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a b s t r a c t 

When a metal surface is exposed to prolonged irradiation with energetic H 

−, the ions are expected to 

penetrate into bulk and dissolve in the matrix. However, the irradiated surfaces exhibit dramatic morpho- 

logical changes in the form of “blisters” covering the surface exposed to irradiation. Blistering is usually 

explained by accumulation of implanted gas in the bubbles near surface. However, the exact mechanism 

of continuous growth of a bubble after it reaches the measurable size is still not fully clear. Commonly 

such growth is related to prismatic loop punching, which is a short time scale process not easily acces- 

sible by experimental techniques. Even atomistic modelling of loop punching in FCC metals is somewhat 

cumbersome. Since the void surfaces in these metals yield easily through shear loops, these were debat- 

ably suggested to explain the plastic growth of a bubble in copper, without demonstrating the detach- 

ment of these loops from the void. 

We address the mechanisms of fast bubble growth in Cu which is associated with blistering of Cu surface 

exposed to H 

− irradiation. We observe the emission of a complete prismatic loop enclosed within the 

number of shear loops with the Burgers vectors aligned with the gliding direction of the prismatic loop. 

We show that the prismatic loops punched from the bubble surface do not need to be smaller than the 

bubble cross-section. These simulations capture the general trend of dislocation emission in the condition 

of hydrostatic pressure exerted by the accumulated gas on the wall of the bubble. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Blistering is a process of modification of surface morphology of 

aterials that are exposed to prolonged irradiation with energetic 

ons of hydrogen and inert gases [1] . The lack of chemical bond- 

ng and a large mass ratio between the implanted atoms and the 

toms of the matrix was observed to lead to the preferential ac- 

umulation of the former in different types of sinks such as lat- 

ice imperfections, surface, and grain boundaries [ 2–4 ]. Vacancies 

ormed in the irradiated matrix by energetic atoms are also able 

o accommodate more than one implanted light atom [5–7] . Since 

he light and inert gas atoms bind readily to empty lattice sites, 

hey can induce emission of interstitial atoms, if there is more than 

ne bound gas atom. This process increases the empty volume and 

ore of the implanted atoms may fit in it [8] . This eventually 
∗ Corresponding author. 
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eads to growth, within the metal matrix, of a bubble, i.e. a void 

lled with the implanted gas, analogous to gas bubbles growing 

n boiling liquid. It has been shown that the bubbles grow gradu- 

lly from 1.5 to 2 nm [9] to much larger sizes, which can eventu-

lly be seen on the surface of the irradiated metal as ”blisters”, i.e 

illocks filled with the implanted gas [10–14] . Blistering has been 

tudied primarily in tungsten, since it is the most promising can- 

idate for plasma facing materials for future fusion nuclear power 

lants [8–10,15] . However, the process is not specific to this mate- 

ial only. It has also been observed in many other metals, such as 

 [16] , Nb [17] , carbon steel [18–20] , Fe [21–23] , Al [24–29] and Cu

12–14,30–32] . For instance, proton irradiation of Cu surfaces up to 

igh fluences ( 1 . 3 × 10 23 H/m 

2 ) showed hydrogen bubbles in Cu 

lready in 1980 [33] . 

Different mechanisms were identified to explain the gas bubble 

rowth. A bubble can grow not only via pushing interstitials one by 

ne from the place of accumulation of the implanted atoms, but 

lso via vacancy diffusion, agglomeration of vacancies into clus- 
. This is an open access article under the CC BY-NC-ND license 
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ers and, finally, coalescence of smaller mobile clusters into larger 

table ones [1] . For instance, during H irradiation of Cu, the mo- 

ile mono-vacancies were seen to trap several H atoms (up to 6) 

epending on ambient temperature [5] . These mono-vacancies in- 

eract with one another forming vacancy clusters, which may still 

igrate either absorbing more vacancies or coalescing with other 

acancy clusters. 

The increasing number density of the trapped implanted atoms 

esults in pressurized gas, switching the mechanism of bubble 

rowth from diffusion- to dislocation-mediated through plastic de- 

ormations. The latter become possible due to the strong pressure 

xerted by the trapped gas on the bubble walls. The appearance 

f blisters on the irradiated material surface cannot be explained 

y vacancy migration, but by plastic deformation within the sur- 

ace. However, continuous plastic deformations in metals leads to 

ts hardening, hindering dislocation activity, while blistering is a 

ontinuous process: the blisters were seen to grow continuously 

ith increased exposure of metal surfaces to ion beams [13,14,30] . 

Due to low stacking fault energy, plastic deformations at a bub- 

le surface in an FCC lattice result in emission of Shockley partial 

islocations, forming shear loops that expand from the bubble sur- 

ace. Emission of large number of these loops can indeed lead to 

ilation of the bubble [34] . However, continuous growth of a bub- 

le can be expected only if there is mass transport of atoms from 

he bubble surface. Although there were attempts to show that 

mission of shear loops can also induce mass transport [35,36] , the 

uthors were not able to show that these shear loops leave the sur- 

ace of the void. As argued in [37] , the only way to induce the void

rowth is to punch a prismatic loop. The analytical model describ- 

ng the process of loop punching correlated the position of their 

mission with the spots of the highest stress concentration on the 

oid surface [38,39] . Indeed, the prismatic loops were simulated in 

ery small He bubbles in W [40] and Cu [41] . These studies con-

rm that emission of prismatic loops is possible not only in BCC, 

hich has been successfully studied by atomistic modelling [42–

4] but also in FCC structures with extensive slip system which 

upports nucleation of multiple partial dislocations with perpen- 

icular Burgers vectors. However, it is still not clear whether the 

ame mechanism holds for large bubbles, where emission of mul- 

iple dislocations further enhanced by large surface area hinder the 

ollective atom transport away from the bubble surface. However, 

ecently Zhou et al. [44] studied the emission of prismatic loops 

ue to nanoindentation in different materials: Cu, Al and Ni (FCC) 

nd Ta and Fe (BCC). The authors found a distinct difference in 

rismatic loop formation in both FCC and BCC metals: successive 

op-in modes (displacement excursions in the pressure versus dis- 

lacement curves) more common in FCC metals, whereas in BCC 

he single pop-in type modes prevail. 

