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Abstract – Formation of blisters in metal targets 

irradiated by intense proton beam was studied. 

Targets made of different materials were irradi-

ated by 100–200 keV, 1–2 mA proton beam up to 
fluencies more than 10

20
 cm

–2
. One of the features 

of presented experiments is a set of in-situ optical 

surface diagnostics that allows real-time monito- 

ring of surface conditions and detection of the mo-

ment of blisters appearance. 

Overview of the experimental setup and results 

of testing of different materials are presented. 

Unlike most publications concerned blistering  

we observe gradual increase of number and size  

of blisters during the irradiation. Critical fluence 

of blistering strongly depends on target tempera-

ture, proton energy and surface machining method. 

The measured values of blistering fluence for se- 

veral materials are presented. Features of bliste- 

ring under the proton beam irradiation and effects 

of hydrogen diffusion and interaction with target 

lattice are discussed. 

1. Introduction 

Plasma-facing components of fusion reactor like di-

vertors and neutral beam dumps will be exposed by 

fluxes of high-energy hydrogen ions. One of the most 

dangerous effects, that should restrict lifetime of such 

PFC, is a surface modification with formation of blis-

ters and related enhanced erosion of targets. The same 
problems exist at designing of neutron generation tar-

get for the boron-neutron cancer therapy projects [1]. 

  It is well known that blistering formation under 

proton beam irradiation is closely related to ability of 

metals to dissolve hydrogen. The plenty of hydrogen 

may be absorbed only in short list of metals with 
negative energy of hydrogen dissolution. It is transi-

tion metals of group III-B and V-B of periodic table  

of elements – V, Nb, Ta, Pd, Pt. Practically all other 

metals cannot accumulate more then a few percent  

of hydrogen and was not considered as substrate mate-
rial. The exception is pure iron possessing very high 

diffusivity of hydrogen that may lead to deliver  

of hydrogen from the surface to the bulk of target. 
Thus presented experiments were restricted only by 

irradiation of targets – of Ta, V, Pd, and Fe. Also, ex-

periments with Cu and W were performed for study  

of general properties of blistering effect and compari-

son of received data with results of other authors. 

2. Stand for experimental study of blistering  

at 100–200 keV 

The special stand has been developed and assembled 
to perform the investigation of blistering effects 

caused by proton beam at the surfaces – of metals.  

A layout of the stand is shown in Fig. 1. 

 

Magnetic mass

separator 

Electrodes  

for beam 

extraction 

and focusing

2.45 GHz
generator

+35 kV

The proton source based 

on ECRH discharge 

HV biased

end station

Acceleration 

beam line 

–170 kV 

 

Fig. 1. Layout of the stand 

It comprises the ECR discharge ion source with 

the set of extraction electrodes, mass separating mag-
net, sectioned accelerating tube, and high voltage  

biased end station with target arrangements and diag-

nostics. 

The stand is supposed to provide generation of 

proton beam with energy up to 200 keV and current 
density up to 1.5 mА/сm2 in the continuous mode that 

allow to achieve fluence of protons up to 1021 cm–2. 

Target temperature can be varied in range from room 

temperature to 100 °С by cooling system adjustment. 
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3. Target surface on-line diagnostics 

Feature of the experiments is optical monitoring of the 

target surface during operation that allows catching 

the blistering threshold. The diagnostics are based on 

the effect of target surface optical properties modifica-

tion during irradiation. The targets were generally 
prepared for the experiments with optical quality mir-

ror surface for observing reflected light behavior. 

Arising of blisters on flat surface can be considered as 

increasing of surface roughness that causes decrease 

of reflectivity and increases scattered (diffuse re-

flected) light intensity. 
Tungsten filament lamp and He–Ne laser were 

used as sources of lighting. Measurements of intensi-

ties of light reflected from surface and scattered at low 

(7°) and high (90°) angles were considered for diag-
nostics of blister appearance. In practice mirror reflec-

tion factor and intensity of stray light gradually 

changes during irradiation due to modification of opti-
cal properties (light absorption) of the target surface 

while blistering causes fast changes in light intensities. 

It was found that intensity of light scattered at 90° is 
most sensitive to blistering, therefore results of just 

this diagnostics is presented in follows. 

4. Experimental study of blister formation 

First experiments were directed to calibration of opti-

cal diagnostics and simultaneously for studying of 
general relationships of blistering and comparison  

of obtained experimental data for Cu and W targets 

with existing publications [2–4]. 

4.1. Cu targets 

Several experiments with copper targets with tempera-

tures 300 and 370 K were done. The surface of the 

targets was processed by diamond cutting to mirror 
quality. Scattered light intensity was used as a monitor 

of blister appearing. After irradiation the targets was 

studied by scanning electron microscopy (SEM) with 

spatial resolution 100 nm. 

