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A triple beam ion irradiation facility has been developed to study the synergistic effects of displacement damage,
helium and hydrogen on microstructure changes on structural materials under environments representative for future
generation reactors. The system consists of vacuum chamber and one beam line, which allows providing
simultaneously dual and triple ion irradiations. Samples can be irradiated in the wide temperature range from
350...800 °C and doses up to 1200 dpa. The ferritic-martensitic steel EP-450 was simultaneously irradiated with
dual and triple beam of chromium, helium and hydrogen ions at temperature of swelling maximum 480 °C, doses 50
and 200 dpa and different levels of gases. It was shown that levels of helium and hydrogen effect on swelling

parameters.
PACS: 61.72.Cc, 68.55.Ln

INTRODUCTION

Materials for future reactors include structural
materials, ceramics solid tritium breeder materials will
be exposure to sever irradiation environment of
displacement damage and large amounts of helium and
hydrogen. In order to develop materials for fusion
reactors, it is important to study the effect of both
displacement damage and transmutation reaction gas
products as helium and hydrogen on properties of fusion
reactor materials [1]. Therefore, to simulate the
irradiation environment of fusion reactor, a triple beam
facility, which can simultaneously irradiate samples on
target, has been developed and completed.

The problem of material development for operation
in unique conditions of irradiation and evaluation of
their radiation resistance consists in the use of existing
irradiation facilities for determination of mechanisms of
radiation damage and selection of materials with high
radiation resistance.

Radiation damage in structural materials is of major
concern and a limiting factor for a wide range of
engineering and scientific applications, including
nuclear power production, medical applications, or
components for scientific radiation sources. The
usefulness of these applications is largely limited by the
damage a material can sustain in the extreme
environments of radiation, temperature, stress, and

fatigue, over long periods of time. Although a wide
range of materials has been extensively studied in
nuclear reactors and neutron spallation sources since the
beginning of the nuclear age, ion beam irradiations
using particle accelerators are a more cost-effective
alternative to study radiation damage in materials in a
rather short period of time, allowing researchers to gain
fundamental insights into the damage processes and to
estimate the property changes due to irradiation.
However, the comparison of results gained from ion
beam irradiation, large-scale neutron irradiation, and a
variety of experimental setups is not straightforward,
and several effects have to be taken into account.
Recently, possibility of irradiation programs mainly
reduced due to the shutdown of the series of nuclear
reactors. It is the intention of this article to introduce the
reader to the basic phenomena taking place and to point
out the differences between classic reactor irradiations
and ion irradiations. It will also provide an assessment
of how accelerator-based ion beam irradiation is used
today to gain insight into the damage in structural
materials for large-scale engineering applications [2, 3].

As a result of nuclear reactions in materials are
formed transmutation gases (helium and hydrogen),
which contribute to helium embrittlement, hydrogen
brittleness and swelling. The generation of helium and
hydrogen is significant process of transmutation
reactions.

Helium and hydrogen production in nuclear facilities

Parameters Rate dose, Helium, Hydrogen, Materials
Reactor type dpalyear appm/year appm/year
Fast reactors |  100...200 20...30 Austenitic stainless steels,
ferritic/martensitic steels
Fusion 20 300 800 Ferrltlc/ma_rtensmc steels,
reactors vanadium alloys
Gen IV, Austenitic stainless steels,
ADS 340 930...3500 3000...4000 ferritic/martensitic steelss

Table gives the production rates of dpa, helium and
hydrogen at different reactors. It can be seen that the
damage rate for fast reactor can achieves 200 dpa/year
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with accumulation of helium up to 30 appm/year. For
fusion reactor the damage rate is about 20dpa/year and
helium and hydrogen levels are 300 appm/year and
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800 appm/year, respectively. For GenlV and spallation
ADS levels of helium and hydrogen accumulation are
increase in almost 10 times. On the basis of this data it
is required to use the facility which allows providing the
simulation experiments for studying the effects of
damage rates with high levels of helium and/ or
hydrogen and given simulation results could be
compared with data obtained from reactor experiments.

The character of radiation damage in metals depends
on rate dose (dpa/s) of radiation damage of
displacement that determines the direction of evolution
processes of primary-produced radiation microstructure;
the rate of He atoms generation influences on density
and geometric dimensions of gaseous bubbles produced
by He; ratio of rates (that is, ratio at. He/dpa) and
temperature of environment determine “critical” values
of these parameters, increasing sharply the process of
hardening of irradiated materials (increase of yield
strength, 9).

