction with boron ( ̂p200 = 4010 **)
10 7'B + n —— 'Li + ^e (1 .47 MeV)

and the two stage reaction with nickel
58Ni + n —— 59Ni + X ,

597Ni n 56Fe + 4He (4.76 MeV) .

(2.4)

(2.5)

The energy dependent cross sections for these reactions are
presented in Fig. 4 a,b.

100,

CO
.£_

c
o
ü
| 10
o
0

10=

(a)

0 2 4 6 8
Neutron energy (MeV)

10

10
Neutron energy (eV)

10TPig. 4. Gross-sections for (n,o<0 reactions with B (a,
after [5]) and with nickel (b, after [6])

The quantity of accumulated helium, its accumulation rate
and relative importance of that or another reaction depend on
both the initial composition of material and the reactor neu-
tron spectrum. As an example, Fig. 5 presents the calculated
results of He accumulation in ateels with nominal composition
of AISI 316 (17Cr-12Ni) and DIN 1.49H (11Cr-1Ni-9Mo) irradi-
ated by neutrons with energy spectra of HFIR and of GGTR [3] •
Not only the rates of He accumulation in these two reactors
are quite different, but the principal sources of helium are
in each case different as well (see Table 1). Namely, in the
fusion reactor He is supplied mainly through the reactions of
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Pig. 5. Calculated helium accumulation in AISI 316 (——)
and DIN 1.4914 (- - —) stainless steels being irradiated
in HFIR (1) and GGTR (2). After [3],

Table 1
Percentage of He produced in different elements inAISI 316 and DIN 1.4914 stainless steels irradiated

in GCTR and HFIR (according to [3j )

Reactor lement Fe Ni Gr B

GGTR 316 64$ 2386
1 .4914 5% 11$

HPIR
316 99%

1.4914 5-1 80-90$ 2$

neutrons with Fe, whereas in the mixed-spectrum reactor He is
produced almost exclusively in Ni.

As a rule, the rates of He production in austenitic stain-
less steel equal ̂ 0.1 appm/dpa in fast reactors, c-10 appm/dpa
for fusion reactors, and ~50 appm/dpa for mixed-spectrum rea-
ctors (see also Fig. 6).
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Pig. 6. The rates of He accu-
mulation in austenitic atain-
leas steels for different re-
actors and for .^-implantation
(after [4] )

10 20 30 40 50
Dose (dpa

2.2. "Solid-state" transmutation products
Mechanical properties of irradiated structural materials

can be influenced, as well, by the production of small quan-
tities of some impurity elements. The most interesting from
this point of view are the production of vanadium through the
reaction 5°Cr(n,tf)51Cr—»51V (with 28 days half-life of 51Cr)
and a possible modification of manganese content (e.g» by the
reaction 55Mn(n,tf)56Mn ~*5Se with 3 hrs half-life of 56Mn).
Pig. 7 demonstrates that V is produced most effectively in
mixed-spectrum reactors (reaching ̂ 1% at 50 dpa in 316 stain-
less steel). At the same time, the content of Mn in HPIR de-
monstrates ~60-70% decrease at 50 dpa, whereas in TOKAMAK it
grows (mainly through different (n,p) and (n,2n) reactions),
see Pig. 8.

20 4060 80 10O
Dose (dpa)

.Pig. 7. Calculated accumulation of
vanadium in 316 S3 irradiated in
HPIR (1 ) , UWMAK (tokamak) ( 2 ) , and
EBR-II (3). After [7J .
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Pig. 8. Percentage of Mo content
(initial content = 1.65 at.%) in
316 S3 during irradiation in re-
actors UWMAK (1), EBR-II (2), and
HPIR (3). After [7j.

3. THE EFFECT OF TRANSMUTATION PRODUCTS
OU SWELLING

Variations in impurity quantities and composition can have
a considerable influence on the swelling of irradiated mate-
rials. Since the accumulation of gaseous and solid transmuta-
tion products influences swelling in different ways, we shall
discuss their influence separately.

3.1. The effect of helium
Helium is the most important gaseous impurity with regard

to its effect on swelling. The production of hydrogen through
(n,p) reactions is far less important, although it can be ge-
nerated even more effectively than He (see Fig. 2). However,
the high diffusivity of hydrogen and its too weak binding to
the principal point defect sinks (grain boundaries, disloca-
tions, second-phase particles) [sj prevent hydrogen accumula-
tion in material. On the contrary, He atoms are effectively
captured by various sinks and, besides, promote nucleation of
small helium bubbles, thus leading to swelling and facilitat-
ing the further development of vacancy voids.

To date there exist two principal experimental approaches
to study the effect of helium on swelling of materials:

1 . preirradiation saturation of materials with helium by
implantation or through the "tritium trick", and

2. simultaneous defect production and helium introduction
either in reactors (by (n,o6) reactions), or on accele-
rators (by dual irradiation with heavy ions and alpha-
particles).
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Here we shall be interested only in the second case, where He
production and point defect generation proceed simultaneous-
ly.

The effect of helium production is manifested usually at
high enough temperatures, where vacancy supersaturations are
too low for development of the usual bias-driven swelling. At
the same time, the gas-driven swelling is highly sensitive to
the ratio of helium production rate GH to point defect gene-
ration rate G, the swelling either increasing, or decreasing
depending on GTT/G.

The characteristic pattern of experimentally observed ma-
terial microstructure evolution during simultaneous effect of
irradiation and helium production can be described as follows
[9J. At the first stage of irradiation helium accumulates ap-
proximately proportional to irradiation dose. However, as the
concentration of helium increases, the process of helium dif-
fusion to various sinks becomes of growing importance and, at
the same time, diffusing helium atoms can collide, nucleating
small helium-vacancy clusters, that develop further into gas
bubbles. With the increase of their concentration, NB, these
bubbles become more and more effective sinks for free helium
atoms, so that helium concentration in the matrix will reach
some "steady-state" value CH and the formation of new bubbles
will be strongly suppressed. This picture is presented quali-
tatively in Pig. 9.

Incub
Bubble

nuclear gas
absorption

Void
bias driven
growth

Crack
extension

Pig. 9« Schematic evolution of helium concentration C
cavity density Ng and cavity average radius RB défini
characteristic stages of cavity evolution for in-beam
creep testa. After [10] .
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Based on this picture of helium bubble evolution, one can
obtain a simple estimate of the total helium bubble concentra-
tion as a function of helium production rate [lOJ. Indeed, the
bubble nucleation rate is at maximum when the density of bub-
bles N£ is such that a free helium atom can be captured by a.Dbubble or by another free helium atom with approximately equal
probability, that is when Ni ̂  C £/»*>, where G£ is the corres-
ponding atomic concentration of free helium atoms and u) is the
atomic volume. Since, evidently, E-g ~ N-g/2, G„ ~ Gw/2, and C
is related to GTT as

E H

where R-n is the average bubble radius and
sivity, then we obtain

"B

(3.D
is helium diffu-

(3.2)

The square root dependence of Ng on G^ can be obtained also
by the computer modelling [l1j and is usually observed (e.g.
see Fig.10), though sometimes the power index can differ from
1/2 and be equal to %, 1 or 2.

10

304SS 700 °C

-4 TO'2 1GH(appm/s)

Pig. 10. Gas bubble density NRversus helium accumulation rats
in 304 S3 at 700°C. After [12].

The further growth of gas bubbles is also dependent on
the relation between G and GTT. The key role in the theoreti-
cal description of bubble ensemble evolution should be ascri-
bed to the concept of critical radius (discussed in detail in
[1 3J). At the early stages of bubble growth the average volu -
me concentrations of irradiation-produced vacancies and in-
terstitials, Gy and C.., are determined by their absorption at
dislocations and/or by mutual recombination:

- KCVG. = 0 (3.3)
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where D̂  is the diffusion coefficient for ̂ -type point defects
(o<i=i,v), Ẑ  is the corresponding bias factor, £>, is the dis-
location density, K is the recombination coefficient, C
the equilibrium concentration of vacancies and C. vo0. On the
other hand, the rate of growth of an individual bubble with
the radius R is

R • 5 [V°v - - Di°J (3.4)
where <̂  = P -2#/R, K is the surface energy, T is the tempe -
rature (in units of energy) and P is the inside pressure that
is related to the number of gas atoms in the bubble (for the
ideal gas law) as

PR nT (3.5)
Dependence of R on R for different n is depicted qualitative-
ly in 3?ig. 11. If n is small enough, then the right-hand side
of the equation (3.4) have two positive roots. The smaller
root corresponds to equilibrium size of the bubble stabilized
with inner gas pressure, whereas the larger one gives the va~
lue of critical radius, R . such that at R > R no additionalC O
gas is necessary for the bubble to grow further in a void-like
manner. It is evident, however, that at early stages of bubble
growth their radii are maintained at equilibrium values, since
the intrinsic point defects diffuse usually much faster than
helium atoms.

R

Pig. 11. Gas bubble growth rate
versus bubble radius R at diffe-
rent numbers of helium atoms in
the bubble: 1. n < n* ; 2. n= n*;
3. n> n*

Let us suppose for some time that all bubbles are of the sa-
me size. As the number of gas atoms in bubbles increases,the-
ir radii also increase and R _ decreases until at some criti-
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cal n* they coincide. When n becomes larger than n*, no addi-
tional gas is necessary for the bubble to grow*

The values of n* and the corresponding critical radius R*
are given by

R* = In
Cv - Cvo

G (3.6)
vo

n* 9T (R*)' (3.7)
where A Z = (Z. - ZV)/Z.. For large enough G and/or low enough
temperatures the value of R* can be less than the interatomic
distance ex. and so the swelling will be bias-driven from the
beginning. Equating R* = a, we can find the limiting value ofGG (in function of temperature) such that at higher generation
rates the swelling is weakly sensitive to the presence of he-
lium (mainly through NB). The expression for the limiting ge-
neration rate can be obtained in quite a simple form. Indeed,"i "i 9 ftat characteristic values of X = 1.25-10 eV/cm , u> => 2-10" cm
[il] and T ==300 K we have Xa /T «1 , so that the logarithm in
the right-hand side of (3.6) can be expanded to the first or-
der in AZ « 1 . Also, as it can be checked, the recombination
term in (3. 3) can be neglected (see also Fig.12). With these
simplifications in mind, we easily obtain

exp(-E3/T)
3AZ

800

(3.8)

Temperature (°C)
600 400 200

10

10

IQ-

10"

-4

10'-8

Recombination —
dominated region

Gas
driven
swelling

0.5 1.0 1.5
1000 K/T

2.0

Pig. 12. Temperature regions of gas-driven swelling,
of bias-driven swelling and of swelling suppression
by point-defect recombination
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This temperature dependence is presented in Pig. 12. The inf-
luence of helium is manifested only at high temperatures, in
accordance with the predictions of computer modelling [il].

The siae of equilibrium gas bubble is determined by the
number of gas atoms in the bubble n, which grows according to
the relation

n s (3.9)

so that the characteristic time to achive n* is
ta vi * ,. 4

i~~/2r< "2'n GT
oC GH (3.10)

It is seen that Tn depend not on the ratio GR/G, but on each
of these parameters in quite different fashion (cf. Pig. 13 a
and b).