Dynamics of scattered intensity for several ex-

periments is shown in Fig. 2. 
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Fig. 2. Dynamics of scattered light intensity during target 

irradiation in two similar experiments. Circles – moments 

  of irradiation finishing 

Circles mark the fluences correspond to moments 

of irradiation finishing. Significant consequence of 

these experiments is the lack of sharp threshold of 

blistering. Really, only rare little blisters was found on 
the surface irradiated to 0.25 · 1018 cm–2 (see Fig. 4, a, 

point 1 in Fig. 2). Study of the surface of the target 

irradiated up to 2.6 · 1018 cm–2 (see Fig. 4, b, point 2  

in Fig. 2) showed that whole surface was covered  

by blisters. 

It means that blisters appear not instantly after 
overrunning of certain fluence value but arise gradu-

ally. Furthermore, its surface density and size rise dur-

ing irradiation. 

Therefore, accuracy of blistering threshold meas-

urements is determined by “definition” of the moment 

of blistering.  
In our case, we determine this point as a fluence 

corresponded to the middle between maximal and 

minimal intensities of scattered light. 

Results of measurements of blistering fluences for 

different target temperatures and proton energies were 

shown in Fig. 3. 
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Fig. 3. Threshold of blistering on copper targets for different 

proton energies and target temperatures: rounds – T = 296; 

  squares – 360 K 

This fluence strongly depends on temperature and 

grows about the order of magnitude at 70° temperature 
increasing. For 100 keV ions measured blistering 

threshold, 0.4 · 1018 cm–2, turned out to be less than 

one given in known literature [2, 3], 1.4 · 1018 cm–2 

(for D ions). Possible reason of this difference may  
be particular features of material properties and pro-

cessing. 

In some experiments with hot targets, we observed 

well-ordered arrangement of blisters on target surface 

(Fig. 4, c) that follows tracks of diamond cut during 

processing. 
Note that such tracks are hidden and not seen on 

SEM images of surface before irradiation. The blister-

ing threshold of 0.95 · 1018 cm–2 obtained in this ex-

periments slightly differs from presented above. That 

means that latent defects of surface may cause de-
creasing of blistering threshold value. 

Also flaking was observed in some other experi-

ments with Cu targets exposed above fluence 

2 · 1018 cm–2 and on periphery of the beam irradiated 

area mainly (Fig. 4, d). Estimation of flakes thickness 

by this images gives a value 0.4 µm. 
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a b c d 

Fig. 4. SEM images of irradiated cooper targets: a – E = 100 keV, T = 296 K, fluence 0.25 · 1018 cm–2 (point 1 in Fig. 2),  

start of blistering arising; b – E = 100 keV, T = 296 K, fluence 2.6 · 1018 cm–2 (point 2 in Fig. 2), whole surface is covered  

by blisters; c – E = 190 keV, T = 366 K, fluence 11.4 · 1018 cm–2, blisters on the tracks of diamond cut; d – E = 96 keV, 

  T = 296 K, fluence 2.4 · 1018 cm–2, flaking on the periphery of irradiated area 

 

4.2. W targets 

Behavior of tungsten targets under proton beam irra-

diation is similar to cooper ones. The difference is that 

surface of tungsten targets was not processed before 

experiment, therefore use of optical diagnostic was 

problematic in this case. 
Intensities of scattered and reflected light change 

during irradiation because of blackening of the surface 

and so effect of blistering isn’t clear identified. 

Meanwhile in two experiments with Ebeam = 100 keV, 

target temperatures 300 and 370 K and full accumu-

lated fluence 1019 cm–2 we estimate blistering thresh-
old in the range of 2–4 · 1018 cm–2. 

4.3. Ta and V targets 

Tantalum and vanadium proved to be materials most 
resistant against blistering. Tantalum targets were 

studied in several experiments with beam energies 100 

and 200 keV, target temperature 300 and 370 K and 

beam current density up to 1.4 mA/cm2. Maximal flu-

ence 2.3 · 1020 cm–2 was accumulated in the regime 

with Ebeam = 100 keV and T = 300 K – the worst case 
according of our experience of cooper target irradia-

tion. In all experiments, blistering threshold wasn’t 

achieved. Comparison of dynamics of scattered light 

during irradiation for tantalum and cooper targets was 

shown in Fig. 5. 

Figure 6, a presents SEM images of the target after 
fluence accumulation of 2.3 · 1020 cm–2. Top-left side 

of the image was placed in the shadow of the target 

holder and doesn’t irradiate. Right-bottom part of im-

age is irradiated surface. 
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Fig. 5. Dynamics of scattered light intensities for cooper (a) 

  and tantalum (b) irradiated in identical regimes 

The only difference of those parts of images is 
some darkening of irradiated surface. Possible reason 

of such changes in optical properties is radiation dam-

age effect (DPA value achieves ~ 1000 at fluence 

2.3 · 1020 cm–2 
!). 

The mentioned fluence corresponds to 40 hours  

of work of a target under proton beam with current 
density of 0.25 mA/cm2, that satisfy requirements  

of target lifetime for BNCT project [5]. 

Vanadium was tested in one experiment in the 

“worst” regime mentioned above. 