In Refs. [45–47] , the growth of near-surface voids under ten- 

ile stress exerted at the Cu surface by an applied electric field 

as studied. It was clearly seen that the shear loops growing away 

rom the void surface, eventually left the surface of the void and 

reated atomic steps on the top of the surface. Hence, it was con- 

luded that the prismatic loops were punched from the surface of 

he void. These, however, were not clearly observed in the simula- 

ions, since the size of the shear loops surrounding the prismatic 

ne were extensive, while the distance between the void and the 

urface was rather short. 

In this work, we focus on plastic deformation around the bub- 

le surface in Cu filled with hydrogen gas. Our experiments show 

hat even under relatively low energy H 

− ion irradiation of Cu sur- 

ace, the surface blisters appear after many hours of exposure. The 

ffect causes dramatic changes on the surface affecting its electric 

eld holding properties as well. Using molecular dynamics simula- 

ions, we show that pressurized hydrogen gas is able to exert suffi- 

ient pressure on the walls of the bubble to induce clear prismatic 
2 
islocation loop punching, which is indeed the driving mechanism 

f hydrogen bubble growth within Cu as it is able to mass trans- 

ort atoms away from the bubble surface. The shape of the pris- 

atic loops, which we see in the current simulations, is consistent 

ith the shape of protrusions observed in [47] and with the shape 

f blisters observed in experimental images. This consistency con- 

rms that the mechanism of hydrogen bubble growth in Cu is me- 

iated by the prismatic loop punching, starting from nanometric 

ubble size. 

. Methods 

.1. Experiment 

The experiment aims at studying blistering phenomena which 

ave been observed at the Radio-Frequency Quadrupole (RFQ) of 

he LHC injector chain at CERN, where stray beam from the H 

−

ource impacts the entrance copper surfaces of the RFQ at an en- 

rgy of 45 keV to 3 MeV. In our experiments, we used Cu-OFE 

oxygen-free electronic-grade copper, UNS C10100) electrodes that 

ere prepared by diamond machining from a multi-directional 

orged bar [48] . The shapes of electrodes (anode and cathode) were 

ompatible with the large electrode system described in detail in 

ef. [49] . The samples were subjected to degreasing after machin- 

ng, followed by a thermal treatment at 835 ◦C for 20 min with a 

00 ◦C/h heating ramp, which reproduces the vacuum brazing cy- 

le used in the fabrication of the current RFQ. 

Irradiation was performed at CERN by using a spare identical 

win of the H 

− source that injects into the operational RFQ. The 

ample was installed in vacuum downstream the source with a fix- 

ure allowing beam incidence perpendicular to the sample surface. 

eam energy was 45 keV at a fluence of ∼ 2 . 5 × 10 19 H 

−/cm 

2 with

n exposure time of 40 hours, and a duty cycle of about 0.1% at a

epetition rate of 1 Hz. H 

− is fully ionized into H 

+ within less than

 at. diameter after entering the copper surface [50] , and calcula- 

ions show that H 

+ at 45 keV has then a Bragg peak at a depth of

bout 300 nm. 

To show the continuous growth dynamics we performed ad- 

itional experiments using the 500 kV HVE (High Voltage Engi- 

eering Europa) ion implanter available in the Accelerator Labo- 

atory of the University of Helsinki. In these experiments, the Cu- 

FE surface was irradiated by the 90 keV positively charged H 

+ 
2 

olecular DC beam to enable the same energy per atom as in the 

FQ experiment. The irradiation was performed by raster scanning 

he ion beam over the implantation area in horizontal and verti- 

al directions using electrostatic beam deflectors at 10 kHz and 

 kHz, respectively. The Cu-OFE samples were irradiated to two 

ifferent fluences 4 × 10 18 H/cm 

2 and 1 × 10 18 H/cm 

2 through the 

ing shaped Faraday cup. The ion beam flux was maintained below 

 × 10 14 H/cm 

2 /s during both irradiation procedures, while the ex- 

osure times were 18 h and 4.5 h, respectively. 

Blisters on the sample were imaged by using a Scanning Elec- 

ron Microscope (SEM) model Sigma from Zeiss. 

.2. Molecular dynamics simulations 

.2.1. Interatomic potentials 

All simulations were performed by using the PARCAS MD code 

51] . The Cu-Cu interactions are described by the embedded atom 

odel (EAM) interatomic potential developed by Mishin et al. [52] 

hereafter, Mishin potential), to describe accurately mechanical 

roperties of copper. Following the approach used in [53,54] , we 

lso describe the H-H interactions in the EAM formalism using 

he potential developed for the Ni-Al-H system [55] . The potential 

redicts formation of H 2 molecules with the bond length d H−H = 

 . 75 ̊A and the bond energy E H−H = 4 . 74 eV. We verified that the
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Fig. 1. Initial configuration of the simulation cell with dimensions 42 × 42 × 42 

nm 

3 . A 4 nm radius void is positioned in the center of the cell and shown in blue. 

(For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 
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ehavior of the pressurized H gas follows that of the gaseous phase 

nd exerts hydrostatic pressure on the walls of the bubble. Addi- 

ionally, we simulated a He bubble in Cu, where He-He interactions 

ere described by the ZBL potential [56] to avoid organization of 

as atoms into a lattice. The response of Cu lattice was very sim- 

lar, see Fig. B1 (a–f) in Supplementary material B, confirming that 

he bubble surface yields under hydrostatic gas pressure within the 

ubble and not because of possible effects of the pressurized H. 

The Cu-H interactions in our simulations were described by the 

urely repulsive ZBL potential [56] , which also allows us focusing 

n effects of the gas pressure in the bubble, rather than on chem- 

cal interactions of gas atoms with the lattice and possible escape 

f H atoms into the lattice. The latter assumption is reasonable due 

o low solubility limit of H in Cu [57] . 

We were not able to benefit from the existence of the bond- 

rder potential (BOP) proposed in Ref. [58] . Although this poten- 

ial describes all interactions needed for the current study (Cu-Cu, 

-Cu and H-H), its inefficiency and poor description of processes 

nder high gas pressures within the bubble limited the application 

f this potential in our simulations. 

.2.2. Simulation setup 

The simulation cell 42 × 42 × 42 nm 

3 (6233910 Cu atoms) in 

ize was initially relaxed at 600 K and zero pressure by applying 

erendsen thermo- and barostats [59] with the periodic boundary 

onditions in all directions. 

