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a b s t r a c t

The effects of transmutation produced helium and hydrogen must be included in ion irradiation exper-

iments to emulate the microstructure of reactor irradiated materials. Descriptions of the criteria and sys-

tems necessary for multiple ion beam irradiation are presented and validated experimentally. A

calculation methodology was developed to quantify the spatial distribution, implantation depth and

amount of energy-degraded and implanted light ions when using a thin foil rotating energy degrader dur-

ing multi-ion beam irradiation. A dual ion implantation using 1.34 MeV Fe+ ions and energy-degraded D+

ions was conducted on single crystal silicon to benchmark the dosimetry used for multi-ion beam irra-

diations. Secondary Ion Mass Spectroscopy (SIMS) analysis showed good agreement with calculations

of the peak implantation depth and the total amount of iron and deuterium implanted. The results estab-

lish the capability to quantify the ion fluence from both heavy ion beams and energy-degraded light ion

beams for the purpose of using multi-ion beam irradiations to emulate reactor irradiated

microstructures.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

Ion irradiation experiments using light and heavy ion beams

have been used for decades to explore radiation damage processes.

Only recently have they been applied as surrogates for reactor irra-

diation. Proton irradiations with damage rates of 10�5 dpa/s have

demonstrated much success in determining the mechanistic

behavior of materials under light water reactor relevant conditions

[1]. Heavy ion irradiation experiments with damage rates of 10�3

to 10�4 dpa/s have replicated the microstructure observed in

reactor irradiated materials also with good success [2,3]. These

experiments have provided optimism for using ion irradiations as

a surrogate for reactor irradiation.

Helium is known to play a role in the development of the

irradiated microstructure with modifications to cavities [4–8], dis-

locations [9–11], and secondary phases [12–16]. Previous studies

on the effects of helium using ion irradiation have used either

pre-implanted or co-injected helium. The swelling behavior under

ion irradiation is influenced by the mode of helium injection

[17,18]. Kohyama et al. [8] used several ion irradiation schemes

to assess the impact of helium injection mode on the development

of cavities. Pre-injection of helium was postulated to produce a

high number density of essentially immobile defects. The use of

nickel ions to create a damaged microstructure followed by dual

ion irradiation with nickel and helium resulted in the highest

amount of swelling compared with dual ion (Ni + He) or single

ion irradiation (Ni) separately. Hydrogen has been shown to mod-

ify the irradiated microstructure. Zhanbing et al. [19] irradiated a

12Cr-ODS ferritic steel to 15 dpa using dual-beam irradiation of

hydrogen ions and electrons. The results showed that the disloca-

tions were introduced at the initial stage of irradiation and were

enhanced by the presence of hydrogen before developing into dis-

location networks. To capture all of the effects of transmutation gas

products, both helium and hydrogen need to be injected into the

sample simultaneously with damage production.

The combination of helium and hydrogen together suggest a

synergistic effect on the evolution of the microstructure in

materials under irradiation [20–25]. The work of Wakai et al.

demonstrated this synergistic effect under simultaneous displace-

ment damage from 10.5 MeV Fe3+ ions with the co-injection of

1.05 MeV He+and 0.38 MeV H+in the ferritic-martensitic steel

http://dx.doi.org/10.1016/j.nimb.2017.08.035

0168-583X/� 2017 Elsevier B.V. All rights reserved.
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F82H. Swelling was increased with larger cavities developing with

an accompanying increase in microhardness in a ferritic-

martensitic steel as compared to displacement damage combined

with either helium or hydrogen co-injection alone. From these

works and others [26], it is clear that multi-ion beam irradiations

facilities are required to capture the synergistic behavior of gas

injection and radiation damage that occurs in reactor.

Several multi-beam irradiation facilities around the world have

provided significant insight into radiation damage processes, such

as the facilities at TIARA [27], DuET [28], HIT [29], FZ Rossendorf

[30], FSU Iena [31], LANL [32], JANNUS [33,34], the former facility

at Oak Ridge National Laboratory [35] and others listed in Table 3

of reference [36]. These facilities use multiple ion accelerators in

which one provides heavy ion beams to induce damage and the

others to inject light ions across a range of depths in the target.

