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Calculation of the lifetimes of thin stripper targets under bombardment of intense pulsed ions
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The problems of stripper target behavior in the nonstationary intense particle beams are considered. The
historical sketch on studies of radiation damage failure of carbon targets under ion bombardment is
presented. The simple model of target evaporation under intensive pulsing beam is supposed. Lifetimes of
stripper targets under intensive nonstationary beams can be described by two failure mechanisms:
radiation damage accumulation and evaporation of a target. At the maximal temperatures less than
2500°K the radiation damage dominates; at temperatures above 2500°K the mechanism of evaporation of
a foil prevails. The proposed approach has been applied to the description of stripper foils behavior in
Brookhaven National Laboratory linac and Spallation Neutron Source conditions.
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L. INTRODUCTION

Thin solid-state targets are widely used in the world to
strip ions in charged particle accelerators. The thickness of
a stripper target is defined by the type, energy, and charge
state of the ions before and after stripping. The processes
occurring in a target bombarded by ion beams have been
the subject of numerous studies over the past few decades.
Extensive research in the mechanisms of destruction of
targets by ion beams has been carried out in the 1970’s and
1980°s—during a period of rapid development in particle
accelerators and ion implantation techniques. With the
recent development of high-intensity and high-energy ion
accelerators at FermilLab and Spallation Neutron Source
(SNS) in the U.S.A. and Japan Proton Accelerator
Research Complex, the interest in studying the processes
of failure of solid-state targets under ion beam bombard-
ment has been renewed.

From the point of view of obtaining the highest charge
states of a beam, loading of the vacuum system, and small
overall dimensions, solid-state strippers are preferred com-
pared to gaseous strippers. The main disadvantage of all
solid-state strippers is their limited service life, which
limits the overall performance of accelerators and raises
the radiation load of service personnel.

From the first use of thin strippers until now, there has
been a struggle to improve their manufacturing techniques
with the purpose of increasing their lifetime. The wide use
of carbon as a material for thin stripper targets is explained
by its high melting point and mechanical strength. Because
of its small nuclear mass carbon introduces minimal dis-
tortions to the parameters of a particle beam. In the late
1970’s a prospective method of manufacturing carbon foils
was developed—the cracking of hydrocarbon in glow
discharge [1]. This method has been used for a long time
for the manufacturing of long lifetime carbon foils. Later
on, the method of manufacturing carbon foils by means of
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laser ablation was developed [2]. Longer lifetime foils
were produced by this latter method. Recently, a significant
improvement in the technology of making thin solid-state
targets and increasing their lifetime took place at KEK by
Isao Sugai and his group [3], who developed a whole series
of methods of manufacturing of carbon targets. These
methods are the controlled DC-arc discharge, the con-
trolled AC-arc discharge, the mixed ionic beam sputtering,
the high ion beam sputtering [3], and other methods.

I1. HISTORICAL SKETCH OF STUDYING THE
BEHAVIOR OF CARBON TARGETS UNDER ION
BOMBARDMENT

The technique of quantitative estimations of the lifetime
of carbon stripper targets was developed from the outset of
their use. From behavior of an irradiated foil, it follows that
the foil lifetime ¢ strongly depends on its crystal lattice
destruction, therefore ¢ should be in inverse proportion to
the displacement rate of target’s atoms K,. For the first
time a semiempirical formula connecting ¢ and K,; was
presented in [4]. Yntema from Argonne National
Laboratories (U.S.A.) and Nickel from GSI (Germany)
have made a significant contribution to the development
of the model of carbon films failure in ion beams [5]. For
high-energy heavy ions the displacement rate can be ex-
pressed as follows:

NO@ Wm

K,=—"=

" Wda(E, W), (1)
Ed E,

where N is the full number of target atoms, ¢ is the flux
density of bombarding particles averaged over a time (in
particles/cm?/sec), W is the recoil energy of the dis-
placed atom of a target, do is the differential cross section
of scattering for single collision of an ion with an atom of
the target,
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is the maximal energy transferred in such a collision, M/,
M, is the masses of bombarding ion and target atom,
respectively, E is the energy of ion beam, and Ej is the
displacement energy of a target’s atom. The basic assump-
tion was that the target fails if half of its atoms are dis-
placed from their initial positions [6]. Then the lifetime due
to the destruction of a lattice can be estimated as

