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Abstract

Unique interactions of radiation e�ects and interfacial chemistry processes are possible when an energetic ion beam

passes through the interface between a solid metal surface and a liquid. The purpose of this paper is to introduce a new

ion beam method to investigate some of these e�ects. A liquid mercury target and a water target contained in a block

with a steel foil window on one end have been irradiated through the foil with 2 MeV protons. The initial results for

mercury show no interaction detectable above background; the initial results for water indicate radiation enhanced

corrosion on the foil surface. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The present design of the spallation neutron source

(SNS) calls for a liquid mercury target contained in

stainless steel, surrounded by a water cooled stainless

steel jacket [1]. Protons with energy of approximately 1

GeV will pass through the stainless steel container walls

before entering the liquid mercury. At the interface be-

tween the steel and the water and between the steel and

the mercury, a unique radiation environment will be

created. Irradiation of water with high energy protons

(800 MeV) has recently been investigated for a spallation

target at LANSCE [2]. While we do not have such high

energy ions available at this laboratory, we have begun

to investigate scaled down simulations in which MeV

protons are used for the above two types of interfaces.

In addition to the relevance of these irradiations to the

SNS, similar kinds of radiation experiments are needed

for other types of solid/liquid interfaces for a variety of

applications. For example, these methods would be

relevant to irradiation assisted stress corrosion cracking

(IASCC) investigations for stainless steels in the core

region of water reactors.

2. Background

2.1. Steel/mercury interface

Consider a proton beam passing through a steel

window and emerging in a mercury target. The atomic

binding energy in liquid mercury is considerably

smaller than in solid metals; the surface atoms, for

example, are bound by less than 1 eV (DHvap � 0.6

eV/atom). Even small momentum transfers from en-

ergetic protons to Hg atoms can cause these atoms to

repel in any direction. Atoms moving against the line

of direction of the proton beam can stop in the ®rst

few atomic layers of the steel window. Further inward

di�usion of Hg into defects or along grain boundaries

might signi®cantly alter the mechanical properties of

the window. Fig. 1 shows the result of a calculation

[3] of this `atomic mixing' near a liquid Hg/solid 316

stainless steel (SS) interface. In this example, chosen

for its relevance to the present work, a 1.6 MeV H�

beam with a ¯uence of 2 ´ 1021 H�/m2 passes through

the 12 lm foil, emerging into the Hg with about 230

keV. This ¯uence creates about 0.045 displacements

per atom (dpa) at the SS surface in contact with the

Hg. In the ®rst couple of SS monolayers, the con-

centration of Hg can reach a few at.%, the actual

concentration depending strongly on the displacement

energy, Ed, in Hg as well as linearly on the ion ¯ue-

nce.
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2.2. Steel/water interface

Consider the example above, but with the mercury

replaced by water. The energy loss of the bombarding

ions as they emerge from the window into the water

creates a signi®cant density of ionized water molecules

or ion±electron pairs at the interface. During the time in

which these ion-pairs form free radicals and attempt to

reestablish chemical equilibrium through numerous re-

actions, the liquid at the region of the interface is in a

high chemical-potential state and at an elevated tem-

perature. Consider a 2.0 MeV incident H� beam passing

through the same type of foil as above, but now it

emerges into the water with an average energy of 990

keV; the ion range in the water would be about 2 ´ 104

nm. On average, for each molecule of H2O dissociated

into H and OH radicals, the protons would be expected

to lose an amount of energy, EB, of approximately 17 eV

[4]. Thus a single ion track might generate more than 104

radicals within a distance of about 104 nm from the

metal surface. The region near each ion track would be

inhomogeneous in ion density [4]. Yet, a continuous ¯ux

of incident protons would result in an average concen-

tration of radicals which would be much higher than

that normally found in water and would persist, along

with an elevated temperature, throughout the irradia-

tion, if not longer.