A common method of controlling the light ion distribution in the

target is to use multiple foils with different thicknesses on a rotat-

ing wheel [28]. A second method uses a single foil rotated in front

of the beam [27]. To study the effects of simultaneous radiation

damage with multiple ion beam injection, several conditions must

be met and demonstrated with high fidelity. This work presents

the description and validation of the systems required to perform

multi-ion beam irradiation experiments for the purposes of emu-

lating reactor environments. The major components and method-

ologies used at the Michigan Ion Beam Laboratory are described,

including the multi-beam irradiation chamber, the irradiation

stage, the thermal control systems, the dosimetry, and the thin foil

energy degrader. Experiments to benchmark and validate the

methods are presented as a proof-of-concept.

2. Experimental design

To allow for rigorous studies of simultaneous radiation damage

and ion injection using multiple ion beams, the following condi-

tions must be met:

i. Ion beams from multiple accelerators must be aligned so

that they overlap on a single plane (the target surface).

ii. The ion beams need to be uniform across the irradiated area.

iii. The temperature of the irradiated area must be monitored

and controlled to minimize the variability over the duration

of the experiment, as quantified by the 2r variation in

temperature.

iv. The measurement of the total ion fluence for each species

must be accurate.

2.1. Accelerators and laboratory layout

The Michigan Ion Beam Laboratory includes three accelerators:

a 3 MV NEC Pelletron accelerator, a 1.7 MV General Ionex Tandem

accelerator, and a 400 kV NEC Ion Implanter shown in Fig. 1. The

3 MV NEC Pelletron is a tandem accelerator used primarily for

ion irradiations. The accelerator is equipped with a Peabody

PS120 sputter source to generate negative ions from solid targets

through sputtering and a high brightness Toroidal Volume Ion

Source (TORVIS) capable of producing hydrogen and deuterium

ions. The 1.7 MV General Ionex Tandem accelerator has both an

Electron Cyclotron Resonance (ECR) ion source for production of

positive ions with any gas, and a Multi-Cathode Source of Negative

Ions by Cesium Sputtering (MC-SNICS). The 400 kV NEC Ion

Implanter is a single ended accelerator where positive ions formed

in the Danfysik 921A ion source are passed through a 90� bending

magnet before acceleration in the accelerator tube. The ion source

can operate in three modes: gas mode with a direct gas feed, liquid

mode with ions produces through the vaporization of volatile

compounds in a separate oven, or sputtering mode with ions

produced from a solid target with argon ions. The accelerators

are housed in the accelerator room and the beamlines pass through

a 1.2 m thick wall into the target room that houses multiple end

stations.

Fig. 1. The 3 MV NEC Pelletron accelerator ‘‘Wolverine”, 1.7 MV General Ionex Tandem accelerator ‘‘Maize”, and 400 kV NEC Ion Implanter ‘‘Blue” in the Michigan Ion Beam

Laboratory.
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2.2. Multi-beam chamber

The multi-beam chamber was designed to provide a fixed inter-

section point for each of the three accelerators. A custom-built

half-cylinder shape was chosen for the chamber to provide radially

directed ports, allowing direct access to the irradiation stage for

the accelerators and monitoring equipment, and a flat back panel

for easy access while minimizing the chamber volume, which is

necessary for high vacuum. The chamber pressure, measured using

calibrated vacuum ion gauges, is maintained at less than

1.33 � 10�5 Pa and baked periodically at 250 �C to ensure the high

quality of the vacuum chamber. The vacuum environment is mon-

itored using ion gauges and a residual gas analyzer. The cleanliness

of the vacuum is sustained using plasma radical cleaning prior to

irradiation and the use of a liquid nitrogen cooled cold trap during

irradiation. The combined use of these two measures has been

shown to eliminate the uptake of carbon contamination during

ion irradiation [37]. Two back panels were made for the multi-

beam chamber each with a 6” Conflat Flange (CF) for the irradiation

stage. The angle of the 6” CF is different between the two panels to

provide the stage at either 0� to face Beamline 5 (BL5) or 30� to face

either Beamline 4 (BL4) or Beamline 7 (BL7).