In majority of science centers that carried out
simultaneous  experiments, the requirements for
simultaneous beam irradiations meet by trivial design:
creates accelerator that is equal to quantity of ions sort,
and ion beams are concentrated to the irradiated object
[4]. In comparison with conventional accelerators,
which is use three accelerators for three ion beam
irradiation, at NSC KIPT was created an unique facility
that provides irradiation with one accelerating tube. The
whole irradiation system is shown in Fig. 1.
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Fig. 1. Design of facility for simultaneous ion
irradiation

Use of accelerators in radiation material science and
in physics of radiation phenomena was deployed in
Kharkov Institute of Physics and Technology (KIPT) at
1974. Over the past four decades has accumulated
experience of the use charge particle accelerators in
simulation technologies, developed and service a variety
of accelerators. Electrostatic accelerator with external
injector “ESUVI”, developed and used at Kharkov
Institute of Physics and Technology NSC KIPT,
because its design require for a correct simulation
neutron irradiation [4].

Facility for modeling the effects of neutron flux
interaction with the nuclear reactor materials “Prime
Idea” (“PI”) was designed, manufactured and put in to
operation on the base of “ESUVI”.

1. THE FACILITY “PRIME IDEA”

The facility “PI” was created for modeling effects of
neutron flux interaction with materials of nuclear
reactors. The Fig. 2 shows the basic units of new
facility.

In previously paper was described main components
of the facility “PI” [5]. It consists of:
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- the multiply charge ion source (MCMIS) such as
arc—plasma with sputtering of the substance. The source
allows getting five- and six-digit ions of nickel,
chromium and others ions with current 20...40 mA,
sputtering of the working substance in to the chamber
by electron beam. The source provides the simultaneous
gas and metal ion irradiations;

- the hollow gas ion source “GiV-3M”, which
transmits a beam from source “MCMIS”, was
developed by authors. It is placed in the accelerator
tube;

- the electromagnetic mass separator with turning
angle 60°;

- the ion beam forming and focusing systems;

- Van der Graf elerostatic accelerator;

- the target complex;

- the vacuum system;

- the telemetry control and operation system
(TCOS).

- = of pay ions “Giv-3IM™
Fig. 2. The facility “PI”

2. MAIN PARAMETERS AND
ADVANTAGES OF FACILITY “PI”

Facility “Pi” allows simulating irradiation of 3 mm
in diameter target. Beam current measurement in the
target area is performed using Faraday cup. Data
received from Faraday cup arrival on the integrator
which sums dose and turn off the beam after set the
dose. The facility “PI” takes into account the required
rate of radiation damage produced by heavy ion
irradiations from the MCMIS source, and the influence
of gases (He and H) using beams generated from hollow
gas source "GIV-3M". The main parameters of our
facility are:

1. Metals ion beams in the range charge of z=1...6,
and gas beams from H, " to Xe**.

2. In simulation experiments the ion metals energy
range E = 0.3...1.8 MeV, and the helium and hydrogen
ions energy range E=0.1 to 60 keV. The ion energy
used in other experiments may vary within much wider
limits.

3. Metal ion beam current density j = 1...40 pA/cm?.

4. Gas ion beam current density (helium and
hydrogen) j = 1...500 nA/cm?.

5. Dose rate range k = 7-10°...102 dpa/s.

6. Pressure (vacuum) of the source chamber

P,=210° mmHg, of the accelerator tube
P;=2:10" mm Hg.
7. The temperature range T;,=35...800 o,

Variation of heating temperature is set on the control
panel during irradiation.
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8. The ion beam current density incident on the
target and temperature of the sample is measured
directly. Measurement precision of the ion beam current
density and temperature — 1.0%.

9. Irradiation dose is more than 1000 dpa.

The main advantage of facility “PI” is that it has one
accelerator and, therefore, it become possible to: lower
the cost of irradiation and of the device; to easier and
cheaply the process of irradiation; steady the probability
of unplanned downtime, since there is no need to
maintain three separate accelerator that significantly
increases the number of exposures per year; to simplify
beam focusing, since the optical axis of the same
sources.

3. RESULTS OF EXPERIMENT

To simulate radiation damages under the different
doses and high levels of gases (helium and hydrogen) ,
irradiation experiments was conducted on the typical
ferritic — martensitic steel EP-450 used as standard
structural material for hexahedral cladding fuel
assembly in BN-600 and future fast reactors. Standard
3 mm diameter microscopy disks of 0.2 mm thickness
were produced from EP-450 ferritic-martensitic steel.