In order to calculate the average radical concentra-

tions [5], we take a simple form for the average H2O

bond scission rate as

S � f
EBN

dE
dx

� �
; �1�

where f is the ion beam ¯ux, dE/dx the energy loss per

unit length of ion track and N the bond density. We then

solve the chemical recombination and reaction rate

equations [5,6] using equations similar to those previ-

ously applied to aqueous radiation chemistry problems

[2,4,6]. For this short communication, we limit the

number of equations to the most essential among neu-

tral species (Table 1). For each of the species (H, OH,

etc.) an average concentration rate equation can be

written; for example, the rate equation for the hydrogen

concentration (H) would be

d�H�=dt � S ÿ k1�H��OH� ÿ 2k2�H�2 ÿ k4�H��H2O2�
ÿ k6�HO2��H�; �2�

where kn are the various rate constants [7,8] from Ta-

ble 1. The set of rate equations based on the reactions in

Table 1 is given in Table 2. While these homogeneous

concentration equations are only the limiting case for

the more realistic inhomogeneous equations, important

information can be obtained from them [5,9]. A more

realistic, low energy ion-track model [10] will soon be

applied to the present problem.

The solution of the rate equations for our experi-

mental conditions in the ®rst 0.01 s is shown in Fig. 2. It

is immediately evident that the average concentrations

of oxygen-bearing radicals increase rapidly. The pres-

ence of these molecules could increase the rate of oxi-

dation, Eq. (3a), and metallic dissolution, Eq. (3b):

M�O2 !MO2 �3a�

M�OH!M� �OHÿ: �3b�

3. Procedure

In order to investigate the above e�ects, we fabri-

cated two of target blocks: one of nickel for good

Table 1

Rate constants for the primary chemical reactions of neutral

species expected along energetic ion tracks in water

Reaction Rate constant

k (1010 l/mol/s)

Recombination reactions

1. H + OH ® H2O 2.4

2. H + H ® H2 1.0

3. OH + OH ® H2O2 4.0

Product reactions

4. H + H2O2 ® H2O + OH 0.010

5. OH + H2O2 ® H2O + HO2 0.005

6. HO2 + H ® H2O2 1.0

7. HO2 + OH ® H2O + O2 1.0

8. HO2 + HO2 ® H2O2 + O2 0.0002

These reactions are initiated from the dissociation of water

molecules by their collisions with the ions. The rate constants

are from Ref. [7,8].

Fig. 1. Simulation (SRIM) of proton-induced atomic mixing at

a 316 SS/liquid mercury interface. Mercury atoms recoil from

the liquid and become implanted into the ®rst few atomic layers

of the steel below its interface with Hg. The simulation com-

pares two displacement energies, Ed, in liquid Hg; the e�ective

Ed probably lies between these values.
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thermal conductivity and one of Lucite for visual ob-

servations. Each block had a small cavity, which to-

gether with an O-ring sealed foil window, could con®ne

a liquid in a high vacuum environment. A schematic

representation of the block is shown in Fig. 3. Cavity

volumes were 1 or 2 ml. The cavity was ®lled with either

water or mercury. In the case of water, we used isoto-

pically enriched D2
16O or H2

18O to aid in the analyses

to follow. The foils [11] investigated were austenitic (Fe±

18Cr±10Ni±3Mo) and ferritic (Fe±9Cr±1Mo) steels with

thickness of about 12 lm. Incident protons of 1.6 MeV

(Hg case) or 2.0 MeV (water case) were expected to

emerge at the foil/liquid interface with energies around

230 and 990 keV, respectively [3]. In the Hg case, this

energy was directly measured with a charged particle

detector as follows: A 1.632 MeV proton beam was

backscattered from a carbon substrate coated with 1 nm

of gold. This resulted in an energy spectrum, at 160°
scattering angle, of nearly monoenergetic 1.6 MeV H�

(backscattered from the gold) plus a continuum below

1.2 MeV (backscattered from the carbon substrate). This

technique provided a particle ¯ux low enough for the

detector system (a direct accelerator beam would be too

intense). The backscattered protons passed through the

metal foil and were captured in the detector. Fig. 4

shows the measured energy spectrum pertaining to the

1.6 MeV incident protons. Fig. 4 also shows a SRIM

simulation [1] for 1.6 MeV protons transmitted through

12.1 lm of 316 stainless steel. The excellent agreement

between the two spectra lends support to the reliability

of the simulation method used to obtain Fig. 1.