We introduced the bubble into the simulation cell by cutting 

ut a spherical void of 4 nm in radius (remaining in the cell 

,212,454 Cu atoms) in the center of the cell and filling it with 

 atoms of different concentrations. We note that the amount of 

 atoms included in the simulated bubbles may have resulted in 

igher gas pressures than those that are expected to trigger the 

ubble growth in experiment. Keeping in mind the stochastic na- 

ure of this process [60,61] , much longer experimental times may 

llow emission of dislocation from a bubble surface at lower pres- 

ures. In [39] , it was analytically estimated that a 10 nm void can 

ield at 7.2 σy , where σy is the macroscopic yield strength. For Cu, 

his value amounts to ≈ 0.5 GPa, assuming σy ≈ 70 MPa [62–64] . 

he gas pressure in our bubbles is higher to ensure emission and 

elaxation of dislocations within the 100 ps of the simulated time 

starting from approximately 6 GPa or 60 kbar). 
3 
The analysis of the pressures exerted by hydrogen gas on the 

alls of the bubble can be found in Supplementary material A. 

n Fig. A1 (a) we plot the pressure values in kbar obtained in the 

imulations of the pure H gas with the atomic densities matching 

hose in the bubble simulations with every value of the hydrogen 

oncentration (n H/vac ) as a function of n H/vac . The H gas was relaxed

n NVT for 100 ps at 600 K. We also verified the applicability limit 

f the used potential [55] by compressing the cell with the highest 

tomic density (n H/vac = 5) in NPT. The results are shown in Fig. A1 

b). We saw that the temperature rapidly rising and atom mobil- 

ty rapidly decreasing, which indicates formation of a new phase, 

nly at the pressure above 80 0 0 kbar (see the black dashed ver- 

ical line in Fig. A1 (b)). The highest pressure used in the current 

imulation was an order of magnitude below this ultimate limit of 

he potential applicability. 

The orientation of the cell and positioning of the bubble are 

hown in Fig. 1 . 

For visualization of the results, we use the Open Visualization 

ool (OVITO) [65] . We analyzed the stacking faults in the cells by 

sing the centrosymmetry (CS) parameter [66] and the dislocation 

xtraction algorithm (DXA) available in OVITO [67] . 

.2.3. Simulation of a hydrogen bubble 

In this work, we ignore the initial stages of the bubble growth 

nd focus on plastic deformations leading to continuous growth of 

 pre-existing bubble. We study the effect of hydrogen pressure by 

arying the gas concentration. For every missing Cu atom (a va- 

ancy, “vac”) within the void, we introduce a certain number of 

 atoms (n H/vac , number of H per Cu vacancy), randomly locating 

hem within the void at the distance not closer than 0.9 Å from 

ne another to avoid collapse of the atoms. 

Since the binding energy of H to a monovacancy is rather high 

 E b 
H−vac Cu 

= 0 . 4 eV [5] ), we expect that at least one hydrogen atom

er missing Cu atom will always be found in the bubbles. How- 

ver, it has been shown that a vacancy in Cu can bind more 

han one hydrogen atom [7] . Hence, to create sufficient pressure 

ithin the bubble, we fit different numbers of H atoms per va- 

ancy n H/vac = 0, 0.8, 1, 1.5, 2, 2.5, 3, 3.5, 4, and 5 within the void.

e refer to this quantity as the hydrogen concentration within the 

ubble to distinguish it from the bubble hydrogen density, which 

s the number of H atoms per unit volume, ρH = N H /V bubble . V bubble 

s calculated by using the Construct surface mesh in OVITO [68] . The 

btained volume is approximated to have a spherical shape, which 

as used to deduce the radius that is compared to the radius of 

he original void with no hydrogen inside. The difference between 

wo radii �r was used to estimate the dilation of the bubble under 

he hydrogen pressure inside. 

We also note that the solubility of H in Cu, at T = 600 K and

 = 20 kbar (2 GPa), is 69 ppm [57] , which also supports the as-

umption of strong accumulation of H atoms in the bubbles during 

he prolonged H 

− irradiation of Cu surface. 

. Results and discussion 

.1. Blistering on Cu surface under prolonged H 

− ion irradiation 

Fig. 2 shows the Cu surface exposed to the H 

− ion irradiation 

or 40 hours reaching the fluence of ∼ 2 . 5 × 10 19 cm 

−2 . The im-

ge clearly shows formation of blisters with either rounded shape 

r having lids of random, but geometrically well defined shapes, 

n some cases showing signs of an opening at their apex, proba- 

ly after having burst open. In some places, the blisters are self- 

rganized in rows along specific crystallographic directions. These 

eatures indicate that the dislocation-mediated mechanism, whose 

inear nature, may explain the geometrically recognizable forms 

nd alignment of the bubbles in a self-organized manner. 
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Fig. 2. SEM images of the Cu surface irradiated by H 

− ions up to a fluence of ∼ 2 . 5 × 10 19 H 

−/cm 

2 . Imaging was performed with Field Emission Gun Scanning Electron 

Microscope (FEG-SEM) Sigma (from ZEISS) using the secondary electron detector at 10 keV and various magnifications. The images represent two different locations, with 

two different levels of magnification. 

Fig. 3. Evolution of OFE-Cu sample under H 

+ . The cross-section views (a,b) and the top views (c,d) of the surfaces irradiated to fluences of 1 × 10 18 cm 

−2 (a,c) and 4 × 10 18 

cm 

−2 (b,d). The small voids of a few tens of nanometer size are outlined in red. Note that their location is much deeper than the size of the void, which decouples the 

bubble nucleation process from the effect of the nearby surface. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 

of this article.) 

4 
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Fig. 4. Evolution of the void radius (red dashed line) and H density inside the void 

(blue solid line). Inset: intermediate state of the void at 30 ps for n H/vac = 2, 2.5, 

3 and 4, respectively from left to right (only those atoms with CS greater than 4.5 

and within a sphere of 110 Å of radius are represented). (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version 

of this article.) 
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The observed geometric shapes of the blisters on Cu surface 

uggest that the growth of bubbles in Cu must proceed via emis- 

ion of extended defects rather than individual atoms. In the fol- 

owing, we focus on details of plastic deformation in a hydrogen 

ubble containing different concentrations of hydrogen. Although 

he simulations are performed for hydrostatic pressures within the 

ubble deep in the bulk, the conclusions derived from the study 

ill shed the light on mechanisms developing near bubble surfaces 

hich grow close the surface of the material. 