Multi-ion beam irradiations are conducted with the stage facing

Beamline 4 (BL4). BL4 delivers an ion beam from the 3 MV Pel-

letron accelerator, typically heavy ions for multi-beam irradiations

and is normal to the ion irradiation stage. BL5 delivers a light ion

beam from the 400 kV NEC Ion Implanter and is +30� from BL4

and in the same horizontal plane as BL4. BL7 delivers a light ion

beam from the 1.7 MV General Ionex Tandem Accelerator for

multi-beam irradiations and is +60� from BL4. This beamline may

also be used for single ion beam experiments using light or heavy

ions. The chamber contains ports for an ion gauge, optical camera

(20� below the horizontal plane), thermal imager (�30� from the

stage surface normal in the plane of the ion beams), a residual

gas analyzer and many auxiliary ports for future expansion of mon-

itoring capability of the irradiation stage.

All three accelerators are connected to the multi-beam chamber

through the beamlines described previously (BL4, BL5, and BL7)

and illustrated in Fig. 2. A laser is used to align each beamline

between the bending magnet and the target chamber. A critical

step in achieving and maintaining alignment is to minimize the

use of any steering elements between the bending magnet and

the target. This ensures that the beam and laser are co-linear and

on the same axis down the beamline. To confirm the alignment

of the multi-beam chamber at the focal point of the ion irradiation

beamlines, photos showing the overlap of the laser and an ion

beam were taken on a piece of alumina because it fluoresces when

struck with ion beams. The alumina was marked with a grid of

2 mm � 2 mm spacing and loaded onto the irradiation stage in

the position expected to be the center cross point of the three

beamlines in the multi-beam chamber. The fluorescence varies in

intensity with the energy and the fluence of the ion beam. There-

fore, the gridded alumina piece was used to determine the location

of the ion beam, but could not determine the intensity of the ion

beam at any given location. An Fe2+ beam was used to verify the

alignment of BL4 and a D+ beam for the alignment of BL7, as shown

in Fig. 3. The two ion beams are shown together in Fig. 4. The over-

lap of these ion beams demonstrates the capability of overlapping

ion beams from multiple accelerators onto a single, well-defined

area on the irradiation stage.

2.3. Beam intensity and profile measurement

Each beamline connected to the multi-beam chamber contains

diagnostic instruments to assess the ion flux intensity and spatial

profile. Suppressed Faraday cups in the beamline and the multi-

beam chamber provide a measurement of beam current along each

beamline with the closest Faraday cup located 12.7 cm from the

sample surface. Programmable and motorized slit systems units

define the irradiation area for each beamline. A beam profile mon-

itor (BPM) located 52.0 cm from the sample surface provides a

qualitative assessment of the shape of the ion beam from the slit

apertures which are located 65.4 cm from the sample surface

(see Fig. 2). Using the combination of Faraday cup, slit aperture,

and BPM, the spatial ion flux can be quantitatively characterized

within the multi-beam chamber.

Ion beams for irradiation experiments are delivered to the ion

beam chamber in either raster scanned or defocused modes to pro-

vide a uniform profile across the irradiation area. To determine the

ion flux distribution, a differential slit method was developed to

map the spatial ion flux as illustrated schematically in Fig. 5. A

Faraday cup positioned downstream from the slit aperture is used

to measure the ion beam current through the slits. The slits on the

aperture are then moved in 0.5 mm steps and the current in the

Faraday cup is recorded (Fig. 5a). By moving each slit individually

the difference in the current measured between two movements

and the distance between these movements creates a measure of

the current density in that small area of movement. This measure-

ment process is conducted in both the horizontal and vertical

directions to assess the spatial distribution of the ion beam at

the slit aperture opening. The qualitative shape of the ion beam

in the BPM and the shape from the differential slit method of pro-

filing are compared to ensure a flat beam profile on target

(Fig. 5b and c), fulfilling the need to have the beam uniformly dis-

tributed across a target area. Typical defocused ion beam profiles

allow for 10% variation in current uniformity across a nominal irra-

diation area of up to 8 mm horizontally and 6 mm vertically.

2.4. Irradiation stage and temperature measurement

The ion irradiation stage consists of a thermally conductive cop-

per or nickel head attached to a stainless steel tube welded onto a

6” CF flange for use with the high vacuum system. During an exper-

iment, the stage temperature is maintained through a combination

of heating from a resistive element in the metal alloy head and

cooling with compressed air through channels machined into the

stage head as shown in Fig. 6 similar to previous used designs

[38–40]. The length of the stage was machined to match the inter-

Fig. 2. Multi-beam chamber with connecting beamlines. Each beamline is equipped

with Faraday cups to record the ion beam current, slit apertures to define the

irradiation area, and a beam profile monitor (BPM) to assess the beam shape.
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section point of ion beams from BL4, BL5, and BL7 in the multi-

beam chamber.