E,MyE W,
tp = - d 22 — In max i (3)
2w oM, ZZ5e E,

where Z; and Z, are the charges of bombarding ion and
target atom, respectively. The last expression was obtained
using Rutherford’s differential cross section, which is a
good approximation at an ion specific energy above of
0.1 MeV /nucleon. Equation (3) turned out to be wrong
in the description of the experimental data due to neglect-
ing the influence of target heating during irradiation. In the
study of Yntema [7], it was shown that the heating of a foil
increases its lifetime. This circumstance was taken into
consideration in Ref. [6]. It was found to be possible to
describe well the experimental results on the lifetimes of
carbon foils by means of one semiempirical formula ac-
counting for both the displacement of atoms of a target and
heating:

= 1y exp(— g) @)

where a and b are the empirical constants obtained by
means of the least squares method from the experimental
data, T is the average temperature of a target defined by the
Stephan-Boltzmann relation:

T = (L + Tg>”4, P= d—Ekhgb, (5)
dx
where dE/dx (in MeV cm?/g) is the electronic stopping
power of the ion in a target material, /4 the thickness of a
target (in g/cm?), k= 1.6 X 10713 J/MeV the transfer
factor, 7, an ambient temperature, & the radiating
ability of a foil, o = 5.67 X 10712 W/cm? K* Stephan-
Boltzmann constant. The form of Eq. (4) allows one to
use an analogy with the annealing of radiation defects with
the activation energy b. The target lifetime increases with
the increase of temperature, and, consequently, with the
thickness increase which is in good agreement with numer-
ous experiments. However, in Ref. [8] the experimental
dependence (see Fig. 3 in [8]) of the lifetime decreasing
with target thickness increasing is presented. However, the
inverse relationship is caused by the reduction of trans-
mission of ions with the increase of the thickness of a target
above equilibrium, so the resulting dependence can be
considered as atypical. The increase in the lifetime of a
stripper foil with thickness increase occurs only at rather

low temperatures 7' << 2500°K when there is no evapora-
tion of a foil material. If evaporation takes place, the life-
time of a target, as will be seen below, decreases with the
thickness increase. In [6] it is shown that, for thick enough
targets (h > 10 ug/cm?), the contribution of sputtering of
atoms can be neglected in comparison with the radiation
damage.

The stated technique has connected the destruction of
carbon targets with the real processes in solid state—the
creation of point defects under irradiation, and their migra-
tion and recombination. A disadvantage of the given tech-
nique is its empirical character. There is a natural desire to
relate the empirical constants in formula (4) to real pro-
cesses in a foil under irradiation. Though the meaning of a
constant b is intuitively clear, nevertheless it is necessary to
tie up its value with a real value of the migration energy for
the certain kind of point defects in real nanostructured
carbon films. As for constant a, unfortunately it is not
possible to relate its sense to the displacement of atoms
of a lattice. A question arises: why does the failure of a film
take place at the displacement of half of the atoms from
their initial positions?