In Fig. 3 we show the bubble growth dynamics under the cop- 

er surface which was exposed to the positive H ion beam for ex- 

ensive times. Fig. 3 (a and b) shows the cross sectional view of the

ubble structures at (a) the lower ( 1 × 10 18 cm 

−2 ) fluence and (b)

our times higher fluence ( 4 × 10 18 cm 

−2 ). The images in Fig. 3 (c

nd d) shows the top view of the surfaces irradiated to the cor- 

esponding fluences as in (a) and (b), respectively. The continuous 

rowth of the bubbles is seen not only in the size of the large blis-

ers, but also in appearance of the new bubbles outlined in the 

ig. 3 (b) by the red circles and estimated to have size of a few

ens of nanometers. These also appear at the depth much larger 

han the size of the bubble. 

Motivated by these experimental observations, we focus in the 

ollowing on understanding of atom-level mechanisms to explain 

he hydrogen bubble growth in Cu when the size of the bubble 

eaches ∼ 10 nm in diameter. This is the range of sizes which are 

lready much larger than the initial bubble nuclei (below 2 nm 

41] ) and may exhibit a different growth dynamics. Moreover, the 

ubbles can nucleate at the depth exceeding the size of the bubble, 

ee outlined bubbles in Fig. 3 (b), whose growth can be decoupled 

rom the presence of nearby surface. 

.2. Bubble size growth under hydrogen gas pressure 

In Fig. 4 , we show the results of MD simulations indicating the 

rowth of the bubble size as a function of hydrogen concentra- 

ion (n H/vac ) within the bubble. The change in the bubble radius 

r (left y -axis) is the difference between the initial radius of the 

oid before filling in the gas and after the structure was filled with 

as and fully relaxed in the NPT ensemble for 100 ps. The right 

 -axis shows the bubble hydrogen density ρH . The atomic config- 

rations in the insets of Fig. 4 show evolution of dislocation net- 

ork around the bubble with increase of the number of H atoms 

n it. For clarity of illustration we selected only the n H/vac values 

hat resulted in plastic deformations around the bubble that are 

ignificantly different from the preceding n H/vac values. For the cor- 

esponding values of the pressure within the bubble exerted by 

he hydrogen atoms, see Fig. A1 (a) of Supplementary material A. 
5 
n this graph, the red dashed lines highlight the n H/vac value which 

esulted in the pressure of 20 kbar [57] in our simulations, while 

he blue dashed lines indicate the pressure (at about n H/vac = 2.5) 

hich resulted in plastic deformation within our MD simulations. 

his pressure is only three times as high as 20 kbar. 

Within 100 ps of the simulated time, the bubble surface did 

ot yield in our simulations until n H/vac = 2.5; correspondingly 

n this regime, we observed only elastic dilation of the bubble, 

.e. both the �r and ρH in Fig. 4 increase linearly. After that, the 

rowth rate of ρH suddenly decreases, while the growth rate of 

r increases. This dramatic change marks the start of dislocation 

mission processes from the surface of the bubble. Indeed the in- 

et with the atomic configuration of the bubble with n H/vac = 2.5 

emonstrates formation of a number of stacking faults around 

he bubble. These stacking faults continue growing and eventu- 

lly may complete a full stacking fault octahedron. We have previ- 

usly shown that once such a stacking fault octahedron is formed, 

he bubble surface becomes more resistant to the gas pressure 

ithin the bubble [34] . In the current simulations, we have not ob- 

erved formation of a complete octahedron, however, even a par- 

ially completed one strengthened the bubble surface, so that the 

ydrogen density still increased (as it is seen in Fig. 4 at about 

 H/vac = 3). 

For n H/vac ≥ 3, the hydrogen density within the relaxed bubble 

oes not grow any longer, but on contrary, slightly reduces as the 

emporary hardening of the surface was removed (the octahedron 

s no longer seen) and ρH reaches the equilibrium value, which is 

aintained in the bubble despite the increase of hydrogen concen- 

ration n H/vac . Further growth of n H/vac leads to a rapid increase of 

he bubble size. 

We note that the rapid and consistent growth the bubble size 

an only be explained by activation of a dislocation loop punch- 

ng mechanism. In the simulations with high n H/vac values we see 

ow the bubble initially blows up under the hydrogen pressure 

nside, but then, the size recovers nearly to the original size, 

mitting a dislocation from the bubble surface. The videos show- 

ng the dislocation evolution dynamics with different n H/vac can be 

een in Supplementary material C: n3disloc.mp4, n4disloc.mp4 and 

5disloc.mp4 ). 

The results presented in Fig. 4 can be summarized as follows: 

• n H/vac ≤ 2.5: Neither dislocation nor any other remarkable defect 

were detected at the bubble surface. The bubble growth can be 

described as elastic dilation. Both the change of the bubble ra- 

dius (red dashed curve) and the bubble hydrogen density (blue 

solid curve) increase linearly. 

• n H/vac ε [2.5,3]: Appearance of stacking faults tangential to the 

bubble surface, including formation of a full or partial stacking 

fault octahedron [34] that hardens the bubble surface, which 

allows for higher bubble hydrogen density. The bubble grows 

through elastic expansion and plastic deformations via emission 

of shear loops. 

• n H/vac > 3: Octahedron shape around the bubble disappears. The 

density ρH slightly decreases and remain almost at the same 

value, while the bubble size start rapidly increasing. Hence, a 

mechanism of mass transport of atoms away from the bubble 

surface must be activated at this point. 

In the following we analyze in detail the mechanisms of plastic 

eformations around the bubble filled with the H atoms. 