Specimens mount onto the copper stage head and are held

down with a notched plate and bar for a typical multi-beam ion

irradiation (Fig. 7). The notches are 1 mm in width and spaced

1 mm apart to aid in the alignment of the samples to the multi-

beam intersection point. Type J thermocouples are spot-welded

to samples placed just outside of the irradiation area. These ther-

mocouples are used to calibrate a 2D infrared thermal pyrometer

viewing the irradiation stage through a Ge window. The pyrometer

records surface temperatures on user-defined regions of interest

on the specimens at a rate of 3.125 Hz throughout the experiment.

The thermal imager is calibrated against the thermocouple mea-

surements before application of the beam for user-defined areas

of interest (AOI) by adjusting the emissivity of each AOI until

agreement is reached.

Before performing irradiations, the stability of the stage tem-

perature was verified. Several samples of an austenitic steel 800H

were loaded into the multi-beam chamber, prepared as if they

were to be used in a multi-beam irradiation (Fig. 8a). Samples were

mechanically polished and then electropolished to achieve thermal

emissivity values consistent with typical samples prepared for irra-

diation experiments. After pumping to a pressure below

1.33 � 10�5 Pa, the samples were heated to 470 �C and held there

for 20 h and continuously monitored using Type J thermocouples

attached to the sample surface and the thermal imager (infrared

pyrometer). The temperatures measured during this thermal sta-

bility test are shown in Fig. 8b and c for the thermocouples and a

FLIR� thermal imager, respectively. The average temperatures

(Tavg ± 2r) were 470.1 �C ± 2.5 �C and 470.5 �C ± 3.6 �C from ther-

mocouples and thermal imager, respectively, for 20 h of continu-

ous monitoring. The agreement of these two measurements

demonstrates that the temperature can be maintained for an

extended period of time. This temperature control and accuracy

test satisfied the condition that the average temperature of the

samples must be maintained with good temperature control and

monitoring, demonstrated here with a 2r variation in temperature

of less than 5 �C.

3. Thin foil energy degrader

The final component used in multi-beam irradiation experi-

ments is the thin foil energy degrader, necessary to control the

(a) (b) (c)

(d) (e) (f)

Fig. 3. Alignment of the multi-beam chamber at the multi-beam focal point with photos of an Fe2+ ion beam (a), laser (b), and overlapping laser and Fe2+ ion beam (c) from

BL4 and a D+ ion beam (d), laser (e), and overlapping laser and D+ beam (f) from BL7 on a piece of alumina with a 2 mm � 2 mm grid.

(b)(a)

Fig. 4. Demonstration of the alignments of BL4 and BL7 into the multi-beam chamber at the multi-beam focal point by overlapping iron ion and deuterium ion beams on a

marked piece of alumina (a) highlighting the individual beams (b).
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beam energy below the minimum stable voltages of the accelera-

tors. The foil is rotatable to increase the electronic energy loss

and scattering of the beam by changing the path length of the

beam through the foil. By controlling the time spent at each angle

during rotation, the depth of implantation can be manipulated to

form any concentration profile of interest to the user. The holder

consists of a stainless steel frame that secures a thin foil using a

crimp, shown in Fig. 9 containing a 3 mm thick Al foil. The holder

was attached to a rotatable feedthrough and controlled with a pro-

grammable stepper motor capable of rotating in 0.01� degree

increments. A custom program was developed to control the rota-

tion of the foil from 0� to 60� degrees of rotation in both clockwise

and counterclockwise directions.

As the foil is rotated to increase electronic loss, the spatial flux

profile also changes. To assess the ion flux as a function of both

position and energy, a simple calculation method was developed

using Stopping and Range of Ions in Matter (SRIM-2013) [41]. Ions

enter a foil of known thickness with known ion energy, E0, and at a

foil angle of h0. An assumption is made that the ions are perfectly

focused going into the foil as a standard input to SRIM. SRIM was

then run to provide distributions in energy, position, and direction

of the ions exiting the foil using the Transmit.txt output file. One

hundred thousand ions were used as an input to provide a large

sample size for the resulting distributions.