450 500 550
Temperature (°C)

500 600 700 80O
Temperature (°C)

Pig. 13. Calculated swelling of 316 stainless steel at 40 dpa
(after [l ij ) :
a: G » 10~ôdpa/3; GH = 0 ( 1 ) , 10~13 ( 2 ) , 10~~12 (3) appm/s
b: G = 5 10~3dpa/s| GR = 0 ( 1 ) , 10~12 ( 2 ) , 10~11 (3) ,

, 10~9 (5) appm/s

The physical meaning of f is transparent. Indeed, since
after the accumulation of the critical quantity of gas in the
bubble the latter grows as a usual void , then T is the in -
cubation time for void swelling of material.

As the rate of helium accumulation increases the value of
decreases. Therefore the transition from bubbles to voisncan be observed at reasonable (not too long and not too short)
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fluences only in the very restricted range of Gjr/G« This is
illustrated in Fig. 14, where the results of computer simula-
tion of bubble growth are presented h 1J .

800°C100-

50
Dose (dpa)

100

Pig. 14. Helium bubble growth kine-
tics with (——) and without (— — —)
account of "bubble-void" transition
for G = 5-10"3 dpa/s and GH = 10~raappm/s, where m =» 7 (1)t 10 (2), 11
(3). After [11] .

In real materials the nucleation of bubbles needs certain
time and some distribution of bubbles in sizes is produced by
the end of the nucleation period. Therefore, the critical ra-
dius will be reached first by the largest bubbles. These bub-
bles will grow further as voids. As the number of voids grows
the concentration of vacancies in the material falls, leading
to the increase of R* for the rest of bubbles (in accordanceO
with (3.6)). A bimodal distribution of cavities will arise as
a result , where large growing voids and "frozen" in size gas
bubbles can be simultaneously observed (see e.g. Pig. 15)«

3001————————————•

200
'Eto'
100

Q)

0 I
10
Dose (dpa)

I
20

Fig. 15. Average diameter of
voids and gas bubbles versusdose in 316 stainless steel

30

at 625 C and G = 3-10"1 . Voids, 5 appm/dpa2. Voids, 50 appm/dpa
3. Gas bubbles

'dpa/s:

Thus, the rate of helium accumulation in irradiated mate-
rial can substantially influence the swelling behaviour. As a
general trend one may observe that large quantities of helium
suppress swelling, whereas small quantities of helium enhance
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it [l2J. In this connection a possibility arises of swelling
monitoring through the appropriate variation of GH/G either
by the alloying of material with isotopes of its main compo-
nents (e.g. •* Ni, ̂ Ni), or by spectrum tailoring with absor-
bers and moderators of neutrons [l5j.

3.2. Solid-state transmutation products
Variation of swelling kinetics due to nuclear transmuta-

tions that result in production or burn out of solid elements
is investigated to much less extent than in the case of heli-
um accumulation. Production of V and Mn in mixed-spectrum fu-
sion and in fission reactors seems to be most important here.
It is known that the presence of Mn favours swelling suppres-
sion (see Fig. 16), though deviation of Mn concentration from
the optimum one (in either direction) weakens the effect. Va-
nadium can influence swelling behaviour of stainless steels by
promoting carbide formation, though experimental data concer-
ning this effect are far from comlete.

O)

en

1 2 3 4 5
Mn content (wt%)

Fig. 16. The effect of Mn additi-
on on the swelling of 316 stain-
less steel (after
1. 61.5 dpa, 620°C
2. 45.5 dpa, 510 C

ig of ;
I?]):

4. THE EFFECT OF HELIUM ACCUMULATIOH
ON IRRADIATION CREEP

The data about irradiation creep modification in response
to impurity additions are rather scarce. Usually their effect
is not too pronounced, though sometimes some atomic percent
of impurity can vary irradiation creep rate of material up to
10-30 times. In particular, the creep rate of 316 stainless
steel at 330-600 C in the reactor with the helium production
rate of 12 appm/dpa was 3-10 times higher than in the analo-
gous reactor with GH = 0.28 appm/dpa, see Fig. 17 [l6j. No
reasonable explanation of the effect have been presented by
now.
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Mg. 17- The effect of GH/G ratio on irradiation creep
rate of PCA (25% CW) at 500°C. After [l o] .

5. THE EFFECT OF HELIUM ACCUMULATION
ON HIGH TEMPERATURE IRRADIATION EMBRITTLEMENT

One of the most detrimental results of helium accumulati-
on is the unrecoverable degradation of mechanical properties
of irradiated materials at temperatures exceeding -0.5 of the
melting temperature, see Fig. 18. Both the principal cause and
the possible mechanism of this phenomenon were first proposedt T17j » where it has been postulated that high temperature
embrittlement of irradiated materials is due to helium genera-
ted by (n,ĉ ) reactions. In particular, the assumption that He
accumulates in grain boundaries was confirmed by further in-
vestigations. Also, it has been found that fracture becomes
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Pig. 18. Rupture time (1) and strain to rupture (2) asfunctions of the accumulated He concentration in AISI
316 stainless steel preirradiated with He and tested
at 750 C. GR = 100 appra/h. After [4].
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brittle and intergranular, that no effect can be observed in
monocrystals, and that the onset of embrittlement takes place
after some incubation fluence.

Qualitative picture of high-temperature embrittlement can
be presented as follows [4]. Helium atoms, that have been in-
troduced into the material by implantation or by nuclear re-
actions, diffuse to point defect sinks (dislocations, grain
boundaries, etc.) and form clusters both in the volume of ma-
terial and on the sinks. Later on these clusters evolve into
helium bubbles. As a rule, the bubbles on sinks, especially
on grain boundaries, grow appreciably faster than the bubbles
in the volume of material [18J. This effect is due to supple-
mentary currents of helium captured by sinks. The growing ca-
vities affect the mechanical properties of material in two
ways. Relatively small bubbles in the grain interior act as
obstacles for dislocation motion,thus leading to grain harde-
ning and to degradation of material plasticity. On the other
hand, the grain boundary-associated cavities weaken the boun-
deries by decreasing their area and also deteriorate plasti-
city by preventing grain boundary sliding. The arising disba-
lance between the strength of grain boundaries and grain mat-
rix results in the transitionto brittle and intergranular mo-
de of fracture of material.

The existing models of high temperature embrittlement deal
usually with investigation of bubble growth kinetics, without
consideration of processes of crack development that directly
lead to the rupture of material. In this connection we should
mention the paper [19js where gas accumulation in cracks was
investigated in detail. It has been shown that the evolution
of gas-filled crack closely resembles that of gas bubble. In
particular, the inner gas pressure stabilizes crack size and
with the accumulation of gas the crack progressively develops
until it attains some critical length at which its stability
is lost. However, unlike the case of gas bubbles, further the
crack propagates practically instantly, leading to destructi-
on of material.

Although the phenomenon of high temperature embrittlement
can be described qualitatively in relatively simple manner,
it is extreamly difficult to compare the predictions of vari-
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ous theoretical models with experimental results, despite of
the very extensive experimental data accumulated by now. This
is due to the fact that the overwhelming majority of the exi-
sting data is application-oriented and is of little use where
the comparisons with theory predictions are necessary.lt con-
cerns both the methods of parameter measurement and the para-
meters themselves.

The most appropriate approach to investigations of high
temperature embrittlement seems to be the creep-rupture te-
sting directly under irradiation, but only negligible part of
existing information is obtained in this way. Usually mate-
rials are tested after the termination of preliminary irradi-
ation. Here short-term strength determination tests are pre-
ferable for comparison with theory predictions, since in this
case the results reflect to some extent the "snapshot" of de-
fect microstructure formed in the material by the end of ir-
radiation. The long-time strength tests of preirradiated ma-
terials are the most wide-spread and, at the same time, the
least informative, because irradiation effects get "smeared"
by postirradiation changes in defect microstructure. The in-
terpretation of experimental results for preirradiated mate-
rials becomes even more uncertain when long time pass between
the termination of irradiation and the beginning of testing
and/or when the test temperature differs from the irradiation
one.

The parameters measured in high temperature embrittlement
studies may be divided into three groups, namely, those cha-
racterizing either plasticity ( £*n o» 6" - various tensile* ̂  y .strengths), or strength (tR - rupture time, <r - short-term
strength), or both (&R - strain to rupture). One or several
of these parameters are measured in particular experiments.
It should be clearly understood, however, that from the mic-
roscopic point of view plasticity and strength are determined
by different components of defect structure of material. The
processes related to dislocation motion and to grain boundary
sliding are responsible for the changes of plastic properties
of materials, whereas the strength properties are determined
by nucleation and growth of cracks and grain-boundary-associ-
ated bubbles. Certainly, these components of microstructure
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interact with each other and in most cases decrease in plas-
ticity is accompanied by decreasing strength, but this corre-
lation is indirect and sometimes does not hold. That is why
the plasticity parameters are nearly useless for physical si-
mulation of high temperature embrittlement, while the use of
mixed parameters is restricted and needs extra information.
For example, variations of €R may be due either to plasticity
loss without strength loss, or to a drastic strength fall (de-
crease of tR) with unchanged plasticity. Pig. 19 demonstrates
an example of the latter behaviour.
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Fig. 19. Creep curves for unirradiated (1) and preirradiated
(14 dpa, 8.5 ppm He) (2) samples of AISI 316 stainless steel
(after [20] )

With all this in mind, the limited results concerning the
effect of He generation rate on various measured parameters
(see e.g. Fig. 20) can not be described in any unequivocal
way. It means that the theory of high temperature embrittle-
ment needs further development.
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Abstract

In frame of the REAL-88 project a reference file will be produced for
neutron metrology use containing the best available input-output infor-
mation for 6 typical neutron spectrum cases, furthermore, cross section
processing codes and several utility programs, A number of reactions
cannot be incorporated because no adequate cross section data are avail-
able. Discrepant cross section values furthermore clearly imperfect
cross section uncertainty data were found in the IRDF-85 for several
reactions.

1. INTRODUCTION

The IAEA Nuclear Data Section has organized a series of interna-
tional interlaboratory exercises (called REAL-80, REAL-84 and REAL-88)
in order to improve the life-time prediction of nuclear facilities. The
emphasis was concentrated on radiation damage (exposure) parameters for
reactor pressure vessels and related technology.

The aim of the REAL-80 exercise [1] was to determine the state-of-
art of neutron spectrum adjustment and subsequent prediction of the num-
ber of displacements in irradiated steel specimens, performed by dif-
ferent laboratories. Based on the experiences of this interlaboratory
exercise a next step, REAL-84 [2] was organized with the purpose of
improving the uncertainty assessment of the radiation damage parameters.
The results of the REAL-84 program have shown the need of establishing
standard metrology procedures and recommended nuclear data for use in
neutron spectrum adjustment and damage parameter calculations. There-
fore, according to the recommendations of an IAEA Specialists' Meeting
(held in Jackson Hole, from May 31 to June 5 1987) [3] the REAL-88 pro-
gram has been started. In frame of this program a reference file will
be produced for neutron metrology use. This file will contain the best
available input-output information for some typical neutron spectrum
cases C4], furthermore, cross section processing codes and several
utility programs. The aim of such a reference data set is to provide a
tool for testing neutron spectrum adjustment codes and radiation damage
calculation procedures for an unambiguous test case. IAEA should then
distribute the reference file upon request to all experienced or new-
coming laboratories interested in the neutron metrology work.
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2. FIRST RESULTS OF THE REAL-88 PROJECT

In frame of the REAL-88 project 6 different neutron spectra (which
were already investigated in the REAL-84 exercise) were considered:

- 3 neutron spectra for thermal reactors,
- 1 fusion spectrum,
- 1 ̂tl fission neutron spectrum,
- 1 fast reactor spectrum.