.3. Mechanisms of hydrogen bubble in Cu 

Since we observed no significant modification in the cell with 

 H/vac < 2 . 5 , we discuss the results obtained with the bubble hy-

rogen concentration corresponding to at least three H atoms per 

 Cu vacancy. 
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Fig. 5. Dislocations emitted from the bubble with n H/vac = 3, (a) and (b), and with n H/vac = 4, (c) and (d). In (a) and (c) only the atoms with the CS ≥ 4 . 5 are shown for 

clarity, while (b) and (d) show the dislocation lines identified by DXA [67] . The Shockley partials are shown in green, perfect dislocations in blue, undefined dislocations are 

marked red. The stair-rods are shown in pink, while Hirth and Frank partial dislocations are shown in yellow and cyan, respectively. Dashed lines outline the dislocation 

loops detached from the surface of the void. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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In Fig. 5 , we show the evolution of the Cu structure under the 

 gas pressure exerted on the walls of the bubble in the middle of 

he cell. In the left panel, (a) and (c), we visualize only the atoms 

ith the CS parameters ≥ 4 . 5 . In the right panel, (b) and (d), we

how the cells with the dislocations identified by the DXA analysis 

f OVITO. (The nature and quantitative analysis of the dislocations, 

ormed in the cells with n H/vac = 3, 4 and 5 can be found in Table

1 of Supplementary material C.) 

Stacking faults appeared at the surfaces of the bubble in both 

ases with n H/vac = 3 and n H/vac = 4 almost immediately after the 

imulation has started. The emission of dislocations from the bub- 

le surface clearly provides a mechanism for more significant bub- 

le growth accompanied with a slight release of the bubble gas 

ressure compared to elastic dilation. Unfortunately, the analysis of 

he dislocations in the current simulation conditions is not trivial 

ue to high pressure and elevated temperature. However, we can 

ollow the emission of initial dislocations and the general trend of 

evelopment of dislocation network. 

It has been previously shown that the gas trapped within a 

ubble in an FCC lattice may lead to formation of a stable stack- 
6 
ng fault octahedron enveloping the bubble and hardening its sur- 

ace [34] . Indeed in Fig. 5 (a and b), we see a tendency towards

he growth of an octahedron in the simulations with n H/vac = 3. 

e have slightly reduced the hydrogen concentration in the bub- 

le and performed addition simulations with n H/vac = 2.75, which 

esulted in the fuller octahedron around the bubble. The results of 

his simulation can be seen in see Fig. D1 (a-d) in Supplementary 

aterial D and videos n2p75-CSP-gt-4p5.mp4 and n2p75disloc.mp4 . 

his result suggests that emission of trailing partial dislocations at 

ower pressure is delayed sufficiently, and the stacking faults on 

djacent {111} planes survive longer, which allows to complete the 

ctahedron more readily. 

Formation of a stacking fault octahedron around a bubble is 

pecific for FCC lattices because of the extensive slip system. In- 

uitively one can expect that an octahedron will appear if partial 

islocations emit at similar times along all eight {1 1 1} planes 

angentially to the bubble surface. Instead, we observed that a 

lip in one of them, e.g. (1 1 1) in [1 1 0] direction triggers the

lip in the adjacent [1 1 0] direction, promoting the emission of 

he leading Shockley partial dislocation in this direction on the 
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Fig. 6. Hirth dislocations formed around the bubble with n H/vac = 3. (a) shows that an initial Hirth lock ( H(1) ) has formed already after 7.5 ps that can build the backbone 

of the future stacking fault octahedron and (b) shows the top view of the dislocation network evolution after 40 ps, which shows nearly perfect square outlining laterally 

the forming octahedron. The dislocation lines identified by DXA [67] are shown in different colors according to the dislocation type. The following colors were used: green 

for Shockley partials, blue for perfect dislocations, red for “others” dislocations, pink for stair-rod, yellow for Hirth and cyan shows Frank partial dislocations. The Burgers 

vectors of the dislocations are shown. We identify the following dislocations: H(1) with � b = 

1 
3 

[ 1 0 0] , S(1) with � b = 

1 
6 

[1 2 1 ] , S(2) with � b = 

1 
6 

[ 1 2 1 ] , S(3) with � b = 

1 
6 

[ 1 2 1] and 

S(4) with � b = 

1 
6 

[1 2 1] . The 〈 1 0 0 〉 directions are shown for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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1 1 1 ) plane (see movie in Supplementary material n3rot-disloc- 

CP.mp4 )). These two stacking faults grow together vertically along 

he Hirth lock, which is shown in yellow and marked H(1) in the 

ore detailed view in Fig. 6 (a). 

We notice that although the length of H(1) dislocation varies, it 

emains in the same location almost until the end of the simula- 

ion. In previous works [69,70] , the formations of a Hirth disloca- 

ion were found to follow the dissociation reactions, which can be 

ritten, for instance, as: 

1: a 
2 

[ 1 1 0] + 

a 
2 

[ 1 1 0] −→ 

a 
6 

[ 2 1 1 ] + 

a 
6 

[ 2 1 1] + 

a 
3 

[ 1 0 0] 

2: a 
6 

[1 1 2] + 

a 
6 

[ 1 1 2 ] −→ 

a 
3 

[0 1 0] 

here the reaction ( 1 ) results in two Shockley and one Hirth dis- 

ocation and the reaction ( 2 ) results in a Hirth partial. 

In the condition of our simulations, we were not able to trace 

he entire process of formation of the Hirth dislocation (e.g., H(1) 

n Fig. 6 (a) had already appeared at the very beginning of the sim- 

lation). The analysis of the Burgers vectors of the dislocations 

arked in Fig. 6 (a) as H(1) and S(1 – 4) we conclude that H(1) 

s the Hirth partial dislocation with 

�
 b = 

a 
3 [ 1 0 0] ), while the Shock-

ey partials have the following Burgers vectors � b = 

a 
6 [1 2 1 ] ( S(1) ), 

 

 = 

a 
6 [ 1 2 1 ] ( S(2) ), � b = 

a 
6 [ 1 2 1] ( S(3) ) and 

�
 b = 

a 
6 [1 2 1] ( S(4) ). All of

he Shockley partials are leading ones which react to form the 

irth partial as follows: 

(2) + S(3) = 

a 

6 

[ 1 2 1 ] + 

a 

6 

[ 1 2 1] −→ 

a 

3 

[ 1 0 0] 

(1) + S(4) = 

a 

6 

[1 2 1 ] + 

a 

6 

[1 2 1] −→ 

a 

3 

[1 0 0] 

Since S(1) and S(3) as well as S(4) and S(2) describe the same 

tacking faults, the Hirth partial is detected in Fig. 6 (a) as a single

irth partial dislocation H(1) with the Burgers vector � b = 

a 
3 [ 1 0 0] . 