To develop accurate spatial distributions of ions using SRIM, the

thickness of the thin foil must be known. The foil thickness was

measured using several methods: direct measurement with a

micrometer, Rutherford Backscattering (RBS) of the foil placed on

Fig. 5. a) A schematic of the differential slit method for characterization of beam uniformity, b) measured beam profiles using aperture steps across the beam with acceptable

bounds of uniformity displayed as dashed yellow lines, and c) BPM profiles measured using a digital oscilloscope.

Fig. 6. Schematic drawing of the stage used for multi-ion irradiations with the stage

facing BL4. The irradiation stage can also face either BL5 or BL7 to have any beam

perpendicular to the samples.

Fig. 7. An assembled multi-beam irradiation stage prior to irradiation. The notched

plate and bar allow for careful alignment of the bar samples to the center of the

stage and to the intersection of the multiple ion beams.
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a carbon substrate, and by measuring the transmission of the ion

beam current through the thin foil. To demonstrate these measure-

ments, aluminum foils of 99.0%+ purity and varying thicknesses

obtained from Goodfellow Inc. were used for all the experiments

described in this work. RBS was used with a 988 keV proton beam

with a detector at 160� to calculate the thickness of the aluminum

foil using SimNRA [42] to match the front and back edges of the

aluminum signal. The transmission through the foil was measured

by taking the ratio of current in a suppressed Faraday cup before

the foil and a suppressed Faraday cup after the foil in the multi-

beam chamber for a deuterium ion beam in an energy range from

600 keV to 900 keV in 20 keV increments. The calculated transmis-

sion profile was estimated using SRIM to determine the ratio of

ions expected at the Faraday cup. Thickness measurements using

three different techniques were in good agreement; 2.4 ± 0.5 mm

by micrometer, 2.6 ± 0.1 mm using transmission of the ion beam,

and 2.58 ± 0.02 mm by RBS, Fig. 10.

Using the measured thickness of the aluminum foil, SRIM was

used to calculate the energy, E, position vector in three dimensions,

r, and direction vector, u, in three dimensions for each ion exiting

the foil and for each angle of foil rotation, h, in one degree incre-

ments. Individual ions were then propagated from the foil to the

sample surface following the direction vectors calculated with

SRIM without any additional forces to alter the beam trajectory

(Fig. 11). This resulted in a ‘‘plume” of ions forming a curved distri-

bution. To ensure an even distribution of ions across the sample

surface, the effects of raster scanning the beam were considered.

The plume of ions was copied and added to itself with a small

change (0.5 mm) in the raster scanned direction. This process

was repeated until the entire raster scanned distance along the x

and y directions of scanning were covered. The same variation in

position would be used for a defocused ion beam passing through

the foil and would be used for this simulation. The position and

direction of each ion were then rotated to match the geometry

between the ion beam’s original direction and the irradiation stage.

For this multi-beam setup, the light ion beams impinge on the

sample surface at 30� and 60� to the normal of the stage surface.

SRIM was used after this geometric adjustment to calculate the

implantation distribution of the energy degraded ions for each

angle of foil rotation. Although the foil can rotate to higher angles

beyond 60�, the increased amount of scattering from the apparent

thickness significantly reduces the ion beam current density at the

irradiation stage and makes these angles impractical for multi-ion

beam irradiations.

By measuring the position of the ions in the plane normal to the

beam direction, the position and directional components of the cal-

culations were assessed. To assess the position and direction

experimentally, a 3 MeV He++ ion beam focused to a Full Width

Half Maximum (FWHM) of 2 mm was passed through a 2.6 mm

thick aluminum foil oriented perpendicular to the ion beam. An

experimental setup consisting of a 1 mm diameter miniature sup-

pressed Faraday cup faced the ion beam at 26 cm from the foil. The

current was measured along x and y directions in 1 mm incre-

ments over a 25 mm travel distance in each direction to obtain

the flux distribution. The experimental and computational beam

intensity profiles are shown in Fig. 12a. The overall shapes are in

excellent agreement. The relative intensity to the center peak

was calculated to provide a comparison point between the ion

beam current measured experimentally, and the number of ions

used computationally in the SRIM based method described previ-

Fig. 8. A demonstration of the thermal control enforced on a multi-beam irradiation stage diagramed in (a) with locations of thermocouples (TC) and thermal imager areas

AOIs compared with temperatures recorded by Type J thermocouples (b), and (c) by the FLIR� thermal imager.