A working group of experts from different institutes and labora-
tories [5] has undertaken the task to prepare consistent and reliable
input data resulting in reference files for the above mentioned spectrum
cases. The input sets and accompanying utility programs were then
checked also by some volunteering laboratories - others than the com-
pilers — using their own adjustment codes, calculation methods and pro-
cedures. The outputs of the calculations were intercompared and im-
provement in the data - where it was necessary and possible - was intro-
duced. A large effort was made by the working group to remove the in-
consistencies and find the best available data and methods. Repeated
adjustment runs with the new data sets were then performed to arrive in
interactive way at the best results attainable in the present circum-
stances .

The first results of the REAL-88 e/ercise [6] were discussed by an
IAEA Consultants Meeting [7], where nuclear data needs, applicable
methods and procedures, furthermore, special physics and mathematics
problems of the neutron spectrum adjustment and related radiation damage
calculations were also overviewed„ A large - unexpected and sometimes
unjustified - spread jn the spectrum characteristic integral data and
especially in the related uncertainty values was detected [6].

During the evaluation it has turned out that several inconsist-
encies and problems encountered in the neutron spectrum adjustment and
reported earlier [2,8-10] were still present. Some of them originated
from the different normalization procedures and/or incorrect algorythms
(eg in the uncertainty propagation), unsatisfactory energy grids, etc,
applied, but the majority of the difficulties was due to the non-satis-
factory availability of nuclear data and/or shortcomings of the neutron
transport calculations. These two latter important factors, which
strongly influence the results of the neutron spectrum adjustment and
related damage estimates will be discussed here shortly again, in hope,
that the participants of this meetjng can contribute to the solution of
the problems.

3. SHORTCOMINGS OF NUCLEAR DATA AND NEUTRON TRANSPORT CALCULATIONS

3.1. Reaction cross sections and their uncertainties

The reaction cross section data for the exercise were derived from
the best available compilations (dosimetry and gas production file of
ENDF/B-V [11], and IRDF-85 [12]). Nevertheless, during the preparation
of the input data sets a number of reactions - for which measured activ-
ities were available - could not be incorporated because no adequate
cross section data were available. The reactions with lacking cross
section uncertainty information were: '̂Sc(n,2n), =i::;Cr(n,p), !5*Fe(n,a),

(n,g), ^Mb(n,2n), Âg ( n, g ),
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Au ( n , 2n ) and =--^U ( n , 2n ) . The majority of these reac-
tions is of special interest for fusion neutron metrology. For a number
of these reactions evaluations are available which are not yet incorpor-
ated in the metrology cross section libraries.

Discrepant cross section values were found for a number of reac-
tions, eg ""Ti ( n , p ) , seFe(n,g), ̂ ^NiÇn.Zn) and 1=^1 (n,2n) , furthermore,
the •Li*In(n,g)-L:L<iimIn reaction cross section is not present in the
ENDF/B-V Version 2 dosimetry file, only the total (n,g) reaction cross
section data are given.

Clearly imperfect cross section uncertainty data were found in the
IRDF-85 for the following reactions: Ŝdi.p), ATi(n,p), ̂ Cu ( n , a ) ,

For these reactions it occurs that in neutron energy regions where
the cross section values are different from zero in the file #3 of the
IRDF-85 library, no uncertainty data are given in the file #33. As a
result, for the corresponding cross section uncertainty values zero or
any "random number" - depending on the energy group structure applied by
the user - can be obtained (eg in our case different values between zero
and 2500 "/. were found). Improvement of these inconsistencies is
necessary .

Similar problems could be observed at the reactions !KSNi(n,p),
) and =^-

For several reactions the uncertainties calculated from the IRDF-85
library were so large that they resulted in a negligible statistical
weight for the reaction of interest in the adjustment procedure.

Also the too coarse original group structure of the uncertainty
information with large jumps in the uncertainty values seems to be
unrealistic (eg in case of ̂ ''Au ( n , g ) ) . In the groups structure of
interest in the exercise the cross section covariance matrices were
found to be singular within computer accuracy.

3.2. Input spectrum covariance information

No positive definite input spectrum covariance matrices in the
group structure of interest were available for the spectra considered,
only semidefinite ones. Calculations have shown that all the matrices
were singular within computer accuracy [2,7], To improve the situation,
the neutron transport calculations should be accompanied by sensitivity
analysis investigations. At the same time, for a number of materials of
interest nuclear data (cross sections and related uncertainty informa-
tion) are lacking.

3.3. Input spectrum group structure
The group structure of the input neutron spectra derived from tran-

sport calculations was in most cases not satisfactory [2,13]. In the
low neutron energy region a too broad group structure was used, and
sometimes no spectrum information was available below about 1 eV.
Similar problems (ie too broad energy groups in the input spectrum)
could be encountered also in other - especially in the higher - energy
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ranges of the spectra. The shortcomings of the input spectrum informa-
tion gave difficulties in the adjustment and in the calculation of the
characteristic integral spectrum- and damage parameters. To solve the
problems, the transport calculations should be performed in a finer
energy group structure. At the same time, this type of calculations
require a more detailed uncertainty information than the one available
presently. Therefore, improvement is needed also in this field.

4. CONCLUSIONS

1. The reference data file for neutron spectrum adjustment and radiation
damage calculations, being under preparation in frame of the REAL-88
project, will be a useful tool in improving the uncertaintly assess-
ment of radiation damage predictions in nuclear facilities by

- giving the possibility for testing the abilities of the
adjustment codes (algorythms) and calculational pro-
cedures used by the neutron metrologists;

- supplying tested up-to-date nuclear data and neutron
spectrum information to the radiation damage calcula-
tions;

- supplying tested cross section and related uncertaintly
processing codes, furthermore, several utility programs
to the users.

As a result, the neutron metrology work in the different laboratories
will be striven towards the use of uniform nuclear data and calcula-
tional procedures.

2. A considerable contribution from the nuclear data evaluating and com-
piling experts is required in order to reach a significant improve-
ment in the results of the radiation calculations.

3. Continuous up-dating of the reference file will be needed in order
the most recent data and procedures should always be incorporated.
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Abstract

For collapsing the cross section data into a coarse group structure one
needs a continuous weighting neutron spectrum. This spectrum is known
in the coarse structure. The newly developed procedure for converting
the spectrum into the 640 group SAND II structure takes into account the
few-group spectrum, a serni-analitically described model spectrum and ihe
user's experience. The IBM PC/AT program "BLOW LP" will be distributed
by the IAEA NDS among the utility programs of the REAL-88 neutron
spectrum adjustment reference file.

The neutronics calculations, eg criticality investigations, neutron
transport (shielding &c) analyses, neutron spectrum adjustment are
usually made in the "group" principle. It means, that - neglecting the
continuity of those - the cross sections and neutron flux density be-
tween the points of the selected energy grid are assumed being constant.
The calculations can then be performed using matrix operations (eg sum-
mation can be made instead of integration).

Most of the important cross sections are described more detailly
than the energy structures commonly used. For collapsing them one needs
a weighting spectrum, to calculate the group averaged cross sections:

CT(E)§(E)dE a(u)§(u)du

i=l(Dm (1)

$(E)dE $(u)du

where:

E neutron energy
Ei lower limit of the i-th energy group
m number of the energy groups
u lethargy [usually at 1 MeV u=0, le u=-ln(E)]
Ui lover limit of the i-th lethargy group
f neutron flux density (continuous function), as weighting spectrum
er cross section (continuous function)
<ff>i average cross section in the i-th energy group
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There are several computer programs to perform this calculation,
Two codes have to be mentioned separately: the GROUPIE [1] and the
UNC33 [2] have been widely used in frame of the REAL-84 and REAL-88
projects of the IAEA Nuclear Data Section [3,4]. Both of these codes
process the IRDF-85 cross section library [5], the cross sections of
which have been the basic data for the REAL-84 and REAL-88 neutron
spectrum adjustment tasks. The IRDF-856 version comprises cross section
data in the extended SAND II energy structure [1,6]: 45 groups in each
decade from 10--LIZ> MeV to 1 MeV, and 190 groups of 0.1 MeV width from 1
to 20 MeV. The total number of groups is 640, much more than the number
of groups used in the neutron spectrum adjustment jobs. Therefore, this
640 group structure is suitable to describe the weighting spectrum, and
Eq ( 1 ) becomes in the form :

J i-»-i J i-*-X

S cij$j6Ej S ffj$j6uj
J =J i J =u i

= ——————————— = ———————————— 1=1 (l)m (2)
Ji-*-l J i-*
S SjSE, S

J=Ji J=J
where:

j group serial number in the SAND II structure
ji lower limit in the SAND II grid of the i-th energy group
m number of the energy groups
SEj energy width of the j-th group in the SAND II grid
Suj lethargy width of the j-th group in the SAND II grid
$>j neutron flux density in the SAND II grid, as weighting spectrum
CTJ cross section in the SAND II grid
<<j>i average cross section in the i— th energy group

Nevertheless, the $(E) or $(u) spectrum usually are not known in
the SAND II structure. The most detailed neutron spectrum calculations
by the one-dimensional neutron transport code ANISN [7] supply the
weighting spectrum in 171 groups of the VITAMIN-C energy grid [8] , but
only for the intermediate and fast region. In the two- and three-dimen-
sional cases the number of energy groups is much less due to the com-
puter limits. One has to make the energy grid of the available weight-
ing spectra finer,

In this paper, a physically based method for "blowing up" the
weighting spectrum is described .

The information content of the spectrum to be blown up is the
vector of the group fluxes (m values), and, of course, the energy grid
(m+1 values). This information must be saved in the conversion process.

On the other side, the structure of the neutron spectrum is deter-
mined by the components of the environment (eg reactor core). This can
be described in general with a low number of parameters, like the neu-
tron gas temperature, the energy of the joining point of the Maxwell-
Boltzmann and Fermi spectra, &c. This additional information has to be
incorporated into the output spectrum.

Furthermore, the experience of the researcher should be taken into
consideration. It cannot be formulated for computing yet, therefore the
conversion process has to give possibility to the manual control.
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The program BLOW UP solves all of these problems. The code re-
quires a model spectrum in analytical form with arbitrary parameters
(max. 15). As sample model spectrum, a general LWR spectrum is sup-
plied with the following parameters:
- integral flux over the whole SAND II energy region (Iß-1«3 to 20 MeV),
- neutron gas temperature
- energy of the joining point of the Maxwell-Bol tzmann and Fermi
spectra,

- the a value for the Fermi spectrum (the usual assumption is used:

- energy of the joining point of the Fermi and fission spectra,
- fission temperature.
Three peaks and/or valleys may be present in the spectrum due to realis-
tic physical background, eg the oxygen-valley. The parameters of these
are energy, the ratio of the local extremum to the smooth environmental
flux density and the FwHM.