I11. INFLUENCE OF RADIATION DAMAGE ON
THE FOIL LIFETIME

One of the authors of this paper has devoted some years
to the research of behavior of thin film targets under ion
bombardment [9—13]. In Ref. [9] the relation described in
(4) for the lifetime of a carbon foil has been deduced from
the first principles of physics of radiation defects and the
stress-deformed condition of solid state. It is known that
under irradiation in the solid state two kinds of point
radiation defects are created—the displaced atoms (or
interstitials) and vacancies. The displaced atoms possess
a high mobility. Most of them annihilate with vacancies in
a lattice, and the rest form the molecular complexes. The
sizes and number of the complexes depend on the tem-
perature of irradiation, the defect generation rate, etc. The
vacancies formed during irradiation usually remain iso-
lated and inactive at low temperatures, but at high tem-
peratures they also become mobile. As a result of
irradiation, there is an accumulation of radiation defects,
which deforms the crystal lattice. Around the vacancies
there is a compression of the lattice. Because of the mo-
bility of the displaced atoms a number of them recombine
with the vacancies, and the rest create the complexes. As a
result, a considerable amount of vacancies remain isolated
and cause all-around compression of the crystal lattice. The
deformation of the lattice causes internal pressure in the
foil. If this pressure reaches the ultimate strength of a foil,
it fails. This is a destruction picture of carbon foils under
irradiation, which creates a physical basis for empirical
expression (4). Omitting the detailed calculations, pre-
sented in [9-11], we shall write out the resulting relation
for the lifetime:
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Here, op is the ultimate strength, M the elasticity module,
v the oscillation frequency of atoms in the lattice (5 X
10'3 Hz), E',, the migration energy of the displaced atoms
in the foil, kz Boltzmann’s constant, Ap = p; — p, the
change of density of a foil material due to irradiation, p;
the density of the initial phase, and p, the density of the
final phase. The factor ¢ defines the conditions of fastening
a film on the frame (in case of rigid fastenings of a flat foil
on the frame & = 1).

For estimation of the rate of atom displacement it is
possible to use the well-known expression,

Sy @

K, T (7
where S, characterizes the energy losses of a moving
particle on the defects production. The expression for §,,,
describing the experimental data on elastic scattering of
ions on atoms, looks like this [14]:
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In Eqgs. (8) and (10) e denotes the electron charge. The
values of M, M,, Z,, and Z, are the same as used earlier in
Egs. (2) and (3). For carbon Ep = 25 eV, gy = 0.53 A.
Expression (9) takes into account the screening of
Coulomb’s interactions at ¢ = 10. At € > 10, by analogy
with the work [6], it is possible to use Rutherford’s ex-
pression for differential cross section:

Ine

Sp= 7. 12
n 2e ( )

The migration energy E',, of the displaced atoms is related
to the crystallite melting point 7,, by means of the ex-
pression

b = kT, (13)

The crystallite size L. decreases its melting point accord-
ing to Thomson’s formula:

Tm(L) = TmO exp(— ZO-T ), (14)

LCPKAHO
where T,,0 = 4800°K, AH, = 10 kJ/g is the heat of fu-

sion of infinitely long crystallite [15], px = 1.7 g/cm? is
the average density of structure, and o7 =5.5X
107* J/cm? is the free surface energy of crystallite. The
numerical values are presented for graphite. Then for the
case of nanocrystalline graphite with the size L, = 20 A
that is characteristic for carbon foils obtained by cracking
of ethylene in the glow discharge (GD-foils), the melting
point will decrease to 3473°K. Then for GD-foils the
resulting formula for calculation of the lifetime can be
written as follows [9]:

. 870
t = 50K, /Y exp<— T) (15)

The last expression has been used for the carbon stripper
lifetimes and their comparison with the experimental data.
The calculated results have been found to be in good
agreement with the measured lifetimes for foil types GD
and carbon arc [9,10].

Expressions (6) and (15) for the lifetime of a carbon
stripper foil under ion bombardment allow one to account
for all important parameters: the temperature, the defect
generation rate (or radiation damage) in a foil, the strength
characteristics of a foil material, the migration energy of
the displaced atoms and its dependence on the crystalline
size, the conditions of fastening of a foil on the frame, and
the oscillation frequency of atoms in a crystal lattice. The
account of such a wide set of factors in the discussed
expression for the lifetime opens opportunities for the
description of irradiation behavior of carbon stripper tar-
gets obtained in various technological processes. The prob-
lem of calculation is that, in the experiments with a stripper
target under ion bombardment, the measurements of the
specified parameters are frequently not carried out.