Fig. 9. The thin foil energy degrader used at the Michigan Ion Beam Laboratory for

control of the implantation range of a light ion beam during multi-ion irradiation

through foil rotation. The holder is shown with a 2.6 mm aluminum foil loaded and

held taut by a crimp inside the holder frame.
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ously. The experimental profile was found to be wider than the

computational profile, but this is expected. The experimental pro-

file was derived from a 2 mm FWHM beam and the computational

profile assumed a perfect line of ions. The difference in FWHM

between the profiles was approximately 2 mm, likely resulting

from this assumption.

Although the rotation of the foil is used primarily to control the

energy loss of the ions, the relative amount of scattering in the foil

must also be measured as a function of rotation angle to quantify

effects of rotation on the beam current. Using a 3.0 MeV He++ ion

beam in both focused (2 mm FWHM) and raster-scanned condi-

tions, the intensity of the ion beam relative to the focused beam

was measured and compared to the computed intensity expected

using SRIM. As shown in Fig. 12b, for both beam conditions, the

peak intensities were in good agreement with foil rotation. From

the measurement of the shape of the profile (Fig. 12a) and the rel-

ative intensity loss during rotation (Fig. 12b), the results from SRIM

were found to adequately assess the direction, position and inten-

sity of a thin foil degraded light ion beam. Because of the reduction

in beam intensity with increasing rotation angle, achieving a uni-

form implantation profile requires the foil to be held for a longer

time at the higher rotation angles. Between 0� and 30�, the loss

in beam intensity from scattering is not significant and each angle

can be rotated through quickly. For degrader angles greater than

30�, the time required to the same implanted ion concentration

(b)(a)

Fig. 10. Comparison between thin foil thicknesses measured with RBS (a) and transmission of an ion beam (b). As the foil thickness controls the amount of energy loss and

scattering, the thickness measurement is done with multiple techniques to determine the thickness within ± 0.1 mm.

Fig. 11. A schematic of the foil degrader geometry considered for SRIM based

calculations based on the foil rotation angle, h, position of the ions after

degradation, r, and direction of ions from the original direction, u.

(a)

(b)

Fig. 12. Comparison between experimental and computational beam profiles for a

foil held perpendicular to a light ion beam (a) showing excellent agreement in the

shape of the helium ion beam after passing through a thin aluminum foil. When the

foil is rotated, the computed intensity matches well with the experimental intensity

for both focused and raster scanned beam conditions (b).
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at each angle increases, for example for a hold time of 1 s at 30�,

the hold times at 45�, 53�, 56�, and 60� are 30 s, 140 s, 150 s, and

500 s. respectively. However, Faraday cup measurements and pro-

filing could not include an assessment of the energy of the

degraded light ions.

4. Quantitative benchmarking of the multi-beam ion

irradiation experimental setup

To assess the energy loss and accuracy of the implantation cal-

culations in SRIM, energy degraded light ions were implanted into

a sample with the concentration depth profile measured and com-

pared to SRIM. This will be discussed in the following section on

the quantitative benchmark of the multi-beam ion irradiation flu-

ences using iron and deuterium ion beams. Accurate dosimetry is

critical to quantifying the amount of radiation damage from the

heavy ion beam and number of implanted ions from degraded light

ion beams. For the heavy ion beam from BL4, the irradiation area

defined by the slit aperture and periodic insertion of a large Fara-

day cup in front of the specimens provides the data to measure

the flux of ions on the sample. Summing the ion flux over time

in a piecewise constant manner provide a measurement of the

total ion fluence. For an energy degraded ion beam from BL5 or

BL7, the amount of scattering from the foil degrader makes a Fara-

day cup measurement insufficient to quantify the dose at the tar-

get area without accounting for the distance between the

Faraday cup and the target area. To determine the ion flux at the

irradiation stage, the scattering and intensity measurements from

the calculation method described previously are used to determine

the ratio of the number of ions measured at the Faraday cup to the

number of ions impacting a specified area on the irradiation stage.

The current in the Faraday cup is recorded during irradiation and

modified using this ratio to determine the ion beam flux on the

irradiated area.