The program minimizes the average squared relative difference of
the group fluxes fixed by the input spectrum and the calculated ones,
modifying the values of the parameters.

l m
—— S
m i=J

- 1 2
._,_„,„_ v - i / —r \==——> mm. (3;

where:

j group serial number in the SAND II structure
ji lower limit in the SAND II grid of the i-th energy group
m number of the energy groups
6uj lethargy width of the j-th group in the SAND II grid
$oi group flux in the i-th energy group of the input
$j neutron flux density in the SAND II grid, to be fitted

The minimization is made by the direct numerical algorithm called
"flexibile polyeder method" [9], therefore, there is no need to develop
the gradient vector to the Eq (3), even if one exchanges the semi-ana-
lytical formula describing the spectrum. Like to any other method to
fit a multiparameter function, this algorithm is sensitive to the in-
itial data (eventually the convergence may be too slow, due to numerical
problems). Nevertheless, one should not forget, that a thermal reactor
spectrum can be described with IF ... THEN ... ELSE structures, so the
formula cannot be derived: there is no possibility for generating the
gradient vector.

In the next step, correction factors are calculated to save the
values of the group fluxes:

(4)

where the notation of Eq (3) is used; s* is the correction factor for
the i-th coarse energy group.
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The best approximation of the i—th energy group is calculated as

(5)

where:

Pi fitted value of the i-th physically defined spectrum-parameter,
Si correction factor for the i-th coarse energy group.
u lethargy
Ui lower limit of the i-th lethargy group
<$m semi-analytical formula for the model spectrum
«ÏWj-t output spectrum of the blowing up procedure

Part of a neutron spectrum is shown in Fig 1. Curve a is the
coarse group spectrum, curve b is the fitted one, and curve c refers to
the output spectrum defined by Eq (5). It is seen that breaks may be
present in the generated output spectrum, therefore it may not be used
as weighting spectrum in Eq (2). The program BLOW UP offers the possi-
bility to the experienced user for manual control of the weighting spec-
trum calculation: the code accepts an input value as cut—off ratio to
eliminate the corners from the output spectrum, as it is shown in Fig 2.

C
a
h

\
b

a

FIG. 1. FIG. 2.

The program displays continuously the plots of the I/O spectra, to
make easier the user's decisions. Fig 3 shows these for the the PS1
task of the REAL-84 and REAL-88 exercises. This picture illustrates the
shortcomings of the selected group structure: one group covers the
whole thermal spectrum, therefore it is not possibile to get proper
weighting spectrum without the model spectrum.

The program runs on an IBM PC/AT or compatible computer. An EGA
(occasionally CGA) display or/and HP 7475A plotter, and the mathematical
coprocessor are required. The running time strongly depends on the num-
ber of parameters of the model spectrum and their initial values, but
usually does not exceed 8-10 minutes. The basic concept of program de-
velopment was to make it "user friendly". (Eg it does not omit to in-
form the user on the progress in curve fitting, that is very important
in case of "bad" input or/and complicated model spectrum.)

The program will be distributed by the IAEA Nuclear Data Section
among the utility programs of the REAL—88 neutron spectrum adjustment
reference file.
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RESULTS OF CJD CALCULATIONS
ON THE REAL-88 PROJECT

K.I. ZOLOTAREV, A.B. PASHCHENKO, V.G. PRONYAEV
Institute of Physics and Power Engineering,
Obninsk, Union of Soviet Socialist Republics

Abstract

Calculation results of the rates of radiation damage in
iron for the ANO, U-235, CFRMF, PS1 and PS2 neutron spectra
unfolded by the measured reaction rates by means of the
STAYSL code are presented. The cross-section files ZACRSS
and BOSPOR, being developed in the USSR for neutron

ai-e discussed. In the ENDF/B format the» results
of new evaluation of neutron radiation capture cross-
sections for the 23Na,
isotopes are presented.
sections for the 23Na, 3<7C1, 55Mn, 63Gu, 1 39La and 186W

1. Adjustment of the REAL-88 Exercises with the STAYSL
Adjustment Procedure.

Calculation within the frame of the REAL-88
investigation programme was carried out by means of the
ES-1061 computer. Neutron spectra were unfolded by the
given rates of reactions by means of the STAYSL [1 ] code.
As for the rates of atomic displacement generation and
helium and hydrogen production, they were calculated by the
RDC code.

Microscopic cross-sections of the activation reactions
were obtained from the IRDP-85 [2] and BOSPOR-86 [3]
libraries.

Group cross-sections and covariance matrices of the
reaction cross-section uncertainties used for neutron spec-
tra unfolding were prepared by means of the UNC-33 code [4]

Preparation of group cross-sections to compute the rate
of radiation damage generation in iron was performed by
means of the FITOCO code [51 based on the multigroup data
from the IRDF-85 library.
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Table 1 shows oalculation results of the rates of
atomic displacement generation (RDpA) and the rates of
hydrogen (R̂ ) and helium (RHe) production in iron being
irradiated in various neutron spectra. In the same tableothe % values are given which reflect the degree of
agreement between the reaction rate values calculated in
the unfolded spectrum and obtained experimentally.

Table 1.
Rates of radiation damage generation in iron
for neutron spectra of various facilities.

Spectrum
type

ANO

A

U-235 B

C

PS1

PS2

A
CPRMP

B

Integral
neutron flux,
n«m -sec

4-259E+13

9.765E+20

9.888E+20

9-773E+20

1 -675E-M4

2.203E+14

8.783E+20

8.912E+20

x2

2.03

140.98

138.89

52.75

28.96

190.78

275.39

232.14

RDPA'

sec

7.571E-13

8.537E-05

8.636E-05

8.511E-05

3.917E-12

4.256E-12

3 . 500E-05

3-566E-05

RH'
„•iseo

1 .115E-18

5.779E-10

5-832E-10

5-691E-10

1 .181E-1?

8.326E-18

1 .217E-10

1 .240E-10

RHe'

sec

1 .162E-19

3.230E-11

3.250E-11

3.126E-11

6.438E-19

5.584E-19

7.204E-12

7.240E-12

Calculations for the ANO, PS1 and PS2 spectra were
performed using reaction cross-sections data only from the
IRDF-85 library. When processing the data on PS1 we assumed
that all the nine detectors were irradiated in the_'igadolinium filter of 0,5 mm in thickness (1,523-10 J
atoms/barn), with the neutron flux being isotropic. The PS2
neutron spectrum unfolding was performed on assuming that
all the 6 detectors were irradiated without any filter.
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pIt is necessary to point out that the great value of %
for the PS1 spectrum is define mainly by the Fe(n,7) Fe
detector.

For OFRMF two version« of calculation were prepared,
where :
a) for all the 23 reactions the cross-sec I ion values from
IRDF-85 were used;
b) the cross-section of the ^ Ti(n,p) So reaction was
obtained from the BOSPOR-86 library and the data on the
rest 22 reactions were taken from IRDF-85.

When determining the rates of radiation damage in iron
irradiation in the U-235 fission spectrum, three versions
of calculation were performed: A, B and C. In two versions
(A and B) for neutron spectra to be unfolded the
experimental data were specified for all the detectors,
that is the information on the rates of 22 reactions was
used. In the case in the A version the data on
cross-sections of all the reactions were taken from the
IRDF-85 library. In the B version the 4?Ti(n,p)4'7Sc
reaction cross-section was specified from the BOSPOR
library, as for the cross-section values of the rest of the
reactions, they were obtained from IRDF-85. From Table 1 it
is clearly seen that application of the evaluated cross-
section data for the Ti(n,p) Re reaction from theoBOSPOR-86 library results in reducing the % value both
when unfolding the CFRMF neutron spectrum and when
determining the U-235 fission spectrum.

The first two calculation versions of unfolding the
U-235 fission spectrum reveal a relatively great
discrepancy between the Ni(n,2n) Ni reaction data and
the data on other high-threshold reactions. Calculations
(version C) performed with the reaction cross-section data
identical to those used in version B but without

CQ C^Vapplication of any information on the Ni(n,2n) Nioreaction present a much lower value of % (see Table 1).
The discrepancy mentioned above evidently results from

the fact that the data on the (n,2n) reaction cross-section
for the jWi isotope, contained in the IRDF-85 file need
correction. It should be pointed out that the comparison
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between the calculated values of the average reaction
cross-sections in the Cf-252 spontaneous fission neutron
spectrum and the evaluated experimental data for this
spectrum [12] indicates that the (n,2n) reaction cross-

1P7 'ô'ôsection data for the I and Mn isotopes, contained
in the IRDF-85 library, as well as the 58Ni(n,2n)57Ni
reaction data require revaluation.

Figures 1-5 in their group presentation show a trial
spectrum and a spectrum unfolded by means of the STAYSL
code by the given reaction rates for five various
facilities: ANO, U-235 (version C), PS1 , PS2 and CFRMF
(version B). All the values of the E-(p(E) function are
given in absolute units. The trial spectra being used are
presented normalized. Normalizing factors for initial trial
spectra are determined from the equation:

_ S (R^/R?)/^ (R?/R!£:

where R? and R1? are the i-reaction rate values calculated
in the initial trial spectrum and measured, respectively,
n is the number of reactions used for neutron spectrum
unfolding.

E,MeV
Pig.1. Prior (————) and unfolded by measured reaction

rates neutron spectrum (————) for AM) facility.
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E.MeV

Fig. 2. The same for U-235.

E.MeV

F ig. 3. The same for CFRMF.
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E«f(E).[
n/hr sec:

W8-

PS-1

10 : EMeV 10'

Pig.4- The same for PS1 .

Pig.5. The same for PS2.
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As It, was mentioned earlier, for unfolding U-235 and
» r*r * r~7

CFRMF neutron spectra the fTi(n,p) So reaction
cross-section data were taken from the BOSPOR-86 library.
The status of this file will be discussed in more detail in
the next section.

2. Gross-section files being developed in the USSR for
neutron metrology.

In the USSR two libraries of the evaluated
cross-sections for reactor dosimetry have been prepared,
they are ZACRSS [6] and BOSPOR [?].

ZACRSS was developed in 1975 by Lapenas A. et al. in the
Latvian Institute of Physics. It includes excitation
functions of 24 threshold activation reactions, most
frequently used for neutron spectra unfolding by the
measured reaction rates. Cross-section evaluation for
ZAGRSS was based on processing the available experimental
data by the method of least squares.

BOSPOR, which means the library of evaluated threshold
reaction cross-sections, was organized in 1980 in Nuclear
Data Center by Bychkov V. et al. It contains 142
recommended excitation functions of the (n,p), (n,a) and
(n,2ri) reactions Cor 99 stable isotopes uf 59 eleineuLs.

Evaluation of activation reaction cross-sections was
based on the prepared compilation of experimental data [8]
using calculations on the basis of theoretical models of
nuclear reaction.

Critical analysis of all the experimental data results
in choosing, from our point of view, the most significant
values of the cross-sections measured. It means that the
preference was given to the investigations performed with
application of enriched isotopes and semiconductor
detectors, their results being in agreement within the
error limits of the experiment. The data significantly
different from the other authors results being in good
agreement, were not considered.

To obtain the cross-sections recommended the excitation
functions of all reactions under analysis and the competing
reactions were calculated within the frame of the optico-
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statistical approach, with taking into account of the
reaction non-equilibrium mechanism contribution. Figures 6
and 7 show as an example calculation results [91 ofCQa-particle emission spectra on the
isotopes.

90 91Cr, Zr> and Nb

- 50

10-

0.1

Cr •52 ,
Cr

10

K> 15 10

Fig.6. The calculation results of a-particle emission
spectra for chromium isotopes in comparison with the
experimental data for ~15 MeV incident neutron
energy. The spectrum contributions of different
nuclear reaction mechanisms are shown by different
lines.

1O

qn?