Fig. 6 (b) shows the top view of the dislocation network around 

he bubble at a later stage (after 40 ps), when it was fully devel-

ped. We can see the almost perfect square which outlines later- 

lly the forming octahedron, although not all sides are fully com- 

lete. Moreover, while rotating the image, it can be seen that not 
7 
ll dislocations belong to a geometrically perfect octahedron, some 

f them are on parallel slip planes further obstructing completion 

f the perfect octahedron. 

In Fig. 7 (a), we are able to identify the stacking faults almost in 

ll sides of the octahedron around the bubble (outlined in red). We 

ote that all stacking faults are positioned with some offset from 

he bubble surface, where the atoms are better organized into the 

attice structure. In Fig. 7 (c), the same areas are outlined by the 

islocations determined by DXA that delimit the stacking faults. 

he planes correspond to (from left to right) ( 1 1 1) , (1 1 1) and 

1 1 1). One more stacking fault that is not visible from the per- 

pective of the image is on the ( 1 1 1 ) plane (bottom side of the 

ubble). If these stacking faults grow larger they will be able to 

omplete the full octahedron. The size of the bubble in our simu- 

ations does not maintain continuous growth of stacking faults to 

he sizeable area to complete the full octahedron. In the current 

cenario, we observe emission of the trailing Shockley partials un- 

er the pressure in the bubble before the octahedron is stabilized. 

owever, already partially grown octahedron hardens the material 

round the bubble surface allowing for more hydrogen pressure to 

uild up within the bubble, see Fig. 4 between n H/vac = 2.5 and 

 H/vac = 3. Hence, we anticipate that formation of a full stacking 

ault octahedron around a bubble may affect the growth dynamics 

t the earlier growth stage (when the radius r � 2 nm). 

The emission of the trailing partials completes the shear loops 

s shown in Fig. 7 in blue. However, it is also clear that the loops

emain attached to the bubble. Fig. 7 (a) and 7 (b) shows the same 

nstant in the simulations as Fig. 7 (c) and 7 (d), but from the [1 0 1]

irection. Although the shear loops in Fig. 7 (a) appear to be con- 

ected randomly, from the [1 0 1] directions we can see that they 

ll lie on {111} planes and have the parallel Burgers vectors. More- 

ver, from this direction it is clear that the emitted shear loops are 

onnected and partially outline a loop perpendicular to themselves. 

ince this loop is not complete, it remains attached to the bubble 

ntil the end of the simulation. It is also worth noting that the 

oop is slightly larger than the size of the bubble, which is some- 

hat surprising, since the prismatic loops were always associated 



A. Lopez-Cazalilla, F. Djurabekova, F. Granberg et al. Acta Materialia 225 (2022) 117554 

Fig. 7. Final configuration of the bubble with n H/vac = 3, (a–d), In the left panel (a,c) only the atoms with CS parameter above 4.5 are shown for clarity. In the right panel 

(b,d) the dislocation lines identified by DXA [67] are shown in different colors according to the dislocation type. The following colors were used: green for Shockley partials, 

blue for perfect dislocations, red for “others” dislocations, pink for stair-rod, yellow for Hirth and cyan shows Frank partial dislocations. Burger’s vector are shown for clarity. 

In (c and d), the features on the back were remove for clearer view. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 

Fig. 8. Configuration of the bubble with n H/vac = 3 at (a) 64 ps (b) 66.5 ps and (c) 69 ps (corresponding region marked with a black region in Fig. 7 a). The dislocation 

lines identified by DXA [67] are shown in different colors according to the dislocation type. The HCP atoms contained by them are shown as well for clarity. The following 

colors were used: green for Shockley partials, blue for perfect dislocations, red for “others” dislocations, pink for stair-rod, yellow for Hirth and cyan shows Frank partial 

dislocations. Burger’s vector are shown for clarity.The Burgers vectors of the dislocations are shown. Inset: the region of analysis is marked in black. We identify the following 

dislocations: H(3) with � b = 

1 
3 

[0 1 0] , S(5) with � b = 

1 
6 

[2 1 1 ] , S(6) with � b = 

1 
6 

[ 2 1 1] , S(7) with � b = 

1 
6 

[1 2 1] and S(8) with � b = 

1 
6 

[ 1 2 1 ] . (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 

8 
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Fig. 9. (a–d) Perspective of evolution of the prismatic loop composed by different shear loops. (e–g) Evolution of the prismatic loop showing that shear loops slip in the 

same plane since it detaches, while the loop move in the [1 0 1 ] . (h) Configuration of the detached loop viewed in the direction of movement. Other dislocations which are 

not part of the loop are removed in the image for clarity. The grey circle is the projection of the void. Green color shows Shockley partials, blue shows perfect, red shows 

”others” dislocations, pink shows stair-rod, yellow shows Hirth and cyan shows Frank partial dislocations.. (For interpretation of the references to colour in this figure legend, 

the reader is referred to the web version of this article.) 
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ith the loop of interstitials leaving directly from the surface of 

he bubble [40,41] . 

We further analyze the shape of the partial prismatic loop seen 

n Fig. 7 (c,d). Following the dislocation dynamics around the bub- 

le we see that the shear loops are emitted either directly from the 

urface (see in Fig. 7 (c) the lowest shear loops in the shape of the

W” letter) or continued from those sides of the octahedron that 

re parallel to the same 〈 1 1 0 〉 direction (as well as the direction

n which the lowest shear loops glide)). Emission directly from the 

ubble surface is a straight forward process, while extension of the 

ides of the forming octahedron is less trivial, since the octahedron 

dges are normally locked by the Hirth locks, see Fig. 6 (b). 