To confirm our dosimetry methodology for the multi-ion beam

experiments, a dual ion implantation was performed at room tem-

perature and analyzed post-irradiation using Secondary Ion Mass

Spectroscopy (SIMS). A 1.34 MeV Fe+ beam was defocused such

that the beam intensity in the irradiation area varied by less than

10% across a 5 mm � 5 mm area on a Si wafer. The beam energy

was chosen to implant the peak concentration of iron at 1200 nm

depth into the silicon, which is similar to the expected depth for

5 MeV iron ions implanted into steels. Measurement of the iron

ion fluence was determined using a slit aperture to define the

implantation area and periodic insertions of a Faraday cup to mea-

sure the ion beam current. Simultaneously, a 940 keV deuterium

ion beam was raster scanned over a 9.8 mm Al foil held perpendic-

ular to the ion beam direction to have the deuterium uniformly

implanted across the irradiation area. Deuterium was chosen for

its ease of detection in post-irradiation examination via secondary

ion mass spectroscopy (SIMS). The estimated fluence was deter-

mined using the SRIM-based calculation method described

previously.

The resulting implanted silicon wafer was analyzed using

Dynamic Secondary Ion Mass Spectroscopy (D-SIMS) at Surface

Science Western at the University of Western Ontario using a

Cameca� IMS-3f SIMS. An oxygen primary beam was used to pro-

file the iron while monitoring positive ions, and a cesium primary

beamwas used to profile the deuteriumwhile monitoring negative

ions. The depth scale was calibrated by measuring the depth of the

SIMS craters with a KLA Tencor P-10 Surface Profiler. The results

were compared to the expected depth profiles and ion fluences

from SRIM. The results from this analysis are shown in Table 1

and Fig. 13. The peak of the implanted iron was expected to be

1.22 mm into the silicon, and the measurement yielded a peak at

1.21 ± 0.06 mm. The peak of the deuterium concentration was pre-

dicted to be about 600 nm into the material and measured to be at

about 585 ± 29 nm. The agreement between the SRIM calculated

and measured depths provides confidence in SRIM for the location

of implanted ions whether directly from the accelerator (iron beam

normal to the target) or after energy degradation (deuterium beam

at 60� to normal). The peak implanted concentrations for the iron

and deuterium are both lower than the SRIM predicted values.

However, when the concentration profiles are integrated, the mea-

sured fluences from SIMS were within 10% of the expected values

(Table 1). The excellent agreement of these fluence values provides

confidence that the dosimetry measurements taken during multi-

beam ion irradiations are accurate, fulfilling the last requirement

to performing successful, well-controlled multi-beam ion

irradiations.

Having demonstrated the capability to perform multi-beam ion

irradiations, the removal of surface material through sputtering is a

concern because of the shallow ion range and geometry of the

setup. In the configuration used for multiple ion beam irradiations,

the heavy ion beam impacts the sample normal to the surface to

maximize the ion range. Using SRIM as an estimation of 5 MeV

Fe ions hitting an iron target (Ed = 40 eV, Esurf = 4.34 eV) in the

Monolayer/Surface Sputtering calculation mode, the sputtering

yield varied from 0.94 to 1.03 atoms/ion for a run of 50,000 ions.

For multiple ion beam irradiations, the helium (60� to the target

surface) and hydrogen (30� to the target surface) are implanted

in a range from 300 nm to 1000 nm. Again, estimating the sputter-

ing with SRIM for the maximum and minimum light ion energy for

this ion range and geometry, the sputtering yield was 0.01–

Table 1

Depth of peak concentration and amount of implanted species from SIMS.

Quantity Expected Measured

Fe concentration at peak (appm) 697 500 ± 25

Depth of Fe peak (mm) 1.22 1.21 ± 0.06

Fe fluence (1015 ions-cm�2) 1.94 1.90 ± 0.11

D concentration at peak (appm) 22 13 ± 1.5

Depth of D peak (nm) 600 585 ± 29

D fluence (1013 ions-cm�2) 4.60 4.41 ± 0.26

Fig. 13. Concentration of Fe and D with depth in Si wafer measured with dynamic

SIMS and calculated using SRIM 2013.
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0.05 atoms/ion for helium, and 0.001–0.003 atoms/ion for hydro-

gen. This calculation is sensitive to the input surface binding

energy. Changes to the surface binding energy from surface rough-

ness and surface stoichiometry for alloys were not considered.