10 E..M3B15

Fig. 7. The same for ? Zr and

152



The main reason for developing and applying such a
method of evaluation of threshold reaction excitation
functions consists in the fact that the experimental
information is obviously insufficient for reliable cross-
section evaluation within the energy interval up to 20MeV.
Moreover, the data of various authors often differ much
greater than the measurement errors presented.

Microscopic cross-section analysis with some
calculations in frame of the theoretical nuclear reaction
models makes it possible to compare the results of the
experiments carried out at various energies and at various
resolutions. The analysis enables to use all additional
information, extracted from a more broad range of nuclear
data, for evaluation of a certain cross-section with the
help of some known theoretical relatioships. It results,
firstly, to exoklude obviously incorrect data from all the
nuclear data compilation available, and, secondly, to
evaluate the reaction cross-sections for those ranges of
incident-particle energies and target nuclei mass numbers,
where we have no experimental data.

When evaluating the threshold reaction excitation
functions, the point with the incident-neutron energy of
14-15 Mev was considered to be very important. Almost
always either the (n,p), (n,o,) and (n,2n) reaction
cross-sections were measured at this energy, or the
experimental data for this point were much more numerous
than for all the rest of the energy intervals.
Systematizing a large body of experimental material some
tendencies can be seen and dependences can be found in the
behavior of the 14-MeV-neutron reaction cross-sections. In
the papers [8] the following investigations were carried
out:
a) based on the model of sequential particle emission with
taking into account of non-equilibrium neutron emission in
the first step of the reaction, as well as on the
Weizsaokers' formula for nuclear binding energy we got a
simple dependence of the (n,2n) reaction cross-section on
the number of protons and neutrons in the nucleus at the
incident neutron energy of ™14,5 MeV. The isotopic cross-
section dependence is shown to be connected with the
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dependence of nuclear neutron binding energy on the (N-Z)/A
parameter;
b) based on the usual statistical correlations for a
nuclear reaction cross-section and the Weizsackers' formula
for nuclear binding energy we got a simple dependence of
the (n,p) reaction cross-section on the number of neutrons
and protons in the nucleus at the incident-neutron energy
of "14,5 MeV. The observed dependence of the (n,p) reaction
cross-section on the (N-Z)/A parameter is shown to result
from the exponential dependence of the reaction
cross-section on the proton binding energy in the nucleus;
c) we carried out a statistical analysis of cross-section
prediction reliability and evaluated the accuracy of ö~
and G calculations In terms of the formulas obtained. The
formulae deduced are shown to be possibly used for
prediction of the (n,p) and (n,2n) reaction cross-sections
at E "14-15 MeV for those nuclei on which there are no
experimental data.

Simplifying assumption and approximations used when
deriving the formulae for o and ö ? calculations at
E "14-15 MeV enable to see the limits of their applica-
bility and to explain the cases of discrepancy between
the results of comparison of the experimental cross-section
values and the values predicted in terms of the empirical
systematics.

The BOSPOR-80 library has gained ground in our country
and was included in the INDL/V file of the IAEA Nuclear
Data Section in the ENDF/B format.

Recently some new experimental data have been obtained
and theoretical methods of threshold reaction cross-section
analysis and predictions have been further developed. For
this reason and with allowance for the experience of its
operation the BOSPOR-80 library was revised and its new
extended version BOSPOR-86 [3] was created. Now it includes
the errors of the cross-sections recommended. They were
evaluated with due account of the analysis of the
experimental data errors, theoretical calculation
uncertainties and discrepancies between the data
recommended from other libraries. Moreover, for the
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cross-sections of some most important in neutron metrology
threshold reactions with the charged particle emission
( 16 (n,p) and (n,a) reactions) their analytical
approximation was carried out near the reaction threshold,
thus allowing us to improve the agreement between the
results of cross-section evaluation and the integral data.

At the previous meeting on nuclear data for radiation
damage [10] significant discrepancies were pointed out
between the experimental integral data and the reference
spectra-averaged cross-sections of the Ti(n,p) So,
60Ni(n,p)6°Co and 63Gu(n,a)60Co reactions from the ENDF/B-V
file; these cross-sections were recommended to be
revaluated. Table 2 gives the comparison between the
experimental data and the calculated results of the U-235
and Cf-252 spectra averaged cross-sections of these
reactions from BOSPOR-86 and ENDF/B-V, as well as the
average cross-sections of the Ti(n,p) So reaction,
jointly evaluated by V.Mannhart, D.Smith and W.Medows [11].

For the Ti(n,p) So reaction the experimental data and
calculations show a reasonable agreement where as for the
Ni(n,p) Co reaction the discrepancy still exist.

Table 2.
Cross-sections of the 47Ti(n,p)47So, 6°Ni(n,p)6°Co
and 3Cu(n,a) Co reactions for the Cf-252 and

U-235 fission spectra.

neutron
field Reaction Experiment

Calculation
BOSPOR-
86

ENDF/B-V Evalu-
ation

Cf-252

U-235

47Ti(np)47So
60Ni(np)60Co
63Cu(na)60Go

47Ti(np)47So
60Ni(np)60Co
63Gu(na)60Co

19,43±0,31[12] 18,8?
2,39±0,13[12] 3,553

0,6897±0,013[12] 0,694

17,7±0,6 [11]
2,3±0,4 [131

0,50±0,06[13]

16,90
2,639
0,510

24,066
3,444
0,7581

21,589
2,529
0,540

19,73

-
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3. Evaluation of neutron radiative-capture oross-
seotions on the 23Na. 37G1, 55Mn, 630u, 139La

. j ~ > j 7 U * " "
and W isotopes.

Activation detectors on the basis of such reactions as
186W(n,7)187W, 23Na(n,7)24Na, 37Cl(n,7)38Cl, 55Mn(n,7)56Mn,
63Cu(n,7)64Cu and 139La(n,7)14°La, along with other
activation detectors are widely used for measuring of
neutron fluxes and spectra in nuclear power reactors and
critical assemblies. Accuracy of the data obtained by means
of such detectors directly depends on accuracy of the
activation reaction cross-sections. Thus, the problem of
evaluation of the reaction cross-sections used in
activation measurements was always of great importance.

In 1982 under the aegis of IAEA the International
Reactor Dosimetry File, IRDP-82, was established. It was
recommended to be used when solving the wide range of
problems concerning reactor dosimetry.

In 1985 a new version of this file, IRDP-85, appeared.
The IRDP-85 library includes 60 sets (MAT) of evaluated
data on cross-sections of various neutron reactions. 18
data sets contain information on cross-sections of the
neutron reactions resulting in hydrogen and helium
production. In 4 sets the data concern radiation damage
cross-sections for iron, chromium and nickel. The library
section containing information on cross-sections of the
reactions used in neutron metrology, includes 38 data sets.
They present the evaluated energy dependence of the
cross-sections of 51 reactions on 35 isotopes.

Of all the reactions under consideration in the IRDP-85
library there are data on the cross-sections of only two
reactions: 23Na(n,7)24Na (MAT=6311) and 63Cu(n,7)64Cu (MAT-
6435 ). The data sets MAT=6311 and MAT=6435 were included in
the IRDP-85 library from the ENDP/B-V American dosimetry
file [141. This file was passed to the users in 1978.
A partial revision of the ENDP/B-V American dosimetry file,
performed in 1981 and 1984 did not touch upon the data sets
mentioned above. Thus, the evaluated data on the
3Na(n,7) TJa and 3Cu(n,7) 4Cu reaction cross-sections
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contained in the IRDF-85 library* are based on the
information obtained before 1978.

The users can find the available data on the
Mh(n,7) Mn reaction cross-section in the American

ENDP/B-IV library [15] (MAT=1197) and in the Japanese
JENDL-2 library [16] (MAT=2251). Evaluation of the reaction
cross-section in the ENDF/B-IV library was carried out in
1974, as for the JENDL-2 library, it obtained the evaluated
data in 1982.

For the 139La(n,7)14°La and 186W(n,7)187W reactions
there are cross-section data in the ENDP/B-V (MAT=9707)
[17,18] and ENDP/B-IV (MAT=1131) libraries, respectively.
Evaluation of neutron cross-sections for the La-139 isotope
(MAT=9707) was made by R.E.Schenter and P.Schmittroth in
1980. For the W-186 isotope the data contained in MAT=1131
were evaluated in 1973.

•2rr -3QAttention to the Cl(n,7) Cl reaction was caused by
the fact that the detector based on this reaction is one of
a few activation detectors giving information on a neutron
spectrum in the Kilo-electron-Volt energy range. According
to the CINDA catalogue at present there is no evaluated

O<7 OQdata on the cross-section of this Cl(n,7)J 01 reaction.
The reason to review and evaluate the cross-section

values of 6 above mentioned dosimetry reactions [19]
consists in the fact that recently some new experimental
data and methods of cross-section analysis within the frame
of the present-day theoretical knowledge have appeared.

When evaluating the radiative capture cross-sections all
the collection of the experimental data on neutron
cross-sections for each target isotope was taken in to
account.

The neutron radiative capture cross-section was in
agreement with the total cross-section, with the cross-
sections of elastic and inelastic scattering and other
competing processes.

The resonance capture integral values and the thermal
cross-sections (E=0,0253 eV) served as the main criteria of
evaluation quality. Por evaluated cross-sections' testing
in the regions of higher energies the average cross-section
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values were calculated in five various benchmarks: CFRMF,
BIG-TEN, SIGMA-SIGMA, the U-235 thermal neutron induced
fission neutron spectrum, the Cf-252 spontaneous fission
neutron spectrum. The average radiative capture
cross-section values calculated were compared with the
available experimental data and the data of other
evaluations.

3.1 General principles of evaluation of neutron
radiative capture reaction cross-sections.

All the range of neutron energies from 10 eV up to
20 Mev, where the radiative capture cross-section was
evaluated can be conditionally divided into three energy
regions: the resolved resonance region, the unresolved
resonance region and the smooth-cross-section region.

A. Resolved resonance region.
Cross-section evaluation in this region is based,

mainly, on the resonance parameters, presented in [20] and
supplemented as far as possible with the new experimental
data available. Figures of cumulative number of resonances
were used when choosing the highest energy boundary of the
resolved resonance region without substantial omission of
the s-, p- or d-wave resonances, contributing to the
radiative capture cross-section. For many resonances
given in [20] the values of spin and parity were not
identified. These values were assigned by us, proceeding
from a number of physical assumptions, including: the
(2j+1 ) spin distribution of resonances, approximately equal
level density values for levels with near the same spin,
but opposite parity, weak deviation from a linear
dependency of cumulative number of resonances with energy.
When possible, we considered the value of the capture
area under resonance:

n 7
AT = ̂T~

rtotSuch identification is surely rather conditional,
however it doesn't disagree with all the known collection
of experimental data. The choice of neutron and radiative
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widths for resonances, where they were known, was based on
the average radiative and reduced neutron widths and was
also rather conditional but not contradicting the data
available. Besides the experimental data with high energy
resolution enabling to distinguish the capture area for
separate resonances, there are usually the data with
relatively low energy resolution but determining the
average cross-section values in the region of resolved
resonances with high accuracy. The radiative capture
cross-sections derived in terms of the resonance parameters
and averaged in the region of resolved resonances were
compared with such data to evaluate the resonance omission.
When such an omission was observed we introduced a group of
fictitious resonances with the parameters which adjusted
the average cross-sections up to the necessary level.