In Fig. 8 we zoom in the region outlined by a black rectangu- 

ar in Fig. 7 (a) to show the process of Hirth lock dissociation in a

reater detail. In Fig. 8 we observe two perfect dislocations com- 

osed of Shockley partials marked in the figure as S(i) : 

(5) + S(7) = 

a 

6 

[2 1 1 ] + 

a 

6 

[1 2 1] −→ 

a 

2 

[1 1 0] 

(6) + S(8) = 

a 

6 

[ 2 1 1] + 

a 

6 

[ 1 2 1 ] −→ 

a 

2 

[ 1 1 0] 

These are able to lock in the perfect Hirth lock with 

�
 b = [0 1 0] ,

owever, in our simulations only the leading partials lock in the 

artial Hirth lock, see Fig. 8 (b): 

(5) + S(6) = 

a 

6 

[2 1 1 ] + 

a 

6 

[ 2 1 1] −→ 

a 

3 

[0 1 0] 

When the trailing partial S(8) starts gliding further, it induces 

he dissociation reaction of the partial Hirth lock: 

a 

3 

[0 1 0] −→ 

a 

6 

[2 1 1 ] + 

a 

6 

[ 2 1 1] = S(5) + S(6) 

This reaction results in the emission of the almost complete 

hear loop, led by S(5) and completed by S(7) . This loop, however, 

s still attached to the bubble but expands rapidly, joining with the 

hear loops formed previously at the bottom of the bubble via the 

ross slips. 

In these simulations, we observe only partial formation of the 

rismatic loop. It will not detach from the bubble until the full 
9 
oop is complete. It may happen on the later stage of the disloca- 

ion network evolution (beyond the time span of the current simu- 

ation), if the shear loops in the upper part of the bubble also form. 

owever, we do not see any definite tendency towards it. While 

ot impossible, it may be computationally inefficient to continue 

he simulations under the same condition for longer time. Instead 

e performed the simulation of the bubble with yet higher H con- 

entration (n H/vac = 4). 

The dislocation network which formed in the n H/vac = 4 case is 

hown in Fig. 5 (c,d). Although the emission of dislocations around 

he bubble in this case is very extensive, the view [ 1 1 0] in the

ower panels of Fig. 9 (e–g) show a clear diamond like shape of the 

ctahedron projection in this direction. The emission of the pris- 

atic loop is seen from one of the lower facets of the stacking 

ault octahedron. More clearly the shear loops forming the pris- 

atic one are seen in the upper panels of Fig. 9 (a–d). In both up-

er and lower panels we clearly see the formation of a prismatic 

oop, which is detaching and becomes an independently travelling 

bject at the snapshot shown in Fig. 5 (c) and 5 (d) (the full pro-

ess of detachment can be found in the video in Supplementary 

aterial: n4disloc.mp4 ). This prismatic loop would, at some point, 

each the surface or a grain boundary. As we saw in detail in case 

f n H/vac = 3, the formation of the prismatic loop is possible due 

o communicating shear loops, which can be emitted directly from 

he bubble surface and from the nodes where several dislocations 

eet above the bubble surface. 

We show the projection of the emitted prismatic loop on the 

1 0 1 ] direction in Fig. 9 (h). Here we see that the punched pris-

atic loop is surrounded by a number of shear loops. Generally, 

o enclose a prismatic loop within an FCC lattice, it is sufficient 

o nucleate four joined shear loops (two on the parallel {111} slip 

lanes with the opposite Burgers vectors and two on the other par- 

llel {111} slip planes tilted with respect to the first ones at 71 ◦ of

he acute angle). In the final shape of the loop ( Fig. 9 (c) and 9 (d)),

e identified 9 different shear loops that are marked by the capital 

atin letters from A to I : 

A, B, I: 
1 

[ 1 0 1] −→ 

1 

[ 2 1 1] + 

1 

[ 1 1 2] 

2 6 6 
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Fig. 10. Evolution of the bulk cell for the concentration of n H/vac = 5 at 36 ps ((a),(b)) and at 100 ps ((c),(d)). Only those atoms with CS greater than 4.5 are plotted (a,c) and 

dislocations in the cell (b,d). Green color shows Shockley partials, blue shows perfect, red shows “others” dislocations, pink shows stair-rod, yellow shows Hirth and cyan 

shows Frank partial dislocations. Dashed ellipses marked the dislocation loops. (For interpretation of the references to colour in this figure legend, the reader is referred to 

the web version of this article.) 
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C: 
1 

2 

[1 0 1 ] −→ 

1 

6 

[2 1 1 ] + 

1 

6 

[1 1 2 ] 

D, F: 
1 

2 

[1 0 1 ] −→ 

1 

6 

[2 1 1 ] + 

1 

6 

[1 1 2 ] 

, G, H: 
1 

2 

[ 1 0 1] −→ 

1 

6 

[ 2 1 1] + 

1 

6 

[ 1 1 2] 

The prismatic loop started to be completed after the A and 

 shear loops commenced to form at 65 ps since the beginning 

f the simulation (see Fig. 9 (a,e)). They gradually grew under the 

ressure in the bubble and eventually detached from the latter 

 Fig. 9 (b,f)). However, the whole prismatic loop was still attached 

o the bubble (or rather to the dislocation node near the bub- 

le surface) via the shear loop H , which also started growing (see 

ig. 9 (c)) connecting with the shear loop A via the Hirth par- 

ial and with the G via a cross-slip. Eventually when the H shear 

oop became too large to be maintained attached to the disloca- 

ion node under the simulation condition, it also detached and the 

hole prismatic loop was emitted in the [1 0 1 ] after 87.5 ps of the

imulated time ( Fig. 9 (d,g)). We also note that after detachment 

he shape of the loop did not change. 
10 
The view of the prismatic loop in the direction of its motion 

hows the cross section of the loop in Fig. 9 (h), which kept its 

hape until the end of the simulation (not expanding as suggested 

n [36] ) offering a direct mass transport mechanism. Moreover, the 

nspection of this image reveals that not all the shear loops are in- 

ependent. For instance, the shear loops A and B are separated by 

he small shear loop I , which has formed as a result of a double jog

f the shear loop B on the parallel slip plane. Similarly the shear 

oops H and G are connected via a single jog. However, the shear 

oops D and F are clearly separated and most likely were formed 

ndependently, but eventually joined via the shear loop E . We also 

ee that the Burgers vectors of the shear loops (which correspond 

o the perfect Shockley dislocations) are either aligned opposite 

o the gliding direction (loops A, B, I, E, G and H ) or along the

liding direction (loops C, D and F . This indicates that there is an 

xtra plane perpendicular to the gliding direction and dissociated 

etween the shear loops around it. Emission of a similar prismatic 

oop was observed also under uniaxial stress [45,47,71] , where a 

imilar prismatic loop nucleated directly at the surface of the near- 

urface void in Cu, under an applied electric field, in accordance 

ith the model suggested by Lubarda et al. [38] with the yield 

oints at 45 ◦ to the normal to the open surface. In the current 



A. Lopez-Cazalilla, F. Djurabekova, F. Granberg et al. Acta Materialia 225 (2022) 117554 

s

t

l

a

s

A

l

w

s

C

a

t

w

t

s

w

t

d

t  

e

t

m

t

l

n

l

t  

t

o

m

p

N

s

b

C

i

t

g

i  

r

[

l

g

t  

f  

a

i

a

p

t

a

a

b

a

m

t

h

s

4

t

m

H

s

d

s

i

A

b

h

o

o

s  

p

c

f

w

n

l

g

t

t

g

i

l

a

t

l

c

a

u

D

c

i

A

C

I

a

i

S

f

R

 