In the present work we discuss swelling changes of
EP-450 steel after irradiation under 1.8 MeV Cr** ions
at temperature of swelling maximum 480 °C, doses 50
and 200dpa and different levels of helium

200...1000 appm and hydrogen 2000...10000 appm.

Samples after heat treatment were irradiated with single
ion beam (Cr*®) and triple ion beam (Cr+ He+ H),
E = 1.8 MeV, He = 40 keV, H = 20 keV, respectively, at
damage rate k = 2-102 dpals.

To minimize the influence of the injected interstitial
the irradiated specimens were thinned from both sides,
choosing a layer at a depth of 100...200 nhm from the
ion-incident surface for microscopy analysis. This depth
also minimizes the effect of the surface on the examined
region, especially at the wvery high dpa rate of
1:102 dpa/s in this region. Fig. 3 shows the gas injection
profiles and accompanying damage profiles for 40 keV
He® and 20 keV H", showing that very high but well-
defined levels of gas can be deposited in the examined
region without inducing significant amounts of
additional damage dose.

Fig. 4,a shows the swelling behavior of EP-450 steel
irradiated at 50 dpa and 480°C under dual and triple
beam irradiation. Under dual irradiation (Cr+H) at
50 dpa, 1000 appm H leads to reduce of voids size and
to increase of number density. The swelling increases
from 0.02 to 0.37%. The triple beam irradiation with
1000 appm He and 10 000 appm H strongly rises the
voids size from 7 to 20 nm and decrease the number
density from 7-10%° to 1.7-10%cm™® and swelling
decrease to 0.17%. The results suggest that changes in
swelling may be slightly influenced by the presence of
helium.

Fig. 3. Profiles of damage (—) and of deposition () 1,8 MeV Cr*, profiles of deposition 20 keV H (----)
and 40 keV He (----). Shaded area is investigated layer
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Fig. 4,b shows the swelling changes in EP-450 steel
irradiated under single irradiation D =200 dpa and
Tirr = 480 °C and triple beam irradiation (Cr + 200 appm
He + 2000 appm H). Under triple beam irradiation the
voids size are reduced from 32 nm to 7 nm and number
density increased from 5-10" to 1.5-10'° cm?® The
swelling of in EP-450 steel decreased from 6.8 to 0.3%.
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Fig. 4. Gistogramms of simultanious effect of dual (Cr+H) and triple(Cr+He+H) ion beam irradiation on swelling
in EP-450 steel at T;,=480°C and doses: 50 (a) and 200 dpa (b)

SUMMARY

A triple ion irradiation facility has been developed to
study the effects of displacement damage, helium and
hydrogen atoms on microstructure changes in materials.
It should be noted, that throughout the world there is no
analogue as of the system as the hollow source of gas
ions. Fundamentally new system for simultaneous triple
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beam ion irradiation, involving the use of the one
accelerator instead of three is proposed and starts to
operate.

The design and implementation of simulation
experiments serves two purposes: first, to accelerate the
process of the radiation swelling, the second-to put into
practice the results of simulations to predict the
behavior of a material under the influence of reactor
irradiation on the basis of simulation experiments.

The ferritic-martensitic  steel EP-450 was
simultaneously irradiated with triple beam of chromium,
helium and hydrogen ions using unique facility “PI”.
Firstly was obtained results on the swelling behavior in
structural materials at very high doses of radiation and
ultra-high levels gases — hydrogen and helium. The
most important of these is that the swelling behavior of
the typically ferritic-martensitic steel EP-450 depends
on the levels of hydrogen and helium, which have
different effects on the kinetics and magnitude of
swelling in different stages (on the incubation and the
steady state period). Triple beam ion irradiation leads to
voids number density reducing and decreasing of
swelling at 50 dpa due to voids number density
reducing. At dose 200 dpa swelling in EP-450 steel
decrease due to void size reducing.
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OBOPYJIOBAHME J1JI1 MOJIEJIMPOBAHU S BJIUSHUS B3AUMOJIENCTBUS ITOTOKOB
HEHUTPOHOB C MATEPUAJIAMM SI/IEPHBIX PEAKTOPOB:
OCHOBHBIE XAPAKTEPUCTHUKHU U BO3MOKHOCTHU