B.Unresolved resonance region.
The unresolved resonance region was chosen, as a rule,

from the upper limit of the resolved resonance region up fco
the threshold of inelastic scattering.

The choice of parameters and the description of cross-
sections in the region of unresolved resonances were
carried out by means of the EVPAR code [21].

As initial approximation in calculations we used the
average resonance parameters evaluated for the region of
resolved resonances. Then, if necessary, the parameters
were corrected so as to describe the experimental data
available in this region. In this case, as in the range of
resolved resonances, a number of simple physical
assumptions was used connecting average distances between
the levels with different spins and parities. As at the
neutron energy, exceeding several hundred keV, the f-wave
capture cross-section value became considerable and the
existing format restrictions did not allow to introduce the
average resonance parameters for the f-wave, its
contribution was considered as a background component in
the smooth cross-section file.
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C. Smooth cross-sections region.
Gross-sections for neutrons with energies above the

region of unresolved resonances are presented in the point-
wise representation.

As the EVPAR code makes it possible to take into account
only the s-, p-, d- and f-waves' contribution into the
cross-section within the frame of the statistical theory,
its applicability is restricted by the region, where the
contribution of much higher waves is negligible. These
boundaries for various nuclei are within the energy range
from 1 MeV up to several MeV. Calculations in the smooth
cross-section range were performed with the same parameters
as those used for the region of unresolved resonances and
with the schemes of inelastic scattering levels from the
latest issues of "Nuclear Data Sheets".

For cross-section evaluation in the region of neutrons
of much higher energy the optical and statistical
calculations were usually used according to the ABAREX code
[22]. The direct-semidirect processes' contribution was
considered in the frame of the most simple parametrized
scheme. For some reactions the cross-sections smoothly
joined those presented in the IRDF-85 and JENDL-2 files.
Note s however, that the detailed shape of cross-section
dependence in this region is insignificant for the problem
of unfolding fission reactor neutron spectra of any
hardness.

As the total cross-section evaluation results along with
the dosimetry reaction cross-section values must be
included in the general purposes data file, it has been
performed within the same approach as the capture
cross-section evaluation» When calculating cross-sections
of elastic scattering reaction (in the region of unresolved
resonances), the potential scattering radius value was
taken from [20] and varied, if necessary, proceeding from
the condition of simultaneous description of the total
cross-section and the cross-section of elastic scattering
reaction.
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D. Reference spectra oross-seotion testing.
A comparison of the resonance integrals of radiative

capture for the evaluated cross-section data with the
corresponding experimental results allows us to judge the
quality of the radiative capture cross-section evaluation
performed only in the region of resolved resonances.

Por testing the evaluated data in other energy regions
the average cross-section values were calculated in five
various reference neutron fields (benchmarks): CPRMP, BIG-
TEW, SIGMA-SIGMA, the spectrum of U-235 fission by thermal
neutrons, the neutron spectrum of Cf-252 spontaneous
fission [23]. The first three benchmarks are the neutron
reference fields of intermediate energies. The average
neutron energy in these benchmarks is equal to 0,76 MeV
(CPRMP), 0,58 MeV (BIG-TEN) and 0,76 MeV (SIGMA-SIGMA).
Por CPRMP and BIG-TEN facilities the average energy values
correspond to the centrally located neutron spectrum.
By these benchmarks the radiative capture cross-sections
in the upper region of resolved resonances and in the
region of unresolved resonances can be tested.

The spectrum of U-235 fission by thermal neutrons and
the neutron spectrum of Cf-252 spontaneous fission are the
classical fast neutron spectra. The average neutron
energies of these spectra are known to be equal to 1,97 MeV
(U-235) and 2,13 MeV (Cf-252). Thus, the U-235 and Cf-252
neutron fission spectra are convenient for testing
cross-sections in the energy range exceeding ™0,1 MeV, i.e.
in terms of the earlier adopted terminology, in the smooth
cross-section region of radiative capture.

The average cross-section values calculated in five
enumerated benchmarks were compared with the available data
of integral experiments and the results of other
evaluations. Unfortunately we failed to find any
experimental data on neutron radiative capture cross-
sections on the 01-37 and W-186 isotopes for none of the
benchmarks under consideration. The experimental data on

1 39 1 4.Othe -̂ La(n,7) La reaction oross-seotion were found only
for the CPRMP neutron spectrum [241. As for the rest three
reactions under evaluation, there exists much more ample
experimental information [25-30].
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When calculating the average cross-section values of
five enumerated benchmarks, the data on neutron spectra for
these neutron fields were obtained from the IRDF-85
library. For the spectrum of U-235 fission by thermal
neutrons two spectrum evaluations, contained in the IRDF-85
library, were used: NBS and ENDP/B-V.

Table 4 and 6 present the testing results of the cross-
sections evaluated in the U-235 and Cf-252 spectra. Along
with the average cross-section values in the spectrum the
energy boundaries for 90% response ranges are given, thus
making it possible to speak about the energy interval of
the reaction cross-section region being tested.

E. Gross-section evaluation results.

23Na(n,T)24Na reaction. The results of the 23Na(n,7)24Na
cross-section evaluation in the 640 group presentation are
depicted in Pig.8 in comparison with the IKDF-85
evaluation and the experimental data available. As it was
mentioned earlier, the %a(n,7) %a reaction cross-section
data were comprised into the IRDF-85 library from the
EWDF/B-V dosimetry file of 1984.

The comparison of thermal cross-sections and resonance
integrals of radiative capture from [20] and the IRDF-85
with the present evaluation results shows (Table 3), that
they are in agreement within the limits of the errors
assigned. However for the energy region exceeding 330keV
evident discrepancies (up to 30-50$) exist in many groups,
thus resulting in some disagreements in the integral
cross-sections for the hard spectrum benchmarks (Tables
4-6). For the neutrons with energies exceeding 600 keV the
cross-sections of the present evaluation were chosen to be
coinciding with the IRDF-85 data.
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Pig.8. The 3Na(n,7)2%a reaction oross-seotion.
————— present evaluation,
————— IRKF-85 evaluation.

Experimental data: • -[31 ], era -[32], ®-[33],
O -[34], 9 -[35], A -[36], D -[37], « -[38],
0 -[39].



Table 3.
Radiative capture cross-sections (O ) for thermal

energy neutrons (E =0,0253 eV) and radiative
capture resonance integral values (I ) as a

results of different evaluation.

Reaction

23Na(n,7)24Na

37Cl(n,7)38Gl

55Mn(n,7)56Mn

63Gu(n,7)64Cu

1 39 1 40
La(n,7) La

186W(n,7)187W

Evaluation Data

Mughabghab et.al.[20]
IRDF-85 [2]
Present evaluation

Mughabghab et.al.[20]
Experimental data [45]
Present evaluation

Mughabghab e t . al . [ 20 ]
JENDL-2 [16]
Present evaluation

Mughabghab e t . al . [ 20 ]
IRDF-85 [2]
Present evaluation

Mughabghab et.al.[20]
ENDF/B-V [17]
Present evaluation

Mughabghab e t . al . [ 20 ]
ENDF/B-IV [15]
Present evaluation

ô .barn

0,530±0,005
0,528
0,527

0,433±0,006

0,433

13,3 ±0,2
13,32
13,30

4,50 ±0,02
4,50
4,48

8,93 ±0,04
9,00
8,91

37,9 ±0,6
37,61
37,89

I , barn

0,311±0,010
0,316
0,314

0,30 ±0,04
0,213±0,009
0,211

14,0 ±0,3
14,6
14,6

4,97 ±0,08
5,63
4,98

11 ,8 ±0,8
12,0
12,1

4S5 ± 15
520
481 ,7
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Table 4-

Microscopic integral cross-sections in the U-235
thermal neutron induced fission neutron spectrum.

(Calculated values refer to the NBS spectrum evaluation)

Reaction

23Na(n,T)24Na

37Cl(n,7)38Cl

55Mn(n,7)56Mn

63Gu(n,7)64Gu

139 1 40La(n,7) La

186W(n,T)187W

Evaluation Data

Experimental data
IRDF-85 [2]
Present evaluation

Experimental data
Present evaluation

Experimental data
JENDL-2 [16]
Present evaluation

Experimental data[26]
IRDF-85 [2]
Present evaluation

Experimental data
ENDF/B-V [17]
Present evaluation

Experimental data
ENDF/B-IV [15]
Present evaluation

O,mbarn

0,2817
0,3282

0,5054

3,002
2,983

9,30 ±1,40
10,08
10,82

6,564
7,209

37,29
32,81

90&responce
ranges, MeV

0,053-4,30
0,055-4,10

0,105-3,30

0,021-3,60
0,019-3,60

0,055-3,80'
0,063-3,70

0,066-3,60
0,066-3,70

0,092-3,00
0,076-3,10
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Table 6.

Microscopic integral cross-sections in the Cf-252
spontaneous fission neutron spectrum.

Reaction

23Na(n,7)24Na

37Cl(n,7)38Cl

55Mn(n,7)56Mn

63Cu(n,7)64Cu

139 1 40La(n,7) La

186W(n,7)187W

Evaluation Data

Experimental data [28]
IRDF-85 [2]
Present evaluation

Experimental data
Present evaluation

Experimental data [28]
JENDL-2 [16]
Present evaluation

Experimental data[25]
IKDF-85 [2]
Present evaluation

Experimental data
ENDF/B-V [17]
Present evaluation

Experimental data
ENDF/B-IV [15]
Present evaluation

O,mbarn

0,335±0,015
0,2712
0,3139

0,4827

2,96 ±0,21
2,840
2,815

10,55±0,32
9,650
10,35

6,325
6,971

35,56
31,29

90$responce
ranges, MeV

0,055-4,70
0,060-4,50

0,115-3,50

0,027-3,90
0,026-3,90

0,066-4,00
0,076-3,90

0,080-3,80
0,084-3,90

0,010-3,00
0,088-3,20
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•̂ '01 (n,7) Cl réaction. The results of the -*'C1 neutron
capture oross-section evaluation in the region of resolved
resonances (ÎQ eV-100 keV) are based on Maoklin's data
[40]. The cross-section evaluation for the neutrons energy
range from 100 keV up to 20 MeV was performed within the
frame of optical and statistical calculations, with the
direct-semidirect capture being considered, on the basis of
the experimental data available [41-43]. Table 3 shows
great discrepancy between the resonance capture integral
value, presented by Mughabghab [20] and evidently based on
Gleason's investigations [44], on the one hand, and the
present evaluation results, on the other. The resonance
capture integral obtained in the course of present
evaluation by calculations in terms of the resonance
parameters evaluated, shows a good agreement with the
results of independent measurement [45] (I =0,213±0,009).

Mh(n,7) Mn reaction. There is a great spread in
experimental data for this reaction. The region of resolved
resonances was chosen from 10 eV up to 100 keV, the
region of unresolved resonances - from 100 keV up to 800
keV. For neutrons with the energy of 800 keV - 1,3 MeV the
evaluated data were obtained by the EVPAR code calculations
with the average resonance parameters, taken from the
region of unresolved resonances. For neutrons of higher
energy the data were mainly taken from the JENDL-2 library.
A good agreement of cross-section values is observed in the
thermal neutron energy region, but the resonance capture
integral value appears to be somewhat higher than the one,
given in [20] (Table 3). A prominent discrepancy (up to
20$) exists when comparing with the integral cross-sections
for reference spectra of the BIG-TEN-type assembly.