The experience of using expression (15) for the predic-
tion of a stripper target’s behavior in the ion beams testifies
to a satisfactory description of foil lifetime and its tem-
perature dependence. Concerning displacement rate K,
the expression (15) predicts nonlinear dependence ¢ ~
(K,;)~ % which would be interesting to check experimen-
tally. From expression (6) it is seen that # ~ (£)*/? and this
dependence also needs to be checked experimentally. The
values of strength characteristics of carbon materials have
a wide scatter depending on the manufacturing techniques.
In work [16], the amorphous hydrocarbonic chemical va-
por deposition (CVD) foils at a density of 2.19 g/cm>for
the elastic modulus M have a value of 589 GPa that makes
about 52% of the elastic modulus of diamond. Hoshino
et al. [17] reported that hydrogenated diamondlike carbon
films, deposited in DC plasma of methane and hydrogen
gas mixture at a particular anode and substrate position,
had a high value of 850 GPa for Young’s modulus. This
Young’s modulus is about 74% of the directionally aver-
aged value of diamond, 1141 GPa [18]. In Ref. [19] for
carbon nanotubes M = 1000 GPa, and the ultimate
strength for nanotubes and diamond is op = 100 Gpa;
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for graphite M = 10 GPa op = 50 MPa have been ob-
tained. The limiting value of ultimate strength for CVD
foils is op = 47 MPa [20]. The ultimate strength for GD-
foils according to the authors of work [21] is 27 MPa. The
authors of Ref. [22] for CVD-foils obtained the value op =
300 MPa. A film, obtained by the laser plasma ablation
consisting of 75% s p? and 25% s p* coordinated atoms, has
the elastic modulus M = 369 GPa [23]. The decreasing
quantity of a diamondlike phase gives rise to a decrease of
the elastic modulus. The elastic modulus of foils, obtained
by ion beam deposition, containing 0% —16% of s p3-phase,
varies within the limits from 100 up to 260 GPa [24]. In all
the presented experiments either the ultimate strength or
the elastic modulus was measured; however, for the analy-
sis of the lifetime of stripper targets, as follows from
expression (6), it is necessary to know both values simul-
taneously. From the presented data it is seen that the
strength characteristics of carbon materials strongly de-
pend on the manufacturing techniques. For the diamond
and nanotubes op ~ 0.1 M, that characterizes limiting
value of strength. In the expression (15) for GD-foils the
value op/M = 0.01 was used.

IV. EVAPORATION OF A TARGET BY AN INTENSE
PULSING BEAM

In the designing of intense accelerators of the charge
particles, such as SNS, the estimation of the lifetime of
stripper targets is important for definition of efficiency and
radiation load on the personnel. Modeling the stripper
targets behavior under irradiation at SNS was carried out
at the Brookhaven National Laboratory (BNL) linac [25].
Parameters of a H~ beam at SNS and modeling beam at
BNL are presented in Table I. For the analysis of the
behavior of the SNS stripper target except for radiation
damage, it is necessary to also consider the evaporation due
to intensive heating by the circulating H* beam. The
similar problem was solved in work [26] for stationary
beams.

The energy losses of a bombarding beam in a target due
to multiturn injection leads to heating up to 2500-4800°K.
This leads to sublimation of atoms from the surface of a
target and its thickness decreases. On the other hand, with
reduction of thickness, beam energy losses decrease.
Therefore the temperature of the target decreases, the
process of sublimation slows down, and the thickness of
a target gets a new stationary value h; < hy. Thus, the
processes of heating, sublimation, and change of thickness
of a target are interdependent, and they must be taken into

account in the description of evaporation of a target under
irradiation.

The pressure of saturated vapor of carbon P, at the
surface of a target essentially depends on its temperature.
In a temperature range of 1700-5000°K this dependence
can be presented in the form [27]

T

where A = 1.87 X 10'! Torr, and B = 8.35 X 10*°K. The
average rate of movement of carbon vapor atoms can be

estimated as
4 T
V = 1.5 X 10* |— (cm/ sec), 17)
M,

where M, is the atomic mass of carbon. The dependence of
density of the carbon saturated vapor n (cm?®) near the
surface of target vs vapor pressure is given by the expres-
sion

P.(T)=A exp(— E), (16)

P [Torr]

= 0. X 1010 —~——=,
n = 0.996 X 10 K]

(18)
The quantity of atoms N contained in 1 cm? of the surface
of a target with the thickness 4 and density p, can be
calculated as