There was no blistering observed on the target af-

ter irradiation up to fluence of 1.2 · 1020 cm–2. 
Thus vanadium likewise tantalum is a blistering 

resistant material suitable for use in proton beam irra-

diated targets. 

 

    

a b c d 

Fig. 6. SEM images of irradiated surfaces: a – tantalum, top-left – shadow of target holder (not irradiated), right-bottom – 

irradiated area; b – palladium target after fluence 6.7 · 1019 cm–2; c – several generation of broken blisters on the iron surface; 

  d – flaking of iron target 
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4.4. Pd and Fe targets 

Another elements that considered as a target materials 

are palladium and iron. Palladium is widely used for 

treatment with hydrogen. Well-known property of 
palladium is so-called “superpermeability” that means 

possibility of palladium membranes to transmit high 

amounts of hydrogen [6]. Pure iron (α-ferrum) has 
similar properties. Moreover, it is characterized by 

extremely low activation energy of hydrogen diffusion 

(0.045 eV). 

In the only experiment, palladium target was irra- 
diated by 100 keV protons up to fluence 6.7 · 1019 cm–

2. Some blisters were found on the surface of irradi-

ated target (Fig. 6, b). Estimation of blistering thresh-

old by optical diagnostic gives the value in the range  

of 0.8–1.5 · 1019 cm–2. 

In the experiments with iron targets it was found 
that blistering appears at the fluences of 2–3 · 1020

 cm–2. 

Fig. 6, c shows surface of iron target irradiated up to 

7 · 1020 cm–2 where several generations of broken blis-

ters are recognized. 

Slow sweeping of the beam on the iron target done 

in one experiment causes flaking of the surface 
(Fig. 6, d). Accumulated fluence was 8 · 1020 cm–2 for 

this experiment. Flakes thickness measured by SEM is 

about 200 nm that is sufficiently less then 200 keV 

proton penetration depth in iron – 850 nm. 

5. Discussion 

According theory of blistering, main parameters de- 

termining blister threshold are energy of ions, me-

chanical properties of irradiated metal and concentra-
tion of hydrogen atoms, implanted into the target. Sec-

ondary effects also influenced on blistering thresh- 

old are accumulation of radiation damages and change 

of mechanical and structural properties of target under  

irradiation. Note that hydrogen concentration sufficiently 

depends on current density in contrast to radiation 

damages that determines by irradiation fluence only. 

  Physical parameters of studied materials [7] and 

experimentally measured blistering threshold were 

presented in the Table. 
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Cu 20–50 0.4 0.37 0.4–0.1 

W 50–90 0.39 1.03 2–4 

Fe 12–15 0.05 0.27 80–150 

Pd 20 0.23 –0.11 200–300 

V 31 0.045 –0.34 not observed up to 120

Ta 57 0.14 –0.35 not observed up to 230
 

The most important parameter that correlated with 

blistering threshold is dissolution energy ES. Materials 

with negative dissolution energy (vanadium, tantalum, 

palladium) sufficiently more resistant against blister- 

ring in compare to other ones. 

Maximal concentration of hydrogen is determined 
by diffusion and surface recombination (desorption) of 
hydrogen. The last is strongly depended on surface 
purity thus difference in experimentally measured 
fluence may be explained by surface properties. 

For 1 mm thick Ta target irradiated by proton beam 
with current density 1.16 mA/cm2 equilibrium hydro-
gen concentration is 15%. Surface contamination strongly 
decreases hydrogen desorption thus maximal hydro-
gen concentration can achieve sufficiently larger values. 
  Maximal fluence accumulated in experiment 
2.3 · 1020

 cm–2
 corresponds to hydrogen concentration 4%. 

Increasing of dose more then 1021 cm–2 required addi-
tional study of stability of hydrogen-contained target. 
  For tantalum, closest critical point meets at hydro-
gen concentration 17%. Accumulation of such amount 
of hydrogen in tantalum at room temperature leads  
to phase transition from solid solution of hydrogen in 

tantalum (α-phase) to ordered tantalum hydride Ta2H 

(β-phase) accompanying with re-distribution of crystal 
lattice with possible loss of mechanical strength. 

Generally, it is well known that, despite of exten-
sive investigation concerned with hydrogen energetic 
problem, no materials found that can retain up to 100–
200% of hydrogen.  

That is creation of long-lived targets requires ex-
traction of hydrogen through vacuum or cooling bor-
der of target. 

6. Summary 

Processes of blistering on several materials irradiated 
by proton beam were studied. It was found that blis-
ters gradually arise on the surface after some fluence 
accumulation without sharp threshold of blistering.  
  The regular structure of blistering formation is 
observed on Cu and W surfaces. Appearance of blis-
ters depends on the surface condition and method of 
its machining. 

Tantalum and vanadium are found as materials most 
resistant against blistering. Fluence up to 2.3 · 1020 cm–2 

does not cause blistering for those materials. Exten-
sion for working fluence more than 1021 cm–2 requires 
additional studies of target durability. 
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