£*5 £ AQu(n,7) Cu reaction. Comparison of the capture
oross-section evaluated in the given work with the data
from IRDF-85 and the available experimental data [31-32,
46-53] is shown in Fig.9. The region of resolved resonances
was chosen from 10 eV up to 50 keY, as for the region of
unresolved resonances, it covered the range from 50 keV up
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Pig-9. The 63Cu(n,7)64Cu reaction oross-seotion. Experimental data: a -[31], v -[32], A -[33],
o\ present evaluation,

IRDP-85 evaluation.
-[46], 0 -[47], D -[48], • -[49], * -[50],
-[51], T -[52].



to 200 keV. For the neutron energy exceeding 2.5 MeV the
cross-section values for evaluation were taken from
IRDF-85. Unlike the IKDF-85 data, the cross-section value
obtained in the present work is significantly lower for
En=300 eV- 3 keV and somewhat higher for En=20 keV - 1 MeV.
A distinct disagreement should be noted between the data on

C'i (-ÇLneutron capture cross-section for Ou, Ou and natural
isotopic mixture at E=25 keV [54]. It points to the fact

63that the accuracy, characteristic of the known ^Cu capture
cross-sections for neutrons of this energy, cannot be high.
The present evaluation improves the agreement with the data
available in all the integral experiments except the
BIG-TEN-type assemblies, where the predicted integral
cross-section value turns out to be by 4% higher than that
observed during the experiments.

La(n,7) La reaction.In the present evaluation the—Sregion of resolved resonances was chosen from 10 eV up to
20 keV, the region of unresolved resonances covered the
range from 20 keV up to 150 keV. Point-wise cross-section
representation was used for higher energies. Table 3 shows
cross-sections for thermal neutrons with the energy of
0.0253 eV and resonance capture integrals in terms of
various evaluations. It should be noted that in the neutron
energy range from 3 up to 80 keV the presently evaluated
cross-section values are by 10 - 15$ higher than the
evaluation results according ENDP/B-V.

1 Rfi 1 fV7W(n,T) W reaction. The region of resolved
resonances covered the range from 10 eY up to 8.5 keV,
the region of unresolved resonances - from 8,5 keV up to
120 keV. The resonance parameters evaluation in the
unresolved region was based on new experimental data on the
total cross-section and the radiative capture cross-section
from works [55-58]. Within the energy range from 120 keV up
to 1 ,6 MeV and in the region of unresolved resonances the
cross-section evaluation was performed by means of the
EVPAR code, with the competition of neutron inelastic
scattering channels being taken into account. The scheme of
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1 Qf^W levels was taken from work [59]. The evaluation
results in the energy range of 120 keV - 1,6 MeV are in
good agreement with the experimental data [53,57,58]. For
the cross-section evaluation in the neutron energy range of
1,6 MeV - 4 MeV the results of the joint description of the
available experimental data [53, 58, 60, 61] by the method
of least squares were used. For neutrons with the energy
exceeding 4 MeV the evaluation was based on the theoretical
description of cross-sections in the model of
direct-semidirect radiative capture. Energy cross-section
dependence obtained from theoretical calculations was
normalized to the radiative capture cross-section value for
neutrons with 14,5 MeV energy; this value being evaluated
proceeding from the experimental data [43, 62, 633.

The data in Table 3 indicate that réévaluation of the
X Q/Tradiative capture cross-sections for the W isotope

results in improving the agreement with the available
experimental data on the thermal cross-section
(E =0,0253 eV) and resonance capture integral.

According to the present evaluation results the average
radiative capture cross-section values in the spectrum of23SU fission by thermal neutrons and in the spectrum of

pCQspontaneous ° Of fission are by 13,5$ lower than it
proceeds from the ENDF/B-IV evaluation data. Comparing with
the data from the ENDF/B-IV library, the average capture
cross-section values in the GFRMF, BIG-TEN and SIGMA-SIGMA
spectrum also are much lower in terms of the new
evaluation. The data on the average cross-sections for
these spectra differ by 7,3%, 9,7% and 7,4$, respectively.
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CONCLUSIONS AND RECOMMENDATIONS

Workshop 1

NUCLEAR AND ATOMIC DATA FOR RADIATION DAMAGE CALCULATIONS
AND HELIUM AND OTHER TRANSMUTATION PRODUCT

CROSS-SECTION DETERMINATIONS
IN HIGH ENERGY NEUTRON FIELDS

Chairman: S. Cierjacks (Federal Republic of Germany)

1. The working group recognized that radiation damage by atomic
displacements and the generation of helium and other transmutation
products will represent a severe problem in future fusion reactors.
The search for appropriate materials requires high-intensity neutron
sources which most closely simulate the high-energy spectra and the
other irradiation conditions in the various fusion reactor components
(especially the first wall). For this purpose, 14 MeV, t-hydrogen
d-lithium and spallation sources have been proposed (see IFMIF
Meeting, San Diego, February 1989). From these the latter two
sources produce continuous spectra with an average neutron energy
close to 14 MeV and a significant portion of neutrons in a
high-energy tail (up to ~50 MeV for d-lithium and up to ~1 GeV
for spallation sources). In contrast to the other proposed high-
energy sources, spallation sources are presently in operation (e.g.,
LAHSCE, LANL, US; IPNS, ANL, US; KENS, KEK, Japan; ISIS, HAL, UK) or
under construction (SINQ, PSI, Switzerland). Although not yet giving
the ultimately requested intensity for radiation damage studies,
these sources continue to rapidly develop, driven mainly by solid and
liquid state physics.

2. Independent of whether d-lithium or spallation sources will
ultimately be used for large-scale radiation damage studies for
fusion reactor materials or not, the generation of atomic
displacements, helium, and heavier transmutation products must now be
studied at greatly extended energies up to 1 GeV, in order to judge
the suitability of these sources for fusion-materials radiation
damage studies.

3. While being aware of, and supporting, the conclusions and
recommendations on radiation damage and damage correlation estimates
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from the 1981 IAEA Advisory Group Meeting on Nuclear Data for
Radiation Damage Assessment and Safety Aspects, the group
concentrated discussions on the aspects of neutron fields with
largely extended neutron energies.

4. Concerning helium and higher transmutation product cross section
measurements the following recommendations are made.

a) The existing high-energy cross section data for helium
production and neutron monitor reactions should be compiled as
discussed at the present meeting (Appendices I.1-1.3). It is
recommended to extend the range of data up to 1 GeV. Requests
have been made that the Bologna, KFA and ANL groups investigate
the possibility of extended model calculations for some of the
most suitable monitor reactions.

b) It is recommended that an evaluation of the two proton monitor
12 7 27 22reactions C(p,3p3n) Be and Al(p,3p3n) Na is stimulated.

56 56 65 65Other reactions such as Fe(p,n) Co and Cu(p,n) Zn are con-
sidered to represent an important means to deal with mixed
high-energy neutron-proton fields, typical especially for
spallation sources.

c) Many measurements of the present activation reactions leading to
long-lived activities of interest in fusion radioactivity
calculations are limited in accuracy due to large uncertainties
in the half-lives and decay data of the product nuclides.
Therefore, it is recommended a reexamination of these data for a
broad range of applications is stimulated.

d) The present status of the data on production of transmutation
products other than H and He should be improved. It is
recommended to gather existing measurements and to foster
comparisons with calculations from suitable high-energy nucleon-
meson transport codes. In addition to the existing results (for
example, from CEC), new experiments are recommended. In this
case, thin target measurements are proposed in order to avoid
large spectra uncertainties due to the strong depth dependence
in thick targets.
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e) The inconsistencies experienced in the Ispra work presented at
this meeting suggest that tests of the most important monitor
reactions are necessary. Such tests should be carried out with
well-defined spectra from time-of-flight measurements, and
widely varying spectra, with maximum energies ranging between
~100 and 1000 MeV, should be used.

5. Radiation damage cross section calculations have been discussed with
the following conclusions:

a) It is recommended to measure "effective" displacement threshold
energies for atoms in compound materials.

b) It appeared highly desirable to find suitable experiments for
comparison with basic radiation damage calculations, relating
the basic quantities such as Frenkel pairs, etc., to the
"macroscopic damage effects" such as radiation-induced
hardening, electrical resistivity, etc.

c) Radiation damage cross sections should be made available over
the entire energy range from ~1 keV to 1 GeV for one or more
recommended materials (e.g., iron and/or copper). Presently
there is, however, a discontinuity in the overlapping range, for
example, of low energy calculations with SPECTER and high-energy
calculations with VNMTC. More theoretical work is recommended
to match the two branches suitably in the overlapping range.

d) In addition to the damage due to He released in nuclear
reactions, further damage is produced by transmutation
products. The basic data needed for a theoretical calculation
of this type of damage are the microscopic transmutation
production cross-sections and recoil energy spectra. It appears
desirable to develop a simple model of damage energy
partitioning for the components of alloys and compounds (for
example, steel). It is recommended that users are provided with
information on available methods (computer codes) for the
calculation of these quantities and, as far as possible, to
collect the above mentioned data and to create a compilation in
a standard form (e.g., ENDF-6 format).
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6. Nuclear data needed in activation calculations for fusion reactors
have been brought to the attention of the group:

a) The large majority of data needs is taken care of by a number of
international efforts.

b) All Member States should be encouraged to contribute to the
improvement of the data for the ~250 important neutron-induced
reactions listed by the UK group at Harwell (Appendix II).

c) Expertise in charged-particle reactions should be made available
and assist in the compilation and dissemination of (x,n)
reaction cross sections needed for future more complete
activation calculations.
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Appendix I.I

Activation Reactions Used in High Energy Heutron Dosimetry
(for spa11 ation sources)

F. Hegedue.s
Institut Paul Scherrer

CH-hi232 Villigen, Switzerland

a7Al(n,x)"Na, 2*Na, 7Be
Sc(n,x)44Sc, 42K
Ti(n,x) Se, Se, 8Sc
Fe(n,x)S1Cr, S4Fe, S6Fe
59~ f \S7„ 58« 59„Co(n,x) Co, Co, Fe
Ni(n,x)58Co, 6°Co, S7Ni
Cu(n,x) Se, Se, Se, 48Sc, 48V,

51̂ . 52,, S4,, b6^ s?Cr, Mn, Mn, Co, Co
Xr(n,x)B9Zr
Hb(n,x)Nb

115 H5,-In(n.n') I
Tm(n,x) Tm, Tm
* t »19S. 196.Au(n,x) Au, Au
Fe(n,x)dp (1)
Fe(n.x) dp (2)
Fe(n,x)He (3)
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Appendix 1.2

Activation Reactions Used in High Energy Neutron Dosimetry
(for spallation sources)

L.R. Greenwood
Argonne National Laboratory
Ar&onne, Illinois 60439, USA

27AL(n,x)22Na, 24Na, ?Be
Fe(n,x)51Cr, 52Mn, S4Mn
59Co(n,x)S2Mn, S4Mn, 56Mn
_. . .46 47_ 48_ 48,, 4 4 _Ti(n,x) Sc, Sc, Sc, V, Sc
«•/ ^57„ S8„ S7„. S6„ S2„ 54„N](n,x) Co, Co, Ni, Co, Mn, Mn
Cu(n,x)"8V, 46Sc, 47Sc, 48Sc, 56Co, 57Co,