Based on the relative values of the sputtering yield for each specie,

the additional sputtering from the light ion beams can be consid-

ered negligible until reaching the hundreds to thousands of appm

gas/dpa ratio where the fluxes of the light ion species become

orders of magnitude larger than the flux of heavy ions. A recent

paper [43] considered the effects of sputtering from 5 MeV iron

ions up to a fluence of 1 � 1018 ions/cm2, (nominally 400 dpa at

an examination depth of 600 nm in iron). These results suggest

that the displacement damage and ion implantation curves are

not significantly modified up to 400 dpa from the heavy ion irradi-

ations. Combining this interpretation with the SRIM calculations

previously presented, sputtering will not be a significant concern

in multiple ion beam irradiations until high doses are achieved

or when irradiated with high gas/dpa ratios.

A distinguishing feature of multi-beam irradiations conducted

in the Michigan Ion Beam Laboratory is the capability to control

components remotely through an internet protocol network. This

enables all instruments in the laboratory (ion sources, accelerators,

beamline components, and target chamber instrumentation) to be

monitored and controlled remotely from the Control Room or from

any computer on the lab network. Each accelerator has a single

control computer for its set of components from ion source to tar-

get. After loading a set of samples onto the irradiation stage and

pumping down the chamber, the remainder of the setup and exe-

cution of the irradiation experiment is controlled remotely. The liq-

uid nitrogen cold trap maintains temperature using sensors to

measure the remaining liquid in the dewar and refill automatically

once the liquid reaches a set level. The heater and air cooling are

controlled with a user interface with simultaneous read-back of

the thermocouples and the thermal camera. Steering, focusing

and alignment of the ion beams are verified using a marked grid

of alumina. Analog signals from each device, such as the magnets,

electrostatic steerers, and Faraday cups are digitized using embed-

ded hardware. The digitization of the signals also allows selected

signals to be logged in a database for recall or displayed in real

time, ensuring the quality of multiple ion beam irradiations.

Multiple ion beam facilities worldwide are divided into three

categories as defined in [36,44]: those with multiple accelerators

and implanters, those in which a transmission electron microscope

(TEM) is coupled with accelerators, and those in which the TEM is

coupled with an ion gun source. The recent renovation of the

Michigan Ion Beam Laboratory falls into the first category, and

the laboratory will soon join the latter two categories. The capabil-

ity to perform multiple ion beam irradiations from three accelera-

tors in a well-monitored and tightly controlled manner creates

new opportunities to explore radiation damage phenomena. The

Michigan Ion Beam Laboratory will be used to investigate the

effects of the gas/dpa ratio, temperature (cryogenic to 1200 �C),

damage (up to hundreds of dpa) and damage rate (10�5 to

10�3 dpa/s) on the evolution of irradiated microstructures up to

high damage levels. These experiments will be used to assess the

behavior of materials at reactor relevant conditions to provide

guidance on using ion irradiations as a surrogate for reaction

irradiation.

5. Summary

To study the effects of simultaneous radiation damage with

multiple ion beam injection, several conditions must be met. First,

ion beams from multiple accelerators must overlap on a single

plane at the sample surface. The design and configuration of the

multi-beam chamber provides for multiple ion beams to intersect,

as verified by fluorescence of gridded alumina. Second, to ensure a

uniform beam across the target area, each beamline used for a mul-

tiple ion beam irradiation must have the diagnostic instruments to

assess the ion flux distribution in space and intensity using a com-

bination of a beam profile monitor, slit aperture, and suppressed

Faraday cup. Third, the average temperature of the irradiation area

must be maintained with good temperature control and monitor-

ing, as quantified by the 2r variation in temperature. The stability

and accuracy of the temperature control has been demonstrated

using a thermal imager benchmarked against thermocouples.

Experimental measurements of a light ion beam passing through

a thin foil energy degrader were found to agree very well with

SRIM based calculations through a thin Al foil.

Finally, the measurement of the total fluence of ions from each

beam must be reliable and accurate. A dual ion implantation using

a heavy ion beam (Fe+) and an energy degraded light ion beam (D+)

was conducted on a piece of silicon at room temperature to bench-

mark the dosimetry. Excellent agreement between target and mea-

surement was found for both the depth distribution of the

implanted ions and the total amount of iron and deuterium

implanted. These findings provide confidence in the capability to

quantify the ion irradiation fluence from both heavy ion beams

and energy degraded light ion beams for multi-ion beam

irradiations.
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