In both the mercury and water cases, the proton

beam was defocused and collimated to give a 5 mm di-

ameter spot of nearly uniform intensity at the target.

Irradiations were made with a beam intensity of about

1 ´ 104±2 ´ 104 lA mÿ2 to ¯uences of 1021 or 2 ´ 1021

mÿ2 over a 4 h period. A thermocouple was placed in

contact with the block to monitor the temperature which

did not rise beyond 30°C. However, a thermocouple

welded to the outside of the foil and exposed to the beam

rose to about 80°C in the case of the water-®lled cavity.

Control experiments were also carried out in which the

metal foil was left in contact with the liquid at room

temperature and 90°C (with water) for 4 h without ir-

radiation.

Gas created along the ion track in water was col-

lected in a graduated cylinder via displacement of dis-

Fig. 2. The solution of the equations in Table 1 for the ®rst

0.01 s of irradiation. The ion beam is 990 keV protons with a

¯ux of 3.75 mA/m2 in water.

Fig. 3. A schematic representation of the target assembly. The

proton beam passes through the foil from the left and enters the

liquid with reduced energy.

Table 2

Rate equations for the chemical products from reactions listed in the Table 1

Product Reaction rate

H d(H)/dt � S ) k1(H)(OH) ) 2k2(H)2 ) k4(H)(H2O2) ) k6(HO2)(H)

H2 d(H2)/dt � k2(H)2

OH d(OH)/dt � S ) k1(H)(OH) ) 2k3(OH)2 + k4(H)(H2O2) ) k5(OH)(H2O2) ) k7(HO2)(OH)

H2O2 d(H2O2)/dt � k3(OH)2 ) k4(H)(H2O2) ) k5(OH)(H2O2) + k6(HO2)(H) + k8(HO2)2

HO2 d(HO2)/dt � k5(OH)(H2O2) ) k6(HO2)(H) ) k7(HO2)(OH) ) 2k8(HO2)2

O2 d(O2)/dt � k7(HO2)(OH) + k8(HO2)2

S is de®ned in the text.
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tilled water (shown schematically in Fig. 3). In this

manner, the approximate volume of evolved gas could

be measured. Following the irradiation, this gas was

bled back into the vacuum system for residual gas or

RGA mass analysis. In another experiment, the tubing

was connected directly to the target chamber (instead of

the graduated cylinder) and partially evacuated prior to

irradiation. Then during irradiation the gas was bled

into the chamber and analyzed in situ.

After irradiation, the target block was immediately

removed from the target chamber and the foil was then

removed from the block. The water was placed in a

small sample bottle and analyzed for pH and for Ni and

Fe ion concentrations. The foils were placed in a scat-

tering chamber for ion beam analyses. Rutherford

backscattering spectroscopy (RBS) was used to quanti-

tatively measure the amount of mercury and elastic re-

coil detection (ERD) was used to measure the hydrogen

or deuterium near the surface. The 16O(d,p) and 18O(p,a)

nuclear reactions were used to measure surface oxida-

tion.

4. Results

4.1. Mercury

In the initial experiments, Hg droplets could be seen,

with an optical microscope, to be trapped on the irra-

diated surface of the foil. The unirradiated foil in con-

tact with Hg did not show trapping. SEM analysis

determined that this trapping was due to carbon de-

posits from trace amounts of hydrocarbon impurities

dissociated by the ion beam during irradiation. A second

irradiation was carried out following more careful

cleaning of the target and using distilled Hg; in this case

no Hg was observed on the surface. Unfortunately, Ta

inclusions were discovered on the foil surface by SEM.