S8« 52„ 54„Co, Mn, Mn
Cu(p,x)6 Zn

S6Fe(p,x)S6Co
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Appendix 1.3

Activâtjon Reactions Used in High Energy Neutron Dosimetry
R. Dierckx

European Communities, JRC Ispra, Italy

Co(n,Y)6°Co

9 3 UHb(n.n') Nb
Fe(n,x) Mn

195Au(n,3n) Au
Ni(n,x)S4Mn
Ni(n,x) 6Co
Ki(n,x) Co
Ni(n,x) Co
Ni(n,x)6°Co

A 4Ti(n,x) Ti
Ti(n,x)42Ar

4 6Ti(n,x) Sc
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Appendix II

Reactions Important for Activation
H.A. Forrest

Nuclear Physics Division
Harwr-11 Laboratory, UKAEA, Oxon. UK

Number
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
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

Reaction

"BCn.d)
13C(n,g)
13C(n,a)
14C(n,na)
14N(n,p)
14N(n,d)
i4N(n,np)
160(n,a)
170(n,a)
170(n,na)
20Ne(n,a)
23Na(n,a)
24Mg(n,p)&
24Mg(n,na)
26Mg(n,g)
27Al(n,2n)&
27Al(n,a)&
27Al(n,na)
28Si(n,na)
28Si(n,np)
28Si(n,d)
30Si(n,g)
31Si(n,g)
31P(n,g)
32P(n,p)
34S(n,g)
34S(n,a)
3SCl(n,a)
35Cl(n,p)
37Ar(n,np)
37Ar(n,d)
40Ar(n,g)
40Ar(n,2n)
39K(n,p)
39K(n,a)
41K(n,p)
40Ca(n,a)
4°Ca(n,2p)
40Ca(n,g)
40Ca(n,np)
40Ca(n,d)
42Ca(n,2n)
42Ca(n,a)
43Ca(n,2n)
43Ca(n,na)
43Ca(n,2p)
44Ca(n,2n)

48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96

44Ca(n,a)
44Ca(n,na)
44Ca(n,g)
45Ca(n,a)
46Ca(n,na)
46Ca(n,g)
48Ca(n,2n)
4SSc(n,a)
4SSc(n,p)
4SSc(n,g)&
46Sc(n,na)
4STi(n,2n)
46Ti(n,a)
46Ti(n,np)&
46Ti(n,d)&
46Ti(n,2n)
47Ti (n,a)
47Ti(n,2n)
48Ti(n,a)
49Ti(n,a)
51V(n,a)
51V(n,na)
s°Cr(n,a)
s°Cr(n,na)
50Cr(n,g)
50Cr(n,np)
50Cr(n,d)
52Cr(n,a)
S4Cr(n,g)
S4MT)(n,2n)
5SMn(n,2n)
5SMn(n,g)
S4Fe(n,np)
54Fe(n,d)
56Fe(n,g)
56Fe(n,2n)
57Fe(n,g)
58Fe(n,g)
59Fe(n,g)
58Co(n,g)
59Co(n,g)&
60Co(n,p)
60Co(n,g)
58Ni(n,p)&
58Ni(n,g)
58Ni(n,2n)
S8Ni(n,np)
58Ni(n,d)
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Number

97
98
99
100
101
102
103
104
105
106
107
108
109
T 10
111
112
113
115
116
317
318
319
120
121
122
123
124
125
126
127
128
129
130
331
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153

Reaction
60Ni(n,2n)
60Ni(n,p)
60Ni(n,np)
60Ni(n,d)
61Ni(n,g)
62Ni(n,g)
62Ni(n,a)
63Ni(n,a)
64Ni(n,2n)
63Cu(n,p)
63Cu(n,g)
63Cu(n,a)&

64Zn(n,p)
6*Zn(n,na)
«4Zn(n,2p)
64Zn(n,np)
64Zn(n,d)
64Zn(n,g)
66Zn(n,a)
66Zn(n,2n)
92Zr(n,g)
93Zr(n,a)
94Zr(n,2n)
94Zr(n,na)
94Zr(n,g)
96Zr(n,2n)
92Nb(n,2n)&
93Nb(n,2n)&
93Nb(n,p)
93Nb(n,g)&
95Nb(n,2n)&
92Mo(n,2n)&
92Mo(n,g)&
92Mo(n,np)&
92Mo(n,d)&
94Mo(n,p)&
94Mo(n,2n)&
95Mo(n,np)&
95Mo(n,d)&
98Mo(n,g)
100Mo(n,2n)
103Rh(n,g)&
103Rh(n,na)&
104Pd(n,g)
105Pd(n,g)
106Pd(n,g)&
107Pd(n,g)
108Pd(n,g)&
107Ag(n,g)m
107Ag(n,p)&
107Ag(n,2n)&
109Ag(n,6)m
ll°Cd(n,g)&
131Cd(n,g)
112Cd(n,g)m

154
155
156
157
158
159
160
3.61
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
1/7
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212

112Sn(n,a)
116Sn(n,a)m
J17Sn(n,n')m
119Sn(n,n')m
I20Sn(n,g)m
122Sn(n,g)m
12"Sn(n,g)
125Sn(n,g)
121Sb(n,p)m
J21Sb(n,2n)
l23Sb(n,g)&
123Sb(n,2n)&
l2*Sb(n,g)
l25Sb(n,p)&
126Sb(n,p)&
122Te(n,g)m
136Cs(n,g)
137Ba(n,p)
139La(n,a)&
139La(n,h)
140Ce(n,2n)&
140Ce(n,a)&
148Nd(n,g)
150Nd(n,g)
150Nd(n,2n)
150Sm(n,g)
151Sm(n,g)
1S2Sm(n,g)
152Sm(n,2n)
151Eu(n,g)
lslEu(n,2n)m
153Eu(n,g)&
1S3Eu(n,2n)5
154Eu(n,g)
160Gd(n,2n)
1S9Tb(n,2n)&
16SHo(n,2n)&
l6SHo(n,g)m
164Er(n,2n)
177Hf(n,g)n
178Hf(n,n')n
l78Hf(n,2n)&
179Hf(n,nl)n
179Hf(W,2n)n
18°Hf(n,2n)n

180Hf(n,3n)n

l79Ta(n,2n)&
181Ta(n,na)B
1B1Ta(n,2n)m
181Ta(n,t)n
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Number

213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233

Reaction
181Ta(n,nd)n
182Ta(n,p)&
182Ta(n,g)
ie°W(n,2n)&
182W(n,a)n
l82W(n,na)n
182W(n,g)&
183W(n,g)
lS4W(n,&)&l86W(n,g)
186W(n,na)&
185Re(n,g)m
187Re(n,2n)m
187Re(n,g)&
1880s(n,g)&
1880s(n,p)&
I890s(n,g)&
1900s(n,g)&
1900s(n,a)
1920s(n,g)

234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256

191Ir(n,g)n
19ilr(n,na)
191Tr(n,2n)&
192Tr(n,n')n
193lr(n,2n)n
l92Pt(n,g)&
194Pt(n,2n}&
197Au(n,a)&
197Au(n,2n)&
195TOHg(a,2n)
196Hg(n,2n)m
203Tl(n,2n)
204Pb(n,p)
204Pb(n,t)
204Pb(n,2n)&
20"Pb(n,n')m206Pb(n,2n)
206Pb(n,a)
20SPb(n,g)
208Bi(n,2n)
209Bi(n,2n)
209Bi(n,g)
210Po(n,2n)

& indicates the sum of cross sections forming all isomeric states.
If particular isomeric products are required these are shown by:

g ground state m 1st isomer n 2nd isomer
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Workshop 2

EVALUATION OF PRELIMINARY RESULTS OF
THE REAL-88 INTERLABORATORY EXERCISE

Chairman: H.J. Nolthenius (Netherlands)

The last phase of the BEAL-88 exercise was discussed, especially the
topics related to the purpose of this Advisory Group Meeting:

A) IRDF-90 (to be released in the first half of 1990)

The participants of the workshop were informed on the present status
of updating of the International Reactor Dosimetry File. The main
changes are as follows: 15 new evaluations for threshold reactions have
been included: 2 threshold reactions have been considerably modified
(TI47P, NI60P); furthermore 4 new reactions have been added to the
library. The uncertainty data are generally lower than in the previous
edition. The capture cross sections remained unaltered. It should be
ensured that

1. Irregularities of the capture reaction cross sections which were
detected are corrected (mentioned in the report "The role of the
REAL-88 exercise in the radiation damage characterization of
nuclear facilities" of this Advisory Group Meeting).

2. The gas production cross sections of the IRDF-85 be updated.

3. Recent damage cross sections be incorporated.

4. The library be made available both in interpolable point data
and 640 (SAND II) group format.

5. A report be issued (in the frame work of the REAL-88 exercise)
on the differences between the IRDF-85 and IRDF-90.

B) Processing of cross section uncertainties

6. The comparison of multigroup cross section uncertainties
calculated by the program package NJOY and UWC32/33 should be
organized.
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7. The feasibility of supplying multigroup uncertainty data in a
more suitable format for neutron spectrum adjustment should be
investigated.

C) Contents of the REAL-88 reference file

The reference file will contain cross section libraries, input data
sets for different adjustment tasks, a STAY'SL-type adjustment code,
cross section processing codes and several utility programs, and a
complete output set.

8. Both the IRDF-85 and IRDF-90 640-group cross section libraries
should be present in the neutron spectrum adjustment reference
file of the REAL-88 exercise. The IRDF-85 should be used for
testing the user's adjustment procedure, while the IRDF-90
should be used for adjustment tasks in daily practice.

9. The situation with respect to the development of the
STAY'SL-type code on PCs should be clarified before inserting it
into the reference file.

10. As cross section processing codes, the UNC32/33 and FITOCO, both
in standard FORTRAN-77 versions, should be included.

11. Among the utility programs should be present the STAYDEXP for
calculating the (output) damage exposure parameters, and
spectrum characterizing parameters. In special cases the code
BLOWUP might be useful.

12. The ENDF pre-processing code package (RECENT, LINEAR, GROUPIE,
etc.) need not be included in the reference file. It should be
distributed separately.

D) Miscellaneous

13. The participants of the workshop suggested to organize in early
1991 a second Specialists' Meeting on the Requirements and
Status of Covariance Data in Evaluated Data Files to review the
progress since the Rome Meeting in 1986. They agreed that one
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of the most Important tasks is to make available the covariance
information on the scattering cross sections.

14. It is reiterated that the users should perform a separate and
detailed study of the effect of neutron self-shielding in
activation detectors, and of the influence of covers around the
detectors (e.g., Cd, Gd and/or the stainless steel wall of the
reactor PV surveillance irradiation capsules). The impact of
cover-material cross sections on the developed neutron spectrum
should be investigated in detail.

15. The systematic differences which are detected between the
STAY'SL and LSL adjustment procedures should be explained.

16. Neutron spectrum adjustment computations should be made more
user-friendly.

E) The "Post-REAL" situation

After the distribution of the REAL-88 reference file, the
"evaluators" will continue their work on the following items:

- testing the IRDF-90 in neutron spectrum adjustment calculations
definition of new test cases for neutron spectrum adjustment
runs using up-to-date information (probably also for fusion
spectra)
recommendations to organize the continuation of this workshop
during the 7th ASTM-EURATOM Symposium on Reactor Dosimetry, and
the following meeting at the time of the next AGM (probably in
1993), to discuss the state-of-art of neutron spectrum
adjustment and radiation damage prediction.
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