A.b. lllesyos, B.B. bpuik, 10.3. Kynpuanoea, B.H. Boegooun

OO6opynoBaHue Ui OJHOBPEMEHHOTO OOJydeHHsI TPOWHBIM IYYKOM HOHOB OBUIO pa3paboTaHo [yisd U3y4YCHHUs
COBMECTHOTO BJIMSHHUS CMEIIAIOIIMX TIOBPEXKIEHUH, TeJus M BOJAOPOAA HAa MHMKDPOCTPYKTYPHbIE HW3MEHEHUS
KOHCTPYKI[MOHHBIX MaTE€PUAJIOB B YCIIOBHSIX, XapaKTEpHBIX I PEakTOpoB OyAyHmMX mokoseHud. CucTeMa COCTOUT W3
BaKyyMHOH KaMepbl M OJHOTO HMOHHOTO TpPyOONpoOBOJa, KOTOPBIM MO3BOJIAET NMPOBOIUTH OJHOBPEMEHHO [BOMHOE WU
TpoiiHOE HOHHBIE 06MydeHns. TeMnepaTypHblil uanason oGmydenns cocrasmser 350...800 °C, a 10361 0GIydeHMsS MOKET
npocturath nopsinka 1200 cua. [l m3ydeHns COBMECTHOTO BIMSHUS MOBPEXKICHUH U Ta30B (peppUTOMapTEHCUTHAS CTANb
OI1-450 omHOBpeMEHHO OOyuanach JBOWHBIM M TPOWHBIM MOHHBIMM ITYYKaMM, COCTOSIIUMM M3 MOHOB XpOMa, IeNus
W/WIIK BOJIOpPOJIA TIPH TeMIepaType MakcuMmyma pacrmyxanus 480 OC, mosax 50 u 200 cHa, a TaKxe MPH Pa3IInIHBIX
KOHIIEHTpanusx ra3os. [IokazaHo, 4T0 KOHIEHTpaLus Ieus U BOJOPOJia BIUsAET Ha MOBEJCHUE PACITyXaHUsl.

OBJAJTHAHHSA VIS MOJAEJIOBAHHS BILIMBY B3AEMO/IIi IOTOKY HEMTPOHIB
I3 MATEPIAJIAMU AJEPHUX PEAKTOPIB:
OCHOBHI XAPAKTEPUCTHUKHU TA MOXKJINBOCTI

A.b. Illeeéyos, B.B. bpuk, IO.E. Kynpianoea, B.M. Boceooin

OOnagHaHHS JUTS OJHOYACHOTO OMPOMIHEHHS MOTPIHHUM IMYyYKOM i0HIB OYJIO PO3pOOIIEHO U BUBYCHHS CILIBHOTO
BIUTUBY 3MIIlIE€Hb, TeJII0 Ta BOAHIO HA MiKPOCTPYKTYPHI 3MiHH KOHCTPYKIIIHUX MaTepialiB B yMOBaX, XapaKTePHUX IS
peakTopiB MalOyTHIX TOKONiHb. CHCTeMa CKIaJa€eThCsl 3 BaKyyMHOI KaMepH i OJHOTO 10HHOTO TPYOONpPOBOAY, SKHUi
JI03BOJISIE MPOBOMUTH OJHOYACHO IMOJBIMHE 1 MOTpiliHE iOHHE ONMpoMiHEHHsS. TeMmepaTypHUil Hiama3oH ONPOMIHEHHS
cximagae 350...800 OC, a JI03M OMPOMIHCHHS MOXKe pocsiraTd Oyu3bko 1200 3Ha. J[1si BUBYEHHS CIIJIBHOTO BIUIUBY
MOIIKO/DKEHb 1 ras3iB OJHOYacHO OIpoMiHIoBadacs (epuroMmapreHcutHa cranb EII-450 moasiiiHMM Ta MOTpiHHM
IOHHHMH ITy4Kamy, IO CKJIAJAIOTHCSA 3 IOHIB XpoMy, Tellifo 1/ab0 BOMHIO HPH TEMIEpaTypi MakCUMyMYy PO3MyXaHHS
480 °C, nosax 50 i 200 3Ha, a TAaKOX NPH PI3HMX KOHIEHTpALisX rasiB. [10ka3aHo, 0 KOHLEHTPALLs Teii0 i BOIHIO
BILUTUBAE HA MOBEIHKY PO3ITyXaHHS.
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