 

 

 

 

imulations under hydrostatic stress we see prismatic loops emit- 

ing tangentially to the void surface. Moreover, unlike the prismatic 

oop described in [41] which were dissociated within the same 

tomic layers enclosed by the shear loops, we clearly see that the 

hape of the prismatic loop in FCC structure can be fairly arbitrary. 

lso the face of such a loop is not clearly defined. The interstitial 

oop (a loop of an extra layer of atoms) can dissociate not only 

ithin the same atomic layers, but also stair-like if some of the 

hear loops are lagging behind the rest (compare the shear loops 

 and G ). The only requirement of this construction that there is 

 link between the shear loops which allows for mass conserva- 

ion within the loop. This particularly important for large bubbles, 

here the shear loops can grow fairly large and emit at different 

imes. This will result in emission of prismatic loops of different 

hapes, however, they still contain an extra plane within the loop, 

hich is taken away from the bubble providing the mechanism of 

he bubble growth. 

Furthermore, the dissociated layer of interstitial atoms does not 

emand that the size of the dissociated prismatic loop is within 

he cross section of the bubble. As we see in Fig. 9 (h), the loop

mitted in our simulations is somewhat larger than the cross sec- 

ion of the void. It is, however, does not imply the violation of the 

ass conservation law, but rather that dissociation of the extra in- 

erstitial layer within the 3D prismatic loop can be uneven. 

Due to low stacking fault energy in FCC metals, only the shear 

oops can be mainly seen in the simulations. The shear loops do 

ot become detached as it is practically impossible to close the 

oop, if the ends of the dislocation are not pinned [37,72] . Despite 

he claims of void growth via the shear loops [35,36] , we see that

hese offer only small extension of the bubble volume but do not 

ffer a mechanism for continuous growth process. Without detach- 

ent of dislocation loops from the surface, there is no mass trans- 

ort, hence, there is no actual visible growth of the bubble size. 

evertheless, the experimental images show almost a micrometer 

ize blisters, which suggests the continuous growth of hydrogen 

ubbles in Cu under the prolonged irradiation with the H ions. 

omparing the shape of the loop in Fig. 9 (g) and the experimental 

mage in Fig. 2 we observe a clear resemblance of the shapes of 

he loop and the shape of the blister on the surface. Such perfect 

eometric shape can grow only as a result of plastic deformations, 

.e. punching of complete prismatic loops in one of the 〈 1 1 0 〉 di-

ections. Moreover, the same shape of the protrusion we saw in 

47] on {1 1 0} Cu surface, which resulted from punched prismatic 

oops from a near-surface void. 

We further observe even more dramatic behavior of the bubble 

rowth with n H/vac = 5. Here a dislocation loop, of the similar na- 

ure as the one observed in Fig. 9 , is emitted from the bubble sur-

ace in one of the [1 0 1] directions already after 36 ps ( Fig. 10 (a)

nd 10 (b)). This prismatic loop appears as an independent object 

n Fig. 10 (c) and 10 (d), which has crossed the periodic boundaries 

nd re-appeared in the cell again. In experimental condition, the 

rismatic loop emitted from the surface of the bubble will glide in 

he emitted direction until it is absorbed in the grain boundary. We 

lso observe the large number of the shear dislocations which are 

ttached to the bubble. They increase in size, but do not leave the 

ubble surface and, hence, cannot participate in the mass transport 

way from the bubble (the whole process can be followed in the 

ovie in Supplementary n5disloc.mp4 ). The higher pressure within 

he bubble leads to more extensive dislocation network around it, 

owever, the mechanisms of dislocation interactions remain the 

ame (for more information see Supplementary material). 

. Conclusions 

In conclusion, we studied the mechanisms of plastic deforma- 

ion around hydrogen bubbles in Cu to explain the distinct geo- 
11 
etric shapes on the bubbles grown on Cu surface under negative 

 ion irradiation. We performed a number of molecular dynamic 

imulations of large pre-existing hydrogen bubbles filled with hy- 

rogen gas of different concentrations. In the simulations, we ob- 

erved only elastic dilation of the bubble when the H concentration 

nside of it was below two hydrogen atoms per one Cu vacancy. 

t n H/vac ≈ 2.5, the stacking faults start growing around the bub- 

le. These can form an almost complete stacking fault octahedron 

ardening the surface of the bubble. After n H/vac = 3, the pressure 

f H gas is sufficient to emit shear loops on adjacent planes in one 

f {1 1 0} directions away from the bubble. However, the emis- 

ion of a full prismatic loop we observe only at n H/vac = 4. Sur-

risingly, the emitted loop can have area larger than the bubble 

ross section as it continues from the sides of enveloping stacking 

ault octahedron. This becomes possible only when the pressure 

ithin the bubble is sufficient to break through Hirth locks termi- 

ating the faces of the octahedron. Moreover, we see that these 

arge prismatic loops follow the diamond shape of the {111} planes 

eometry, although within this geometry, the shape may be arbi- 

rary. Since the shape of the loops does not change while gliding, 

he clear geometric shapes of prismatic loops is consistent with 

eometric shape of blisters seen in experimental images. 

The dissociation of the prismatic loop in the gliding direction 

s also arbitrary and depends on how much some of the shear 

oops enclosing the emitting prismatic loop lag behind. However, 

ll shear loops are connected either by cross slips or by Hirth par- 

ial dislocations. Close comparison of the shapes of the prismatic 

oop cross section and a blister in experimental image, we con- 

lude that the prismatic loop punching is the only plausible mech- 

nism which can explain the continuous growth of blisters in Cu 

nder prolonged irradiation by hydrogen ions. 
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