Ng=06X 1023h—p, (19)
Me
where u, = 12 g/mole is the molar weight of carbon. The
number of atoms leaving 1 cm? of the surface of a target
from its both sides is equal to nV. Then the variation rate of
the quantity Ng can be expressed as follows:

N

= —nV. 20
o n (20)

Differentiating the Eq. (19) with respect to time, we obtain

ANy _ g x g

. 21
dt e dt 1)

Substituting (21) in (20), and using (16)—(19), one can
obtain the following differential equation, which allows
one to calculate the dependence of thickness of a target &
Vs time:

dh)) _ g 15 5 yoro L8VEL expl="7]

dt [em? sec] VT .

TABLE I. The parameters of H~ beams at SNS and BNL linac according to Ref. [25].
Energy Duration of an impulse Frequency The maximal current The beam size
SNS 1 GeV 1 ms 60 Hz 32 mA 3 X 2 mm?
BNL linac 750 keV 0.5 ms 6.7 Hz 2.02/2.2 mA 3 mm diameter
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Unlike the case of stationary heating, considered in the
work [26], the feature of loading of stripper targets at SNS,
BNL, and many other new facilities is a pulsing character
of a bombarding beam. The average temperature of a target
at hy = 200 ug/cm? makes only 997°K; therefore the
evaporation is improbable. However, calculations [25]
show that at the same thickness the peak temperature in
an impulse reaches 2350°K. Therefore, in the analysis of
experimental data on the behavior of a target at BNL linac
conditions, it is important to consider the pulsing character
of the H™ beam. The feature is that the evaporation occurs
in that time interval of an impulse when the target is
bombarded by ions, and the temperature of heating exceeds
the threshold of sublimation.

For the adequate description of heating, cooling, and
evaporation processes in a pulsing mode we use, similarly
to the work [28], a nonstationary heat conduction equation.
As a result, for the description of the interconnected pro-
cesses of heating and evaporation of a foil in a pulsing
beam of ions, we can obtain the following set of equations:

daT 1

= [P +2e0,T? —2e0,T*(1)], (23

—83 500
dh() _ g1y 5o P gy

dt JT
where P(7) is the pulse power, which is defined as
dE dE MeV cm?

P(t) = () hok, = =275— " (25)

dx dx g

@(t) is the pulse density of a flux of the bombarding
particles, which is similar to the value of &, but defined
through the pulse current, 7, = 293°K is the initial tem-
perature of a film. In Eq. (23) the dependence of a thermal
capacity C vs temperature is used in the form of [28]:

C(T) = 0.0127 + 2.872 X 1073T — 1.45 X 107°T?
+3.12 X 1071073 — 2.38 X 1071474, (26)

V. RESULTS OF CALCULATION AND DISCUSSION

The solution of the set of Egs. (23) and (24) was made by
numerical methods by means of the program MATLAB7.0
(The MathWorks, Inc.). In Fig. 1 the calculation results of
temperature of a BNL linac target are presented for the first
second of irradiation at a pulse current of protons of 2 mA.
The contribution of stripped electrons to foil heating can be
estimated as follows. Each 1 GeV proton comes in with 2
electrons, and each electron has 545 keV of kinetic energy.
The total electron energy is about 1.6 kW which is sub-
stantially less compared to 2 MW from protons. Note: only
a small fraction of the electron energy is deposited into the
foil.

The resulting maximal temperature is 2532°K, which
exceeds the value of 2350°K, obtained for the similar case

3000
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3
e
=3
5 1500
o}
Q
£
g
1000
500
0 Il Il Il Il Il Il Il Il Il
0 o1 02 03 04 05 06 07 08 09 1
time [sec]
FIG. 1. A temperature field of a BNL linac target in the first

second of work at a pulse current of 2 mA.

in [25]. The distinction can be caused by using a
temperature-dependent thermal capacity (26). The offered
algorithm of calculation is powerful to account for the
effect of the influence of heating and evaporation. In
Figs. 2 and 3, the dependences of temperature and thick-
ness of a foil vs irradiation time of a pulsing beam of BNL
linac with a pulse current of 3 mA are shown. As it is
possible to see, the evaporation rate and a temperature of a
foil vary during the time. Such behavior can be explained
in terms of interference of heating and evaporation. The
results of calculation of a lifetime of a target are presented
in Fig. 4 (please compare with Fig. 4 of [25]). For this
calculation it was supposed that the lifetime corresponds to
a reduction of the foil thickness by a half, though the given
approximation demands further refinement. In the experi-

0,00020
0,00018-
0‘00016-‘
0.00014—.
0,00012:

0,00010

foil thickness [g/cm?)]