Due to the presence of Ta, which caused a background

near Hg in the RBS spectra of Fig. 5, the sensitivity for

detecting Hg was limited to about 50 appm. This con-

centration integrated over the approximately 100 nm of

RBS sensitivity depth (i.e., the spectral region free of Mo

background in Fig. 5) yields about 5 ´ 1017 Hg/m2. This

compares with the number 1.1 ´ 1018 Hg/m2 of calcu-

lated recoils penetrating at least one atomic layer below

the target surface for the choice of Ed� 20 eV in Fig. 1.

It should be noted that di�usion and partial pressure

considerations indicate that one monolayer of Hg on the

surface or freely di�using to the target surface from a

few monolayers below would probably evaporate within

0.01 s at room temperature. Thus, we would expect to

see only subsurface trapped Hg. More sensitive experi-

ments using a higher ¯uence and a foil with lower

background are now in progress.

4.2. Water

During irradiation with water, small gas bubbles near

the foil (viewed through the Lucite block) appeared

quickly while larger bubbles, a few millimeters in di-

ameter, began to appear after a few minutes and con-

tinued at an approximately constant rate throughout the

remainder of the irradiation. At the end of the irradia-

tion, a volume of 5.6 ml of gas was collected. A mass

analysis taken during the ®rst few minutes of irradiation

indicated a considerable increase in the partial pressure.

In the irradiation with D2O, D2 (mass� 4) was observed

promptly. In a similar irradiation, but with H2
18O, 18O2

(mass� 36) was observed at a slightly later time as

shown in Fig. 6. The data in Fig. 6 imply that the water

near the foil becomes saturated with hydrogen and ox-

ygen within seconds of the commencement of irradia-

tion. No other gases have as yet been positively

identi®ed. The mass analyses indicated a molecular gas

ratio of hydrogen to oxygen of about 10. The ®nal pH of

the irradiated water was found to increase from 6.13 to

6.55. The Ni ion concentration, thus far measured only

for the ferritic foil, was found to be 0.21 mg/l in the ir-

radiated and 0.11 mg/l for the control liquid; this con-

Fig. 5. Typical RBS spectrum of 2 MeV He� backscattered

from the mercury-exposed steel foil before or after irradiation.

Fig. 4. Measured and calculated energy dispersion spectra fol-

lowing the passage of 1.6 MeV protons through a 12.1 lm thick

SS foil.
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centration increase is presumably due to the reaction of

the irradiated water with the Ni block. The Fe ion

concentration was below 0.050 mg/l. More metallic ion

concentration measurements are in progress.

ERD measurements showed about 0.3 ´ 1019 D/m2

on the surfaces of both the irradiated and unirradiated

foils due to a simple wetting. A spectrum of the 18O(p,a)

reaction for one of the austenitic foils irradiated in the

presence of H2
18O is shown in Fig. 7. Approximately

100 atomic layers (7 ´ 1020 O/m2) of oxide was observed

for this irradiated specimen while the amount of oxygen

found on the control specimens were about 5 atomic

layers for the room temperature and 20 atomic layers for

foil held at 90°C for 4 h. An examination of the surface

by an optical microscope revealed a few small pits as

deep as 0.01±0.1 lm and some ¯aking of surface layers

not seen on the unirradiated foils.

5. Conclusion

We have explained why ion irradiation through me-

tallic foils in contact with liquids could result in unique

interactions of radiation e�ects and compatibility pro-

cesses at the metallic surface. We then devised a con-

trolled method to irradiate foil/liquid (mercury, water)

targets and began to investigate such e�ects. Preliminary

data were presented. In the mercury case, the nuclear

recoil component of the ion±target collision should lead

to Hg atoms being `implanted' into the surface layers of

the metal. However, the initial test was not sensitive

enough to detect the Hg near the surface. In the water

case, the data showed evidence for the rapid generation

of oxygen in the liquid and enhanced oxidation and

pitting of a stainless steel surface.

This work has demonstrated proof-of-principle for

the above techniques. Such methods may now be em-

ployed to investigate the interactions of radiation e�ects

and interfacial chemistry processes relevant to spallation

neutron sources and water/reactor-core structures.

Many other applications of the general technique are

possible.
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