0,00008

0,00006

0,00004 . r . T T T T T
0 20 40 60 80

time [sec]

FIG. 2. Nonlinear foil thickness decreasing caused by the
reduction of temperature at the BNL linac pulse current of 3 mA.
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FIG. 3. (Color) Deformation of a temperature field in a target of
BNL linac, caused by the decreasing of the foil thickness due to
its evaporation.

ments [25], the target lifetime was defined as the time of
reduction of the current through the foil by 10% There is a
question: to what change in thickness does the given
change in current correspond? For the answer it is neces-
sary to measure the dependence of change in current
behind the target vs change in its thickness. In Fig. 4 the
results of calculation of the lifetime of a target at the BNL
linac conditions, according to the mechanism of radiation
damage are also presented. For the calculation of the
temperature due to the mechanism of radiation damage,
the relation (5) for a stationary heating was used. It is seen
that for maximal temperatures less than 2500°K the radia-
tion damage dominates; at temperatures above 2500°K the
mechanism of foil evaporation prevails. As can be seen
these two complementary pieces of dependence of foil
lifetime vs maximum temperature well describes the ex-
perimental data of work [25]. In the case of foil evapora-
tion, we use the universal critical parameters for saturated

100 -
o
80 —
—{— radiation damage
—_ —O— evaporation
(4
‘g- 60 —
I 1.8 mA
Q
£ 40
£
2 ]
=
20 o D\
J L [2mA =
3mA 14 mA
0 ~00-
T T T T T T T T T T T T
1000 1500 2000 2500 3000 3500 4000

Maximum Foil Temperature [K]

FIG. 4. (Color) Calculated dependences of the lifetime of BNL
linac foil due to processes of radiation damage and evaporation.

vapor of carbon from Ref. [27]. This means that in terms of
evaporation there is no difference between various kinds of
carbon materials such as graphite and diamond. So it is
supposed that the lifetime of various kinds of carbons
under evaporation is the same. As for the SNS stripper
foil conditions presented in Table I, our calculation shows
that the maximum foil temperature of 2650°K and the
corresponding foil lifetime of 0.5—1 hours can be obtained,
which is limited by the evaporation process. As can be seen
there is more than 30% decrease of the SNS stripper foil
lifetime as compared with the modeling BNL linac case of
Fig. 4, which can be attributed to the difference in the beam
time structure. More exact evaluation of SNS stripper foil
lifetime can be obtained by refining the differential equa-
tions (23) to account for the thermal conductivity and beam
intensity distribution across the hot spot. A detailed com-
puter simulation of the SNS foil temperature distribution is
presented in Ref. [29].

VI. CONCLUSIONS

(i) Lifetimes of stripper targets under intensive nonsta-
tionary beams can be described by two failure mecha-
nisms: radiation damage accumulation and evaporation of
a target. At the maximal temperatures less than 2500°K the
radiation damage dominates; at temperatures above
2500°K the mechanism of evaporation of a foil prevails.
(i1) The time structure of a pulsed beam can influence the
lifetime. (iii) The strength characteristics of carbon mate-
rial show considerable scattering. However, for the analy-
sis of the lifetime of stripper targets, as follows from the
expression (6), it is necessary to measure simultaneously
both values: the elastic modulus M and the ultimate
strength o p. (iv) For a better description of stripper targets
behavior in terms of radiation damage it is important to
take into account the foil microstructure, the conditions of
fastening of a film on the film frame, the change of density
of a foil material due to irradiation. (v) It is necessary to
carry out some experiments to check the dependence of the
foil lifetime vs K; and op.
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